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Anthropogenic impacts to seagrasses in the Indian River Lagoon (IRL), Florida 

have led to a new method for mitigation in which spoil island SL 15 (St. Lucie County) 

was scraped down to create a 1.7 ha submerged bay habitat.  To assess the suitability of 

this created habitat for seagrass growth, light availability, nutrient content, hydrodynamic 

and subaqueous soil conditions in the bay were compared to conditions in the 

surrounding natural seagrass beds.  There were no significant differences in average light 

attenuation (Kd) coefficients in the bay and natural habitat (0.54 m-1 and 0.55 m-1, 

respectively).  All underwater irradiance values were above the minimum requirement for 

seagrass growth in the IRL.  Porewater nutrients at SL 15 were determined by analyzing 

total dissolved Kjeldahl nitrogen (TDKN) and total dissolved phosphorus (TDP).  Results 

showed no significant differences in TDP values in the two habitats, but TDKN values 

were slightly higher in the bay (2.53 mg L-1) than in the natural system (1.27 mg L-1).  

Water velocities in the bay were mapped on incoming and outgoing tides to better 
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understand hydrodynamic conditions and circulation patterns.  Although average 

velocities in the bay and natural habitat on both tides were not significantly different, 

more spatial variability occurred in the bay.    

Soil and landscape relationships in the bay were examined by creating a fine-scale 

soil survey and digital elevation model.  The recently exposed bottom within the bay 

consisted of four soils: a coarse carbonate spoil material (Cg1), a fine-textured mangrove 

clay (Cg2), an accreted flocculent layer (F horizon), and a buried seagrass A (Ab) 

horizon. Surface soil properties correlated with elevation.  Subaqueous soils in the natural 

habitat were characterized by homogenous dark colors and were dominantly sandy loams 

in texture.  More variability appeared with regard to texture and organic matter content in 

the bay than in the natural habitat.   

A transplant experiment was also conducted to assess the viability of Halodule 

wrigthii in the bay.  Six plots were planted in May 2006 and monitored monthly for shoot 

counts.  One plot in the bay maintained transplant viability, suggesting the suitability of 

the bay for colonization.  This hypothesis was supported by the discovery of four species 

of seagrasses growing in the bay.   Seagrass recruitment in the bay appeared to follow an 

east-west gradient, with higher concentrations of shoots in the west.  Although the 

environmental conditions in the bay appeared more heterogeneous than in the natural 

habitat, successful seagrass recruitment suggested that the design of SL 15 was sufficient 

for colonization.   
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CHAPTER 1 
INTRODUCTION 

Seagrasses are marine angiosperms that account for as much as 12% of net oceanic 

carbon production (Duarte and Chiscano, 1999; Hemminga and Duarte, 2000).  In 

addition, seagrass beds perform a variety of ecological functions.  They stabilize soils, 

promote the deposition of particles that leads to increased water clarity, and also serve as 

important refuge and foraging habitats for a large number of fishes and invertebrates 

(Dawes, 1981; Larkum et al., 1989; Stevenson et al., 1993; Virnstein and Morris, 1996; 

Nagelkerken et al., 2000).  Seven species of seagrasses occur in the Indian River Lagoon 

(IRL): Halodule wrightii Ascherson, Syringodium filiforme Kutz, Thalassia testudinum 

Banks ex König, Ruppia maritima L., Halophila dicipiens Ostenfeld, Halophila 

englemanii Aschers, and the threatened species, Halophila johnsonii Eisemen (Dawes et 

al., 1995).  Collectively, these grasses form the most crucial habitat in the lagoon’s 

ecology (Steward et al., 1994).   

In recent decades, however, environmental and anthropogenic stresses in the IRL 

have led to an 11% decrease in total seagrass acreage and a 50% decrease in their 

maximum depth of occurrence (Fletcher and Fletcher, 1995).  Research on the IRL 

provided information on environmental conditions needed for seagrass growth such as 

light and nutrients, as well as methods for mapping the distribution and health of species 

(Dawes et al., 1995; Fletcher and Fletcher, 1995; Virnstein, 1995; Gallegos and 

Kenworthy, 1996; Morris et al., 2000; Virnstein and Morris, 2000).   No studies, 

however, have examined seagrass growth in the IRL in the context of a restored habitat.  
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In the spring of 2005, a mitigation project in Ft. Pierce, Florida, provided an 

opportunity to observe seagrasses in a constructed environment.  The transformation of 

spoil island SL 15 (St. Lucie County) into a potential habitat for seagrasses offered a 

unique chance to examine how different ecological parameters might interact and affect 

future seagrass colonization.  Prior research established the importance of light 

availability, hydrodynamics, and nutrient cycling to seagrass health (Fonseca and 

Kenworthy, 1987; Kemp et al., 1988; Duarte, 1991; Olesen and Sand-Jensen, 1993; 

Koch, 2001).  Subaqueous soil has also been cited as affecting seagrass geochemistry and 

landscape attributes (Carlson et al., 1994; Demas et al., 1996; Demas, 1998; Demas and 

Rabenhorst, 1999; Borum et al., 2005; Holmer et al., 2005; Bradley and Stolt, 2006; Ellis, 

2006).  Observing and characterizing these different ecological parameters was therefore 

important for understanding the potential ability for seagrass colonization in SL 15. 

Objectives 

Specific requirements for light, hydrodynamics, nutrients, and subaqueous soil 

characteristics may vary significantly by location and species.  In the IRL, light 

requirements for seagrasses have been published (Gallegos and Kenworthy, 1996), but 

threshold values for current velocities or soil organic matter, for example, have not been 

determined.  Thus, one approach for answering the question “is the constructed habitat of 

SL 15 sufficient for seagrass growth?” is to compare its subtidal environment within 

SL 15 to that of the proximate seagrass beds.  Accordingly, three objectives were formed:  

• Objective 1: Quantify and describe the environmental factors which might act 
upon seagrasses in SL 15.  

• Objective 2: Conduct a seagrass transplant experiment in the natural and 
constructed habitat. 

• Objective 3: Synthesize the data into a habitat suitability model. 
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Objective 1 addressed the specific parameters previously determined to affect 

seagrass growth, including light attenuation, current velocity, nutrient content, and 

subaqueous soil conditions.  The purpose of Objective 2 was to test whether or not 

seagrass transplants would survive in SL 15.  Finally, the environmental data was 

combined to estimate the area within the constructed habitat in SL 15 which would be 

supportive of seagrass colonization. 

Seagrass Growth Dynamics  

Since the publication of Seagrasses of the World by C. Kees den Hartog in 1970, 

numerous experimental and observational studies on the biology and ecology of 

seagrasses have increased our understanding of submerged aquatic vegetation (Larkum et 

al., 2006).  As a result, certain environmental parameters have become established as 

vital factors affecting seagrass.    

Light Availability 

The vast majority of research on seagrasses has involved the direct or indirect 

effects of light on their biophysical ecology.  As with terrestrial angiosperms, seagrasses 

require a minimum amount of photosynthetically active radiation (PAR; 350 or 400 to 

700 nm) to produce and survive (Hemminga and Duarte, 2000; Zimmerman, 2006).  

Most species require 10 to 37% of in-water surface irradiance (Duarte, 1991; Olesen and 

Sand-Jensen 1993; Kenworthy and Fonseca, 1996).  In the IRL, Halodule wrightii and 

Syringodium filiforme require approximately 24 to 37% of surface irradiance to maintain 

net productivity (Gallegos and Kenworthy, 1996; Kenworthy and Fonseca, 1996).   The 

intensity and duration of light vary with season and location, as do the metabolic 

requirements for each species (Hemminga and Duarte, 2000).   
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Light reduction experiments have shown various negative responses in seagrass 

growth and morphology.  Decreased light can impact shoot density, blade length, 

biomass, and chlorophyll content (Neverauskus, 1988; West, 1990; Williams and 

Dennison, 1990).  Seagrass physiology is affected by light reduction because oxygen 

produced from photosynthesis in the leaves diffuses to the rhizosphere and allows 

seagrasses to grow in anaerobic sediments. If light availability and photosynthesis rates 

are high, then seagrasses can maintain a larger supply of oxygen to the roots and prevent 

phytotoxic sulfide intrusion. Several studies correlated shorter and less intense light 

periods with lower photosynthesis rates and increased sulfide toxicity (Goodman et al., 

1995; Holmer and Bondgaard, 2001; Pederson et al., 2004; Holmer et al., 2005).   

Manipulating light levels in an experimental setting is informative since one of the 

leading causes of seagrass loss is increased light attenuation due to water quality decline 

(Kemp et al., 1988; Short and Wyllie-Echeverria, 1996; Tomasko et al., 1996).  Light is 

attenuated rapidly in even clear water and is further attenuated when dissolved organic 

particles are present (Hemminga and Duarte, 2000).  A common method for reporting 

how much light is absorbed with depth is Kd, or the downwelling attenuation coefficient.  

Based on the literature, Kd and chlorophyll a were chosen as variables to describe the 

light environment at SL 15.  

Hydrodynamics 

Current flows in seagrass beds have been shown to affect leaf nutrient uptake, 

organic matter transport, pollination, sediment characteristics, light conditions, biomass, 

and production (Schumacher and Whitford, 1965; Madsen and Sondergaard, 1983; 

Fonseca and Kenworthy, 1987; Koch et al., 2006).  Elevated current speeds coincide with 

morphological adaptations, such as greater root mass (Short et al., 1985).  Faster 
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velocities also contribute to increased nutrient uptake through the thinning of the diffuse 

boundary layer that surrounds leaf blades (Koch, 1994; Massel, 1999; Cornelisen and 

Thomas, 2002).   Although increased flows can limit the growth of light-reducing 

epiphytes on seagrass blades, epiphytes might also serve to “roughen” the boundary layer 

and become beneficial (Boston et al., 1989).  

Seagrass canopies attenuate current velocity (Fonseca et al., 1982; Fonseca and 

Fisher, 1986; Gambi et al., 1990) and reduce physical stress on the plants, but decreased 

flows can increase sediment anoxia and allow for more organic matter accretion (Robblee 

et al., 1991).  Low-flow conditions, therefore, can result in increased porewater sulfide 

(Barko et al., 1991; Koch, 1999).   Koch (2001) summarized minimum and maximum 

threshold values for different seagrass species, only one of which was a subtropical 

species.  Thalassia testudinum was reported to require a minimum velocity of 5 cm/s for 

growth and occurrence (Koch, 1994).  The time of exposure to different water velocities 

was not reported and the requirements for H. wrightii and S. filiforme are not yet known. 

Nutrient Cycling 

Although seagrasses are highly productive (up to 800 g carbon m2/yr; Hauxwell et 

al., 2001), they typically grow in nutrient-poor waters (Short, 1987; Hemminga and 

Duarte, 2000).  Because of phosphate’s tendency to bind with carbonates (Kitano et al., 

1978), it is a potentially limiting nutrient in tropical seagrass beds (Short, 1987; 

Hemminga and Duarte, 2000).  Nitrogen is also commonly limited in marine systems 

(Short, 1987; Hauxwell et al., 2001; Fourqurean and Zieman, 2002).  Short et al. (1993) 

noted that in the IRL, nitrogen is the limiting nutrient for S. filiforme growth.  The ability 

of seagrasses to grow in oligotrophic waters suggests that they obtain most of their 

nutrients (via roots) from the soil, which typically has higher concentrations of 
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ammonium, phosphate, and nitrate than the overlaying water column (Short, 1987; 

Hemminga, 1997; Hemminga and Duarte, 2000; Romero et al., 2006).   

While experiments have shown that nutrient enrichment increases leaf and root 

biomass (Udy and Dennison, 1997), excess nutrient loading in coastal systems has caused 

as much as 50% of worldwide seagrass loss (Short and Wyllie-Echeverria, 1996).  

Nutrient-limited algae bloom in response to elevated nutrients, causing eutrophication 

and increases in light-attenuating phytoplankton, epiphytes and macroalgae (Cambridge 

and McComb, 1984; Silberstein et al., 1986; Kemp et al., 1988; Tomasko et al., 1996; 

Ralph et al., 2006).  Increased organic matter to the system also adds substrate for 

microbial decomposition and thus increases the danger for sulfide toxicity (Terrados et 

al., 1999).  Between 1940 and 1991, nitrogen inputs from waste water doubled in Tampa 

Bay, Florida, resulting in as much as 72% loss of seagrasses by 1982 (Haddad, 1989; 

Lewis et al., 1991; Zarbok et al., 1994).   Chlorophyll concentrations were positively 

correlated with nitrogen levels, thus showing the relationship between nutrient additions 

and phytoplankton production (Johansson, 1991).  Although the seagrass loss in Tampa 

Bay was more significant than that observed in the IRL during the past few decades, 

similar increases in nutrient loading have occurred.  As a consequence, nutrients are a 

primary concern of water resource managers working in the IRL.   

Subaqueous Soils 

Although many studies have investigated relationships between seagrasses and 

their environment, few have focused on the ecological function of the substrates they 

occupy.  Of the studies that specifically addressed estuarine sediments, most involved 

anecdotal observations and were based mainly upon geologic or geochemical principles 

(Demas et al., 2001).  In the mid-1990s, however, efforts in Maryland demonstrated that 
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certain sediments could be included in the realm of soil science (Demas et al., 1996; 

Demas, 1998; Demas and Rabenhorst, 1999).   Researchers observed that sediments 

under shallow waters (less than 2.5 m) can experience soil-forming factors, such as those 

described by Jenny (1941).  These factors include additions from biogenic CaCO3 and 

marine humus (Valiela, 1984), bioturbation by infaunal organisms, and chemical 

transformations through the oxidation and reduction of S and Fe (Demas, 1998; Bradley 

and Stolt, 2003).  These investigations spearheaded the inclusion of “subaqueous soils” 

within the defined concept of soil by the USDA-National Resource Conservations 

Service in 1999 (Demas, 1998; Demas and Rabenhorst, 1999; Bradley and Stolt, 2003).  

This broadened view of aquatic bottoms was significant in that it enabled the inclusion of 

submerged aquatic vegetation, such as seagrasses, in a pedological paradigm.  Demas 

(1999) demonstrated that similar to terrestrial soils, subaqueous soils form as a function 

of their landscape. Their vegetation cover, elevation position, and even parent material 

can create distinct horizons which elucidate previous environments and processes.  By 

studying these horizons in a pedological context, a suite of characterization analyses can 

be performed and used to classify the soil under taxonomic mapping units (Bradley and 

Stolt, 2003).   

Research in the coastal marsh estuaries of Rhode Island and Maryland, along with 

the near-shore grass flats on the west coast of Florida, has demonstrated significant 

relationships between seagrasses and soil characteristics, such as color, percent organic 

matter, salinity, and texture (Demas, 1999; Bradley and Stolt, 2006; Ellis, 2006).  

Subaqueous soils within established beds are typically finer in texture than those in 

unvegetated soils (Scoffin 1970; Koch, 2001; Ellis, 2006).  Coarse sandy soils might 
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improve O2 diffusion, but they inhibit rhizome elongation and have less fertility, while 

fine-textured soils might contribute to elevated sulfide levels (Thayer et al., 1994; 

Fonseca et al., 1998; Koch, 2001; Bradley and Stolt, 2006).  The ability of seagrasses to 

attenuate currents and trap particulate organic matter contributes to dark soil colors and 

fine textures, yet most vegetated subaqueous soils have less than 5% organic matter 

(Koch, 2001).  Higher percentages of organic matter occur, however, but it is unknown if 

maximum thresholds exist.   

Mesocosm experiments have provided some indication as to whether seagrasses 

prefer one type of soil to another.  Kenworthy and Fonseca (1977) transplanted Z. marina 

from sand, sand-silt, and silt into each of the three soils.  Results showed the highest 

productivity occurred with silt-originating plants and those which were planted into a silt 

soil.  The specific percentages of sand and silt in each soil were not identified, however, 

leaving the term “sand-silt” as a vague description. Another mesocosm experiment 

examined Ruppia maritima growing on different sizes of glass beads to represent sand 

and determined that fine and medium sand-size particles resulted in maximum growth 

(Koch, 2001).  The use of glass beads avoided the effects of nutrient uptake. It would 

therefore be of interest to understand the interactions that influence nutrient availability in 

silty versus sandy soils.  

In a mitigation project similar to SL 15, subaqueous soils might have influenced 

seagrass survival.  Three spoil islands were scraped down in Laguna Madre, Texas, each 

with different soil characteristics (Montagne, 1993).  H. wrightii survived in two of the 

island areas, one with 90% sand, 2% silt, and 3% clay, and the other with 88% sand 

(Montagne, 1993).  All plants died at the third site, however, which had 63% sand and 
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31% clay (Montagne, 1993).  This latter observation suggested that a more detailed 

characterization of the subaqueous soils at SL 15 was important.  

In traditional soil science, the most common method for mapping the distribution of 

soils is through the creation of a soil survey.  A soil survey   

describes the characteristics of the soils in a given area, classifies the soils 
according to a standard system of classification, plots the boundaries of the soils on 
a map, and makes predictions about the behavior of soils. The different uses of the 
soils and how the response of management affects them are considered (Soil 
Survey Staff, 1993) 

When creating these maps, observations of landscape (slope, drainage) and 

vegetation (crops, native plants) are made in order to generate a conceptual model of soil 

formation in the survey area.  These attributes, along with physical properties (texture, 

horizons) and chemical properties (mineralogy, base saturation), allow pedologists to 

define boundaries between soils and to group them into taxonomic units.  Previous 

attempts at subaqueous soil mapping involved the classification of soils into “landscape 

units,” which were based upon bathymetry, land-surface shape, location, water depth, and 

depositional environment (Demas and Rabenhorst, 1999; Bradley and Stolt, 2003).  

Although terrestrial soil science uses “soil map units” as the term for areas with a 

dominant kind of soil, these “landscape units” also had shared properties which were 

labeled with traditional taxonomic classes, as defined by Soil Taxonomy (Soil Survey 

Staff, 1975).  Ellis (2006) created a subaqueous soil survey on the west coast of Florida, 

which also delineated a seagrass-supporting habitat into taxonomic units based upon 

vegetation, landscape, and geographic location with respect to land. 

Because the goal of this study was to assess the suitability of SL 15 for seagrass 

growth, a subaqueous soil survey was created as a method for describing its physical 

environment using established terminology and guidelines.  This soil survey also 
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provided a means of comparison between the natural and constructed habitats.  By 

delineating the inside of SL 15 into soil (or landscape) units which had similar physical 

and chemical properties, the similarities, or differences from soils in the natural habitat 

would be more clearly defined. 

 Seagrass Transplant Experiment 

Seagrass restoration and mitigation are currently multimillion dollar industries in 

Florida and could continue growing with increased coastal development (R. Lewis, pers. 

comm.).  Since the 1970s, different methods have resulted in numerous successes and 

large-scale failures (Stein, 1984).   By 1998, an official set of guidelines and decision 

keys were established for restoration in the United States (Fonseca et al., 1998).  

Although planting remains somewhat haphazard in success rates, technical improvements 

continue to be made, such as the addition of cages for grazing prevention (Hauxwell et 

al., 2004). 

Success criteria for SL 15 are defined as 10% seagrass cover within the first 5 years 

(R. Lewis, pers. comm.) is not achieved by natural recruitment in the first five years, then 

H. wrightii will be planted.  For this study, a small-scale transplantation experiment 

sought to test the viability of such plantings and supplement the findings of Objective 1.  

With three plots inside SL 15 and three plots outside in the surrounding seagrass beds0, 

transplant results could also possibly indicate how differences in soil type might 

influence future growth.   

Study Site Description  

The IRL is a shallow, barrier island lagoon which stretches 250 km along the 

Atlantic coast of Florida (Figure 1-1).  It has an average depth of 1.7 m and an average 

width of 3 km (Smith, 2001). The IRL formed in the last 6,000 years when coastal retreat 
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and sea level rise stabilized (Davis et al., 1992).  Although the confining Hawthorne 

Formation is thinnest or absent along the east coast of Florida, the four surficial aquifers 

that border the IRL contribute only 1% to 5% of interstitial water, suggesting that most of 

the IRL consists of recycled seawater (Swarzenski et al., 2000).  Other controls on 

salinity include precipitation, wind, tidal forcing, evaporation, and surface runoff 

(Swarenski et al., 2000).   Microtidal exchange occurs through four inlets in the southern 

part of the lagoon: Sebastian, Ft. Pierce, St. Lucie, and Jupiter.  The study site location 

for this project is located within 3 km of the Ft. Pierce Inlet, which transports more than 

50% of the intertidal volume of the lagoon (Smith, 2001).   

The IRL is considered to be one of the most diverse estuaries in the United States 

(Gilmore et al., 1983).  Species richness in the IRL has been attributed to its location 

which straddles both tropical and subtropical regimes (Dawes et al., 1995).  During the 

past 50 years, however, development has increased urban and agricultural runoff and 

subsequently decreased water quality (Steward et al., 1994; Fletcher and Fletcher, 1995; 

National Estuary Program, 1996; Sigua et al., 1999).  Such changes could possibly shift 

the IRL from a macrophyte-dominant to an algal-dominant system (Steward et al., 1994).  

After seagrass loss increased to 70% in some areas, the St. Johns River Water 

Management District implemented a network of water quality monitoring sites and 

permanent seagrass transects (Morris et al., 2000; Virnstein and Morris, 2000).  The 

percent coverage along most of these transects actually increased from 1994 to 1998, but 

was highly variable (Morris et al., 2000).   The current estimate of seagrass coverage for 

the IRL is 30,000 ha (Morris and Virnstein, 2004).  The database for water quality and 
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seagrass coverage in the IRL is extensive and growing, yet with mitigation projects such 

as that at SL 15, more localized monitoring is needed. 

Spoil Islands 

Spoil islands in the Indian River Lagoon were created in the 1950s when the Army 

Corps of Engineers dredged the Intracoastal Waterway for navigation. Spoil material 

from the bottom of the channel was deposited in piles, thus creating 137 islands 

throughout the lagoon.  Of these 137 islands, 124 are owned by the state and managed by 

the Florida Department of Environmental Protection (FDEP).  Although the spoil islands 

contain a diversity of organisms and frequently act as a native bird habitat, many are 

inhabited by exotic vegetation, including Schinus terebinthefolius (Brazilian pepper) and 

Casuarinas equisetifolia (Australian pine).  The transformation of a spoil island into an 

intertidal and subtidal flat, therefore, had the dual benefit of removing exotics and 

creating a potential habitat for native vegetation (e.g. seagrasses and mangroves). 

The SL 15 Design Concept 

After seagrasses were damaged during bridge construction in Jensen Beach, 

Florida, the Florida Department of Transportation was required to mitigate for lost 

vegetation.  Spoil island SL 15 (27o 28' 40" North, 80o 19' 23" West; Figure 1-1) was 

chosen because of its sufficient size (4.1 ha), lack of recreational use, and proximity to a 

spoil basin (R. Lewis, pers. comm.).   In March 2005, the excavation of SL 15 began with 

the removal of all vegetation except the outer 1.24 ha of mangroves (Rhizophora mangle, 

Avicennia germinans, and Conocarpus erectus).  A trellis was built on the west side of 

the island on which a conveyor belt transported material off the island to a barge.  Seven 

flushing channels were cut through the mangroves on the southern half of the island to 

allow for tidal exchange and colonization of seagrasses from the surrounding flats (Figure 
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1-2).  The completed inner submerged bay measures 1.37 ha and was excavated to a 

mean depth of 1.5m NGVD.  Coccoloba uvifera L. (sea grape) and C. erectus were 

planted on the 0.54 ha of upland maritime hammock.  The remaining interior of the island 

(2.16 ha) was scraped to 1.0 m NGVD and planted with R. mangle propagules and 

Spartina alterniflora along the bank edges.    

    

 

Figure 1-1. Study site location in Ft. Pierce, Florida.  A) Location of Ft. Pierce in the 
Indian River Lagoon. B) Spoil island SL 15 (27o 28' 40" North, 80o 19' 23" 
West), located north of the A1A bridge in Ft. Pierce. 

A 

B 
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Figure 1-2. Transformation of SL15. Aerial photos taken in (A) June 2004, (B) May, 2005, (C) November, 2005, and (D) December, 
2005. The yellow polygons show each constructed zone, including the seagrass, mangrove and upland habitats. 

100 m 
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CHAPTER 2 
METHODS 

Objective 1: Quantification of Environmental Parameters 

Light 

Light attenuation coefficients (Kd) were quantified by taking in situ measurements 

of surface and underwater Photosynthetic Photon Flux Density (PPFD, μmol s-1 m-1).  A 

cosine-corrected LI-COR 192SA underwater light sensor (2π) on a mounting frame was 

attached to a polyvinyl chloride (PVC) pipe (Figure 2-1).  Measurements were recorded 

at bottom depth and at a mid-depth point in the water column, usually at 10 cm or 20 cm 

below the surface. Surface PPFD was taken simultaneously with a LI-COR 190 light 

sensor.  Four paired at-depth and surface readings were recorded by a LI-COR 1400 

datalogger and then averaged at each site. Seven sites were sampled within the bay and 

nine outside the bay (Appendix D). Kd was calculated using Beer’s Law (Equation 2-1), 

where 

           Iz = Ioe-kz                                     (2-1) 

z=depth (m), and I= irradiance values (μmol s-1 m-1) at z depth (Iz) and at the surface (Io). 

Solving for Kd, 

                                               Kd= -ln(Iz/Io)/z                                (2-2) 

Chlorophyll 

Chlorophyll a concentration served as an estimate of phytoplankton biomass and 

contributed to an understanding of the light environment at SL 15.  Six surface water 

samples and replicates were collected from each transplant quad and filtered in the field.  
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A Nalgene® vacuum hand pump was used to filter 500 ml of water through a Whatman® 

GF/F glass fiber filter (Strickland and Parsons, 1968; Frazer et al., 2001;).  Pigment 

extraction used 90% heated ethanol, and corrections for pheophytin were made by 

acidifying the sample with 0.2 N HCl (Sartory and Grobbelaar, 1984).  Samples were 

analyzed at the Department of Fisheries and Aquatic Sciences, University of Florida. 

Currents 

Current velocities at SL 15 were measured throughout the bay at times of 

incoming (n=154) and outgoing (n=168) tidal flow to better understand circulation 

patterns and flow magnitudes in the seagrass zone.  To capture events within a similar 

tide range, observations were made within a one hour time period.  Three teams were 

equipped with a Trimble® or Garmin® Global Positioning System (GPS).  Bright Dyes 

Fluorescent water tracing dye was used to observe current direction and speed.  The 

direction was quantified using a meterstick and compass while speed was calculated 

using a stopwatch.   

Nutrients 

For the purpose of this study, porewater was analyzed in order to characterize the 

nutrient environment at SL 15. Fourteen porewater samples from the inside (n=8) and 

outside (n=6) of SL 15 were collected on August 23, 2006, using a porextractor (Figure 

2-2, Nayar et al., 2006).  The design of the apparatus enabled an integrated extraction 

from 1 to 5 cm below the soil surface.  Samples were drawn through a 0.45 μm filter, 

acidified with 36 N2SO4, and kept refrigerated until analyzed.  Total dissolved 

phosphorus (TDP) and total Kjeldahl nitrogen (TKN) were KSO4 digested and analyzed 

using an autoclave colorimetric autoanalyzer at the Wetlands Biogeochemistry Lab in the 

Soil and Water Science Department at the University of Florida (EPA 351.2).  
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Soils/landscape  

In terrestrial soil science, a priori knowledge of landforms in the survey area is 

obtained from aerial photos and field observations.  In a subaqueous environment, 

however, these landforms are hidden underwater.  At SL 15, bathymetric data were 

collected and converted into a digital elevation model (DEM) in order to visualize the 

microtopography that resulted from the construction process.  

Bathymetry for the inside of SL 15 were collected, using a meter stick to measure 

water depth and a Trimble Pathfinder® Pro Series GPS to record position (Figure 2-3).  

To correct for tidal fluctuations, water level was simultaneously recorded by an In-situ® 

miniTroll submersible data logger in the middle of the bay.  Corrections for tide were 

made by relating changes in the water level to the recorded depth.  The top of the well 

containing the data logger was surveyed in to a benchmark on the island, thus enabling 

the conversion of water depths to an absolute elevation (NAD 88).  The elevation data set 

was interpolated using an ordinary krigging with a lag size chosen to minimize RMS 

error.  The digital elevation model (DEM) was created by converting the interpolation 

into a grid using a cell size of 1 m.   

After examining the DEM, aerial photos, and vegetation/elevation patterns in the 

natural habitat, soil sampling locations in the bay were chosen to represent areas in 

differing landscape positions (Figure 2-4).   Twenty-three acrylic push cores (inner 

diameter = 6 cm) deployed along six transects were taken within the island.  Three 

additional cores were taken from the southern side of SL 15 in the surrounding seagrass.  

Munsell® soil color, shell content, hand texture, horizon designation, n-value, depth, and 

root occurrence were recorded.  The soil cores were described and sampled in the lab.  

Representative subaqueous soils were collected from the seagrasses surrounding SL 15 
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(Figure 2-4).  Locations were chosen to capture a diversity of seagrass species covers.  

Six soils were described with the following cover: S. filiforme, S. filiforme and T. 

Testudinum, H. wrightii, T. testudinum and H. johnsonii, and H. wrightii and S. filiforme.  

Munsell® soil color, shell content, texture, horizon, n-value, depth, and root occurrence 

were recorded in situ.  

Although soil surveys traditionally examine soils to a depth of 2 m, the cores in 

the bay were deployed to maximum depths between 40 cm and 60 cm.  Two-meter 

observations are important on land because of agricultural or construction limitations, for 

example.  Because SL 15 was designed specifically for seagrass mitigation, however, this 

study focused on the upper (>50 cm) portion of the soil which would most likely be 

influential in the seagrass rooting zone.  For laboratory analysis, subaqueous soils from 

the natural and constructed habitat were sampled by horizon, but an integrated analysis 

on the 0 to 10 cm range was also performed to represent soil characteristics in the rooting 

zone of H. wrightii and Halophila species (Zieman and Zieman, 1989).  The A horizons 

from the natural habitat were greater than 10 cm and therefore analyzed as described.  For 

the soils from the constructed habitat in which the top horizon was less than 10 cm, 

composite OM content and particle-size distribution were calculated using a weighted 

average based on thicknesses.  A soil with an A horizon from 0 to 3 cm, and an Cg 

horizon from 3 to 10 cm, for example, were analyzed by horizon, but the A horizon was 

assigned a weight of 0.3 and the Cg horizon a weight of 0.7.  Organic matter content was 

calculated by loss on ignition in a 550o C muffle furnace for four hours (Heiri et al., 

2001).  Particle-size distribution was determined by the pipette method (Gee and Bauder, 
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1965).  Carbonate content was determined on a subset of samples by acidification with 

20 mL 2M HCl (Kennedy et al., 2005).  

Benthic Observations 

Estimates of algae and seagrass coverage in the bay were made throughout the 

study.  In March 2006, the extent and distribution of Gracilaria sp. (drift algae) in the 

bay were visually estimated in north-south transects and interpolated (Figure 3-12A).  

The percent cover for Gracilaria sp. was recorded in 5 m2 areas.  In September 2006, 

seagrasses growing in the bay were mapped along east-west transects.  Because seagrass 

shoots were often spaced farther than 1 m apart, visual estimates of percent cover were 

not sensitive enough to capture spatial patterns in seagrasses.  Instead, the number of 

shoots in a 2 m radius around the observer was used to capture the sparse, but frequently 

occurring, seagrasses.  Shoot counts, percent cover where applicable, and species were 

recorded along east-west transects (Figure 3-13A).    

Objective 2: Transplant Experiment 

Six 1.5 x 1.5 m transplant plots were constructed in May 2006.  Three plots within 

the bay and three on the southern side of SL 15 were established (Figure 2-4a).  

Transplant quadrats TQ-2, TQ-3, and TQ-6 were planted on May 11, and TQ-1, TQ-4, 

and TQ-5 were planted on May 26, 2006.   Transplant quadrats TQ-1 and TQ-3 were 

located on mounds, and TQ-2 was located at a lower elevation.  Previously determined 

Kd demonstrated that there was sufficient light for seagrass growth at each site, therefore 

minimizing light availability as a factor.  Transplant quadrats TQ-4, TQ-5, and TQ-6, 

were situated based on surrounding seagrass cover.  Sites were located where H.  wrightii 

was the dominant species, where existing seagrass appeared undisturbed, and where 

unvegetated bottom was available for planting.  H. wrigthii was selected as the species to 
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transplant because of its availability as wrack around SL 15 and its previous success in 

bare-root planting efforts (Fonseca et al., 1998).   

The plots were constructed using four steel rebar posts (2 cm diameter) at each 

corner, which were then covered with a PVC pipe to enhance visual identification (Figure 

2-5b).  H. wrightii fragments with more than six shoots were collected and stored in 

seawater for less than one hour until planting.  After gently pushing the roots 

approximately 1 to 2 cm into the soil, the fragments were anchored by a bamboo-skewer 

according to Davis and Short (1997).  Nine fragments were planted in each plot and 

spaced 0.5 m apart.  A 1-inch chicken-wire cage was wrapped around each plot to 

prevent grazing (Figure 2-5b).  Shoot counts were recorded on May 11, May 26, July 10, 

August 8, and September 8, 2006.  Fouled cages were cleaned following each count.  

Objective 3: Habitat Suitability Model 

When comparing the natural and constructed habitat at SL 15, statistical analyses 

were used to assess any significant differences between the two environments.  To 

illustrate any spatial relationships and variability that might appear in the data, 

geostatistical analyses were used to create map layers that would show differences in the 

constructed and natural habitat at SL 15.  Current velocities were interpolated using a 

first order, local polynomial interpolation (75% local).   The interpolation was converted 

to a raster grid using a cell size of 1 m.  For each grid cell, the mean current velocity from 

outside SL 15 was subtracted from the interpolated value, resulting in a map which 

showed spatial distributions of deviation from the mean outside value.  This calculation 

was then classified to differentiate areas which were one, two, or three standard 

deviations above and one, two, or three standard deviations below from the mean outside 

value.   
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A similar technique was used to map and compare differences in subaqueous soil 

properties.  Landscape units were visually delineated on the DEM, thus grouping areas of 

similar soil properties.  These properties were classified as being significantly different or 

similar to soils in the natural habitat.  The habitat suitability model essentially combined 

these map layers, showing the intersection of areas where light availability, soil 

properties, nutrients and current velocities were comparable to the seagrass beds outside 

of SL 15. 

 

Light sensor

Mounting 
frame

 

Figure 2-1. Light meter apparatus.  A 2π, LI-COR 192SA underwater light sensor 
attached to a mounting frame and PVC pipe. 
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Figure 2-2. Soil porextractor (Nayar et al., 2006).  The unit is pushed into the soil to the 
desired depth.  A parafilm membrane within the PVC is pierced, breaking a 
vacuum and allowing porewater to enter the pipe. 
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Figure 2-3. Bathymetric sampling locations. Water depth was recorded at each point with 
a meter stick. Position was recorded with a Trimble® GPS.  Depths were 
corrected for tidal fluctuations by referencing a submersed datalogger, which 
was simultaneously recording changes in water height.  
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Figure 2-4. Soil sampling locations in the bay and natural habitat.  The numbers next to 
the yellow dots show the transect and core number. These locations were 
chosen to represent different landforms in the bay based upon the aerial 
photograph (above) and the digital elevation model.  O-1 – O-3 were cores 
taken from the outside seagrasses (green).  The pink dots around the outside of 
SL 15 were soils from different seagrass species cover (samples “SG-1,” etc. 
Appendix A). 

 

Figure 2-5. Transplant quadrats location and construction. A) Location of transplant 
quadrats B) Picture of TQ-3 with PVC/rebar posts and 1” caging. 
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CHAPTER 3 
RESULTS 

Objective 1: Environmental Conditions 

Light Availability 

Light extinction coefficients (Kd) and chlorophyll concentrations were measured to 

characterize the light environment affecting seagrasses in the constructed and natural 

habitats at SL 15.  Chlorophyll a (Chl a) concentration was analyzed as an indicator for 

the amount of phytoplankton in the water column. Corrected Chl a refers to samples 

which were acidified to remove phaeophytin, a degradation product which can interfere 

with measurements.  The average corrected Chl a content was 2.12 ± 0.20 μg L-1 within 

the bay (n=3) and 2.20 ± 0.28 μgL-1 (n=3) outside of SL 15 (Table 3-1).  Uncorrected 

values (including phaeophytin) were 2.91 ± 0.22 μg L-1 in the bay and 2.97 ± 0.31 μg L-1 

outside of SL 15.  A Kruskal-Wallis test (α =0.05) showed no significant differences in 

corrected Chl a concentration in the bay and natural habitat. 

The Kd values with the bay ranged from 0.17 m-1 to 0.75 m-1 (n=13) and from 0.35 

m-1 to 0.74 m-1 (n=11) on the outside of SL 15. The average Kd for the inside bay was 

0.54 (± 0.18), and the outside Kd was 0.55 (±0.12).  The average Kd values calculated 

from the bay and the outside natural habitat showed no significant differences within the 

two environments (Figure 3-1).   Irradiance values on the bottom (ca. 10 cm above soil 

surface) ranged from 850 to 1964 umol s-1 m-1 and varied with depth and time of day.   
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Currents 

An understanding of the hydrodynamic conditions (velocities, flow vectors) in the 

bay and natural habitat was integral when considering how flow patterns might affect 

seagrass colonization and bed maintenance.  The mean current velocities in the bay and 

outside of SL 15 were statistically compared, but more detailed maps of flow vectors 

were also created to assess circulation patterns caused by the flushing channels and 

bottom topography. 

Average flow velocities revealed no significant differences between the area inside 

the bay and the outside area supporting seagrasses (Figure 3-2).  The average velocity for 

the outside was 11 ± 5 cm s-1 on the incoming tide and 9 ± 4 cm s-1 on the outgoing tide.  

The average velocity for the bay was 10 ± 7 cm s-1 on the incoming tide and  

11 ± 9 cm s-1 on the outgoing tide.   

Although the averaged velocities showed no significant differences in the two 

habitats, the velocities in the bay varied spatially on incoming and outgoing tides.  Also, 

spatial patterns of flow were different for incoming and outgoing tides.  Circulation 

vectors in the bay on the incoming tide showed patterns of flow originating from the 

southeast and exiting the bay to the northwest into the channel (Figure 3-3a).  The 

opposite direction of flow occurred on the outgoing tide, with water moving from the 

channel, back through the bay, and to the inlet in the southeast (Figure 3-3b).  Flow 

vectors outside of SL 15 appeared more consistent in direction, either toward or away 

from nearby channels. 

To visually compare the velocities of the bay to the mean velocity in the natural 

habitat, the flow maps from both tides were classified into three categories: faster than, 

slower than, and similar to the natural habitat mean.  Faster velocities were those which 
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were between 1 and 2 sd away from the mean.  Slower velocities were those between -1 

and -2 sd below the mean, and similar velocities were those which were within +/- 1 sd.  

The classification of the current flow maps revealed that on the incoming tide, 13% of the 

bay had velocities slower than the outside mean velocity, 1% of the bay was faster and 

86% of the bay was similar (4a).  A classification of the outgoing tide showed that 40% 

of the bay had slower velocities, 6% was faster, and 53% had velocities which were 

similar to the outside habitat (Figure 3-4b).   

Nutrients 

Based on a Kruskal-Wallis test, porewater samples from 0 to 5 cm revealed 

significant differences in TDKN between the bay and outside habitat (df=1, p=0.024, 

α=0.05).  The average TDKN content for the bay was 2.535 ± 1.007 mg L-1 and the 

average TDKN for the outside of SL 15 was 1.267 ± 0.573 mg L-1.  The median TDKN 

for the bay was 2.72 mg L-1 and 1.148 mg L-1 for the natural habitat.  No significant 

difference appeared in the averages for TDP values between the bay and outside habitat 

(df=1, p=0.519, α=0.05).  The average TDP in the bay was 0.602 ± 0.872 mg L-1 and the 

average TDP in the outside was 0.401 ± 0.403 mg L-1.  The median TDP value in the bay 

was 0.177 mg L-1 and 0.335 mg L-1 in the natural habitat. 

Digital Elevation Model 

The model that best fit the elevation data was generated by ordinary krigging.  This 

interpolation method was used because it produced a model with relative smoothness (i.e. 

outliers carried less weight) and it had the lowest root-mean-square (6.445).  A search 

neighborhood of 9.4 m was used, meaning that elevations at unknown points were 

calculated by considering the elevation values within a radius of 9.4 m.  A lag size of  
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2.2 m was chosen, which grouped elevation points into bins based on their distance apart 

(in intervals of 2.2 m) from each other.  The lag size and search neighborhood thresholds 

were selected based on their ability to produce a precise DEM in the bay.  Because over 

900 elevation points were collected, the DEM showed a fine-resolution image of the 

bottom topography in the bay (Figure 3-5). The lowest elevation was -61 cm (North 

American Datum 1988; NAD 88) and the highest was +24 cm (NAD 88).  The average 

elevation according to the model was -43 ± 11 cm (NAD 88).   

Subaqueous Soils   

The subaqueous soils within the bay appeared to be more heterogeneous with 

regard to particle-size distribution, OM content and color than the soils from the 

surrounding seagrass beds (Figure 3-6).  A typical bay soil consisted of a black (5Y 

2.5/1) flocculant (flock) layer, a dark gray (5Y 4/1) A horizon, one to three olive gray 

(5Y 5/2) Cg horizons, and a very dark gray buried A horizon (Ab; 5Y 3/1).  Flock layers 

lack a specific horizon designation by the USDA-Natural Resources Conservation 

Service. For this study, they are thus referred to as F horizons.  The subaqueous soils 

from vegetated areas in surrounding natural habitat were described as having multiple A 

horizons with an underlying Cg horizon.  The A1 horizons were typically black (5Y 

2.5/1), and the A horizons beneath were either dark gray (5Y 4/1) or very dark gray (5Y 

3/1).   

Thickness of F horizon correlated with topography.  Lower elevations appeared to 

collect fine materials and accrete a thicker F horizon (Figure 3-7; Appendices A and B).  

Higher elevations had thin or absent F horizons and had coarse spoil material (Cg) as the 

surface soil.  Mixing of color and texture was common among the Cg and Ab horizon.  A 
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clay loam layer was also interspersed among the Cg (5Y 5/1 or 5Y 5/2) horizon in six of 

the cores. 

Statistical analyses were performed to identify significant differences in soil 

properties in the bay and natural habitats (Kruskal-Wallis, α=0.05; df=1). There was no 

significant difference in organic matter (OM) content between the natural and constructed 

habitats within the 0 to 10 cm depth range (p=0.386, H=0.75; Table 3-2).  The F horizon 

in the bay, however, had significantly higher levels of OM than the A horizon in the soils 

from the natural habitat (p=0.000, H=12.57).  Percent carbonates varied by horizon, and 

were significantly higher in the bay soils compared to the soils from the natural habitat. 

Particle-size distribution analysis revealed significant differences in the soils from 

the bay compared to the soils from the outside natural habitat (Table 3-2). The A 

(p=0.008), F (p=0.014) and Cg2 (p=0.008) horizons from the bay had significantly higher 

amounts of silt than the A horizon from the natural habitat.  The F (p=0.000) and Cg2 

(p=0.008) horizons also had significantly higher amounts of clay than the A horizon from 

the natural habitat. There was greater variation in particle-size distributions for the bay 

than in the natural habitat.  The dominant textures of soil in the surrounding seagrasses 

were sandy loams, loamy sands and sands.  Textures in the bay included clay loam, sandy 

clay loam, sandy loam, loamy sand and sand.   

The high amounts of clay (up to 35%) in the bay soils was also reflected in field 

observations.  Walking in the bay appeared to significantly cloud the water with particles 

that remained suspended for up to an hour.  This effect was not noticed in the natural 

habitat.  As an experiment, a handful of Cg horizon from the bay and A horizon from the 

natural habitat were simultaneously dropped into the water and allowed to settle.  The 
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settling time of the Cg2 horizon was much greater than for the outside A horizon (Figure 

3-8).   The long (>2 minutes) settling time of clay particles in the bay can be explained by 

Stoke’s Law which states that settling velocities are a function of particle diameter. 

Additional comparisons of soil properties were made in order to address the 

hypothesis of the Ab horizons in the bay being relict A horizons from a seagrass bed.  

The chemical and physical properties of the Ab and A horizon from the natural habitat 

were tested for significant differences.  Based on Kruskal-Wallis (α =0.05), no significant 

differences existed between the Ab horizons and A horizons with regard to percent sand 

(p=0.254, df=1), but there was a significant difference in OM content (p=0.039, df=1).  

Similar colors (5Y 3/1 and 5Y 2.5/1), as well as the presence of dead roots in the Ab 

horizon (Appendix A) also supported the hypothesis prior of seagrasses occurrence in the 

area which SL 15 was created (Figure 3-9). 

At SL 15, a subaqueous soil survey (1:1,200) was created in order to map the 

distribution of soils in the bay using methods similar to terrestrial soil surveys and to 

facilitate a comparison of soil properties in the nearby natural habitat. Ellis (2006) listed 

the steps for creating a soil survey: 

1. Observe patterns in vegetation and landforms using aerial photography, digital 
elevation models, and field observations. 

2. Observe patterns in soil properties via field observations, as related to the 
vegetation and landform patterns. 

3. Superimpose patterns of soils, vegetation, and landscape on the local geology to 
develop a conceptual soil/landscape model. 

4. Describe and define the soil map units. 

5. Create a physical representation of the conceptual soil/landscape model by spatially 
delineating aerial photography into units that represent the various landforms and 
associated soils map units. 
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Step 1 was carried out through the creation of a fine-scale DEM and an analysis 

of recent aerial photography (see Chapter 2).  Observations in the field (Steps 2 and 3) 

confirmed relationships between landscape position (elevation) and soils.  Deeper 

elevations (-38 to -60 cm, NAD 88) were associated with thicker F horizons than soils 

which were located on mounds (-10 to -33 cm).  Using these elevation thresholds, the 

DEM was classified into three landscape units: mounds, flats, and depressions (Steps 4 

and 5; Figure 3-10).  The areas with elevations between -33 and -38 cm (NAD 88) were 

labeled as flats.  Mounds and depressions which were smaller than approximately 50 m2 

were not delineated.  The flats landscape unit therefore included microtopographic 

features such as small mounds and depressions. 

The remaining steps of a soil survey include refining the model and populating 

each map/landscape unit with a soil identifier or the taxonomic classification, as defined 

by Soil Taxonomy (Soil Survey Staff, 1999; Ellis, 2006).   In the United States, 

taxonomic classification is based mainly “on the kind and character of soil properties and 

the arrangement of horizons within the profile” (Wettstein et al., 1987).  Based on these 

criteria, the soils from the natural habitat were classified as loamy, siliceous, 

hyperthermic Typic Endoaquolls (Soil Survey Staff, 2003).  Soils in the bay were also 

classified as loamy, siliceous, Typic Endoaquolls (Soil Survey Staff, 2003).   

Although soils in the bay and natural habitats were taxonomically identical, the 

bay soils (0 to 10cm) had significantly different properties from soils (0 to 10cm) in the 

natural habitat (Table 3-3).  Because the purpose of this soil survey was to map soils in 

the context of suitability for seagrasses, these differences were considered when refining 

the conceptual and spatial model of soils in the bay. The landscape units were referred to 
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by their non-taxonomic term (depression, flat, mound) to convey that differences exist 

and might potentially affect seagrass growth. 

In a terrestrial system, the arrangement of horizons is important because of water 

table fluctuations, or limitations with agriculture and development.  For the subaqueous 

soils in the bay, however, an emphasis was placed on the 0 to 10 cm range because it is 

the rooting zone for seagrass species likely to colonize the bay (Zieman and Zieman, 

1989; Creed, 1997).  Also, the arrangement of horizons in the bay was fairly consistent 

throughout in that an F horizon or A horizon was followed by a Cg horizon and then an 

Ab horizon (Figure 3-7).  Each horizon’s thickness varied throughout the bay, most likely 

as a result of the constructions process, but the Ab horizon appeared in every soil, 8 to  

30 cm below the soil surface.  In a terrestrial survey, this underlying horizon throughout 

the area might classify the landscape into one similar map unit.  Thus, in the context of 

seagrass growth, a classification based on horizon arrangement below the F horizon 

would not provide sufficient information. 

A classification of the soils in the bay was therefore based upon particle-size 

distribution and OM content in the 0 to 10 cm range for each landscape unit.  These 

properties for each landscape unit were then compared to the soil properties in the natural 

habitat (Table 3-3).  Results showed that the depression landscape unit had particle-size 

distribution and OM content values which were significantly different to values in the 

natural habitat.  Although both the mound and flats landscape units had one soil property 

which was significantly different (OM content and sand %, respectively) to the soils in 

the natural habitat, the mound landscape unit was classified as significantly different and 

the flats was classified as similar to the nearby environment (Figure 3-11).  The 
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distinguishing factor of the mound landscape unit was that on low tide, certain areas were 

exposed, suggesting a potential stressor for seagrass recruits.     

Benthic Observations 

On two occasions, observations of benthic colonization were made.  In the spring 

of 2006, Gracilaria sp. formed a dense mat on the bottom of the bay.  Estimates of 

percent cover in a 5 m2 area were made in transects and interpolated (Figure 3-12).  The 

spatial distribution of Gracilaria sp. followed an east to west gradient, with higher 

concentrations on the west side of the bay.  Over the summer, mats of the blue-green 

algae Lyngbya majuscula formed in the outside seagrasses.  Acanthophora spicifera, 

Hypnea sp., and Caulerpa sertularioides were also observed in both the bay and the 

natural habitat. 

In May 2006, the first observation of seagrass colonization in the bay was made.  

H. wrigthii and S. filiforme appeared to be growing with a concentration on the west part 

of the bay, similar to the Gracilaria sp. distribution.  H. johnsonii was also observed as 

growing in patches, with higher concentrations in mounded areas.  Single blades of T. 

testudinum and H. englemanii were also noted.  Epiphytes appeared to cover all 

seagrasses in the bay.  A seagrass survey was performed in September to estimate the 

number of shoots growing in the bay.  Sampling locations were along transects and the 

number of shoots counted in a 2-m radius (Figure 3-13a).  The dominant species was H. 

wrightii, which comprised approximately 90% of the seagrass recruits, excluding H. 

johnsonii (Figure 3-13b).  The seagrass survey was then interpolated (local polynomial, 

80%) to show seagrass abundance per square meter (Figure 3-14).  Because of H. 

johnsonii’s small structure, percent cover was used to quantify its extent of growth.  
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Shallow areas in the west part of the bay had up to 20% cover by H. johnsonii (Figure 3-

13 and Figure 3-15). 

Objective 2: Transplant Experiment 

In TQ-1 and TQ-3, 100% mortality occurred. The remaining transplant quads had 

various levels of survivorship (Table 3-4).  TQ-2 lost 14% of its total shoots, TQ-4 lost 

45%, and TQ-5 and TQ-6 lost 9% and 34%, respectively.  In TQ-2 and TQ-5, shoot 

counts decreased during the first two months, but new shoots grew into the quadrat and 

led to an approximate increase of 50% between July and August.  The new shoots were 

determined to be separate recruits from the original transplants because they appeared to 

be growing through the caging material, into the quadrat.  The averaged shoot number 

loss was 71% in the bay and 29% loss in the natural habitat.    

During monthly monitoring, the cages were cleaned of fouling.  Dried drift algae 

and dead seagrass fragments comprised most of the trapped material in and around the 

caging material.  Estimates of cage fouling after one week revealed that 60% to 90% of 

the cage mesh was covered in flotsam (Figure 3-16a).  Irradiance values were measured 

in TQ-1 between 10:00 and 11:00 a.m. to quantify the amount of light blocked by the 

cage fouling.  Bottom irradiance on the east side of the cage which experienced mid-

morning shading was 50% of surface irradiance.  The non-shaded west side had an 

average bottom irradiance of 82% of surface irradiance.  In the transplant quads which 

had some survival, an average of 85% loss occurred on the east side of the quadrat.  On 

July 26, 2006, it was noted that the cages on TQ-2 and TQ-3 were damaged after a strong 

wind event.  Half of the cage appeared to be intact, but the other half had been lifted over 

the rebar stakes.  TQ-1 remained intact, but the transplants had completely disappeared 

from TQ-1 and TQ-3.  No signs of grazing were present on the blades in TQ-2.   
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Lyngbya majuscula was the dominant algae in both habitats that covered the cage 

and seagrass blades.  Epiphytic algae also covered seagrass blades in both the constructed 

and natural habitat after one day from planting (Figure 3-16b).  Callinectes sapidus (blue 

crabs), Lagodon rhomboides (pinfish) and  Sphoeroides maculates (northern puffer) were 

observed in the outside quads. 

Objective 3: Habitat Suitability Model 

A habitat suitability model (HSM) was created to illustrate the extent of “suitable” 

areas for seagrass growth in the bay.  Suitable, for this study, was defined as similar to 

conditions in the natural habitat.  The HSM was the synthesis and culmination of data 

gathered from Objective 1 and was generated by combining the areas in the bay which 

had current and soil conditions that were similar to conditions in the natural habitat.  For 

currents, similarity was established as areas with water velocities within 1 standard 

deviation of the outside mean velocity on both incoming and outgoing tides (Figure 3-4).  

Soil conditions in the bay were tested for significant differences in OM content and 

particle-size distribution to soils in the natural habitat.  The classification of landscape 

units by these differences provided a map with soil properties which were similar to 

properties outside of SL 15 (Figure 3-12).   

The HSM calculated areas in the bay which formed the intersection of three input 

layers: the classified maps of current velocity (incoming and outgoing tide, Figure 3-3, 3-

4) and the classified landscape map units (Figure 3-11).  Because Kd values in the bay 

were determined to not be significantly different from the outside natural habitat, the 

entire bay was classified as suitable with regard to light availability.  Although TDKN 

values differed in the two habitats, the small number and high variability of porewater 

samples (n=14) hindered a spatial interpolation of the data, thus nutrient conditions were 
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not included in the HSM.  The intersection of the areas which had properties similar to 

the natural ecosystem comprised 14% of the bay (Figure 3-17).  

Table 3-1.  Chlorophyll a (Chl a) values from each transplant quadrat.  
Corrected Uncorrected 

Location Habitat Chl a (µg/L) Chl a (µg/L) n
TQ1 Bay 2.23 2.99 1
TQ2 Bay 2.23 3.08 1
TQ3 Bay 1.90 2.67 1
TQ4 Natural 2.23 3.17 1
TQ5 Natural 2.46 3.13 1
TQ6 Natural 1.90 2.62 1   

No significant difference (Kruskal-Wallis test; df=1, α=0.05, p-value=0.663) occurred in 
corrected Chl a values in the bay and natural habitat. 
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Figure 3-1.  Average Kd values in the natural and constructed bay habitat. Although Kd 
values varied with depth and time of day in the natural and constructed bay, 
there was no significant difference in average Kd values for both habitats 
(Kruskal-wallis test; df=1, p=0.829, α=0.05). 
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Figure 3-2.  Average water velocities on both outgoing and incoming tides.  Based on a 
Kruskal-Wallis test, no significant differences (α=0.05) occurred in the bay 
and natural habitats on the outgoing tide (df=1, p=0.915) and incoming tide 
(df=1, p=0.280).  
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Figure 3-3.  Current flow velocity and direction in the bay.  Incoming tide (A) and 
outgoing tide (B) are shown. Water flows were faster near flushing channels 
and flow directions followed paths to either the inlet in the southeast, or 
intercoastal waterway to the northwest. 

A 

B 
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A

 

 
Figure 3-4.  Classified maps of current velocities in the bay. The incoming tide (A) and 

outgoing (B) tides are shown. The mean velocity from the natural habitat was 
subtracted from the original map and then classified into three groups: faster, 
slower, and similar to the natural habitat. 

B 
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Figure 3-5.  Digital elevation model of the bay.  More than 900 water depths were collected in the field, corrected for tide, and related 
to surveyed benchmarks on SL 15. Elevation values were based on the NAD 88 datum.
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Figure 3-6.  Representative subaqueous soils taken from the natural outside habitat (left, 
O-1) and inside the constructed bay habitat (right, T2-3).  The soils from the 
natural habitat had dark, homogenous colors throughout and multiple A 
horizons.  Soils from the bay were characterized by an F horizon, followed by 
an A or Cg horizon.  The F horizon was typically black (5Y 2.5/1), but 
appears light brown in the image because of the oxidized surface.  The Cg2 
horizon had a clay loam texture.  The Ab horizon was hypothesized to be a 
relict A horizon from a pre-existing seagrass bed. 
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Figure 3-7.  Soils from representative transect 6 from the bay.  As elevation decreased 

(deeper), an increase in F horizon thickness appeared.  The Cg horizon was 
spoil material of varying thickness.  The Ab horizon usually occurred between 
20 to 30 cm below the surface of the soil. 
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Table 3-2.  Average subaqueous soil properties from the bay and natural habitat at SL 15.  
Dominant

Horizon Color OM % Sand % Silt % Clay % CaCO3 % Sand Size n
F 5Y 2.5/1 6.4 ± 2.6 55 ± 12 25 ± 17 20 ± 8 2.6 fine 15
A 5Y 5/2 2.9 ± 1.7 68 ± 21 20 ± 21 12 ± 6 2.7 fine 9
A/Cg 5Y 4/1 3.8 ± 2.1 72 ± 14 10 ± 6 18 ± 9 - fine 5

     Bay Cg, Cg1 5Y 5/1 2.8 ± 1.2 77 ± 18 12 ± 16 11 ± 9 1.3 medium 20
Cg2 5Y 5/2 6.7 ± 2.6 38 ± 25 27 ± 13 35 ± 13 2.2 fine 8
Cg/Ab 5Y 4/1 3.3 ± 0.8 85 ± 5 6 ± 2 9 ± 2 - very fine 3
Ab 5Y 3/1 2.9 ± 0.8 84 ± 12 7 ± 13 9 ± 3 0.2 very fine 18
0-10 cm 3.8 ± 1.6 72 13 15 2.7 fine
A1 5Y 2.5/1 3.4 ± 1.0 81 ± 5 9 ± 3 11 ± 2 0.4 very fine 6
A2 10Y 2.5/1 2.2 ± 0.7 86 ± 7 5 ± 3 9 ± 4 - very fine 6

Natural A3 2.5Y 2.5/1 1.8 ± 0.5 89 ± 4 4 ± 2 7 ± 3 - very fine 6
A4 5Y 3/1 1.8 ± 0.7 88 ± 4 5 ± 1.6 8 ± 2 - very fine 6
C 5Y 4/2 1.5 ± 0.1 93 2 5 - very fine 6
0-10 cm 5Y 2.5/1 3.3 ± 0.9 85 6 9 - very fine 30  

 Dashes represent no data available. Organic matter is OM. 
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Figure 3-8.  Settling characteristics of soils from the bay and the outside habitat.  The 
higher amounts of clay in the Cg horizon than in the A horizon were evident 
in the time taken for particles to settle out of the water column.  The 
implications are that if disturbed, soils in the bay might reduce light 
availability and affect seagrass. 
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Figure 3-9.  Characteristics of the Ab horizon from the bay. A) The Ab horizon and A 
horizon from the bay and natural habitat.  Color, shell content, particle-size 
distribution and OM content were not significantly different in both soils.  B) 
Dead seagrass roots in the Ab horizon. 

 

 
Table 3-3.  Average soil properties from 0 to 10 cm in each landscape unit.  Bolded 

values are those with p values (in parenthesis) which were significantly 
(Kruskal-Wallis test; α=0.05) higher or lower than soil properties from the 
natural habitat.  

Landscape F horizon
Unit Organic Matter Sand % Silt % Clay % thickness (cm)

Depression 4.52 (0.046) 68 (0.006) 16 (0.046) 16 (0.007) 2.61
Flat 3.66 (0.350) 74 (0.032) 10 (0.121) 16 (0.050) 1.57

Mound 2.51 (0.002) 75 (0.083) 12 (0.073) 12 (0.116) 1.00  
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Figure 3-10.  Digital elevation model showing delineations of landscape units. Three 
units were created based on elevation: mounds, flats, and depressions.  Soil 
sampling locations (pink dots) were selected to represent soils from the 
different landscape units.  The green areas (-10 to +25 cm) were elevations 
along the shoreline which were exposed at medium and low tide.  Soils in the 
flushing channels were not sampled. 

   

1:1,200 
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Figure 3-11.  Classified landscape units.  The original depressions and mounds were 
classified as having soil properties (OM content, texture) in the 0 to 10 cm 
range which were significantly different (blue) from soil properties in the 
natural habitat, while soils in the flats had similar soil properties (yellow).  

Classified Landscape Units 



48 

 

 

 

 

Figure 3-12.  Percent cover map of Gracilaria sp. in March, 2006.  Estimates of percent 
cover per 5m2 were made at each location (A). Numbers next to each point are 
the percent coverage estimates for macroalgae. High concentrations of 
macroalgae existed near flushing channels, and in the south-west side of the 
bay (B). 

A 

B 
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Figure 3-13.  Seagrass distribution in the bay as of September, 2006.  A) Shoot counts 
were made in a 2-m radius around each point (12.6 m2).  The pink stars 
represent areas that had H. johnsonii cover.  The numbers next to each star are 
the percent coverage for H. johnsonii at each point.  B) Seagrass distribution 
in the bay by species present. 
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Figure 3-14.  Seagrass abundance in the bay per m2.  The number of shoots was 
interpolated (local polynomial, 80%) to show trends in recruit concentration. 
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Figure 3-15. H. johnsonii recruits in the bay. This patch represents approximately 25% 
cover. 

 
 
Table 3-4. Total number of shoot counts per transplant quadrat over time. TQ-1, 4, 5, and 

6 have “np” for May 11, 2006, because they were not yet planted. 
Date TQ-1 TQ-2 TQ-3 TQ-4 TQ-5 TQ-6
5/11/2006 np 77 94 np np np
5/26/2006 113 39 37 111 98 88
7/10/2006 0 35 0 62 83 67
8/9/2006 0 66 0 61 89 58
% loss 100 14 100 45 9 34
Location Bay Bay Bay Outside Outside Outside  
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Figure 3-16.  Epiphytes and macroalgae at SL 15. A) Cage fouling and Lyngbya 

majuscula growing on transplant blades. B) Epiphytic algae growing on 
seagrass blades.  
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Figure 3-17. Habitat suitability model showing the areas in the bay which had current and soil properties similar to those in the natural 

habitat outside of SL 15.  This model predicted that 14% of the bay was suitable for seagrass growth.
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CHAPTER 4 
DISCUSSION 

The transformation of SL 15 was an experimental approach for seagrass mitigation 

in the IRL and if successful, its repeatability would be of interest to ecosystem managers.  

Seagrasses in the IRL have been cited as having a value of $30,000 ha/yr (Virnstein and 

Morris, 1996), showing their importance as the economic foundation of a widely used 

fishery.  Seagrasses in the IRL are also an integral ecologic component in the most 

diverse estuary in North America.  Other than light thresholds and nutrient ranges, 

however, no specific requirements for seagrass growth in the IRL are published.  The 

inherent difficulty of dissociating and controlling an ecosystem for analysis means that 

while relationships can be demonstrated, declaring specific requirements for a habitat 

remains challenging.  The approach for this study, therefore, was to compare the 

conditions in the constructed habitat with the conditions in the surrounding seagrass beds 

as a proxy for growth requirements in the southern IRL.  Although more research is 

needed to determine the maximum soil organic matter content or current velocity that 

IRL seagrasses can tolerate, this study provided a range of values which can be identified 

in a healthy seagrass bed. The results from this study also offered baseline data for future 

monitoring at SL 15 and additional knowledge of seagrass/landscape interactions.   

Soil/Landscape Analysis 

The transformation of SL 15 provided a unique context in which pedology could be 

applied to an aquatic realm.  The excavation of the bay offered a view of recently 

exposed subaqueous material and a chance to observe how various soil-forming factors 
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can develop spoil material into vegetation-supporting soil.  Previous geology-based 

sediment models described the influence of geology, hydrology, and bathymetry (Folger, 

1972; Demas and Rabenhorst, 2001), but certain ecological elements were not included.  

Following V.V. Dokuchaiev (1948) and Jenny’s (1941) advancement of soil forming 

factors, Demas and Rabenhorst (2001) proposed a new model for subaqueous soil 

formation:  

 Ss = f(C, O, B, F, P, T, W, E) (eq. 4-1) 

Where subaqueous soil (Ss) properties are a function of climate (C), organisms (O), 

bathymetry (B), flow regime (F), parent material (P), time (T), water column attributes 

(W) and catastrophic events (E).   When applying this conceptual model at SL 15, these 

factors have appeared to affect the development of soil characteristics in the natural and 

constructed habitats.  

Bathymetry 

In the bay, bathymetry was observed as influencing the development of subaqueous 

soil characteristics.  Depressional landforms (-38 to -60 cm, NAD 88) were related to 

relatively high (> 4%) concentrations of OM content (Figure 4-1).  This relationship 

could have been caused by the accumulation of algae in depressional areas which 

senesced in place and added organic matter.  Suspended particulate OM near the bottom 

could also have been trapped by depressional features. 

Thickness of the F horizon was also related to bathymetry (Figure 4-2).  The 

accretion of algae in depressions (-38 to -60 cm, NAD 88) most likely contributed to the 

development of the F horizon through trapping of fine-sized particles.  The 

decomposition of algae in depressions would also explain the high average OM content 

of the F horizon (6.2%). 
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Regression analyses were performed to relate currents, bathymetry, and soil 

properties, but no significant statistical relationships appeared other than OM content to 

elevation, F horizon thickness to elevation and percent silt to current velocity (Figure 4-

3). 

Flow Regime 

Interactions of bathymetry and flow energy might also explain the accumulation of 

detritus in depressions and thus F horizon thickness and OM content.  Flow velocities 

were approximately four to five times slower (< 10 cm/s) in depressions (-38 to -60 cm, 

NAD 88) than in mounded areas, which likely reduced bottom sheer stress and allowed 

for particles to settle out of the water column.   Lower flow energy could have also 

allowed silt-sized particles, which would otherwise remain suspended, to fall to the 

bottom.  A weak statistical relationship existed between silt content and incoming flow 

velocities (r2=0.385, p=; Figure 4-3).   The accretion of algal detritus due to slow 

velocities could have also affected nutrient dynamics in the depressions. Although 

porewater sample locations for this study were selected at random, future sampling for 

possible relationships between elevation, velocity, detritus accretion, and nutrient 

availability would be of interest.    

Parent Material 

Parent material might also be of significance when considering the nutrient 

dynamics in the bay compared to the natural habitat.  Although the IRL is considered to 

have terrigeneous quartz parent material (Hoskin, 1983; Short et al., 1993), the 

abundance of carbonate shells in the bay soils may indicate different source geology than 

the dominantly siliciclastic material in the surrounding seagrass beds.  Loss of CaCO3 by 

acidification indicated that the F horizon had the highest amount of carbonates, although 
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the Cg horizons had the highest shell content of the bay soils (Table 3-2; Appendix A).  

The carbonates in the Cg horizons were mostly coarse-sized particles (>1 mm) and were 

possibly incompletely dissolved by 20 ml of 2 M HCl.  The carbonates in the F horizon 

were smaller and more likely to be acidified.  The Cg horizons also had a higher 

percentage of sand than the F horizons (Table 3-2), which may have buffered its percent 

weight lost after acidification, whereas the loss of heavy carbonates in the more silty  

F horizon could have resulted in a higher percent weight change.  The high amount of 

carbonates in the bay soils might have long-term effects on nutrient storage and flux 

(Kitano et al., 1978; Short et al., 1993b).   

The presence of clay loam textures in the Cg horizons further suggested differences 

in source material between the two habitats.  The clay loam was hypothesized to be a 

relict soil from a mangrove bed which became mixed with spoil material during the 

construction process.  Although this soil occurs intermittently in the bay, its influence on 

the light environment was notable.  Clay particles became easily suspended when 

disturbed, thus clouding the bay water for several hours.  Increased amounts of clay in the 

bay soils might also have future impacts on nutrient retention and mineralogy.  

Climate 

Climate, on a local scale, could also be contributing to the geochemical properties 

of soils in the bay.  For example, localized increases in water temperature in the bay 

might be of significance for seagrass growth, benthic activity and detrital decomposition.  

On a low tide in July, water temperature within the bay was more than 5o C higher than in 

the natural habitat, possibly because of restricted flow exchange through the flushing 

channels.  Studies have shown that increased temperature and salinity exacerbate the 

detrimental effects of sulfide toxicity (Carlson et al., 1994; Koch and Erskine, 2001).  
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Although soil temperatures were not measured in this study, long-term temperature 

monitoring would be an interesting component of future biogeochemical patterns in the 

bay. 

Organisms 

Although not included in sediment models (Folger, 1972), organisms are as 

influential for aquatic soils as they are in terrestrial systems.  Through chemical 

additions, such as organic matter deposits, and physical mixing, benthic flora and fauna 

play an integral role in diagenetic processes.  In the natural habitat outside of SL 15, the 

difference in soil color between vegetated and non-vegetated areas are indicative of how 

seagrasses have increased, either through the trapping of fine particles, or turnover of 

biomass, the carbon content of the soil on which they grow.  For the subaqeuous soils in 

the constructed habitat, observations of burrowing crabs and senescent macroalgae 

indicated that the newly created habitat is already subject to biotic engineering. 

Time 

The influence of time was evident in subaqueous soil characteristics in the bay and 

natural habitat.  Significant morphological differences in the soils from both habitats can 

be readily explained by the time needed for formation.  The Ab horizons in the bay had 

color, texture, and OM content that was similar to the A horizon from the natural habitat, 

thus supporting the hypothesis that SL 15 was built on top of a pre-existing seagrass bed.  

The subaqueous soils from the natural habitat have therefore experienced at least 60 years 

of development.   The subaqueous soils in the bay were plowed by construction 

equipment in the last 12 months.  Within the last year, however, changes have occurred in 

the upper 10 cm of soil within the bay.  Fine particles have accreted in depressions and 

might thicken over time, possibly leading to bathymetric features becoming more 
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uniform.  The flow of water from the mangrove zone during outgoing tides has also 

created gullies and deltas on the north bank of the bay, continually reshaping the bay 

geomorphology.   

Although significant differences appeared in the subaqueous soils in the bay and 

outside habitat, time could be an important factor when comparing the two ecosystems.  

Difficulty arises when discussing at what point a constructed system reaches equilibrium, 

but long-term observations of subaqueous soil development might reveal changes 

indicating that the habitat in the bay is more closely resembling the surrounding natural 

environment.   

Catastrophic Events 

Catastrophic events were not examined during the study, but in the fall of 2004,   

Ft. Pierce experienced two major hurricanes (Frances and Jeanne).   Baseline data for 

subaqueous soils near SL 15 were not available for comparison, but the shallowness 

(average depth <2 m) of the IRL suggests that catastrophic wind events might have an 

effect on surface subaqueous soils.  Sandbar movement and vegetation removal is likely 

if a storm were to hit on low tide.  Strong wind events might be of importance in the bay 

considering the high amounts of clay that could become re-suspended.  Although not 

specified as a catastrophic event (Demas and Rabenhorst, 2001), dredging and human 

disturbance should also be inferred as a forming factor.  The excavation of the bay in SL 

15 was performed with large construction equipment which moved 69,000 m3 of soil.  If 

the flushing channels in SL 15 require dredging in the future, additional large-scale soil 

movement might affect subaqueous soils in the bay.   
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Water Column Attributes 

The effects of water column attributes were not analyzed and merit further attention 

at SL 15 with regard to organic matter deposition and nutrient concentrations.  Long-term 

monitoring of water quality properties such as total suspended solids, dissolved oxygen 

and chlorophyll might contribute to an understanding of how water column attributes 

affect soil properties in the bay.   

Subaqueous Soil Survey 

The subaqueous soil survey of the bay revealed that soil properties were most 

closely related to landscape position.  The thickness of F horizons, as well as the particle- 

size distribution and OM content of soils in the bay varied across each landscape unit.  

Similar to a terrestrial survey, variation also occurred within each landscape unit, 

showing how survey scale can either capture or exclude soil heterogeneity.  The fine-

scale of the bay soil survey (1:1,200) was more detailed than a traditional soil survey (e.g. 

1:20,000).  Despite the 1:1,200 scale, features such as mounds and depressions that were 

less than 50 m2 could have affected soil descriptions and comparisons to the soils in the 

natural habitat.  An increased number of samples (n>30), along with DEM validation 

points, could have produced a more accurate soil map.   

The subaqueous soil survey was also limited in taxonomic terms.  As yet, 

subaqueous soils lack a clear definition in Soil Taxonomy (Soil Survey Staff, 2003).  

Although the soils in the bay had different physical and chemical properties than soils 

from the natural habitat, they classify as the same soil because the particle-size control 

section for Mollisols is 25 to 100 cm below the surface (Soil Survey Staff, 2003).  Most 

bay soils had an Ab horizon at that depth, which had textures similar to the A horizon in 

the natural habitat, thus their identical classification.  Research in Rhode Island produced 
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a subaqueous soil survey with soil descriptions, such as fine-silty over sandy, mixed, 

nonacid, Thapto-Histic Hydraquents, because a buried O horizon occurred in the soil 

(Bradley and Stolt, 2003).  The unique construction of SL 15, however, prevents an 

accurate taxonomic description of the soils present, such as a buried A horizon and 

dredged spoil material.  These soils are nonetheless important to consider when 

describing the physical environment for the purpose of explaining seagrass colonization 

and subsequent growth.        

Subaqueous soil research at SL 15 contributed to an understanding of 

seagrass/soil/landscape interactions in the IRL, but also expanded the geographic range of 

subaqueous soil knowledge in the state of Florida.  Previous subtropical subaqueous soil 

research was conducted in Cedar Key on the west coast of Florida in a near-shore 

environment (Ellis, 2006).   Results from SL 15 showed that subaqueous soils from an 

enclosed lagoon system on the east coast were similar to soils in the near-shore sites on 

the west coast.  The OM content for both systems averaged less than 5% (Ellis, 2006).  

Colors varied slightly, with west coast soils having hues of 2.5Y, as opposed to 5Y in the 

IRL.  Particle-size distributions from Cedar Key were typically 85 to 95% sand, with a 

dominantly medium-sized sand fraction.  These soils were coarser in grain size than the 

loamy sands near SL 15 which were on average less than 85% very fine-sized sand.  

General soil characteristics were similar on both coasts, with dark colors and higher 

organic matter in vegetated soils compared to unvegetated soils.   

Subaqueous soil research in Rhode Island (Bradley and Stolt, 2003) and Maryland 

(Demas and Rabenhorst, 1999) also applied pedology to lagoonal estuaries and 

contributed to landscape-level understandings of vegetated aquatic systems.  The 
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investigation of soils at SL 15 followed similar methodologies and concepts from these 

previous studies, such as the generation of bathymetric maps and the classification of the 

landscape into soil map units.  Adaptations were made, however, for soil sampling 

techniques.  While previous studies employed bucket augers, McCauley peat samplers 

and vibracores (Demas et al., 1996; Bradley and Stolt, 2003; Ellis, 2006) preserving soils 

from the IRL for description and analysis required acrylic push-cores.   

In the larger context of soil science, the results from this study propose the addition 

of the F horizon to the Soil Survey Handbook.  Aquatic habitats with rooted vegetation 

attenuate energy and most likely accumulate fine-sized particles.  Because this layer 

occupies the subaqueous soil surface, its properties could be of biogeochemical 

significance for seagrasses and should therefore have a designated term.  The upper 3 to  

5 cm of soil in the bay and natural habitat was characterized by cohesive particles which 

were most likely deposited by sedimentary processes, such as microalgal precipitation.  

Although the F horizon had n values greater than 1, it was more consolidated than a 

nepheloid layer, which in sedimentology is a layer of highly turbid bottom water 

(Chambers and Eadie, 1981).  Soil Taxonomy (1975) describes limnic materials that 

share similar properties to the proposed F horizon, the term “limnic,” however, connotes 

freshwater conditions. The F horizon could therefore possibly be defined as “organic or 

mineral surface soil material which can be found in association with coastal submerged 

aquatic vegetation and originates from depositional processes.”  

Light Availability 

During the 1990s, more than 60% of seagrass literature focused on light (Koch, 

2001).  Because of the importance of light for photosynthesis, this parameter has been 

thoroughly studied and was the initial measurement in the bay to determine the 
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possibility that seagrasses could persist in SL 15.   The water column within the bay had 

Kd values which were similar to the outside of the island and demonstrated a light 

environment suitable for seagrass growth.   Irradiance values showed that an average of 

82% of surface light was reaching the bottom of the bay, well above the minimum 

threshold 23% to 37% reported in the literature for H. wrightii and S. filiforme (Gallegos 

and Kenworthy, 1996; Kenworthy and Fonseca, 1996).   

Light availability is in large part, a function of suspended particles in the water 

column. Thus the lack of differences in Kd values in the bay and natural habitat inferred 

that each environment shares similar water column attributes.  Chlorophyll a 

measurements supported the idea of similar water characteristics in both habitats.  No 

significant difference in chlorophyll a measured in the bay and the amount measured in 

the surrounding seagrass habitats.  All chlorophyll a values were also well below the 

mean for the south IRL (12.1 μg/L; 1988-1994) as reported by the St. Johns River Water 

Management District (Sigua et al., 1999).  Although light conditions in the bay were 

deemed as sufficient for seagrasses, the abundance of potentially light attenuating factors 

including macroalgae, epiphytes, and clay particles suggests that long-term monitoring of 

irradiance in the bay would be an asset to the future management of water clarity in SL 

15. 

Hydrodynamics 

The effects of hydrodynamics on seagrass ecology/physiology and geochemistry 

have been demonstrated.   Seagrasses in the IRL grow in a diversity of flow regimes, 

ranging from channels near inlets to protected deep-water coves (Virnstein, 1995; 

Virnstein et al., 1997).   At SL 15, H. wrigthii grows on a shallow bar next to the channel 

where it receives high energy waves from boating traffic, but it also grows in mixed 
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stands on the south side of the island, a lower energy environment.  Koch (1994) 

determined a minimum velocity for T. testudinum to be 5 cm s-1 for maximum 

photosynthetic rates.  The duration of this velocity, however, was not specified.  The 

temporal variation of tidal flows in any habitat then poses the question of how long 

maximum and minimum velocities persist.  On one part of the tidal cycle at SL 15, 23% 

of the bay fell below the 5 cm s-1 threshold. The majority of the bay, however, was faster 

than 5 cm s-1 on both tides and--by comparison to the literature and to the surrounding 

habitat—was thus classified as suitable for growth of T. testudinum.  The water flow data, 

however, was collected as a snapshot of daily conditions and does not reflect the 

variability of flow conditions over time.  The lack of published flow requirements for 

seagrass species in the IRL hinders a supportable conclusion about the bay being suitable 

or unsuitable for seagrass growth, but flow velocities were considered to be an important 

factor to measure when investigating the physical attributes of the bay.   

Although averaged current velocities in the bay and natural habitat were not 

significantly different, the data showed many flow observations that were up to four 

times as fast as the rest of the bay and thus could have created a higher average. 

Velocities and direction appeared to be influenced by proximity to the flushing channels 

and possibly bottom topography.  The geomorphology of the narrow channels created 

areas of constriction and fast flows, while the depressional areas appeared to relate to 

reduced current flows. The hydrodynamic data in the bay on both tides showed that 

certain areas repeatedly experience faster current velocities, while areas in the center of 

the bay experience a wider range of flow speeds, depending on tidal strength and bottom 

features. 
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Interactions of current velocity, soil texture, and organic matter accretion have been 

previously cited as being important for seagrass health in the IRL.  Morris and Virnstein 

(2004) observed an area in the northern IRL which experienced a loss of 100 ha of 

seagrass which they hypothesized to be caused by its restricted flushing abilities.  They 

noted that a 10 to 15 cm thick “layer of organic detritus and ooze” had built up and 

suggested that the lack of proper circulation and increased sulfides led to a die-back 

event.  Although no statistical relationships appeared between current velocity and OM 

content or F horizon thickness in the bay, the continual accretion of silt and detritus in 

low energy areas in the bay might be an important variable to monitor over time. 

Nutrients 

A baseline assessment of porewater nutrients at SL 15, however, was performed in 

order to obtain a general characterization of nitrogen and phosphorus levels in the soils 

from the bay and natural habitat.  Porewater in the recently constructed bay was 

hypothesized to have lower nutrient concentrations than the surrounding seagrass beds 

due to its recent exposure and lack of biomass.  The results showed no significant 

differences in TDP levels between the bay and natural habitat, but significant differences 

did occur in TDKN.  The relatively small sample number (n=14) could have contributed 

to the statistical differences, as well as seasonal fluxes in nitrogen pools in the outside 

seagrass habitat.  Short et al. (1993) noted that nitrogen dynamics for S. filiforme in the 

IRL were directly related to light variations and growing season.  Porewater nitrogen 

pools appeared to be lower during summer growth periods when plant nutrient uptake 

increased (Short et al., 1993).  Since porewater samples were taken in August, this could 

be a possible explanation for the lower TDKN in the seagrass habitat outside of SL 15 

than in the bay.  By comparison to the natural habitat, nitrogen availability in the bay 
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appeared to be significantly higher, thus suggesting less of a limitation for seagrass 

growth. 

Short et al. (1993b) also determined that the IRL is not phosphorus limited, and that 

phosphate concentrations between 0.06 mg/L and 0.87 mg/L would supply enough 

phosphorus to support seagrass growth.  The measured TDP values in the bay and natural 

habitat were in this range (0.6 mg/L in the bay, 0.4 mg/L in the natural habitat outside the 

bay).   

Transplant Experiment 

The general purpose of the transplant experiment was to assess the viability of H. 

wrightii within the bay.  The results showed that two of the transplant plots in the bay 

experienced total mortality, while the three plots outside of SL 15, and one inside the bay 

had various levels of survivorship.  Because each plot location varied in geography and 

elevation, it was difficult to ascertain the cause of mortality.  The surviving transplants in 

TQ-2 suggested that seagrasses were able to grow in the bay, and the surviving 

transplants in the natural habitat suggested that mortality might not have been directly 

related to planting technique.  It was noted that on extreme low tides, TQ-1 and TQ-3 

were completely exposed.  During these low tides, observations revealed that mounded 

areas in the bay were at higher elevations than the surrounding seagrass beds.  Water 

height in the outside natural habitat was less than 5 cm at times, but most seagrass blades 

remained unexposed to air.  Desiccation, therefore, could have been a possible cause of 

the 100% loss in TQ-1 and TQ-3.  Shoots were still present in TQ-2 after a storm event 

which damaged its cage.  All shoots, however, had disappeared from TQ-1 which had no 

cage damage, suggesting that grazing affects were not the cause of mortality.  

Interestingly, the plots which experienced the most shoot loss showed no signs of dead 
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seagrass remnants, appearing as if the transplants were completely removed.  The lack of 

senescent seagrass blades could have possibly been the result of scavenging, high energy 

flow, or wind events.   

The results of the transplant experiment were expected based on lack of 

transplanting experience, as well as a statistically small number of samples.  Additional 

observations on blade length, for example, would have contributed to an understanding of 

shoot productivity rather than just viability.  A control plot with caging but no transplants 

would also have been useful in determining the extent of natural colonization in the bay 

and natural habitat.  The question of the ability of seagrasses to survive (at least for short 

periods) in the bay was answered by the results in TQ-2, and further supported upon the 

discovery of seagrass recruits in May, 2006.  

Seagrass Recruitment 

The main research question of this study asked if the environmental conditions in 

the constructed habitat of SL 15 were sufficient for seagrass growth.  The approach was 

to compare the ecosystem in the bay to the ecosystem in the proximate natural seagrass 

beds.   The original research question was partially answered by the viability of 

transplanted seagrasses and more directly answered by the discovery of natural recruits.  

H. wrigthii, S. filiforme, H. johnsonii, H. dicipiens, H. englemanii and T. testudinum 

became established in the bay, mostly in areas outside of the region deemed supportive 

by the habitat suitability model.     

The absence of recruits in the flushing channels demonstrated that colonization was 

not by rhizome.  Sexual reproduction in H. wrightii and H. johnsonii is either rare, or 

non-existent, so their colonization was most likely not by extension of rhizome, but 

development of fragments (Phillips, 1960; Eiseman and McMillan, 1980; Jewett-Smith et 
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al., 1997; Hall et al., 2006).  Floating fragments of H. wrightii were frequently observed 

in and around SL 15 and previous studies have shown that fragments remain viable for up 

to four weeks in the spring (Hall et al., 2006).   H. johnsonii also propagates by 

fragments, but its viability is on the order of days (Hall et al., 2006).   

The similarities in seagrass distribution to macroalgae distribution along an east-

west gradient were apparent.  This pattern implies that flow or possibly wind directions, 

rather than soil, had more significant effects on vegetative colonization in the bay.  A 

high percentage of lower elevations (-45 to -60 cm, NAD 88) occur on the west side of 

the bay, as well as areas of consistent low flow.  The east-west orientation of the bay 

might also be allowing fragments to float in from the high energy channel, and become 

deposited in the low energy depressional areas.  The most southwest flushing channel is 

also protected by outcrops of mangroves, thus creating a protected cove.   

  Habitat Suitability Model 

Results from Objective 1 were compiled into a habitat suitability model which 

calculated the intersection of areas in the bay that were similar to the natural habitat.  

This model predicted 14% of the bay as being supportive for seagrasses.  Observations of 

benthic colonization, however, showed that seagrass recruitment occurred in more than 

14% of the bay.  Recruits grew in elevations ranging from -20 cm to -55 cm (NAD 88), 

demonstrating that elevation, and therefore light availability was non-prohibitive.   It is 

likely also that the hydrodynamics in the bay were also non-prohibitive.  Although H. 

johnsonii is restricted in its geographic range, it grows in a variety of physical 

environments, such as high energy sandy channels and deep water “soft mud” (Virnstein 

et al., 1997; Heidelbaugh et al., 2000).  The thresholds for current velocities in the model 

were therefore possibly too narrow.  Hydrodynamic conditions in the bay that were 



69 

 

deemed “similar” to the natural habitat included current velocities which were within one 

standard deviation of the mean outside velocity, yet currents on the outside of SL 15 were 

also highly variable.  A wider variation of flow speeds should therefore have been taken 

into account in the model.   

Because specific elevation ranges for different seagrass species are not known, 

elevation was not incorporated into the habitat suitability model, but colonization patterns 

in the bay suggested that different species occupied different landscape positions.  H. 

johnsonii commonly grew in areas of higher elevation (<-20 cm) than H. wrigthii and S. 

filiforme.  Although lower depth limits are published for seagrasses in the IRL (Gallegos 

and Kenworthy, 1996; Steward et al., 2005), upper limits have not been quantified.  

Virnstein (1995) noted that H. wrigthii is “occasionally exposed at lowest tides” and that 

S. filiforme is “rarely in very shallow water (< 15cm).”  These comments partially 

explained the distribution of recruits in the bay in that S. filiforme grew in elevations 

deeper than -20 cm.  H. wrightii, however, had not yet colonized areas which were 

observed to be exposed on low tides.  The two H. wrightii transplant plots which were 

exposed also experienced the highest mortality, thus showing the need to properly 

quantify the desiccation tolerance for each species. A reclassification of the DEM might 

have contributed an additional input layer to the habitat suitability model as a predictor of 

species distribution, but further information on the depth ranges for IRL seagrasses would 

be needed.   

In summary, because of restricting thresholds, the habitat suitability model 

underestimated the area which was considered to have sufficient conditions to support 

seagrasses.  The successful colonization of SL 15 suggested that species such as H. 
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wrightii, S. filiforme, and H. johnsonii are resilient to a heterogeneous environment, 

which in certain aspects, might vary significantly from proximate areas. 

 

Figure 4-1. Relationship of bathymetry to OM content.  As elevation decreases (depth 
increases), OM content increases. The significance level was p=0.009 
(α=0.05). 
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Figure 4-2.  Relationship between elevation and F horizon thickness.  As elevation 
decreased, F horizon thickness increased.  The significance level was p=0.000 
(α=0.05).

 

Figure 4-3. Relationship between silt % and current velocity.  Low current velocities 
were related to high silt content, possibly because decreased energy allowed 
fine particles to settle.  This relationship suggests that hydrodynamics have an 
effect on particle size distributions in the bay. The significance level was 
p=0.014 (α=0.05)
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 

The quantification of physical parameters such as light, nutrients, currents, and soil 

properties at SL 15 was important for understanding the suitability of the constructed bay 

for seagrasses.  By comparison to the literature and surrounding ecosystem, the light 

environment in the bay was deemed sufficient for colonization.  Porewater TDKN varied 

between the bay and natural habitat, but was possibly a reflection of seasonal fluxes in 

seagrass nitrogen pools.  Values of TDP were determined to be a non-prohibitive nutrient 

in either habitat.  Water velocity and direction in the bay varied with tide and location, 

usually with fast flows in the flushing channels.   

The accumulation of fine particles and organic matter in depressional areas 

suggested that flow energy and bathymetry were significant subaqueous soil forming 

factors in the bay.  The thickness of the F horizon increased with decreasing elevations.  

Organic matter content was higher in the F horizon than in the A horizon from the natural 

habitat.  Soil textures in the bay were spatially variable, but on average, had higher clay 

content than soils in the natural habitat.  These clay loam textures, when disturbed, 

caused considerable clouding in the bay and might impact light availability at times. 

Observations of these environmental conditions emphasized how interactions and 

feedback cycles can potentially influence an ecosystem.   

Although considerable spatial variability occurred in the bay with regard to 

hydrodynamics and subaqueous soil properties, this heterogeneity did not appear to 

hinder seagrass recruitment.  A habitat suitability model, created to show suitable areas 
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for seagrass growth in SL 15, found that 14% of the bay had hydrodynamic, soil, light, 

and nutrient conditions which were similar to the natural habitat.  Recent colonization, 

however, has appeared to be successful in almost two-thirds of the bay.  The abundance 

and distribution of recruits in the bay suggest that seagrasses are able to colonize in a 

heterogeneous environment. 

With increasing coastal development in Florida, anthropogenic influences on 

seagrasses will likely lead to increases in mitigation efforts.  Although this study focused 

on an IRL spoil island, the results could be applied to future management efforts 

elsewhere.  Because the distribution of seagrasses in the bay appeared to be influenced by 

flow patterns and elevation, consideration should be taken for island orientation and 

construction.  An east-west direction of the bay and flushing channels might provide an 

increased supply of fragments and seeds, thus increasing possibilities for seagrass 

recruitment.  Proper knowledge of extreme tidal cycles and more uniform bathymetry in 

the bay might prevent certain areas from becoming exposed to desiccation.  Less 

variation in elevation could also prevent the accumulation of organic-rich F horizons.  It 

could be speculated that less organic material would decrease available substrate for 

decomposition and therefore decrease the likelihood of sulfide toxicity.   

Although this study quantified certain environmental parameters in the bay and 

could offer baseline data for future research at SL 15, more long-term monitoring would 

contribute to the development of future spoil island mitigation endeavors.  Porewater 

nutrients were generally characterized by this study, but an outlier of high TDKN and 

TDP in the deepest elevation (-60 cm, NAD 88) in the bay indicates that a more thorough 

analysis of nutrients in the bay is warranted.  Semi-permanent flow sensors in the bay and 
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natural habitat might also provide more specific information on current velocity 

requirements for seagrasses in the IRL.  In situ light meters could contribute to the 

understanding of how weather events might affect water clarity in the bay.  A desiccation 

experiment in which different IRL species are exposed for various periods of time in 

different soils would also be informative as to the upper depth limit at which different 

taxa can survive. Finally, the continual development of subaqueous pedology concepts 

and techniques, as well as the geographic expansion of subaqueous soil characterization, 

will contribute to the understanding and management of protected coastal environments. 
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APPENDIX A 
SUBAQUEOUS SOIL DESCRIPTIONS 

 
 

 
 
 
Figure A-1. Soil sampling locations in the bay and natural habitat.  Transect number and 

core number are labeled.  O-1, O-2 and O-3 were cores taken from the natural 
habitat.  Numbers 1-6 were soils described in the natural habitat (sample 
numbers “SG”) 
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Table A-1. Subaqueous soil descriptions from the natural habitat. Coordinates are in State 
Plane East (feet, NAD 83). 

Location: GPS 1 (X = 875537.4; Y=1144027.65) 
Date: August 22, 2005 
Personel: Hurt, Ellis, Fischler 
Sample IDs: SG1-SG5 
 
Map Unit:  Vegetated Flat Undifferentiated Drainage: very poorly drained
Native vegetation:  S. filiforme Water level when sampled: above surface
Parent material: sandy and loamy marine sediments Daily low water: exposed at low tide
Physiography (landform): vegetated flat Moisture status: wet, drained to moist
Relief: nearly level Permeability: moderately rapid
Elevation: below MSL Salt or Alkali: none
Slope: <1% Stones: none
Aspect: south and west % Coarse framents: 7
Erosion: none % Clay: 9  
 
A1 0-6 cm; black (N2.5/0) sandy loam; structureless and very fluid, n value more 
than 1; common fine and medium live roots; moderately alkaline; abrupt wavy boundary. 
 
A2 6-32 cm; black (5Y 2.5/1) sandy loam; structureless and very fluid, n value more 
than 1; common fine and medium live roots; moderately alkaline; clear smooth boundary. 

 
A3 32-42 cm; black (5Y 2.5/1) gravelly loamy sand; weak fine and medium 
subangular structure; friable to very friable, n  value less than 0.7; common fine and 
medium live and dead roots; 15 % shell fragments; moderately alkaline; clear smooth 
boundary. 
 
A4 42-80 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n  value less than 0.7; common fine and 
medium live and dead roots; 5 % shell fragments; moderately alkaline; clear smooth 
boundary. 
 
A5 80-140 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n value less than 0.7; 5 % shell fragments; 
moderately alkaline. 
 
 Unable to sample soil below 140 cm; material appeared to be sandy with few shell 
fragments and colors similar to material above. 
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Table A-1 Continued 
Location: GPS 2 (X=875958.15; Y=1144009.91) 
Date: August 22, 2005 
Personel: Hurt, Ellis, Fischler 
Sample IDs: SG6-SG9 
 
Map Unit:  Vegetated Flat Undifferentiated Drainage: very poorly drained
Native vegetation:  T. testudinum , S. filiforme Water level when sampled: above surface
Parent material: sandy and loamy marine sediments Daily low water: exposed at low tide
Physiography (landform): vegetated flat Moisture status: wet, drained to moist
Relief: nearly level Permeability: moderately rapid
Elevation: below MSL Salt or Alkali: none
Slope: <1% Stones: none
Aspect: south and west % Coarse framents: 3
Erosion: none % Clay: 8  
 
A1 0-9 cm; black (5Y 2.5/1) sandy loam; structureless and very fluid, n value more 
than 1; common fine and medium live roots; moderately alkaline; abrupt wavy boundary. 
 
A2 9-24 cm; black (5Y 2.5/1) loamy sand; weak fine and medium subangular 
structure; friable to very friable, n  value less than 0.7; common fine and medium live and 
dead roots; less than 5 % shell fragments; moderately alkaline; clear smooth boundary. 
 
A3 24-62 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n  value less than 0.7; common fine and 
medium live and dead roots; less than 5 % shell fragments; moderately alkaline; clear 
smooth boundary. 
 
A4 62-88 cm; black (2.5Y 2.5/1) sand; structureless; loose, n value less than 0.7; 5 % 
shell fragments; moderately alkaline. 
 
 Unable to sample soil below 88 cm; material appeared to be sandy with few shell 
fragments and colors similar to material above. 
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Table A-1 Continued 
Location: GPS 3 (X=876145.7; Y=1143424.46) 
Date: August 22, 2005 
Personel: Hurt, Ellis, Fischler 
Sample ID: SG15-SG19 
 
Map Unit:  Vegetated Flat Undifferentiated Drainage: very poorly drained
Native vegetation:  H. wrightii Water level when sampled: above surface
Parent material: sandy and loamy marine sediments Daily low water: exposed at low tide
Physiography (landform): vegetated flat Moisture status: wet, drained to moist
Relief: nearly level Permeability: moderately rapid
Elevation: below MSL Salt or Alkali: none
Slope: <1% Stones: none
Aspect: south and west % Coarse framents: 3
Erosion: none % Clay: 10  
 
 C 0-2 cm; 80 % gray (5Y 4/1) and 20% black (N 2.5/0) sand; loose, n value less 
than 0.7; common fine and medium live and dead roots; moderately alkaline; abrupt 
wavy boundary.  
 
Ab1 2-13 cm; black (N 2.5/1) sand; weak fine and medium subangular structure; 
friable to very friable, n value less than 0.7; common fine and medium live and dead 
roots; less than 5 % shell fragments; moderately alkaline; abrupt smooth boundary. (this 
horizon combined with C for sampling purposes) 
 
Ab2 13-47 cm;  black (5Y 2.5/1) sand; weak fine and medium subangular structure; 
friable to very friable, n value less than 0.7; common fine and medium live and dead 
roots;  less than 5 % shell fragments; moderately alkaline; clear smooth boundary. 
 
Ab3 47-59 cm; greenish black (10Y 2.5/1) sand; weak fine and medium subangular 
structure; friable to very friable, n value less than 0.7; 5 % shell fragments; moderately 
alkaline; clear smooth boundary. 
 
Ab 59-74 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n value less than 0.7; common fine and 
medium live and dead roots; less than 5 % shell fragments; moderately alkaline. 
 
 Unable to sample soil below 74 cm; no clue as to the properties of the material 
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Table A-1 Continued 
Location: GPS 4 (X=875730.06; Y=1142942.93) 
Date: August 22, 2005 
Personel: Hurt, Ellis, Fischler 
Sample ID: SG26-SG28 

Map Unit:  Vegetated Flat Undifferentiated Drainage: very poorly drained
Native vegetation:  S. filiforme, H. wrightii (sparse) Water level when sampled: above surface
Parent material: sandy and loamy marine sediments Daily low water: exposed at low tide
Physiography (landform): vegetated flat Moisture status: wet, drained to moist
Relief: nearly level Permeability: moderately rapid
Elevation: below MSL Salt or Alkali: none
Slope: <1% Stones: none
Aspect: south and west % Coarse framents: 3
Erosion: none % Clay: 5  

A1 0-10 cm; black (N 2.5/1) loamy sand; structurless; loose; very fluid, n value more 
than 1.0; common fine and medium live and dead roots; less than 5 % shell fragments; 
moderately alkaline; abrupt smooth boundary.  
 
A2 10-37 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n value less than 0.7; common fine and 
medium live and dead roots;  less than 5 % shell fragments; moderately alkaline; clear 
smooth boundary. 
 
A3 37-61 cm; very dark gray (5Y 3/1) sand; weak fine and medium subangular 
structure; friable to very friable, n value less than 0.7; less than 5 % shell fragments; 
moderately alkaline. 
 
 Unable to sample soil below 61 cm; material appeared to be sandy with few shell 
fragments and colors similar to A3 horixon. 
 
A thin (less than a few mm) dark gray (5Y 4/1) sand C horizon covers the A1 horizon in 
most of the pedon; not sampled. 
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Table A-1 Continued 
Location: GPS 5 (X=874853.15; Y=1143951.62) 
Date: August 22, 2005 
Personel: Hurt, Ellis, Fischler 
Sample ID: SG10-SG14 
 
Map Unit:  Vegetated Flat Undifferentiated Drainage: very poorly drained
Native vegetation:  sand bar with sparse H. wrightii Water level when sampled: above surface
Parent material: sandy and loamy marine sediments Daily low water: exposed at low tide
Physiography (landform): vegetated flat Moisture status: wet, drained to moist
Relief: nearly level Permeability: moderately rapid
Elevation: below MSL Salt or Alkali: none
Slope: <1% Stones: none
Aspect: south and west % Coarse framents: 3
Erosion: none % Clay: 9  
 
C 0-6 cm; 80% olive gray (5Y 4/2) and 20% black (N2.5/0) sand; structureless; 
loose, n value less than 0.7; no roots; moderately alkaline; abrupt wavy boundary. 
 
Ab1 6-8 cm; black (N2.5/0) sand; weak fine and medium subangular structure; friable 
to very friable, n value less than 0.7; common fine and medium live and dead roots; less 
than 5 % shell fragments; moderately alkaline; abrupt wavy boundary. (this horizon was 
not sampled) 
 
Ab2 8-28 cm; 50% very dark gray (5Y 3/1) and 50% dark gray (5Y 4/1) sand; weak 
fine and medium subangular structure; friable to very friable, n value less than 0.7; 
common fine and medium live and dead roots; less than 5 % shell fragments; moderately 
alkaline; clear smooth boundary. 
 
Ab3 28-50 cm; very dark gray (5Y 3/1) greenish black (10Y 2.5/1) sand; weak fine 
and medium subangular structure; friable to very friable, n value less than 0.7;  less than 
5 % shell fragments; moderately alkaline; clear smooth boundary. 
 
Ab 50-68 cm; greenish black (10Y 2.5/1) sandy loam; weak fine and medium 
subangular structure; friable to very friable, n value less than 0.7; common fine and 
medium live and dead roots; less than 5 % shell fragments; moderately alkaline. 
 
 Unable to sample soil below 68 cm; no clue as to the properties of the material 
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Table A-1 Continued 
Location: GPS 6 (X=874911.44; Y=1143378.84) 
Date: August 22, 2005 
Personel: Hurt, Ellis, Fischler 
Sample ID: SG20-SG25 

Map Unit:  Vegetated Flat Undifferentiated Drainage: very poorly drained
Native vegetation:  H. johnsonii Water level when sampled: above surface
Parent material: sandy and loamy marine sediments Daily low water: exposed at low tide
Physiography (landform): vegetated flat Moisture status: wet, drained to moist
Relief: nearly level Permeability: moderately rapid
Elevation: below MSL Salt or Alkali: none
Slope: <1% Stones: none
Aspect: south and west % Coarse framents: 3
Erosion: none % Clay: 10  
 
C 0-0.5 cm; dark gray (5Y 4/1) sand; structureless; loose, n value less than 0.7; no 
roots; moderately alkaline; abrupt wavy boundary. (this horizon combined with Ab1 for 
sampling purposes) 
 
Ab1 0.5-13 cm; black (N 2.5/1) loamy sand; weak fine and medium subangular 
structure; friable to very friable, n value less than 0.7; common fine and medium live and 
dead roots; less than 5 % shell fragments; moderately alkaline; abrupt smooth boundary. 
(this horizon combined with C for sampling purposes) 
 
Ab2 13-44 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n value less than 0.7; common fine and 
medium live and dead roots;  less than 5 % shell fragments; moderately alkaline; clear 
smooth boundary. 
 
Ab3 44-66 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n value less than 0.7; 5 % shell fragments; 
moderately alkaline; clear smooth boundary. 
 
Ab4 66-84 cm; greenish black (10Y 2.5/1) loamy sand; weak fine and medium 
subangular structure; friable to very friable, n value less than 0.7; common fine and 
medium live and dead roots; less than 5 % shell fragments; moderately alkaline; clear 
smooth boundary. 
 
Ab4 84-100 cm; greenish black (10Y 2.5/1) sand; structureless; loose, n value less than 
0.7; less than 5 % shell fragments; moderately alkaline. ((no sample of this horizon 
combined was obtained) 
 
 Unable to sample soil below 100 cm; no clue as to the properties of the material  
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Table A-2. Soil descriptions from the bay. Coordinates are in State Plane East (feet, NAD 83). Shell % was not recorded for “n/a”.  
Boundary transitions are diffuse (D), gradual (G) and clear (C) and topography is wavy (W) or smooth (S). Roots are fine 
(f) or very fine (vf).  “F” stands for flock horizon. “ID” is the transect number (T1) and core number (-1). 
ID X_coord Y_coord Horizon Depth (cm) Sample Color Shell % n-value Boundary Roots

T1-1 875866.40 1143441.67 A 0-6 1 5Y 3/1 n/a < 0.7 CW none
T1-1 875866.40 1143441.67 Cg1 6-10.5 2 5Y 5/2 n/a < 0.7 CW none
T1-1 875866.40 1143441.67 Cg2 10.5-21 3 2.5Y 5/2 n/a < 0.7 GW none
T1-1 875866.40 1143441.67 Ab 21-32 4 5Y 4/1 n/a < 0.7 few vf
T1-2 875867.15 1143430.13 F 0-2 5 5Y 2.5/1 n/a >>1 GW none
T1-2 875867.15 1143430.13 A 0-9 6 5Y 4/1 n/a < 0.7 CS none
T1-2 875867.15 1143430.13 C 9-16 7 5Y 5/2 n/a < 0.7 GW none
T1-2 875867.15 1143430.13 Ab/C 16-32 8 5Y 3/1 n/a < 0.7 DW none
T1-2 875867.15 1143430.13 Ab 32-36 9 5Y 4/1 n/a < 0.7 few vf
T1-3 875865.69 1143419.05 F 0-2 10 5Y 2.5/1 n/a >>1 CW none
T1-3 875865.69 1143419.05 A 2-5 11 5Y 5/2 n/a >>1 CW none
T1-3 875865.69 1143419.05 C/Ab 5-20 12 5Y 4/1 n/a < 0.7 none
T1-3 875865.69 1143419.05 Ab/C 20-32 13 5Y 5/2 n/a < 0.7 none
T1-4 875868.62 1143402.71 F 0-4.5 14 5Y 4/1 n/a >> 1 DS none
T1-4 875868.62 1143402.71 AC 4.5-13 15 5Y 5/1 n/a 0.7-1 DS none
T1-4 875868.62 1143402.71 C 13-23 16 5Y 5/2 n/a < 0.7 none
T1-4 875868.62 1143402.71 Ab 23-25 17 5Y 4/2 n/a < 0.7 none
T1-5 875868.81 1143395.86 A 0-4.5 18 5Y 5/1 n/a < 0.7 none
T1-5 875868.81 1143395.86 C 4.5-13 19 5Y 5/1 n/a < 0.7 none
T2-1 875810.58 1143426.96 A 0-3 20 5Y 4/1 5 0.7-1 GW none
T2-1 875810.58 1143426.96 Cg1 3-13 21 5Y 5/1 15 < 0.7 CW none
T2-1 875810.58 1143426.96 Cg2 13-23 22 5Y 5/1 5 < 0.7 CS none
T2-1 875810.58 1143426.96 Cg3 23-26 23 5Y 5/1 0 < 0.7 CS none
T2-1 875810.58 1143426.96 Ab 26-36.6 24 5Y 3/2 2 < 0.7 few vf  
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Table A-2 Continued 
ID X_coord Y_coord Horizon Depth (cm) Sample Color Shell % n-value Boundary Roots

T2-2 875805.86 1143432.41 F 0-3 25 5Y 4/1 0 >>1 CW none
T2-2 875805.86 1143432.41 Cg 3-11 26 5Y 5/1 10 < 0.7 CW none
T2-2 875805.86 1143432.41 Ab 11-24 27 5Y 2.5/1 1 < 0.7 few vf
T2-3 875798.03 1143438.13 F 0-1 28 5Y 4/1 2 >>1 GW none
T2-3 875798.03 1143438.13 A/Cg 1-5 29 5Y 3/1 2 .7-1 GW none
T2-3 875798.03 1143438.13 Cg1 5-11 30 5Y 5/1 20 < 0.7 CW none
T2-3 875798.03 1143438.13 Cg2 11-14 31 5Y 5/2 0 < 0.7 CS none
T2-3 875798.03 1143438.13 Ab 14-36 32 5Y 4/1 2 < 0.7 few vf
T3-1 875760.96 1143323.93 A 0-2 33 5Y 3/1 20 < 0.7 GW none
T3-1 875760.96 1143323.93 Cg1 2-22 34 5Y 5/1 40 < 0.7 GW none
T3-1 875760.96 1143323.93 Cg2 22-30.5 35 5Y 5/2 0 < 0.7 CS none
T3-1 875760.96 1143323.93 Ab 30.5-46 36 5Y 3/1 2 < 0.7 few vf
T3-2 875742.45 1143315.56 F 0-5 37 5Y 2.5/1 0 >>1 CW none
T3-2 875742.45 1143315.56 Cg1 5-9 38 5Y 5/2 20 < 0.7 GS none
T3-2 875742.45 1143315.56 Cg2 9-10 39 5Y 5/2 1 < 0.7 CS none
T3-2 875742.45 1143315.56 Ab 10-36 40 5Y 3/1 1 < 0.7 few vf
T3-3 875723.60 1143305.64 Cg/A 0-3 41 5Y 4/1 5 0.7-1 GW none
T3-3 875723.60 1143305.64 Cg 3-16 42 5Y 5/1 40 < 0.7 none
T3-4 875744.40 1143289.79 A 0-4 43 5Y 4/1 5 >>1 DW none
T3-4 875744.40 1143289.79 Cg 4-8 44 5Y 5/1 40 < 0.7 CW none
T3-4 875744.40 1143289.79 Ab 8-32 45 5Y 3/1 1 < 0.7 few vf
T4-1 875609.70 1143217.50 A 0-3 46 5Y 4/1 5 0.7-1 GW none
T4-1 875609.70 1143217.50 Cg 3-14 47 5Y 4/1 40 <0.7 CW none
T4-1 875609.70 1143217.50 Ab 14-22 48 5Y 3/1 1 <0.7 common f  
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Table A-2 Continued. 
 

ID X_coord Y_coord Horizon Depth (cm) Sample Color Shell % n-value Boundary Roots
T4-2 875616.70 1143248.82 F 0-1 49 5Y 2.5/1 0 >>1 DW none
T4-2 875616.70 1143248.82 Cg/A 1-18 50 5Y 4/1 40 <0.7 GW none
T4-2 875616.70 1143248.82 Cg1 18-32 51 5Y 5/1 2 <0.7 GW none
T4-2 875616.70 1143248.82 Cg2 32-35 52 5Y 5/1 0 <0.7 CS none
T4-2 875616.70 1143248.82 Ab 35-59 53 5Y 3/1 15 <0.7 few vf
T4-3 875626.63 1143275.34 F 0-3 54 5Y 2.5/1 0 >>1 GW none
T4-3 875626.63 1143275.34 CgA 3-12 55 5Y 4/1 50 <0.7 CW none
T4-3 875626.63 1143275.34 Ab 12-27 56 5Y 3/1 2 <0.7 few vf
T5-1 875483.19 1143219.23 F 0-3 57 5Y 3/1 0 >>1 GW none
T5-1 875483.19 1143219.23 Cg 3-12 58 5Y 5/1 40 <0.7 GW none
T5-1 875483.19 1143219.23 Ab 12-34 59 5Y 3/1 2 <0.7 few vf
T5-2 875507.27 1143193.19 F 0-3 60 5Y 2.5/1 0 >>1 GW none
T5-2 875507.27 1143193.19 Cg1 3-8 61 5Y 5/1 5 <0.7 CS none
T5-2 875507.27 1143193.19 Cg2 8-9.5 62 5Y 5/1 0 0.7-1 CS none
T5-2 875507.27 1143193.19 Ab1 9.5-32 63 5Y 3/1 2 <0.7 CW few f
T5-2 875507.27 1143193.19 Ab2 32-45.5 64 5Y 5/1 60 <0.7 none
T5-3 875524.92 1143170.29 F 0-3 65 5Y 3/1 1 >>1 GW none
T5-3 875524.92 1143170.29 Cg 3-11 66 5Y 5/1 2 <0.7 GW few f
T5-3 875524.92 1143170.29 Ab 11-38 67 5Y 4/1 5 <0.7 few vf
T6-1 875308.08 1143224.93 F 0-2 68 5Y 2.5/1 0 >>1 GW few f
T6-1 875308.08 1143224.93 Cg/A 2-8 69 5Y 4/1 40 <0.7 CW none
T6-1 875308.08 1143224.93 Cg 8-19 70 5Y 5/2 30 <0.7 CS none
T6-1 875308.08 1143224.93 Ab 19-30.5 71 5Y 3/1 1 <0.7 few f  
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Table A-2 Continued 
 

ID X_coord Y_coord Horizon Depth (cm) Sample Color Shell % n-value Boundary Roots
T6-2 875289.38 1143212.32 F 0-2 72 5Y 5/1 0 >>1 GW none
T6-2 875289.38 1143212.32 A 2-5 73 5Y 3/1 20 0.7-1 GW none
T6-2 875289.38 1143212.32 Cg 5-14 74 5Y 5/2 30 <0.7 CW none
T6-2 875289.38 1143212.32 Ab 14-46 75 5Y 3/1 1 <0.7 few f
T6-3 875271.03 1143204.74 A 0-3 76 5Y 4/1 1 <0.7 GW few f
T6-3 875271.03 1143204.74 Cg 3-9 77 5Y 5/2 50 <0.7 CS none
T6-3 875271.03 1143204.74 Ab 9-43 78 5Y 3/1 1 <0.7 few f
T6-4 875326.67 1143235.69 F 0-6 79 5Y 2.5/1 0 >>1 GW none
T6-4 875326.67 1143235.69 Cg 6-16 80 5Y 4/1 20 <0.7 CW none
T6-4 875326.67 1143235.69 Ab 16-46 81 5Y 3/1 1 <0.7 none  

 
 
Table A-3. Soil descriptions from the natural habitat.  

ID X_coord Y_coord Horizon Depth (cm) Sample Color Shell % n-value Boundary Roots
O-1 875366.54 1142958.71 A1 0-15 82 5Y 2.5/1 0  0.7-1 GW few f
O-1 875366.54 1142958.71 A2 15-35 83 5Y 4/1 5 <0.7 DW few f
O-1 875366.54 1142958.71 A3 35-50 84 5Y 3/1 2 <0.7 few f
O-2 875572.52 1142852.57 A1 0-10 85 5Y 2.5/1 0 >>1 GW few f
O-2 875572.52 1142852.57 A2 10-30 86 5Y 3/1 1 <.7 DW few vf
O-2 875572.52 1142852.57 A3 30-41 87 5Y 4/1 3 <0.7 few f
O-3 875870.26 1143037.86 F 0-5 88 5Y 2.5/1 0 >>1 GW none
O-3 875870.26 1143037.86 A1 5-15 89 5Y 3/1 0 0.7-1 DW none
O-3 875870.26 1143037.86 A2 15-38 90 5Y 3/1 1 <0.7 few vf  

 



86 

 

 

 
 
Figure A-1. Soils taken from transect 1 on the east side of the bay.  The light brown color 

in the A and F horizons in T1-1 and T1-2 are oxidized surface layers. 
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Figure A-2. Transect 2.  The Cg2 and Cg3 horizons were found intermittently throughout 

the bay and were clay loam or silty clay textures. 
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Figure A-3. Transect 3. The light colored patch in the Ab horizon in T3-1 is a pocket of 

air and thus shows lighter-colored oxidized soils. 
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Figure A-4. Transect 4.  
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Figure A-5. Transect 5.  The soil in T5-1 shows heterogeneity of shell content and texture 
throughout.  This mixture was likely the result of the construction process. 
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Figure A-6. Transect 6. 
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APPENDIX B 
SUBAQUEOUS SOIL DATA 

Table B-1. Subaqueous soil data from the natural (outside) habitat. “N/A” is data that is 
not available. Sand fractions are displayed as very coarse (VC, 2-1 mm), 
coarse (C, 1-500 μm), medium (M, 500-250 μm), fine (F, 250-106 μm) and 
very fine (VF, 106-45 μm).  OM is organic matter. ID is the sample number. 

ID Horizon Depth (cm)OM % Sand % Silt % Clay % VC % C % M % F % VF %

SG - 1 A1  0-6 n/a 80 10 10 0 0 1 30 48
SG - 2 A2  6-32 2.66 79 8 13 0 0 2 28 48
SG - 3 A3  32-42 1.82 85 6 9 3 1 3 31 48
SG - 4 A4  42-80 1.2 90 4 6 1 0 1 38 50
SG - 5 A5  80-140 1.44 89 4 7 1 2 10 32 44
SG - 6 A1  0-9 n/a n/a n/a n/a n/a n/a n/a n/a n/a
SG - 7 A2  9-24 2.59 79 8 12 0 0 1 29 48
SG - 8 A3  24-62 2.33 82 6 11 0 0 1 33 48
SG - 9 A4  62-88 1.09 93 3 5 1 1 2 45 44

SG - 10 C  0-6 1.44 94 2 4 0 0 0 27 66
SG - 11 Ab1  6-8 n/a n/a n/a n/a n/a n/a n/a n/a n/a
SG - 12 Ab2  8-28 1.01 95 2 3 0 0 0 33 62
SG - 13 Ab3  28-50 1.26 94 2 4 0 0 0 27 66
SG - 14 Ab4  50-68 2.6 84 7 9 0 0 1 25 58
SG - 15 C  0-2 1.64 92 2 5 0 0 0 30 62
SG - 16 Ab1  2-13 1.38 94 2 4 0 0 1 37 56
SG - 17 Ab2  13-47 1.2 92 3 5 0 0 0 32 60
SG - 18 Ab3  47-59 1.44 91 4 5 0 0 0 29 61
SG - 19 Ab4  59-74 1.92 88 5 7 0 0 1 28 59
SG - 20 C  0-0.5 n/a n/a n/a n/a n/a n/a n/a n/a n/a
SG - 21 Ab1  0.5-13 n/a n/a n/a n/a n/a n/a n/a n/a n/a
SG - 22 Ab2  13-44 2.37 87 4 8 1 1 3 30 53
SG - 23 Ab3  44-66 2.45 89 4 7 0 0 1 27 60
SG - 24 Ab4  66-84 2.32 85 6 10 0 0 1 21 63
SG - 25 Ab5  84-100 n/a n/a n/a n/a n/a n/a n/a n/a n/a
SG - 26 A1  0-10 2.03 89 3 8 0 0 1 38 49
SG - 27 A2  10-37 2.33 86 5 9 0 0 1 33 51
SG - 28 A3  37-61 1.22 93 2 5 0 0 1 41 50  
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Table B-2. Subaqueous soil data from the bay.   
ID Sample Horizon OM% Elev Sand % Silt % Clay % VC % C % M % F % VF %

T1-1 1 A 2.12 -22.00 87 4 9 11 18 32 20 5
2 Cg1 1.49 92 3 5 6 17 38 25 5
3 Cg2 2.94 83 7 10 4 9 21 27 23
4 Ab 2.79 86 6 8 1 1 2 36 48

T1-2 5 F 3.71 -28.00 73 12 15 4 9 22 23 14
6 A 2.51 80 8 11 4 12 29 26 8
7 C 4.20 77 9 14 7 16 27 18 8
8 Ab/C 3.37 86 6 9 1 2 8 35 40
9 Ab 3.16 88 4 8 1 1 2 36 47

T1-3 10 F 8.95 -37.00 57 21 22 1 2 7 22 26
11 A 4.83 54 19 27 1 5 16 19 13
12 C/Ab 3.98 80 8 12 3 7 13 28 29
13 Ab/C 2.40 88 4 7 1 1 3 38 46

T1-4 14 F 7.43 -43.00 65 7 28 3 5 10 19 28
15 AC 8.03 60 11 28 4 7 13 20 16
16 C 4.70 43 42 15 2 7 14 15 5
17 Ab 2.67 36 59 4 1 2 2 10 21

T1-5 18 A 3.58 -42.00 36 56 8 3 6 9 14 4
19 C 1.84 33 60 7 2 4 13 10 4

T2-1 20 A n/a -29.00 46 42 12 3 4 13 18 8
21 Cg1 8.27 87 2 12 4 12 37 31 4
22 Cg2 5.09 62 14 23 0 1 5 28 28
23 Cg3 6.69 5 50 45 0 0 0 1 4
24 Ab 2.60 86 3 11 1 0 1 33 51  

Elev= elevation (cm, NAD 88). “n/a” is data that is not available. 
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Table B-2 Continued. 
ID Sample Horizon OM% Elev Sand % Silt % Clay % VC % C % M % F % VF %

T2-2 25 F 8.22 -36.00 68 3 30 1 1 8 21 37
26 Cg 3.55 61 18 21 2 5 16 32 6
27 Ab 2.52 84 3 13 1 0 1 34 48

T2-3 28 F 3.09 -26.00 41 45 14 3 4 15 14 5
29 A/Cg 5.03 62 17 21 4 8 19 20 11
30 Cg1 5.82 33 30 37 2 3 8 11 9
31 Cg2 6.21 27 34 39 0 0 1 10 15
32 Ab 2.26 87 5 9 0 0 1 34 51

T3-1 33 A 2.42 -33.00 42 46 12 2 6 15 13 6
34 Cg1 2.04 87 5 9 4 13 31 30 9
35 Cg2 7.04 19 32 49 1 2 3 6 7
36 Ab 3.68 85 7 8 0 0 1 33 49

T3-2 37 F 6.80 -40.00 60 14 26 1 2 12 25 20
38 Cg1 1.46 91 1 8 1 5 29 41 15
39 Cg2 9.52 47 23 30 0 1 3 17 26
40 Ab 2.78 86 6 8 0 1 2 33 49

T3-3 41 Cg/A 3.51 -40.00 74 12 14 1 5 19 28 21
42 Cg 1.31 91 4 6 5 13 37 28 8

T3-4 43 A 5.61 -36.00 74 10 16 6 13 25 19 11
44 Cg 4.16 79 8 13 4 8 17 24 26
45 Ab 3.00 88 3 9 0 1 3 32 51

T4-1 46 A 1.99 -32.00 90 4 6 5 11 38 29 7
47 Cg 1.33 93 0 6 7 17 39 25 5
48 Ab 3.06 84 7 9 1 2 7 31 43  
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Table B-2 Continued. 
ID Sample Horizon OM% Elev Sand % Silt % Clay % VC % C % M % F % VF %

T4-2 49 Flock 8.47 -37.00 53 22 24 2 4 12 18 18
50 Cg/A 2.23 n/a n/a n/a n/a n/a n/a n/a n/a
51 Cg1 4.26 77 10 13 1 3 17 42 13
52 Cg2 10.31 27 30 43 0 1 5 13 8
53 Ab 2.42 91 4 5 1 1 3 40 47

T4-3 54 Flock 2.20 -34.00 69 14 17 2 6 17 22 22
55 CgA 2.61 84 2 14 5 10 25 26 19
56 Ab 3.41 88 1 11 2 4 8 31 43

T5-1 57 Flock 11.47 -37.00 71 0 29 3 4 10 30 24
58 Cg 4.09 n/a n/a n/a n/a n/a n/a n/a n/a
59 Ab 5.54 85 6 8 1 1 4 33 46

T5-2 60 Flock 4.85 -37.00 41 45 14 6 8 18 22 20
61 Cg1 3.63 78 10 12 2 5 14 28 29
62 Cg2 5.48 34 29 37 2 0 3 13 16
63 Ab1 3.40 80 8 12 1 1 1 31 46
64 Ab2 1.28 94 2 4 1 1 3 43 45

T5-3 65 Flock 5.96 -46.00 50 29 21 3 5 11 18 13
66 Cg 2.23 89 1 10 4 8 24 35 18
67 Ab 1.73 94 2 4 0 1 2 44 48

T6-1 68 Flock 5.20 31.00 45 40 14 2 4 10 16 13
69 Cg/A 1.66 92 2 6 12 19 34 21 6
70 Cg 2.08 87 5 8 6 12 33 29 8
71 Ab 2.64 86 2 12 0 0 1 32 51
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Table B-2 Continued. 
ID Sample Horizon OM% Elev Sand % Silt % Clay % VC % C % M % F % VF %

T6-2 72 Flock 3.90 -40.00 38 49 13 3 6 12 9 8
73 A 3.15 86 5 9 11 20 32 17 6
74 Cg 2.86 90 4 6 8 15 33 25 9
75 Ab 2.56 86 5 8 0 0 1 34 50

T6-3 76 Floc/A 6.00 -41.00 44 43 13 2 4 11 15 12
77 Cg 2.79 88 5 8 11 13 23 24 16
78 Ab 3.01 85 6 9 0 0 1 32 51

T6-4 79 Flock 9.10 -50.00 52 17 31 5 6 11 13 17
80 Cg 1.54 92 2 6 11 18 28 20 15
Ab 1.67 91 3 5 0 0 1 41 48

O-1 82 A1 3.70 82 6 12 1 1 3 29 48
83 A2 2.63 87 5 8 1 1 3 36 47
84 A3 96 -1 6 0 1 2 38 55

O-2 85 A1 4.83 76 6 18 0 0 1 25 49
86 A2 5.31 79 11 10 1 0 2 32 45
87 A3 1.80 92 3 5 0 1 2 36 52

O-3 88 Flock 4.19 45 43 12 1 0 1 31 47
89 A1 2.72 84 7 9 1 0 1 30 52
90 A2 3.24 85 5 9 1 0 1 28 55
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APPENDIX C 
HYDRODYNAMIC DATA 

Table C-1. Current direction (Dir.) and velocity (V). Coordinates are in State Plane East 
(feet, NAD 83) 

Incoming Tide Outgoing Tide
ID Dir. V(cm/s) X_coord Y_coord ID Dir. V (cm/s) X_coord Y_coord

1 280 17 875229.8 1143329.5 1 160 25 875232.9 1143329.4
2 330 9 875122.0 1143374.7 2 170 5 875096.5 1143388.7
3 320 9 875108.9 1143356.2 3 200 8 875073.9 1143360.6
4 260 7 875102.5 1143322.2 4 180 5 875062.9 1143326.7
5 180 2 875099.9 1143288.9 5 200 7 875060.5 1143295.7
6 140 4 875131.8 1143288.7 6 140 7 875105.1 1143282.1
7 260 10 875137.4 1143308.5 7 160 7 875119.3 1143313.2
8 280 25 875136.7 1143330.2 8 140 7 875126.4 1143342.3
9 310 9 875139.9 1143351.8 9 130 8 875133.6 1143365.5

10 280 25 875181.7 1143339.6 10 130 20 875171.2 1143340.7
11 280 25 875184.4 1143325.7 11 100 13 875172.6 1143326.5
12 140 4 875187.9 1143313.6 12 100 13 875175.6 1143308.6
13 320 25 875226.3 1143319.5 13 90 13 875233.8 1143308.3
14 320 25 875232.0 1143327.4 14 90 20 875236.4 1143320.9
15 310 17 875235.1 1143335.7 15 100 17 875237.3 1143333.7
16 310 17 875261.0 1143321.1 16 120 17 875268.2 1143320.3
17 310 17 875263.9 1143302.6 17 120 14 875267.4 1143297.5
18 330 4 875262.9 1143286.3 18 220 8 875261.3 1143269.6
19 340 6 875258.5 1143254.9 19 140 6 875258.7 1143242.5
20 70 4 875254.8 1143220.9 20 230 6 875253.7 1143203.4
21 200 5 875247.0 1143184.5 21 220 2 875240.9 1143169.9
22 200 5 875237.5 1143150.2 22 220 6 875227.0 1143141.8
23 270 2 875236.7 1143127.1 23 90 10 875228.4 1143123.9
24 260 4 875235.3 1143112.0 24 80 8 875228.7 1143113.3
25 250 8 875235.4 1143099.5 25 90 6 875229.8 1143102.6
26 270 20 875205.8 1143095.3 26 40 7 875197.4 1143096.8
27 270 6 875200.0 1143106.5 27 60 7 875192.5 1143103.8
28 280 6 875194.5 1143116.7 28 80 5 875189.0 1143111.4
29 280 14 875156.8 1143114.8 29 90 5 875156.0 1143115.3
30 270 8 875156.3 1143097.1 30 100 7 875158.6 1143103.1
31 340 5 875162.6 1143076.7 31 80 6 875160.9 1143086.8
32 300 3 875257.1 1143103.2 32 140 6 875156.2 1143056.9
33 160 3 875258.4 1143119.2 33 100 5 875138.4 1143069.7
34 170 3 875263.2 1143144.0 34 80 3 875123.9 1143092.4
35 270 5 875265.6 1143169.1 35 100 9 875260.6 1143107.4  
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Table C-1 Continued. 
Incoming Tide Outgoing Tide

ID Dir. V(cm/s) X_coord Y_coord ID Dir. V (cm/s) X_coord Y_coord
36 290 7 875268.8 1143193.7 36 100 6 875265.9 1143132.3
37 350 10 875282.0 1143225.9 37 170 3 875269.1 1143157.3
38 350 14 875289.5 1143258.0 38 240 2 875275.4 1143192.7
39 330 8 875291.5 1143277.9 39 280 3 875285.1 1143223.8
40 320 14 875297.6 1143291.2 40 60 5 875294.2 1143256.6
41 320 13 875304.2 1143303.9 41 120 20 875301.7 1143272.1
42 300 9 875332.1 1143286.5 42 130 33 875307.7 1143289.3
43 310 8 875333.0 1143267.0 43 120 33 875288.3 1143298.2
44 310 8 875337.8 1143243.2 44 110 4 875317.8 1143295.8
45 310 10 875326.6 1143209.9 45 120 33 875317.8 1143283.2
46 310 6 875326.4 1143174.6 46 140 9 875318.6 1143260.7
47 290 13 875331.8 1143151.6 47 170 3 875319.8 1143235.2
48 60 4 875329.5 1143136.0 48 280 5 875308.4 1143234.2
49 120 4 875331.0 1143123.8 49 270 3 875314.7 1143210.5
50 270 5 875311.3 1143137.9 50 270 3 875312.0 1143188.7
51 360 14 875359.9 1143124.5 51 190 6 875311.7 1143166.0
52 340 6 875366.4 1143147.1 52 70 11 875319.8 1143138.8
53 220 3 875369.6 1143170.4 53 90 13 875355.4 1143139.6
54 290 8 875372.0 1143196.9 54 140 3 875358.7 1143165.1
55 290 8 875380.1 1143219.1 55 320 6 875360.8 1143186.5
56 290 11 875386.2 1143243.7 56 60 3 875361.0 1143205.4
57 290 9 875389.1 1143262.2 57 140 5 875363.3 1143230.6
58 290 8 875391.3 1143276.3 58 120 25 875361.0 1143243.9
59 250 8 875414.9 1143281.4 59 120 33 875361.9 1143254.3
60 300 10 875416.9 1143258.6 60 120 20 875365.4 1143264.7
61 300 11 875414.9 1143227.9 61 120 2 875403.4 1143273.8
62 280 14 875413.8 1143202.8 62 110 13 875406.6 1143258.3
63 270 7 875412.2 1143178.6 63 100 20 875407.3 1143235.3
64 180 6 875411.4 1143152.3 64 120 13 875405.7 1143212.0
65 0 10 875379.7 1143131.9 65 130 4 875402.5 1143192.1
66 0 14 875386.2 1143041.1 66 140 2 875400.8 1143172.2
67 20 13 875386.1 1143066.8 67 200 4 875399.6 1143158.5
68 20 20 875380.0 1143107.2 68 130 2 875399.4 1143136.2
69 340 8 875372.0 1143123.0 69 90 6 875431.2 1143133.6  
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Table C-1 Continued. 
Incoming Tide Outgoing Tide

ID Dir. V(cm/s) X_coord Y_coord ID Dir. V (cm/s) X_coord Y_coord
70 20 9 875399.7 1143134.6 70 10 4 875432.5 1143152.0
71 310 6 875670.8 1143027.0 71 120 4 875431.6 1143171.9
72 330 14 875658.9 1143056.1 72 140 8 875429.7 1143193.1
73 330 25 875650.7 1143088.3 73 140 13 875428.3 1143221.0
74 340 33 875640.0 1143124.5 74 120 13 875428.7 1143244.0
75 0 20 875638.3 1143143.3 75 190 4 875428.5 1143267.3
76 0 9 875867.1 1143186.3 76 110 33 875235.6 1143323.4
77 350 11 875852.3 1143210.6 77 120 4 875378.5 1143025.9
78 340 20 875844.1 1143253.7 78 135 4 875377.4 1143037.0
79 330 11 875805.7 1143248.5 79 180 3 875372.4 1143065.0
80 40 7 875817.1 1143299.1 80 163 8 875376.3 1143119.3
81 310 6 875773.6 1143306.6 81 146 4 875363.4 1143118.6
82 300 9 875774.2 1143306.9 82 200 5 875390.5 1143130.5
83 330 10 875725.9 1143334.7 83 115 11 875662.8 1143023.7
84 300 13 875719.9 1143385.9 84 130 13 875670.2 1143036.8
85 290 10 875700.9 1143410.3 85 140 14 875654.8 1143061.0
86 220 13 875662.8 1143382.3 86 145 13 875640.4 1143089.7
87 230 7 875668.6 1143356.1 87 115 9 875614.3 1143113.1
88 220 6 875673.5 1143326.8 88 165 8 875634.0 1143132.0
89 80 6 875697.9 1143267.3 89 150 9 875844.0 1143182.1
90 0 1 875712.1 1143226.1 90 145 17 875866.6 1143190.0
91 260 14 875689.4 1143197.4 91 140 17 875842.0 1143206.6
92 0 1 875661.9 1143222.4 92 145 17 875818.2 1143230.4
93 210 5 875640.1 1143264.9 93 120 9 875806.2 1143265.6
94 230 4 875595.4 1143299.8 94 160 6 875805.5 1143263.5
95 230 20 875540.1 1143311.1 95 130 4 875771.8 1143274.7
96 260 6 875554.1 1143270.5 96 120 3 875769.1 1143309.0
97 230 3 875567.8 1143237.4 97 105 6 875731.4 1143338.0
98 290 14 875572.1 1143192.8 98 120 4 875703.1 1143353.7
99 90 6 875582.8 1143146.6 99 45 1 875682.7 1143383.4

100 0 1 875592.0 1143118.8 100 45 1 875658.8 1143367.8
101 280 6 875545.6 1143114.7 101 45 1 875658.9 1143338.3
102 10 7 875535.4 1143152.9 102 45 1 875676.7 1143309.4
103 300 6 875518.8 1143196.4 103 60 7 875693.1 1143258.2
104 270 10 875501.4 1143244.7 104 50 7 875696.3 1143235.0  
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Table C-1 Continued. 
Incoming Tide Outgoing Tide

ID Dir. V(cm/s) X_coord Y_coord ID Dir. V (cm/s) X_coord Y_coord
105 240 8 875496.7 1143294.5 105 60 7 875674.1 1143207.1
106 250 17 875453.1 1143282.5 106 60 9 875659.9 1143233.9
107 270 17 875440.1 1143242.2 107 90 3 875629.2 1143261.3
108 260 14 875438.8 1143214.6 108 80 5 875613.7 1143279.3
109 280 8 875452.4 1143157.9 109 90 5 875598.0 1143312.0
110 220 6 875451.2 1143157.4 110 45 1 875575.4 1143316.7
111 70 6 875442.1 1143128.8 111 85 3 875581.1 1143276.6
112 5 13 876031.2 1143515.6 112 80 3 875596.0 1143242.3
113 60 8 875995.8 1143516.2 113 90 8 875611.5 1143172.4
114 70 20 875948.8 1143502.7 114 105 8 875605.0 1143168.2
115 70 20 875905.3 1143491.6 115 105 6 875592.3 1143132.3
116 90 10 875885.7 1143498.5 116 100 3 875561.0 1143124.7
117 50 13 875880.6 1143482.8 117 105 4 875535.6 1143127.3
118 60 4 875886.7 1143458.5 118 90 5 875494.9 1143135.8
119 160 2 875881.6 1143431.9 119 90 4 875495.9 1143169.0
120 165 3 875879.8 1143405.3 120 110 8 875496.5 1143214.1
121 280 17 875878.9 1143377.3 121 45 1 875484.9 1143279.4
122 330 13 875878.9 1143355.7 122 255 28 875899.2 1143482.0
123 300 3 875872.2 1143336.5 123 180 15 875998.5 1143512.3
124 170 4 875869.6 1143309.0 124 180 7 875977.6 1143512.2
125 10 10 875991.2 1143302.8 125 270 17 875964.1 1143500.1
126 330 17 875964.3 1143315.1 126 300 22 875944.7 1143490.1
127 300 25 875933.8 1143340.8 127 270 14 875898.9 1143478.1
128 280 20 875913.1 1143347.8 128 240 17 875867.8 1143461.6
129 300 20 875904.3 1143360.6 129 155 30 875867.3 1143433.3
130 300 13 875899.5 1143348.3 130 190 30 875872.6 1143418.7
131 345 6 875828.3 1143276.6 131 135 17 875872.4 1143387.8
132 245 3 875828.0 1143311.7 132 120 17 875878.7 1143353.8
133 350 3 875823.1 1143332.4 133 120 8 875916.5 1143343.6
134 145 3 875812.6 1143368.8 134 140 8 875925.4 1143332.7
135 215 2 875809.8 1143405.0 135 150 6 875947.8 1143323.8
136 180 2 875795.2 1143431.7 136 180 9 875976.9 1143310.3
137 30 5 875828.3 1143465.9 137 250 9 875854.2 1143302.1
138 350 11 875845.1 1143417.5 138 85 27 875852.3 1143336.8
139 280 17 875850.1 1143382.3 139 110 20 875846.2 1143359.6
140 60 4 875848.8 1143350.1 140 160 28 875840.0 1143390.3  
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Table C-1 Continued. 
Incoming Tide Outgoing Tide

ID Dir. V(cm/s) X_coord Y_coord ID Dir. V (cm/s) X_coord Y_coord
141 320 14 875811.1 1143282.7 141 205 11 875837.9 1143427.3
142 105 3 875794.3 1143262.1 142 230 18 875835.4 1143454.5
143 340 20 875800.6 1143279.2 143 145 54 875800.2 1143459.0
144 340 33 875787.2 1143316.8 144 160 14 875797.2 1143435.5
145 359 20 875783.1 1143347.1 145 160 14 875810.6 1143396.7
146 355 10 875767.2 1143383.9 146 110 29 875820.6 1143350.7
147 0 2 875756.6 1143411.4 147 155 21 875823.0 1143320.1
148 70 2 875783.2 1143404.2 148 170 18 875837.8 1143319.0
149 110 2 875791.6 1143370.2 149 60 12 875856.1 1143319.4
150 50 2 875806.1 1143348.1 150 210 20 875834.6 1143283.3
151 310 6 875812.2 1143314.0 151 145 11 875813.4 1143261.4
152 280 3 875847.9 1143316.7 152 130 22 875800.7 1143254.1
153 0 5 875837.4 1143368.4 153 90 11 875792.1 1143278.9
154 350 14 875821.0 1143428.1 154 200 53 875791.3 1143326.9
155 120 5 875861.2 1143449.2 155 80 18 875765.0 1143352.2

156 60 15 875752.2 1143393.2
157 50 20 875738.3 1143423.8
158 168 6 876027.5 1143518.4
159 6 185 876038.4 1143445.6
160 195 8 876026.0 1143372.4
161 195 9 876016.7 1143316.5
162 195 12 875988.9 1143227.9
163 170 13 875956.8 1143163.7
164 170 9 875892.9 1143091.8
165 115 11 875803.9 1143020.6
166 135 15 875691.0 1142965.6
167 135 15 875567.6 1142928.5
168 145 7 875452.0 1142920.9
169 170 16 875357.2 1142953.2
170 250 15 875162.8 1142984.2  
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APPENDIX D 
LIGHT AND NUTRIENT DATA 
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Figure D-1.  Sampling locations for light attenuation (Kd). The numbers next to each 
point are the GPS positions (“Id”). 
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Table D-1.  Light attenuation coefficients (Kd) for the natural and bay habitats. 
Id Kd X_coord Y_coord
3 0.63 876105.407 1143552.948
4 0.53 876079.001 1143192.066
5 0.67 875721.640 1142912.163
6 0.60 874985.792 1142940.329
7 0.65 874908.335 1143188.545
8 0.74 874867.846 1143544.146 Natural
9 0.48 874910.095 1143790.602
10 0.40 875234.009 1143949.038
11 0.35 875821.983 1143957.840
590 0.43 875103.404 1143029.091
591 0.60 875319.712 1142975.753

1 0.38 875354.554 1143143.109
12 0.52 875925.846 1143491.334
13 0.68 875848.389 1143394.512
14 0.70 875582.843 1143316.109
20 0.48 875500.802 1143194.831
583 0.75 875638.010 1143169.283
584 0.17 875781.125 1143365.271 Bay
586 0.80 875720.844 1143290.679
587 0.56 875491.307 1143232.874
587 0.43 875491.307 1143232.874
588 0.40 875320.360 1143141.406
588 0.68 875320.360 1143141.406  
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N 100 mN 100 m
 

Figure D-2.  Sampling locations for porewater nutrients in the bay and constructed 
habitats. 

 

Table D-2.  Total dissolved Kjeldalh nitrogen (TDKN) and total dissolved phosphorus 
(TDP) from 0-5 cm porewater samples. 

GPS # Location X_coord Y_coord TDKN TDP
592 bay 566777.632 3039487 2.291 2.381
593 bay 566773.612 3039467 2.091 1.150
594 bay 566773.813 3039443 2.433 0.119
598 bay 566846.324 3039444 13.738 1.554
599 bay 566838.035 3039462 0.748 0.065
600 bay 566843.629 3039487 3.005 0.143
601 bay 566878.291 3039503 3.290 0.155
602 bay 566912.718 3039519 3.890 0.198
595 natural 566794.053 3039393 2.291 1.098
596 natural 566819.288 3039389 1.005 0.522
597 natural 566879.066 3039391 0.834 0.050
603 natural 566962.062 3039421 1.291 0.519
604 natural 566962.168 3039400 1.462 0.151
605 natural 566963.278 3039388 0.720 0.066  
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APPENDIX E 
TRANSPLANT DATA 

Date TQ1 Date TQ2

5/11/06 not yet planted 5/11/2006 11 6 9

13 8 7

8 6 9

5/26/06

10 13 15 5/26/2006 5 4 3

11 13 10 9 5 1

17 12 12 3 5 4

6/26/06 0 0 0 7/10/2006 0 4 0*

0 0 0 13 4 0*

0 0 0 9 3 2*

8/8/2006 0 8 0

23 14 0

13 9 12

*shaded

Date TQ1 Date TQ2

5/11/06 not yet planted 5/11/2006 11 6 9

13 8 7

8 6 9

5/26/06

10 13 15 5/26/2006 5 4 3

11 13 10 9 5 1

17 12 12 3 5 4

6/26/06 0 0 0 7/10/2006 0 4 0*

0 0 0 13 4 0*

0 0 0 9 3 2*

8/8/2006 0 8 0

23 14 0

13 9 12

*shaded

 

Figure E-1. Halodule wrightii shoot counts in each transplant quadrat. 
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Date TQ3 Date TQ4
5/11/2006 not yet planted

5/11/2006 9 13 9

12 10 12

7 11 11

5/26/2006 3 2 4 5/26/2006 13 16 11

1 1 7 11 10 12

5 11 3 10 15 13

6/26/2006 0 0 0 7/10/2006 8 8 0

0 0 0 5 10 1

0 0 0 10 13 4

8/8/2006 12 11 0

3 6 3

10 13 3

 

Figure E-1 Continued. 
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Date TQ5 Date TQ6

5/11/2006 not yet planted 5/11/2006 6 16 12

13 14 11

6 16 11

5/26/2006 11 9 11 5/26/2006 6 3 0

10 11 10 7 7 7

12 9 15 6 3 11

7/10/2006 2 9 23 7/10/2006 9 4 6

14 14 6 8 7 10

8 8 0 8 6 9

8/8/2006 0 9 23 8/8/2006 6 6 8

16 30 10 6 7 7

20 23 0 4 3 6

 

Figure E-1 Continued.
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