
 

1 

MULTI-SCALE ANALYSIS OF BENTHIC BIOGEOCHEMICAL PROPERTIES AND 
PROCESSING IN A SPRING-FED RIVER AND ESTUARY 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

THOMAS JOHN SAUNDERS 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2007 



 

2 

 

 

 

© 2007 Thomas John Saunders 
 
 

 



 

3 

 

 

 

To my parents 
 
 
 

 



 

4 

ACKNOWLEDGMENTS 

Certain things cannot be completed alone and this dissertation ranks strongly as one of 

them.  Without the direction, inspiration, and insight of my committee, this work could not have 

come to be. My committee chair, Mary Collins was always there with an open ear and sage 

advice to manage my energy and keep me on course.  I cannot thank her enough for providing 

me with a consistent combined dose of direction, freedom, encouragement, and support 

throughout my doctoral research experience.  She encouraged my exploration of concepts, ideas, 

and experiences with a smile and advice when things didn’t work out and drive to follow-up 

when they did.  Tom Frazer challenged me to focus, hone-in on specific questions, collaborate 

with peers, and was a boon for open and honest discussion about all things academic; from 

dreams to reality.  Tom selflessly provided data and resources, encouraged discussion, and was 

always a welcoming presence who made me feel that what I was doing was exciting, important 

and worthwhile.  Wade Hurt was famously Wade Hurt.  Wade was amazingly motivated, 

dedicated, and selfless with his time and energy in the field, office, and essentially all the time.  

Field days with Wade were some of the brightest highlights of my dissertation experience and I 

learned volumes about soil, about myself, and about the world.  Mark Brenner was always a 

positive influence, asking frank and often necessary questions, offering insight and discussion, 

and always encouraging me to keep going.  Andy Ogram was available, encouraging, and willing 

to share his excitement for the microbial world.  Though the majority of my dissertation work 

was at a large scale, Andy’s presence kept me grounded, challenged, and up to date with the 

current research into processes occurring at the microbial level.  Finally, Andy Zimmermann, 

though added as a committee member late in the game, immensely improved my final product 

through his detailed reviews, fearless questioning, and thorough discussions.   

 



 

5 

I would also like to thank my lab mates and colleagues: Kelly (Fischler) Crew, Chip 

Chilton, Rex Ellis, and Victoria Gardner. Their constant encouragement offered an amazing 

sense of camaraderie to our day to day life.  From discussions about soil, archaeology, science, 

life, and beyond to everyone’s willingness to help in the field, lab, or in the office, I could not 

have asked for a better research group.  Beyond our office, there were many students and staff 

from both the Soil and Water Science Department and the Department of Fisheries and Aquatic 

Sciences who made this research possible.  Willie Harris, Gavin Wilson, Bill Reeve, Lisa 

Stanley, and Rocky Cao kept me on track in the labs of the Soil and Water Science Department 

and were hugely helpful and supportive.  Sky Notestein, Darlene Saindon, and Loreto De 

Brabandere helped immensely with equipment logistics, discussions regarding the systems that 

they were so familiar with, and in the field and lab.  Finally, the good folks of the 

Chassahowitzka campground and community offered their support, questions, insight, and 

encouragement to continue working on understanding and improving the water quality of their 

spring-fed river and estuary. 

Of course, none of this could have happened without the loving support of my wife, Lynn.  

Lynn was there throughout my dissertation experience, in the field, lab, and all the way through 

the final formatting of my dissertation; her contributions to this work cannot be understated.  

Most importantly, her love, understanding, and warm words of encouragement were the source 

of my motivation and were the fuel that kept things in motion.  Finally, I thank my family; 

moms, dads, brothers, and a sister (some in-laws, some blood relatives) all added spice to the last 

four years and their encouragement and support were always inspirational.  



 

6 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ...............................................................................................................4 

LIST OF TABLES...........................................................................................................................9 

LIST OF FIGURES .......................................................................................................................10 

CHAPTER 

1 INTRODUCTION ..................................................................................................................15 

The Coast as a Natural and Anthropogenic Interface.............................................................15 
Interfaces at Interfaces: the Role of Benthic Biogeochemical Processes in the 

Coastal System.............................................................................................................16 
Subaqueous Soils.............................................................................................................17 

The Chassahowitzka River and Estuary .................................................................................18 
Objectives ...............................................................................................................................19 

2 SEASONAL AND INTERANNUAL DYNAMICS IN THE SOURCE, CYCLING, 
AND FATE OF NUTRIENTS IN A COASTAL SPRING-FED RIVER AND 
ESTUARY..............................................................................................................................21 

Introduction.............................................................................................................................21 
Methods ..................................................................................................................................24 

Data Sources....................................................................................................................24 
Spring Source: Quantifying Seasonal and Interannual Variation....................................25 
River and Estuary: Calculation of Nutrient Loads ..........................................................26 
Calculation of Spatially Distributed Net Nutrient Losses ...............................................27 

Results.....................................................................................................................................29 
Seasonal and Interannual Variation.................................................................................29 
Spring Source: Variation and Interrelationships .............................................................29 
River and Estuary: Nutrient Load Processing .................................................................30 

Discussion...............................................................................................................................31 
Temporal Variability of Spring Source Nutrient Concentrations....................................31 
Spring-Run Nutrient Dynamics .......................................................................................34 

Conclusions.............................................................................................................................37 

3 THE DISTRIBUTION AND PROPERTIES OF SUBAQUEOUS SOILS OF THE 
CHASSAHOWITZKA RIVER AND ESTUARY.................................................................61 

Introduction.............................................................................................................................61 
Subaqueous Soils.............................................................................................................61 
Objectives ........................................................................................................................63 

Methods ..................................................................................................................................64 
Subaqueous Soil Reconnaissance....................................................................................64 



 

7 

Delineating Subaqueous Soil Map Units.........................................................................64 
Typical Pedons ................................................................................................................65 
Laboratory Analytical Methods.......................................................................................66 

Results and Discussion ...........................................................................................................67 
Subaqueous Soils.............................................................................................................67 
Physical and Chemical Soil Data Between Map Units ...................................................68 

Physical properties ...................................................................................................68 
Chemical properties..................................................................................................69 

Map Units ........................................................................................................................71 
Chass Sands (ChS) ...................................................................................................71 
Riversides (RvS) ......................................................................................................72 
Blue Crab (BlC) .......................................................................................................74 
Midden Flats (MdF) .................................................................................................75 
Shell Bottom (ShB) ..................................................................................................76 

Map Unit Names..............................................................................................................77 
Typical Pedon Map Unit Representation ........................................................................77 
Soil Taxonomy and Subaqueous Soils of a Riverine-Estuarine System .........................78 

Summary.................................................................................................................................79 

4 THE SIMULTANEOUS QUANTIFICATION OF SHORT-TERM BENTHIC 
NITRATE REACTIONS AND DIFFUSE GROUNDWATER SEEPAGE..........................93 

Introduction.............................................................................................................................93 
Short Timescales .............................................................................................................93 
Methodological Precision................................................................................................95 
Influence of Diffuse Groundwater Seepage ....................................................................96 
In Situ Nutrient Analyses ................................................................................................98 

Conceptual Introduction to the Method Proposed by this Study............................................98 
Materials and Procedures ................................................................................................99 
Environmental Data.......................................................................................................100 

Method Assessment ..............................................................................................................101 
Site Description: Chassahowitzka River .......................................................................101 
Chamber Deployment....................................................................................................102 
Benthic Flux and Biogeochemical Reaction Calculations ............................................103 
Calculating SGD and SGD-Driven Influences on NO3

- Additions and Losses ............104 
Results...................................................................................................................................105 

Diel Variation ................................................................................................................105 
Benthic Reactions and Environmental Variability ........................................................106 
NO3

- Additions and Losses and Their Relationships to Environmental Parameters.....106 
Submarine Groundwater Discharge ..............................................................................107 

Data Interpretation ................................................................................................................107 
Discussion.............................................................................................................................110 
Comments and Recommendations .......................................................................................111 

5 SYNTHESIS: BIOGEOCHEMICAL DYNAMICS OF SUBAQUEOUS SOILS IN 
THE CHASSAHOWITZKA SPRING-FED RIVER AND ESTUARY ..............................123 



 

8 

APPENDIX 

A SUPPORTING SOIL PHOTOS AND MINERALOGICAL ANALYSES .........................125 

Riversides .............................................................................................................................125 
Blue Crab ..............................................................................................................................127 
Midden Flats .........................................................................................................................129 
Chass Sands ..........................................................................................................................130 

B RAW FLUX MEASUREMENT DATA..............................................................................139 

LIST OF REFERENCES.............................................................................................................155 

BIOGRAPHICAL SKETCH .......................................................................................................163 

 
 



 

9 

LIST OF TABLES 

Table  page 
 
2-1 Datasets relevant to the Chassahowitzka River and Estuary .............................................40 

2-2 Transect 1 mean nutrient concentrations summarized by classification............................41 

2-3 Mean annual mass loads over the period of 1998-2006 at Transect 1...............................42 

2-4 Average inorganic concentrations of N and P during the Low loading period .................43 

2-5 Average inorganic concentrations of N and P during the High loading period.................43 

2-6 Net apparent riverine nutrient loss rates during the Low loading regime..........................44 

2-7 Net apparent riverine nutrient loss rates during the High loading regime.........................44 

2-8 Percentage of inorganic nutrient load lost between RIVERS transects 1 and 5 ................44 

2-9 Significant differences in downstream nutrient concentrations.........................................45 

3-1 Subaqueoues soil map units and their charactreristics.......................................................81 

3-4 Chass Sands (ChS) typical pedon description and taxonomic identification ....................84 

3-5 Riversides (RvS) typical pedon description and taxonomic identification........................84 

3-6 Blue Crab (BlC) typical pedon description and taxonomic identification.........................85 

3-7 Midden Flats (MdF) typical pedon description and taxonomic identification ..................85 

4-1 Incubation-based rates of change.....................................................................................114 

4-2 Estimates of submarine groundwater discharge (diffuse porewater seepage) rates ........115 

B1 Five minute dataset of chamber and environmental data.................................................139 

B2 Five minute database of solar irradiance, redox probes, and panel temperature .............146 

B3 Thirty minute dataset including raw NO3
- data................................................................153 

 



 

10 

LIST OF FIGURES 

Figure  page 
 
1-1 Overview of the Chassahowitzka Springshed and its River and Estuary ..........................20 

2-1 Floridan Aquifer Vulnerability classification ....................................................................46 

2-2 Soil permeability, sinkholes, and the Chassahowitzka NO3
- gradient ...............................47 

2-3 Land-uses (2005) in the Chassahowitzka Springshed .......................................................48 

2-4 The RIVERS dataset water quality monitoring stations ....................................................49 

2-5 The RIVERS sampling transects 1-5 .................................................................................50 

2-6 Interannual variation of precipitation, discharge and salinity at Transect 1 ......................51 

2-7 Average monthly precipitation and discharge on the Chassahowitzka River....................52 

2-8 Mean monthly air temperature and the percentage of potential insolation........................53 

2-9 Boxplots of interannual timescale variation in nutrients ...................................................54 

2-10 Regression of total annual precipitation to average annual NO3
- concentration ...............55 

2-11 Regression of annual mean discharge to annual mean NO3
- concentration.......................55 

2-12 Regression of annual mean discharge to soluble reactive phosphorus concentrations......56 

2-13 Interannual variability of precipitation and discharge .......................................................57 

2-14 Rates of NO3
- losses as summarized by class ....................................................................58 

2-15 Rates of soluble reactive phosphorus losses by class ........................................................58 

2-16 Boxplots of NO3
- concentration summarized by class combinations. ...............................59 

2-17 Boxplots of NO3
- concentration summarized by transect and class combinations............60 

3-1 Aerial photo mosaic of the Chassahowitzka River and Estuary (1995) ............................86 

3-2 Aerial photographs (1944 and 1999) of the study area......................................................87 

3-3 Soil reconnaissance site descriptions and typical pedon sampling locations ....................88 

3-4 Subaqueous soil map of the Chassahowitzka River and Estuary ......................................89 

3-5 Soil pH and related factors.................................................................................................90 



 

11 

3-6 Soil nutrient data and stoichiometric ratios .......................................................................91 

4-1 Relationship of sampling intervals and the method precision .........................................116 

4-2 Schematic of benthic chamber instrumentation and deployment configuration..............117 

4-3 Diel variation in environmental parameters and rates during incubations ......................118 

4-4 Regression lines of variables measured during chamber incubations .............................119 

4-5 Nitrate losses and their relationship to NO3
- concentration..............................................120 

4-6 Relationships between submarine groundwater discharge and NO3
- losses....................121 

4-7 Submarine groundwater discharge as related to water column elevation........................122 

A-1 Riversides soil core and microscopic images for reference purposes..............................125 

A-2 Riversides soil core near on the lateral edge of Crab Creek ............................................126 

A-3 Blue Crab soil core and microscopic images for reference purposes ..............................127 

A-4 Blue Crab soil core with a large krotovina ......................................................................128 

A-5 Midden Flats soil core and microscopic images for reference purposes .........................129 

A-6 Chass Sands soil core for reference .................................................................................130 

A-7 Chass Sands augered soil sampled during reconnaissance work.....................................131 

A-8 Chass Sands soil core with a clay-enriched horizon at its base .......................................132 

A-9 Subsample from clay enriched horizon............................................................................133 

A-10 Microcopic photo of biomineralization site.....................................................................133 

A-11 Microscopic photo of biomineralized spherules ..............................................................134 

A-12 Microscopic photo of biomineralized framboidal pyrite .................................................134 

A-13 What appear to be iron-based, rounded minerals.............................................................135 

A-14 Differential scanning calorimetry results for clays..........................................................135 

A-15 X-ray diffraction results from clay and silt fractions.......................................................136 

A-16 Scanning electron microscope image of minerals ...........................................................136 

A-17 Scanning electron microscope image of Framboidal pyrite ............................................137 



 

12 

A-18 Augered soil from the densely vegetated channel of Crab Creek....................................138 

 
 



 

13 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

MULTI-SCALE ANALYSIS OF BENTHIC BIOGEOCHEMICAL PROPERTIES AND 
PROCESSING IN SPRING-FED RIVER AND ESTUARY 

By 

Thomas John Saunders 

December 2007 

Chair:  Mary E. Collins 
Cochair:  Thomas K. Frazer 
Major:  Soil and Water Science 

Transparent freshwater rivers emerge from coastal spring boils along the karst northeastern 

shore of the Gulf of Mexico and drain into the estuaries of Florida's coastal salt marsh. The 

resulting physical and chemical gradients in water properties and benthic substrate grade from 

freshwater/riverine to brackish/estuarine environments and provide an ideal environment for the 

study of subaqueous soils and biogeochemical cycling. Multi-year (1997-2007) monitoring 

programs have demonstrated that inorganic nutrients are consistently and rapidly utilized within 

the Chassahowitzka River and Estuary, yet many questions remain as to the controls and 

thresholds of nutrient attenuation processes. A meta-analysis of seasonal and interannual-scale 

nutrient dynamics in the Chassahowitzka River and Estuary demonstrated that NO3
- 

concentration was significantly related to precipitation and discharge and that NO3
-- uptake 

within the river was consistently 30% of its load.  Soluble reactive phosphorus (SRP), in 

contrast, was not significantly related to precipitation or discharge, and its uptake remained 

relatively consistent regardless of load, though SRP concentration varied significantly between 

seasons. Spatially distributed nutrient flux estimates derived from mass-balance calculations 

suggest that the benthic environment provided a strong control on nutrient cycling in this 
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system.  Subaqueous soils were mapped throughout the River and Estuary.  Soils varied widely 

in their content of total carbon (range 1-197 g/kg; median 45 g/kg), total nitrogen (range 0-17 

g/kg; median 3 g/kg), and total phosphorus (range 50.5-2481 mg/kg; median 152 mg/kg).  Hand 

texture (mucks to gravels), soil electrical conductivity (0.97-11.46 dS/m), and molar nutrient 

stoichiometric ratios also highlighted the distinct properties of subaqueous soils mapped within 

the system. Finally, a novel chamber-based method was designed, constructed, and tested to 

quantify in-situ benthic NO3
- fluxes at a high-temporal resolution. Results from multiple flux 

measurements made over a 24-hour deployment period demonstrated the utility of the 

methodology and produced detailed information regarding controls on NO3
- processing at the 

study site. Diffuse porewater seepage was also calculated and ranged from 46-176 L/m2/day.  

Porewater seepage was significantly related to benthic NO3
- fluxes through two distinct modes of 

influence: conservative dilution and non-conservative (biologically-mediated) reactions.   
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CHAPTER 1 
INTRODUCTION 

The Coast as a Natural and Anthropogenic Interface 

The coastal environment stands out as one of the most abrupt interfaces on the planet. The 

boundary of terrestrial and oceanic ecosystems is a crossroads of distinct biogeochemical end-

members characterized by physical and chemical gradients that exist over relatively short 

distances. In turn, many organisms and biogeochemical processes thrive amidst the mixing of 

resources and energy, making the coastal and associated estuarine environment one of the most 

biologically productive regions on the planet (Jickells and Rae, 1997). 

As rivers drain the terrestrial system, they carry with them the cumulative biogeochemical 

signature of their watershed, making the coastal and estuarine environment a “melting pot” 

where the effluents of terrestrial world meet the reservoir of the ocean. Home to vast human 

populations, coastal environments have attracted human populations since time immemorial and 

the resulting anthropogenic disturbance of the coastal environment has been widely recognized 

(Kennish, 2002; Paerl, 2006). Though conditions in some estuaries have been significantly 

altered by human activity, the natural system has a capacity to “absorb” some degree of 

anthropogenic impact, providing intrinsic “treatment” to human-borne contamination. Given the 

coast’s role in assimilation and processing of anthropogenic effluents, two important questions 

asked regarding many coastal and estuarine systems are, “Just how much can a system “absorb” 

before becoming damaged or dysfunctional?” and “What in-situ mechanisms control pollution 

attenuation and/or processing?” Exceeding the assimilative capacity of the coastal riverine and 

estuarine systems has resulted in heavy metal contamination entering the estuarine food–web, 

eutrophication, and harmful algal blooms (Kennish, 2002; Paerl, 2006). Many of these 
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environmental predicaments have significant negative feedbacks on local economies, health, and 

the integrity of the natural system. 

Interfaces at Interfaces: the Role of Benthic Biogeochemical Processes in the Coastal 
System 

Within the large-scale terrestrial/oceanic interface a myriad of “sub-interfaces” exist, all of 

which have some potential to catalyze a variety of biogeochemical reactions. Of those, the 

benthic/surface-water interface, given its juxtaposition of electron donors and acceptors, stands 

out as a potential hotspot for biogeochemical activity. Generally, the chemically reduced 

environment of the benthic environment forms a strong gradient with the oxidized environment 

of the surface water above. Microbial communities exploit that gradient to capture energy in 

support their life-processes, often resulting in important reactions such as nitrification, 

denitrification, SO4
2- reduction to H2S, and the oxidation of a variety of organic compounds. 

Porous sands commonly encountered in many coastal benthic environments have low 

organic matter (OM) contents, generally remain oxidized, and receive advective inputs of 

dissolved and particulate organic carbon. These sands also provide a surface for the reactive 

processes of microbial communities, thereby earning the title of “biocatalytical filters” from 

some researchers (Huettel et al., 2003). Due to its heterogeneity and associated biogeochemical 

reactivity, the benthic substrate in many coastal and estuarine environments has the potential to 

significantly alter the concentrations and speciation of a vast number of natural and 

anthropogenic chemical compounds. In fact, nutrient release via mineralization processes 

occurring in benthic environments often supports a large portion of primary production occurring 

in the water column, especially in shallow estuaries (Niencheski and Jahnke, 2002). 
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Subaqueous Soils 

In many environments, the geologic past has shaped the template upon which present-day 

environmental drivers control the composition of the upper portions of the Earth surface. The 

transformation of original sedimentary material into “soil” depends on the factors which drive 

that material toward its equilibrium with the environment. In the terrestrial realm, controlling 

factors have become known as “soil forming factors” and include climate, organisms, relief, 

parent material, and time (Jenny, 1941). Recently, soil scientists have applied this same 

paradigm to subaqueous environments, adding the factors of water-column characteristics, 

bathymetry, and flow (Demas and Rabenhorst, 2001). Regardless of the environment, soil 

properties reflect the equilibrium condition of a variety of soil forming factors at work over a 

specific area. Soil properties affect land-use, habitat quality, and the role each soil has in the 

environment (i.e. its biogeochemical function). As a scientific understanding of environmental 

controls on the physical and chemical characteristics of subaqueous soil emerges, this 

information can be applied to understand how altered exposure regimes of soil forming factors 

will influence both human utilization and the natural role that subaqueous soils play in the 

environment. 

In a number of estuaries and nearshore coastal environments soil scientists have begun to 

map what has traditionally been referred to as sediment using a soils-based approach (Bradley 

and Stolt, 2002; Bradley and Stolt, 2003; Demas and Rabenhorst, 2001; Demas et al., 1996; 

Ellis, 2006; Fischler, 2006). Soil surveys and resource inventories can be used as a source of 

information for academic and applied research. Examples of the potential uses for subaqueous 

soil maps include identifying locations for oyster production, seagrass habitat restoration, and 

benthic habitat mapping for a variety of aquatic organisms (Bradley and Stolt, 2002; Bradley and 

Stolt, 2006; Demas and Rabenhorst, 1999; Ellis, 2006; Fischler, 2006). Academic researchers 
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from diverse fields can utilize subaqueous soil maps as a basemap for ecological or 

environmental research. To date, limited numbers of subaqueous soil surveys exist, despite their 

potential value in the study and management of coastal resources. 

The Chassahowitzka River and Estuary 

The Chassahowitzka River and Estuary (Figure 1-1) along Florida’s Springs Coast is one 

area where subaqueous soil may be particularly informative, especially for the interpretation and 

study of anthropogenic impacts and biogeochemical processes operating within the system. This 

first-magnitude spring-system drains a watershed that has become increasingly influenced by a 

growing population (Jones et al., 1997; Scott et al., 2004). Anthropogenic impacts in the 

Chassahowitzka River are dominantly expressed as increased NO3
- concentrations at the 

headspring which drains to an estuarine environment and eventually the Gulf of Mexico (Frazer, 

2000; Jones et al., 1997). The dominant source of this inorganic form of N was attributed to 

residential and golf course fertilization (Jones et al., 1997).  Concentrations at headsprings were 

reported to have increased from 0.01mg/L to over 0.5mg/L since the 1960s, a greater than 50 

fold augmentation (Frazer, 2000; Jones et al., 1997). Biological contamination indicated by fecal 

coliforms and pathogens traced to local sewage systems was also reported within the spring 

water and along the upper spring run of the Chassahowitzka (Callahan et al., 2001). Increased 

nutrient concentrations have the potential to cause algal blooms and stimulate the process of 

eutrophication, which could ultimately damage the natural resource base and the existing tourism 

and fishing economies that depend on it (Pinckney et al., 2001). The Chassahowitzka River and 

Estuary also provides ecologically important habitat for the West Indian Manatee and migratory 

bird populations.  A large portion of the river and estuary is protected as the Chassahowitzka 

National Wildlife Refuge. 
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Water quality monitoring along the Chassahowitzka River and Estuary has been conducted 

since the late nineties and many interesting trends in biogeochemical change along the riverine-

estuarine gradient have been elucidated (Frazer et al., 2001). One of the most notable spatial 

trends along the Chassahowitzka River is the dramatic decline in NO3
- concentrations from the 

headspring toward the estuary.  However, the dominant environmental factors controlling the 

decreasing NO3
- concentrations have not been identified. Therefore, many important questions 

regarding biogeochemical cycling still remain, including: “what is the role of subaqueous soils in 

the NO3
- cycling along the spring run and in the estuary”; “are subaqueous soils a dominant NO3

- 

sink within the spring run and in the estuary?”; and “if so, which subaqueous soils play the 

dominant role in nutrient cycling and what is their spatial distribution? 

Objectives 

The objectives of this research were: to quantify the spatial and temporal variability of 

nutrient concentrations, loads, and distribution over seasonal and inter-annual timescales 

(Chapter 2), to map the distribution and quantify the properties of subaqueous soils along a 

freshwater-estuarine gradient (Chapter 3), and to develop and evaluate a novel method for the 

high-resolution in-situ measurement of benthic nitrate fluxes and their environmental drivers 

(Chapter 4).  The overarching objective of this research was to characterize the large-scale 

variability of nutrient source and cycling and evaluate the properties of subaqueous soils and 

their influence on nutrient cycling on the Chassahowitzka River and Estuary. 
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Figure 1-1. Overview and location of the Chassahowitzka Springshed and its river and estuary with respect to the state of Florida. 
Imagery of the region indicates land-use and anthropogenic disturbance in the springshed and is composed of a mosaic of 
true-color digital orthophotos made available by the Southwest Florida Water Management District (SWFWMD, 2007)
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CHAPTER 2 
SEASONAL AND INTERANNUAL DYNAMICS IN THE SOURCE, CYCLING, AND FATE 

OF NUTRIENTS IN A COASTAL SPRING-FED RIVER AND ESTUARY 

Introduction 

Estuaries are characterized by diverse physical and chemical properties, high rates of 

biological productivity, and are increasingly impacted by anthropogenic activities (Flindt et al., 

1999; Paerl, 2006; Wall, 2004). In most estuaries, including those of Florida, nitrogen and 

phosphorus (N and P) are often important limiting factors of primary productivity (Bricker et al., 

2003; Frazer et al., 2002; Notestein et al., 2003; Pinckney et al., 2001). Human activity has 

increasingly altered N and P inputs to many estuarine systems (Bowen and Valiela, 2001; 

Nedwell et al., 1999; Paerl, 2006), increased inputs of trace metals (Hanson et al., 1993; Trimble 

et al., 1999), and introduced biological contaminants (Mallin et al., 2000). Given the sensitivity, 

productivity, and global importance of estuaries, understanding and managing human alterations 

of estuarine resources has become one of the most important natural resource management 

priorities (Pinckney et al., 2001). 

The amount of N available at the global scale has dramatically increased through industrial 

N-fixation, cultivation of leguminous crops, and fossil fuel combustion, thereby altering exports 

of dissolved inorganic nitrogen (DIN) to coastal regions (Glibert et al., 2006; Seitzinger et al., 

2006; Seitzinger et al., 2005; Seitzinger et al., 2002). Delivery of dissolved inorganic phosphorus 

(DIP) to estuaries have also increased globally due to fertilizer application, dairy wastes, and 

wastewater discharges (Harrison et al., 2005). However, terrestrial retention of DIP is often 

much greater when compared to that of DIN, and natural weathering sources are often significant 

(Harrison et al., 2005; Seitzinger et al., 2005). Excess nutrient loading to estuaries has in many 

cases resulted in cultural eutrophication, algal blooms, and associated negative impacts on the 

health and ecological function of estuarine environments (Bowen and Valiela, 2001; Nedwell et 
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al., 1999; Paerl, 2006; Pinckney et al., 2001). Many estuaries, including those in Florida (Frazer 

et al., 2006), have some ability to naturally attenuate anthropogenically increased nutrient loads. 

Therefore, aside from their historic roles in biological productivity, coastal shoreline protection, 

and as habitat for diverse species assemblages, estuarine systems have also assumed the role of 

“biological filter” or “contaminant buffer” between anthropogenic effluents and adjoining coastal 

environments (Dauer et al., 2000; Paerl, 2006).  

The estuarine role in assimilation, processing, and “treatment” of human-derived nutrients 

is seldom as evident as that measured in the coastal riverine and estuarine ecosystems of 

Florida’s Gulf Coast. Resulting largely from the high porosity of the karst formations making up 

the Floridan Aquifer, groundwater resources are impacted by terrestrial activities (Figure 2-1) 

through sinkholes, permeable soils (Figure 2-2), and elevated precipitation rates common in 

subtropical environments (Scott et al., 2004). In contrast to most watersheds, coastal Floridian 

springsheds are not fed by multiple surficial streams. Coastal spring-runs are therefore the direct 

surface-water linkage between estuaries and the increasingly impacted terrestrial aquifer (Scott et 

al., 2004). Dissolved chemicals such as NO3
- are transported from Florida’s landscape to 

springheads, perhaps with minimal reactive processing during transport (Jones et al., 1997). 

Spring-runs concentrate runoff from their springshed and are therefore subject to a spatially 

disproportionate load (total mass per unit time) of nutrients and associated contaminants in 

comparison to the remainder of the springshed. 

Florida is currently facing environmental problems resulting from the interaction of a 

burgeoning human population, an aquifer susceptible to human impact, and a coastal and 

estuarine environment closely linked to the terrestrial aquifer. This interaction has led to distinct 

increases in NO3
- concentrations through time in coastal and terrestrial springs across the State 
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(Champion and Starks, 2001; Frazer et al., 2001; Jones et al., 1997; Katz et al., 2001b; Scott et 

al., 2004). High NO3
- concentrations arriving at headsprings are subsequently diminished as 

surface waters are transported down the spring-run, resulting in a strong spatial concentration 

gradient from spring-source to estuary in a number of coastal spring-fed rivers (Frazer, 2000; 

Frazer et al., 2001; Frazer et al., 2003).  This upstream-downstream concentration gradient 

(Figure 2-2) highlights the role of the coastal spring-fed river and estuary in “mitigating” 

anthropogenically elevated NO3
- concentrations from the Floridan Aquifer and springs. Soluble 

reactive phosphorus (SRP) concentrations also dramatically decrease along this gradient, 

possibly indicating a utilization of available P in the system. Despite well-documented decreases 

in nutrient concentrations along spring-runs, the capacity of spring-runs to process elevated 

nutrient inputs, the mechanisms controlling these processing rates, and the spatio-temporal 

variability in nutrient dynamics are currently poorly understood. 

Thus, the specific objectives of this study were to: (i) characterize the seasonal and 

interannual variation of the concentration and load of N and P in spring source waters; (ii) 

evaluate relationships between spring-source concentration and environmental drivers such as 

precipitation and discharge; (iii) estimate the proportion of N and P retention and processing 

along the upper reaches of the spring-run during distinct nutrient loading regimes, and (iv) 

examine the relationship between variation in nutrient load at the headspring and nutrient supply 

to the river/salt marsh boundary. 

The Chassahowitzka River flows from a first-magnitude (flow >2.8m3/s) spring system 

draining a springshed of approximately 23,700 hectares to the Gulf of Mexico (Figure 2-1). The 

research presented here focuses on the Chassahowitzka Springshed and drainage complex, 

though many of the issues, characteristics, and processes may be relevant to a much larger area 
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of coastal and terrestrial spring-fed systems in Florida. Land-use in the springshed (Table 2-1, 

Figure 2-3) includes low (1,469 hectares), medium (768 hectares), and high-density (88.6 

hectares) residential areas, multiple golf-courses (334 hectares), and pasture and farm lands 

(2,337 hectares). Each of these land-uses is known to contribute N and/or P to the terrestrial 

landscape via fertilization, animal wastes, and surface water runoff from impervious surfaces 

(Jones et al., 1997). 

The Chassahowitzka, like many other coastal spring-fed rivers, is currently undergoing an 

increase in NO3
- concentrations as a result of anthropogenic land-use and NO3

- loading (Jones et 

al., 1997; Scott et al., 2004). Elevated NO3
- concentrations in many of Florida’s springs result 

from a variety of anthropogenically introduced organic and inorganic N sources (Jones et al., 

1997; Katz, 2004; Katz et al., 1999a; Katz et al., 1999b; Katz et al., 2001a; Katz et al., 2001c).  

Stable NO3
--N isotopic data from Chassahowitzka River spring complex specifically implicated 

inorganic N sources likely derived from fertilizers (Jones et al., 1997). The average water 

residence time within the aquifer prior to spring discharge has been estimated as 5-35 years 

based on geochemical studies and groundwater tracers in a variety of Floridian spring systems 

(Jones et al., 1997; Katz et al., 2001c; Toth and Katz, 2006).  

Methods 

Data Sources 

Quarterly and monthly surface water monitoring programs (Frazer et al., 2006; Frazer et 

al., 2001; Frazer et al., 2003) were conducted over a ten-year period, providing an opportunity to 

evaluate seasonal and interannual variation in the concentration, load, distribution, processing, 

and fate of nutrients in the Chassahowitzka River and Estuary. The datasets utilized for both 

qualitative mapping and quantitative analyses are listed in Table 2-1. The methods utilized in 

creating these datasets are covered in detail by each of the authors or data sources. All spatial 
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data was assembled into a geodatabase using ArcGIS 9.1 (ESRI; Redlands, CA, 2005) for 

analysis. Data that quantified environmental variables and water quality parameters were 

assembled and evaluated to identify trends, relationships, and the statistical distributions of each 

parameter of interest. All statistical analyses were carried out using S-Plus 6.1 (Insightful 

Corporation; Seattle, WA, 2002). 

Water quality monitoring data from 1998-2006 (missing data in 2002) for the 

Chassahowitzka River and Estuary was assembled from two reports: the “Five Rivers” (Frazer et 

al., 2006; Frazer et al., 2001) and “Three Rivers” (Frazer et al., 2006) water quality monitoring 

programs. This combined dataset used here is referred to as the “RIVERS” data. Data from both 

reports were sampled from the same monitoring locations and chemically analyzed in the same 

laboratory. The RIVERS data consist of 20 monitoring sites extending from the springhead into 

the estuary, the first 15 of which have a three-station transect perpendicular to the main channel 

(Figure 2-4). Analytes of interest to this study are listed in Table 2-1. A separate monitoring 

program, titled Project COAST (Frazer et al., 2007), produced a monthly dataset from 1997-

2006 with fewer analytes and sample sites (Table 2-1), though covering a larger area.  In this 

study, COAST data were used in addition to the RIVERS dataset to evaluate temporal dynamics 

in spring source nutrient concentrations at Transect 1 (Figure 2-4). 

Spring Source: Quantifying Seasonal and Interannual Variation 

Transect 1 of the RIVERS and COAST monitoring programs on the Chassahowitzka is 

adjacent to the headspring and data was available at monthly and quarterly intervals from 1997-

2006. A United States Geological Survey (USGS) stream discharge gauging station is also 

located just below the main headspring providing relatively continuous hydrologic flow data for 

the spring source. Based on the discharge and water quality information assembled, multi-year 

variability in both NO3
- concentration and discharge were divided into “Low” and “High” 
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loading classes (method described below). Season was classified as either “Wet” or “Dry” based 

on average seasonal variation of spring water temperature at Transect 1.  Water temperatures are 

higher during the wet season in Florida.  Temperature ranged from 20.8-25.9°C, was statistically 

normally distributed, and had a mean value of 23.36°C and a median of 23.42°C. All samples 

with a temperature equal to or greater than 23.4°C were considered representative of the Wet 

season while the remaining samples were classified as Dry. In almost all cases, the Wet season 

included samples collected in the months of April through August, while the remainder of the 

year was considered the Dry season.  

One-way analysis of variance (ANOVA) was used to test for significant differences in 

nutrient concentration between seasonal or loading classes, or for season:loading class 

interactions (Table 2-2). Interannual variability in nutrient concentration at the headspring was 

compared with regional and local variations in precipitation and discharge using mean annual 

data from both the RIVERS and COAST datasets. Relationships between regional environmental 

variables and nutrient concentrations at the headspring were evaluated for significance using 

linear regression statistical parameters. 

River and Estuary: Calculation of Nutrient Loads 

Annual nutrient loads at the headspring (Transect 1) were calculated as the product of 

mean annual discharge and mean annual nutrient concentrations at the headspring. A substantial 

increase in the load of N (~60% increase) and P (30% increase) was observed during a two year 

Low loading period (April 2004-Feb 2006) relative to a two year High loading period (April 

1999-Feb 2001)  as highlighted in Table 2-3. These two distinct loading regimes provided the 

opportunity to analyze a natural nutrient loading experiment where two distinct treatments (Low 

and High regimes) of nutrient loading were maintained in the system, each for a period of two 

years. The RIVERS data were chosen to analyze trends resulting from these treatments due to the 
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higher density of sampling points and multiple samples taken at each transect. RIVERS data 

were therefore classified into High (April 1999-Feb 2001) and Low (April 2004-Feb 2006) 

loading regimes based on observed mass loads presented in Table 2-3. 

To detect downstream delivery of nutrients further into the estuary, nutrient concentrations 

were evaluated between each loading regime class (High and Low) and season (Wet and Dry) at 

Transect 10 using the RIVERS dataset (Figure 2-4). Transect 10 is at the boundary of the 

freshwater-dominated channel and a salt-marsh mixing zone based on the distinct shift to 

common salt-marsh vegetation. The location of this boundary (Figure 2-4) serves as a useful site 

to determine whether changes in upstream nutrient loading are transferred downstream. 

Statistical analyses to test seasonal and loading differences in nutrient concentrations were 

applied as described for Transect 1. 

Spatial differences in nutrient concentrations were also evaluated qualitatively using 

boxplots of concentration distributions as grouped by season, loading regime, and sampling 

transect. Boxplots provide a number of statistical measures in one convenient and intuitive graph 

including: the sample median (indicated by line and point within the box); the data range 

(indicated by the highest and lowest values); the upper and lower quartiles (the upper and lower 

edges of the solid box); data skewness (indicated by how centered the median is within the box); 

and suspected outliers (indicated by points beyond the upper and lower brackets).  Outliers were 

determined as those data with values 1.5 times greater than the inter-quartile range. 

Calculation of Spatially Distributed Net Nutrient Losses 

From the RIVERS dataset, transects 1-5 (Figure 2-5) were chosen for an evaluation of 

spatially distributed net nutrient losses. Transects 1-5 are the furthest upstream and therefore 

subject to minimal dilution with more NO3
-
 depleted, saline waters compared to areas further 

downstream in the system. For example, over the study period, mean salinity concentrations 
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increased from 1.74 to 1.87ppt between transects 1 and 5 while mean NO3
- concentrations 

decreased from 456.5 to 320.6µg/L.  The slight increase in salinity suggested minimal dilution 

by high salinity estuarine waters. A two-source mixing model was used to calculate the amount 

of dilution occurring between transects 1-5, given the mixing of waters from two different 

sources: transect 1 (low salinity) and transect 20 (high salinity).  The percentage of water from 

transect 20 added between transects 1 and 5, V%, was calculated as: 

V% = ((CT1 – CT5)/( CT1-CT20))*100           (2-1) 

where V% = the percentage of water from transect 20 added between transects 1 and 5, CT1 = the 

salinity at transect 1 (1.74ppt), CT5 = the concentration at transect 5 (1.87ppt), CT20 = 

concentration at transect 20 (15.6ppt). V% accounted for approximately a 1% dilution of water 

from the spring-run with waters from NO3
-
 depleted estuarine waters. Therefore, the role of 

dilution with estuarine waters was assumed to be minimal between transects 1-5. 

Rates of spatially distributed net nutrient losses (including dilution) for unique combinations of 

seasonal and loading classes were calculated as follows: 

L=(Cd-Cu)*D/Au-d (2-2) 

where L = rate of spatially distributed net nutrient losses (mg/m2/day), Cd
 = nutrient 

concentration of downstream transect (mg/L), Cu = nutrient concentration of upstream transect 

(mg/L), D = discharge rate (L/day) and Au-d = the river surface area (m2) between the upstream 

and downstream transects of interest. The average nutrient concentrations and discharge rates for 

each given season and load classification are provided in Tables 2-4 and 2-5 and the area 

between transects is shown in Figure 2-5. The area between transects was quantified by 

digitizing the stream channel between sampling transects and performing an area calculation 

using ArcGIS 9.1 (ESRI, 2005; Figure 2-5). Spatial rates of nutrient losses therefore represented 
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all processes affecting nutrient concentrations in the area between the upstream and downstream 

transects.  

Results 

Seasonal and Interannual Variation 

Total annual precipitation ranged from 102-172 cm and total monthly precipitation ranged 

from 7-18 cm seasonally (Figures 2-6 and 2-7) during the study period. Air temperature varied 

with precipitation within the year while the percentage of potential sunshine arriving at the land 

surface was likely modified by cloud formation during the rainy season (Figure 2-8). At the 

inter-annual timescale, natural variation resulted in two multi-year periods with distinct 

precipitation, discharge, and salinity conditions.  

Spring Source: Variation and Interrelationships 

At the spring source (Transect 1), TN (P<0.001) and NO3
- (P<0.001) concentrations were 

significantly higher during under High loading conditions (RIVERS data; Table 2-2,). 

Statistically significant interactions of season and load were also detected for NO3
- 

concentrations (RIVERS data; Table 2-2). Concentrations of SRP and TP were not significantly 

different between loading classes (RIVERS data; Table 2-2), suggesting a relatively consistent 

concentration of P regardless of interannual variability in discharge rates.  

Annual mean NO3
- concentration (RIVERS) was significantly related to precipitation (r2 = 

0.73; P < 0.05; Figure 2-10) and discharge (r2 = 0.60, P < 0.05; Figure 2-11). Total phosphorus 

(COAST) and SRP (RIVERS) concentrations (e.g. Figure 2-12) were not significantly related to 

either precipitation or discharge at the interannual timescale (r2 = 0.03, P = 0.98). However, total 

phosphorus and SRP concentrations were significantly different between seasons (RIVERS data; 

Table 2-2). Nitrate concentration at the headspring was not significantly different (P = 0.067) in 

response to season. 
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River and Estuary: Nutrient Load Processing 

Mean nutrient concentrations tabulated for each season and loading class for each of the 

upper 5 transects of the RIVERS database are presented in Table 2-4 and Table 2-5. Monthly 

precipitation and discharge for the Low and High loading class periods of study are presented in 

Figure 2-13. These data constitute the data utilized for the calculation of the between-transect 

mass consumption rates reported in Table 2-6 and Table 2-7. Median NO3
- and SRP losses were 

most negative during the Wet season of the High loading regime (-486 and -14.2 mg/m2/day, 

respectively; Figure 2-14, Figure 2-15). Nitrate losses were smallest during the Dry season and 

Low loading class (-214 mg/m2/day). The smallest SRP consumption occurred during High 

loading and Dry season conditions (-6.7 mg/m2/day). Table 2-8 highlights the percentage of the 

incoming mass nutrient load utilized between Transects 1 and 5 under Low and High interannual 

loading conditions. Nitrate loads were utilized in proportion to the total load (consistently ~30% 

of total load removed). In contrast, 39% of the SRP load was removed under Low loading 

conditions while only 25% was removed under High loading conditions. 

To evaluate whether interannual and seasonal variability in water quality at the spring 

source had a significant impact on downstream nutrient concentrations, Transect 10 (see Figure 

2-4) of the RIVERS dataset was selected for statistical analysis. A number of significant 

differences between season and loading conditions were observed at Transect 10 and are 

summarized in Table 2-9. Briefly, both NO3
- and SRP concentrations were significantly higher 

during the Dry season as compared to the Dry season. Nitrate concentrations also differed 

significantly between the Low and High loading periods, increasing from 120 to 215 µg/L, 

respectively. Total N, SRP, and NO3
- concentrations all responded to significant seasonal/loading 

interactions. Salinity values at Transect 10 were significantly lower during the high loading 
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period (data not shown); indicating increased freshwater discharge which likely resulted in a 

decreased hydrologic residence time within the upper river reaches. 

Spatial trends in nutrient concentrations from the source toward the estuary were 

summarized by transect using boxplots according to season and load (Figures 2-16 and 2-17). 

Nitrate concentration showed consistent generalized trends in spatial distribution between 

seasons, dramatically decreasing from the headspring toward the coast (Figure 2-16). Soluble 

reactive phosphorus concentrations follow a similar decreasing pattern to that of NO3
- 

concentrations (Figure 2-17). 

Discussion 

Temporal Variability of Spring Source Nutrient Concentrations 

The Chassahowitzka River and Estuary is subject to marked interannual and seasonal 

variability in precipitation, discharge, and nutrient loading. At the headspring, significant 

differences in nutrient concentrations were detected at interannual (NO3
- and TN) and seasonal 

(SRP, TP) timescales. Florida’s karst geology is known to foster relatively rapid connections 

between terrestrial N additions and springhead nutrient concentrations (Katz et al., 2001b). 

Based on the significant positive relationship between precipitation and NO3
- concentration 

observed in the interannual monitoring data, it appears that groundwaters with elevated NO3
- 

concentrations emerged at the springhead over relatively short timescales (less than one year). 

Indeed, during synoptic sampling of a variety of Florida’s springs, it has been determined that 

spring water is a mixture of older waters and younger, more-recently recharged waters (Toth and 

Katz, 2006). In select springs of Florida, the response of spring chemistry to storm events also 

demonstrated rapid connectivity between recent precipitation and the water discharging from the 

springhead (Martin and Gordon, 1997). In fact, NO3
- concentrations in water discharging from 

springs appeared to be particularly sensitive to precipitation events (Martin and Gordon, 1997). 
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Unfortunately, there has been no thorough assessment of the variability of the age of spring 

source water through varying seasonal discharge conditions or associated with large storm 

events. However, recently-derived, high- NO3
- concentration waters have been noted in several 

spring systems (Jones et al., 1997; Katz et al., 2001c; Toth and Katz, 2006). 

The relationship between average annual NO3
- concentration and annual precipitation is 

quantified by the line shown in Figure 2-10 where [NO3
-]µg/L = 2.36*cmprecip + 196.5. The y-

intercept suggests that the NO3
- concentration at zero precipitation of waters discharging at the 

springhead is roughly 197±86.5µg/L (mean±standard error). Annual precipitation appears to 

increase NO3
- concentration by approximately 2.4µg/L for every centimeter of precipitation. This 

relationship, though coarse, suggests that although there is a background NO3
- concentration in 

the aquifer, interannual variation in precipitation has a strong influence on the ultimate NO3
- 

concentrations in the Chassahowitzka River and Estuary. The NO3
- source related to 

precipitation is likely some mixture of atmospherically-derived NO3
- as well terrestrially-

deposited N compounds (i.e. inorganic fertilizers, human and animal waste; Jones et al., 1997). 

The significant relationship of NO3
- to both precipitation and discharge may have also been 

influenced by physical mixing processes at the springhead.  For example, the interannual salinity 

variations shown in Figure 2-6 appeared inversely-related to discharge.  Therefore, as the water 

table of the aquifer fell, waters discharged at the headspring become increasingly diluted by 

saline marine water (in the aquifer and in the channel).  Physical dilution by saline waters, 

assuming they have lower NO3
- concentrations than fresh Floridan Aquifer waters, may have 

accounted for some of the temporal variability in NO3
- concentrations observed at the 

headspring. However, as the transects analyzed were of the uppermost reach, dilution was likely 

not a significant factor.  The correlation between mean annual NO3
- concentration and annual 
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precipitation was stronger than that between mean annual NO3
- concentration and annual 

discharge.  This suggested that fresh high- NO3
- concentration water derived from recent 

precipitation was most important in contributing to variation in NO3
- concentrations. 

Mean NO3
- concentrations remained consistently elevated during the High loading regime, 

regardless of season. This is likely due to abundant amounts of freshly-recharged groundwater 

feeding the spring throughout the year and limited dilution as discussed above. In contrast, 

during the Low loading regime, NO3
- concentrations were significantly different between Dry 

and Wet seasons (P<0.05). During the Low loading period, the highest NO3
- concentrations 

occurred during the Dry season, concomitant with the arrival of the discharge pulse related to 

that season’s rainfall at the headspring. This result supports the concept that seasonal increases in 

NO3
- concentrations draining the springs of the Chassahowitzka River result from recent, 

precipitation-derived NO3
-. 

Whereas past authors have concluded that there is little that can be done regarding NO3
- 

concentrations in springs due to the fact that contamination of the aquifer has already occurred 

(Jones et al., 1997), the findings of this research suggest that there is potential for management 

actions to decrease NO3
- concentrations within the same year. The potential for management 

impact would likely increase with proximity to the spring-head.  Locations closest to the 

springhead likely contribute a greater proportion of recently derived rain and stormwater as 

opposed to those locations further away (Jones et al., 1997).  It is therefore evident that NO3
- 

concentrations in coastal springs will be particularly sensitive to climatic modification and 

hydrologic variability. Florida is subject to a number of factors that influence its climate and 

hydrology at a variety of timescales including hurricanes, El Niño events, droughts, and 

anthropogenic water-withdrawals. The response of nutrient concentrations in coastal springs and 
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rivers to climatic variation should be taken into account when considering issues related to NO3
- 

management in the terrestrial system. 

The concentration of SRP was not significantly different between interannual loading 

classes, nor was it significantly correlated to precipitation or discharge. This suggests that SRP 

concentration remains relatively constant regardless of environmental variation.  Therefore, 

variation in the mass load of SRP to the Chassahowitzka is determined by variation in spring 

discharge.  In other words, as spring discharge increased, SRP concentration remained the same, 

while SRP mass load increased in proportion to river discharge. Mass load is the product of 

discharge and concentration. Therefore, the mass load of NO3
- increased multiplicatively due to 

the fact that NO3
- concentrations continued to increase even as discharge volume increased. Both 

SRP and NO3
- need to be considered individually when evaluating the influences of temporal 

climatic variation on nutrient loading to spring-fed coastal rivers. 

Spring-Run Nutrient Dynamics 

Human-climate interactions have been linked to the productivity, trophic status, and 

anoxic/hypoxic events in many estuaries around the world (Jickells, 2005; Mulholland et al., 

1997; Paerl, 2006; Pinckney et al., 2001). An evaluation of the effects of climate change in 

Florida and the Gulf of Mexico forecasted increased precipitation rates in the region of Florida’s 

Springs Coast (Mulholland et al., 1997), thereby potentially exacerbating the nutrient loading to 

Florida’s coastal ecosystems. Interactions between atmospheric N deposition (Fisher and 

Oppenheimer, 1991; Paerl et al., 2002; Whitall et al., 2003; Winchester and Fu, 1992; 

Winchester et al., 1995), land-use, increasing precipitation, and spring discharge rates can 

potentially multiply N loading to coastal Florida as each of those factors relate to an increased N 

load. Understanding the present-day response of coastal ecosystems to nutrient loading and their 

capacity to “absorb” these loads should be of paramount importance, especially in regions where 
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hydrologic transport is as rapid as that found in the State of Florida. An understanding of nutrient 

cycling is essential to evaluate potential future responses of the coastal environment to a 

changing climate and increasing human population. 

Based on approximately a decade of detailed monitoring of the concentration and spatial 

distribution of nutrients in Florida’s coastal environment, coastal spring-fed rivers demonstrated 

distinct trends in the assimilation and/or transport of nutrients (Frazer et al., 2006; Frazer et al., 

2001; Frazer et al., 2003). The upper reaches of some coastal rivers function as transport 

conduits, maintaining a relatively constant nutrient concentration along their length until 

eventually mixing with estuarine waters (Frazer, 2000; Frazer et al., 2006; Frazer et al., 2001; 

Frazer et al., 2003). In contrast, the Chassahowitzka River is characterized by a marked and 

consistent decrease in NO3
- and SRP concentrations from the headspring to the estuary. Despite 

the importance of the functional mechanisms which currently reduce NO3
- and SRP loads to 

estuarine environments, the capacity, variation, mechanisms, and controls of nutrient export and 

processing within the spring-run remain relatively unstudied at a mechanistic level. 

Unlike those for SRP and NH4
+ (NH4

+ data not shown), net NO3
- losses (normalized by 

area) differed significantly in response to N load along the spring-run in the region of the upper 

five transects. Spatially normalized (to a specific area) mean net loss rates measured within the 

system were similar to -200 mg/m2/day for NO3
-; however, mean NO3

- losses were 

approximately -500 mg/m2/day during High loading and Wet season conditions. These loss (i.e. 

uptake) values are relatively rapid compared to benthic fluxes reported for a variety of estuarine 

systems (Jickells and Rae, 1997). Elevated NO3
- removal rates may partially result from the fact 

that these calculations integrate all NO3
- removal (or apparent removal) processes including 

assimilation, denitrification, and any dilution that may potentially be occurring. 
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Denitrification rates have been shown to vary across distinct aquatic systems in proportion 

to NO3
- load and as a function of residence time (Seitzinger et al., 2006). Seitzinger et al. (2006) 

estimated that Total N inputs and denitrification rates were related by the following linear 

equation: denitrification rate (mmol N/m2/yr) = 0.256*(N inputs; mmol N/m2/yr) This equation 

suggests that, regardless of the system (estuaries, lakes, or continental shelves) approximately 

26% of N delivered to aquatic systems is denitrified. On the Chassahowitzka, the percentage of 

NO3
- load removed from transect 1 to 5 was consistently ~30%.  This value remained essentially 

unchanged despite a ~60% increase in NO3
- load between the Low and High loading regimes. 

The percentage of N load removed is a valuable estimate of the system-integrated NO3
- removal 

potential and can be used to calculate downstream transfer of NO3
- as a function of loading. This 

measure of NO3
- load removal percentage is relevant for understanding the proportional uptake 

capacity the upper river. 

 Although NO3
- removal rates increased in proportion to NO3

- load, so did the final mass of 

NO3
-
 transported downstream. Therefore, significant increases in NO3

- concentrations also 

occurred in downstream environments on the Chassahowitzka (i.e. Transect 10) in response to 

load and season. This study has shown that, during the two-year High loading period, increases 

in NO3
- loads at the headspring also produced significant NO3

- concentration increases at the 

river-channel/salt-marsh interface; potentially affecting the salt marsh and estuary. Elevated 

NO3
- concentrations appeared to propagate furthest downstream under High loading and during 

Dry season conditions (i.e. under High and Dry conditions). During the Wet season or under 

Low loading conditions, elevated NO3
- concentrations appeared to be constrained within the 

upper ten transects of the Chassahowitzka River (Figure 2-16). Temporal variability in NO3
- 

loads at both the seasonal and interannual timescale ultimately superseded spatial controls on 
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NO3
- retention. Differences in NO3

- processing rates are likely related to both residence time and 

alterations of hydrologic flowpaths as a function of variability in hydrologic inputs and outputs 

(Seitzinger et al., 2006). As coastal systems are generally sensitive to increases in NO3
- 

concentrations, a transfer of NO3
- further into nutrient depleted waters could present a significant 

management problem in the future.  

Downstream transfers (to Transect 10) of significantly elevated SRP concentrations did not 

result in response to the High loading period. However, seasonal variation of SRP concentrations 

at Transect 10 was significant.  These results suggest that seasonally-mediated biological 

controls such as primary production, microbial activity, and biomass production, likely varying 

with water temperature and insolation, control P uptake on the Chassahowitzka.  Notestein et al. 

(2003) suggested that periphyton primary productivity was most strongly limited by P in this 

system.  Phosphorus has also been suggested as a limiting nutrient in other coastal spring-fed 

rivers of Florida (Frazer et al., 2002).  Therefore, it is likely that increased SRP loads are utilized 

over short distances and are in high demand along the Chassahowitzka River, especially during 

periods of elevated primary productivity. 

Conclusions 

This study focused on the source, spatial distribution, and controls on dissolved inorganic 

N and P in the Chassahowitzka River and Estuary system.  Analysis of seasonal and interannual 

timescale nutrient concentration data on the Chassahowitzka River highlight the general 

conclusion that temporal variation in source, processing, and fate of nutrients is significant and 

should be studied, tested, and integrated into management plans dealing with Florida’s coastal 

environment. The specific conclusions of this analysis were as follows: 

• Nitrate concentrations at the headspring were significantly related to annual precipitation. 
It is likely that locally-derived NO3

- was transferred to the headspring from the 
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surrounding terrestrial environment via rapid flowpaths and resulted in elevated NO3
- 

concentrations on the timescale of months, not decades. 

• Net NO3
- losses were directly proportional to NO3

- load along the upper reaches of the 
Chassahowitzka River. At the reach scale this retention is equal to 30% of the total N 
load. 

• Estuarine areas received the highest loads of both inorganic N and P during periods of 
High source loading (flow) and during the Dry (Sept-March) season, suggesting that the 
upstream controls did not attenuate increased nutrient loads under all conditions. 

• At the interannual timescale, mass SRP uptake was relatively constant in the upper 
reaches (Transect 1-5) regardless of P load, suggesting a maximum or limited uptake rate 
in contrast to that of NO3

-. 

• The interactive effects of increasing precipitation, higher anthropogenic N deposition, 
greater sources of atmospheric N deposition, higher discharge rates, and the increased 
proportion of recently-derived waters at the spring head have the potential to dramatically 
increase NO3

- concentrations in Florida’s coastal ecosystems. 

• Management of anthropogenic drivers of nutrient additions, especially within close 
proximity to the springhead, has the potential to reduce precipitation-dependent NO3

- 
concentrations at the headspring over short timescales. 

The Chassahowitzka Springshed has entered what has become a familiar series of events in 

modern times: anthropogenic activities have led to increasing N inputs at the watershed scale, 

stimulated increased N loading to aquatic systems, and potentially threatened the ecological 

integrity of associated estuaries. The karst geology and rapid hydrological transport of 

terrestrially-derived solutes in Florida results in an accelerated propagation of anthropogenic 

effects to coastal ecosystems. Coastal spring-fed rivers, salt marshes, and estuaries have 

demonstrated some intrinsic capacity to attenuate increasing nutrient loads, but this capacity 

appears to be limited as was shown by downstream transfers of elevated nutrient concentrations 

in response to varying load and seasonal conditions. Therefore, the Chassahowitzka River and 

Estuary may be approaching the limits of its natural capacity to prevent significant downstream 

transfers of nutrients.  This was evidenced by downstream propagation of elevated nutrient 

concentrations to Transect 10 under high loading conditions.  Understanding the threshold 
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uptake capacities of these systems is an important step in directing management strategies, 

pollution reduction targets, and total maximum daily loads in the future.
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Table 2-1. Data types, sources, temporal coverage, and citations for datasets relevant to the 
Chassahowitzka River and Estuary 

Data type Source 
agency 

Parameters utilized Year(s) Notes Citation 

Land-use SWFWMD Land-use Classification 2004 Spatial (SWFWMD, 2006) 
Sinkholes FDEP-FGS Presence of sinkholes 2006 Spatial (Arthur et al., 2006) 
Soil 
Permeability 

FDEP-FGS Permeability Estimate 2006 Spatial (Arthur et al., 2006) 
 

Drainage Basins FDEP Areas and borders of FDEP 
determined drainage basins. 

1997 Spatial (FDEP, 1997) 

Floridan 
Aquifer 
Vulnerability 

FDEP-FGS Relative vulnerability of the 
Floridan Aquifer to 
terrestrial processes 

2006 Spatial (Arthur et al., 2006) 

Water Quality 
COAST 
 

SWFWMD TN, TP, Temperature, 
Salinity, Location 

1997-2007 Spatial/ 
Temporal 

(Frazer et al., 2003) 

Water Quality, 
RIVERS 

SWFWMD TN, TP, NO3
-, NH4

+, SRP, 
Temperature, Salinity, 
Location 

1998-2001 
 

Spatial/ 
Temporal 

(Frazer et al., 2006; 
Frazer et al., 2001) 

Water Quality, 
RIVERS 

SWFWMD TN, TP, NO3
-, NH4

+, SRP, 
Temperature, Salinity, 
Location 

2003-2007 Spatial/ 
Temporal 

(Frazer et al., 2006) 

Wet Deposition, 
Local 
Precipitation 

NADP 
 

Precipitation (cm) 
Site FL05 Chassahowitzka 
National Wildlife Refuge 

1996-2006 Temporal (NADP, 2006) 

Discharge USGS Discharge Site 02310650- 
Chassahowitzka near 
Homosassa, FL. 

1997-2006 Temporal (USGS, 2007) 

Average 
Climatic 
Variables 

NOAA Average air temperature, % 
potential sunshine, 
precipitation 

Precipitation 
(1971-2000) 

Temp 
(1952-2004) 

Sunshine 
(1952-2004) 

Temporal (NOAA, 2007) 

Aerial Imagery SWFWMD Digital Orthophotos 
True Color (RGB) 

2006 Spatial (SWFWMD, 2007) 

Note: Southwest Florida Water Management District (SWFWMD), Florida Department of 
Environmental Protection (FDEP), Florida Geological Survey (FGS), National Atmospheric 
Deposition Program (NADP), United States Geological Survey (USGS), National Oceanic and 
Atmospheric Association (NOAA).  Total Nitrogen (TN), Total Phosphorus (TP), Soluble 
reactive phosphorus (SRP), Red-Green-Blue (RGB)
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Table 2-2. Transect 1 mean nutrient concentrations as summarized by distinct discharge (High and Low) and seasonal (Wet and Dry) 
classifications.  ANOVA results are summarized by analytes and classification 
Transect 1 Discharge  Season 
Parameter 
(µg/L) 

High 
(mean) 

Low 
(mean) 

df F P  Wet 
(mean) 

Dry 
(mean) 

df F P 

NO3
- ***+492.3 390.7 1 20.96 <<0.001  467.2 425.3 1 3.065 0.09 

NH4
+  13.2 20.5 1 1.04 0.32  17.0 17.0 1 1.036 0.32 

SRP  15.12 14.4 1 0.77 0.3846  ***13.1 13.6 1 11.33 0.0016 
TN ***574.2 431.4 1 54.87 <<0.001  528.6 489.2 1 1.919 0.17 
TP  20.5 20.8 1 0.04 0.8387  ***22.9 18.6 1 10.05 0.001 
Note: Source data are from the RIVERS dataset. ***Statistically significant difference between classes of Discharge or Season 
(P<0.001). +Statistically significant interactions (P<0.05) between season and load. Soluble reactive phosphorus (SRP). Total nitrogen 
(TN). Total phosphorus (TP), degrees of freedom (df) 
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Table 2-3. Mean annual discharge, NO3
- and SRP concentrations, and resulting mass loads over 

the period of 1998-2006 based on the RIVERS dataset at Transect 1 of the 
Chassahowitzka River 

Year Discharge 
(m3/s) 

Mean NO3
- 

(µg/L) 
Mean SRP 
(µg/L) 

Annual Mass 
NO3

- Load 
(Mg) 

Annual Mass 
SRP Load  
(Mg) 

1998 2.03 535 24.0 34.2 1.53 
1999a 1.66 435 18.3 22.8 0.96 
2000a 1.48 418.9 22.4 19.5 1.05 
2001 1.48 476.7 23.0 22.2 1.07 
2002 1.58 ND ND ND ND 
2003 1.98 546.7 19.4 34.1 1.21 
2004b 1.98 563.3 20.9 35.2 1.31 
2005b 1.87 582.5 22.1 34.3 1.30 
2006 1.70 547.5 18.3 29.4 ND 
Note: Discharge data modified from USGS (2007) and nutrient data modified from the RIVERS 
dataset. aLow loading period. bHigh loading period. ND = no data, Soluble reactive phosphorus 
(SRP) 



 

 

43

Table 2-4. Average seasonal hydrologic flow rates and nutrient concentrations of inorganic species of N and P during the Low (1999-
2001) two year loading period. n = 12 

 Flow Days NO3
- SRP NH4

+ 
LOW 
1999-2001 
Transect 

Wet 
(m3/s) 

Dry 
(m3/s) 

Wet  Dry 
 

Wet 
(µg/L) 

Dry 
(µg/L) 

Wet 
(µg/L) 

Dry 
(µg/L) 

Wet 
(µg/L) 

Dry 
(µg/L) 

1 1.49 1.51 153 213 353.1 440.9 12.7 16.7 22 18.3
2 1.49 1.51 153 213 324.3 421.7 11.4 13.6 19 15.3
3 1.49 1.51 153 213 293.4 387.0 9.8 11.3 18 13.7
4 1.49 1.51 153 213 263.9 361.2 9.3 11.1 24.8 11.7
5 1.49 1.51 153 213 224.1 328.8 7.4 10.6 21.5 13.0
Note: Soluble reactive phosphorus (SRP), total nitrogen (TN), total phosphorus (TP) 
 
Table 2-5. Average seasonal hydrologic flow rates and nutrient concentrations of organic and inorganic species of N and P during the 

High (2004-2006) interannual loading period. n = 12 
 Flow Days NO3

- SRP NH4
+ 

HIGH 
2004-2006 
Transect 

Wet 
(m3/s) 

Dry 
(m3/s) 

Wet  Dry 
 

Wet 
(µg/L) 

Dry 
(µg/L) 

Wet 
(µg/L) 

Dry 
(µg/L) 

Wet 
(µg/L) 

Dry 
(µg/L) 

1 1.81 1.93 153 213 497.5 487 14.5 15.8 12.6 13.8
2 1.81 1.93 153 213 438.3 506.7 12.9 14.6 10.1 5.04
3 1.81 1.93 153 213 414.2 456.3 11.2 14.5 10.2 5.28
4 1.81 1.93 153 213 360.0 401.2 11.0 15.1 19.0 10.56
5 1.81 1.93 153 213 305 375.1 9.3 13.6 13.3 7.31
Note: Soluble reactive phosphorus (SRP), total nitrogen (TN), total phosphorus (TP) 
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Table 2-6. Net apparent riverine nutrient loss rates normalized to the area between transects for Wet and Dry seasons during the Low 
loading regime (1999-2001).  Negative numbers indicate uptake (nutrient losses) 

 NO3
- SRP NH4

+ 
LOW 
1999-2001 

Wet 
(mg/m2/d) 

Dry 
(mg/m2/d)

Wet 
(mg/m2/d)

Dry 
(mg/m2/d)

Wet 
(mg/m2/d)

Dry 
(mg/m2/d) 

Tran 1-2 -309.6 -206.4 -14.0 -33.3 -32.2 -32.2 
Tran 2-3 -214.8 -241.2 -11.1 -16.0 -7.0 -11.1 
Tran 3-4 -231.6 -202.5 -3.9 -1.6 53.0 -15.7 
Tran 4-5 -272.1 -221.5 -13.0 -3.4 -22.2 8.9 
Note: Soluble reactive phosphorus (SRP), total nitrogen (TN), total phosphorus (TP) 
 
Table 2-7. Net apparent riverine nutrient loss rates normalized to the area between transects for Wet and Dry seasons during the High 

loading period (2004-2006).  Negative numbers indicate uptake (losses) 
 NO3

- SRP NH4
+ 

HIGH 
2004-2006 

Wet 
(mg/m2/d) 

Dry 
(mg/m2/d)

Wet 
(mg/m2/d)

Dry 
(mg/m2/d)

Wet 
(mg/m2/d)

Dry 
(mg/m2/d) 

Tran 1-2 -773.0 257.2 -20.9 -15.7 -32.6 -114.4 
Tran 2-3 -203.5 -426.0 -14.4 -0.8 0.8 2.0 
Tran 3-4 -516.9 -525.0 -1.9 5.7 83.9 50.4 
Tran 4-5 -456.7 -216.9 -14.1 -12.5 -47.3 -27.0 
Note: Soluble reactive phosphorus (SRP) 
 
Table 2-8. Percentage of incoming inorganic nutrient load lost between RIVERS transects 1 and 5 

Loading 
NO3

- 

(%) 
SRP 
(%) 

NH4
+ 

(%) 
Low (1999-2001) 31 39 16
High (2004-2006) 31 25 21

Note: Soluble reactive phosphorus (SRP) 
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Table 2-9. Significant differences in downstream nutrient concentrations as related to season and load classifications for transect 10 
(River/Salt Marsh Boundary) 

Transect 10 Discharge Season 
Parameter 
(µg/L) 

High 
(mean) 

Low 
(mean) 

df F P Wet 
(mean) 

Dry
(mean)

df F P

NO3
-  +**234.5 119.8 1 10.35 0.003  +*** 86.7 274.7 1 48.41 <<0.001

NH4
+  22.0 26.9 1 0.81 0.374 21.4 24.9 1 0.59 0.447

SRP +6.0 6.3 1 0.04 0.836  +***4.8 7.7 1 7.20 0.010
TN +465.0 453.5 1 0.12 0.733  +460.9 458.6 1 0.01 0.946
TP  *21.5 28.2 1 6.24 0.016 27.1 21.7 1 3.83 0.057
Note: Source data are from the RIVERS dataset. +Statistically significant (P<0.05) interactions between season and load. Soluble 
reactive phosphorus (SRP), total nitrogen (TN), total phosphorus (TP). ***(P<0.001), **(P<0.01), *(P<0.05) 
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Figure 2-1. Floridan Aquifer Vulnerability classification carried out by the FDEP-FGS (Arthur et 

al., 2006). The Chassahowitzka Springshed is just one area in Florida where the 
aquifer is particularly vulnerable to terrestrial anthropogenic disturbances
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Figure 2-2. Relative weighted soil permeability (Arthur et al., 2006), sinkhole locations (Arthur et al., 2006), and the mean NO3

- 
gradient of the Chassahowitzka Springshed (Frazer et al., 2006).  Permeable soils and hydrologically conductive sinkholes 
have the potential to rapidly transfer terrestrial NO3

- to the coastal system.  Upon entering the Chassahowitzka River, NO3
- 

concentrations are naturally attenuated in a downstream direction.  The highest concentrations, indicated by vertical red 
bars, begin in the most upstream section (eastern end) of the Chassahowitzka River at similar to 550 µg/L and decrease in a 
downstream direction to approximately 10 µg/L at the most downstream (western end) location 

[NO3
-] 

550 µg/L 

[NO3
-] 

10 µg/L 

Chassahowitzka 
River 
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Figure 2-3. Land-uses (2005) in the Chassahowitzka Springshed that are likely to directly cause elevated NO3

- concentrations into the 
Floridan Aquifer. Data modified from SWFWMD (2006) 
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Figure 2-4. The RIVERS water quality monitoring stations within the Chassahowitzka River and Estuary.  The COAST Transect 1 is 

located at the RIVERS Transect 1 site indicated.  The upper 15 transects each consist of three stations while transects 15-
20 each have one station.  Transect 10, indicated above, marks the boundary between the river channel and salt marsh 
mixing zone and is the natural boundary between salt marsh and upland terrestrial vegetation 
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Figure 2-5- Delineation and areas of the upstream RIVERS sampling transects 1-5 used for flux calculations.  The area, transect 

numbers, and designations of the area between transects are indicated.  The background image is composed of digital 
orthophotos (SWFWMD, 2007) 

Area = 18,832 m2 

Area = 16,398 m2 

Area = 18,521 m2 
Area = 11,977 m2 
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Figure 2-6. Interannual timescale variation of precipitation, discharge and salinity at Transect 1. 

n=12 samples per year taken at monthly intervals from 1998 to 2006. Salinity data 
from the COAST dataset (Frazer et al., 2007), annual mean precipitation from NADP 
(2007), and discharge from USGS (2007).  Outliers are indicated for reference 
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Figure 2-7. Average monthly precipitation (NADP, 2007) and discharge on the Chassahowitzka 

River (USGS, 2007) over the study time period 1998-2006 
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Figure 2-8. Mean monthly air temperature and the percentage of potential insolation reaching the 

earth surface (NOAA, 2007)
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Figure 2-9. Boxplots of interannual timescale variation in a) total nitrogen (COAST), b) total phosphorus (COAST), c) NO3

- 
(RIVERS), and d) soluble reactive phosphorus (RIVERS).  Outliers, indicated by points outside of the boxplots, are shown 
for reference to local variability.  Data from 2002 were not available for the RIVERS dataset

1998 1999 2000 2001 2002 2003 2004 2005 2006
100

200

300

400

500

600

To
ta

l N
itr

og
en

 (µ
g/

L)

1998 1999 2000 2001 2002 2003 2004 2005 2006
5

10

15

20

25

30

35

To
ta

l P
ho

sp
ho

ru
s 

(µ
g/

L)

1998 1999 2000 2001 2003 2004 2005 2006

8

10

12

14

16

18

20

S
ol

ub
le

 R
ea

ct
iv

e 
Ph

os
ph

or
us

 (µ
g/

L)

1998 1999 2000 2001 2003 2004 2005 2006
100

200

300

400

500

600

N
itr

at
e 

(µ
g/

L)

a) b) 

d) c) 



 

 55

100 110 120 130 140 150 160 170

Total Annnual Precipitation (cm)

400

450

500

550

600

A
ve

ra
ge

 A
nn

ua
l N

itr
at

e 
(µ

g/
L)

1998

1999
2000

2001

2003
2004

2005

 
Figure 2-10. Linear least-squares regression of total annual precipitation to average annual NO3

- 
concentration (significant at P<0.05). The year of the data overlies its measurement. 
Data from 2002 were not available for the RIVERS dataset 
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Figure 2-11. Linear least-squares regression of annual mean discharge to annual mean NO3

- 
concentration (significant at P < 0.05).  Data from 2002 were not available for the 
RIVERS dataset 
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Figure 2-12. Linear least squares regression of annual mean discharge to annual mean soluble 

reactive phosphorus (SRP) concentration.  Data from 2002 were not available for the 
RIVERS dataset.  This result, though statistically insignificant, is instructive in that it 
demonstrates that SRP does not respond significantly to discharge and is therefore 
controlled by different factors when compared to the behavior of NO3

- 

.
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Figure 2-13. Interannual variability of precipitation and discharge plotted over the duration of the 

Low (1999-2001) and High (2004-2006) loading regimes.  Each loading regime 
consisted of a two-year period from April – March 
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Figure 2-14. Rates of NO3

- losses as summarized by High and Low classes of load and Wet and 
Dry classes of season 
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Figure 2-15. Rates of soluble reactive phosphorus (SRP) losses summarized by High and Low 

classes of nutrient loading and Wet and Dry classes of season
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Figure 2-16. Boxplots of NO3

- concentration summarized by transect and grouped by High and Low classes of loading condition and 
Wet and Dry classes of season. Data are from the RIVERS dataset. Outliers are shown for reference purposes. Figure y-
axes extend horizontally through the plots and are the same in every case 
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Figure 2-17. Boxplots of NO3

- concentration summarized by transect and grouped by High and Low classes of loading condition and 
Wet and Dry classes of se  Data are from the RIVERS dataset. Outliers are shown for reference purposes. Figure y-
axes extend horizontally t h the plots and are the same in every case 
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CHAPTER 3 
THE DISTRIBUTION AND PROPERTIES OF SUBAQUEOUS SOILS OF THE 

CHASSAHOWITZKA RIVER AND ESTUARY 

Introduction 

The land-sea interface is one of the most biologically and biogeochemically active sites on 

Earth’s surface resulting from the mixing of resources from terrestrial and oceanic systems. 

Reactions at the land-sea boundary fuel fisheries production, regional economies, mitigate 

terrestrial anthropogenic contamination, provide valuable habitat, and serve as recreational sites 

for coastal populations. The benthic environment has been recognized for its many roles in 

riverine and estuarine ecosystems (Jickells and Rae, 1997; Wall, 2004). The physical and 

chemical composition of benthic substrate influences habitat quality, ecosystem services, and the 

storage and cycling of carbon, nitrogen, and phosphorus (Jickells and Rae, 1997; Wall, 2004). 

Resulting from activity at the benthic/aquatic interface, benthic substrate affects estuarine 

productivity, fisheries production, and the storage, concentration, and processing of 

anthropogenic effluents. Given the importance of the benthic environment, many government 

agencies, universities, and consulting agencies charged with understanding and managing natural 

resources have begun to survey coastal benthic habitats to comprehend how their physical and 

chemical properties vary in space and time and influence its role in the ecosystem. 

Subaqueous Soils 

Over the past 10-15 years, soil scientists have become increasingly involved in studying 

the distribution and properties of the subaqueous environment (Bradley and Stolt, 2003; Demas 

and Rabenhorst, 1999; Demas and Rabenhorst, 2001; Demas et al., 1996; Ellis, 2006; Fischler, 

2006). Soil scientists modified their longstanding terrestrially-based conceptual framework to 

suit the dynamics of a subaqueous environment (Demas and Rabenhorst, 2001). Soil scientists 

consider each soil individual or “polypedon” in a similar manner that a biologist considers traits 
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and characteristics of individual animal species. This classification allows one to relate soil 

characteristics to those with similar characteristics. In essence, soil scientists have applied a 

taxonomic classification to the Earth’s surface. In this conceptual framework, each polypedon 

has similarities to soils in its family, subgroup, great group, suborder, and order and its 

distinction or similarity from other soils varies as function of taxonomic relationship. A soil 

scientist selects a specific typical pedon for taxonomic description based on observations of the 

variability of the properties of that soil over its extent, in the same manner that a biologist would 

go about a species description of a representative specimen after they observe variability of traits 

within a particular species. 

A common question that soil scientists working in aquatic environments need to answer is, 

“What differentiates soil and sediment?”  The dominant conceptual understanding is that the 

presence of overlying water is what separates soil and sediment. Post-depositional processes 

occurring in a terrestrial environment are referred to as pedogenic processes, while those 

occurring in the subaqueous environment are often termed diagenetic processes. One distinction 

between pedologists and sedimentologists is that a significant portion of sedimentological work 

focuses on the transport, deposition, and post-burial conversion of sediment into rock. 

Pedologists on the other hand mainly study the formation, morphology, and equilibrium 

condition of the Earth/atmosphere or Earth/water-column interface. It would suffice to say that 

pedologists study the genetic processes, controls, properties, and function of the world’s bio-

reactive interface. Pedologists are concerned with how parent material arrived, where it will 

eventually go, and are also concerned with the interdependency between substrate properties and 

the surrounding environment at the outermost layer of the Earth’s crust. While various 

definitions exist, for the purposes of this research, soil is considered as the reactive interface 
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between the Earth’s mineral crust and air or water. The presence of overlying water should not 

be considered a boundary between soil and sediment, but a significant driver of the structure and 

function of the benthic environment. 

Subaqueous soil surveys have been created to map the distribution of soils and their 

associated properties in the subaqueous environment. The subaqueous soil survey has emerged 

as a useful method for mapping the distribution and properties of various environments in 

estuarine and coastal regions.  Subaqueous soil surveys have already been completed in diverse 

estuarine environments along the coasts of Florida, Rhode Island, and Maryland (Bradley and 

Stolt, 2002; Bradley and Stolt, 2003; Demas and Rabenhorst, 2001; Demas et al., 1996; Ellis, 

2006; Fischler, 2006). Soil is studied in terms of its equilibrium condition with the environment. 

Essentially, a soil map unit relates soil properties to soil forming factors over large areas. This 

relationship is guided by the concept that soil forming factors alter parent material in a manner 

reflective of the environmental drivers acting upon the soil.  

The Chassahowitzka River and Estuary (Figure 3-1) is a stable environment (Figure 3-2) 

that provides a number of contrasting soil properties and benthic landforms and is an area where 

little is currently known regarding the spatial distribution of subaqueous soil properties. Also, 

given recent anthropogenic impacts and the ecosystem management needs (Chapter 2), a 

subaqueous soil survey in this area can support management and future research efforts aimed at 

understanding biogeochemical cycling within the system. This mapping effort can also add to the 

existing base of knowledge regarding the soils of the region (see Pilny et al., 1988). 

Objectives 

The objectives were: 

• Map the spatial extent of distinct subaqueous soils and describe their associated 
landforms and vegetation in the Chassahowitzka River and Estuary 
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• Quantify basic physical and chemical properties of subaqueous soils associated with each 
map unit though the selection, sampling, and analysis of a typical pedon 

• Evaluate the selection of a typical pedon sampling location in a subaqueous soil 
environment based on multiple field-based soil descriptions 

Methods 

Subaqueous Soil Reconnaissance 

A total of 68 soil descriptions were made in the subaqueous and near-shore terrestrial 

environment to gain an appreciation for the variability of soils along the Chassahowitzka River 

and Estuary (Figure 3-3). During this exploratory phase, sampling tools included a piston corer, 

Russian auger, Dutch auger, and vibra-corer to acquire soil samples in various substrates. At 

each site a field description was completed that included the following parameters: GPS 

coordinates (lat/long), horizon designation, horizon starting and ending depth, native vegetation, 

parent material, landform, field texture, and soil color. Soil samples were collected at select sites 

and analyzed for physical and chemical properties. 

 Delineating Subaqueous Soil Map Units 

Exploratory and systematic transect-based subaqueous soil descriptions and aerial 

photography were combined into a GIS interface to map the subaqueous soils of the 

Chassahowitzka River and Estuary System. Following reconnaissance field work and soil 

descriptions, subaqueous soil map units were delineated using photo-tone on aerial photographs 

and a 1m resolution Digital Orthoimagery Quarter Quadrangles (DOQQ) created in 2005 by the 

United States Geological Survey (USGS). Subaqueous soil map units (Figure 3-4, Table 3-1) 

were compared against bathymetry provided by the Southwest Florida Water Management 

District (SWFWMD) to confirm photo-tone interpretations of depth and the overall distribution 

of landforms. All landforms delineations took place at a scale of 1:1000 and all landform and 

river/estuary channel study area boundaries were hand-digitized using ArcGIS 9.1 (ESRI, 2006). 
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Landform boundaries were used to calculate the areal extent of landform features using ArcGIS 

9.1. Due to the fine scale of the survey, map units smaller than dominant landforms were not 

delineated. 

Typical Pedons 

A pedon is the smallest volume that can be called a soil.  A typical pedon is a reference 

specimen that illustrates the central concept of a soil in a given soil map unit or series (NRCS, 

2005).  While no typical pedon sampled in a map unit is likely represent the mean of all soil 

properties within a given map unit, the typical pedon should represent the mean of most physical 

and chemical properties.  Therefore, within each map unit delineated as part of this study, one 

site was selected for the sampling of a typical pedon based on the reconnaissance observations 

and soil descriptions (Table 3-2, Figure 3-3).  The selection procedure was based on the 

formation of a conceptual model of soil properties throughout the Chassahowitzka River and 

Estuary.  The formation of a conceptual model involved observing the variability of soil 

properties including texture, color, horizonation, and horizon thickness across reconnaissance 

description sites.  These observations led to an understanding of the variability of soil properties 

and their spatial distribution, limits, and associated vegetation.  Finally, based on the conceptual 

model, a sampling location was selected that was believed to represent the “norm” for the 

mapped area given the multiple previous observations made during reconnaissance work (NRCS, 

2005).  To evaluate whether the typical pedon was representative of the greater soil map unit, 

comparisons were made between the typical pedon soil description and the variability of 

reconnaissance soil descriptions within a select map unit. 

All typical pedons were sampled using a transparent polycarbonate core-tube and piston 

assembly mounted to an aluminum tripod (3 m height) to minimize or eliminate any 

displacement of soil materials upon coring. The piston corer was similar in design to that 
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reported by Davis and Steinman (1998). After the core tube was driven to its final depth, soil 

displacement was measured as the difference between soil depth outside and inside the soil core 

tube. Cores were hand-pulled or extracted using a pulley system once the piston was secured and 

were immediately extruded in the field. Soil horizons were measured in the transparent core tube 

and were verified and described in greater detail upon extrusion. 

Field soil descriptions included horizon designation, depth, soil color, soil texture, 

boundary description, structure, and n value estimation using the hand squeeze test and were 

recorded according to the methods of the National Soil Survey Handbook (NRCS, 2005). Soil 

horizon subsamples of known volume were extruded for the measurement of bulk density and 

porosity according to method 3B6a (NRCS, 2004). Soil pH was analyzed in the field using a 

handheld temperature-corrected electrode placed directly in contact with water-saturated 

subaqueous soil as modified from method 4C1a1a2 (NRCS, 2004). 

Laboratory Analytical Methods 

Horizons from sampled typical pedons were subsampled within 24 hours and placed in an 

incubation chamber to determine moist incubation oxidized pH (Method 4C1a1a3) using the 

conventions of the Soil Survey Laboratory Methods Manual (SSLM) (NRCS, 2004). Incubations 

were conducted at room temperature on field moist soil in a humidified constantly-circulating 

chamber. Soil incubation samples were periodically mixed to ensure complete aeration and the 

final pH reading was taken following a minimum of 120 days. A subsample was air-dried and 

particles greater than 2mm were sieved, weighed, and reported as percent gravel (or shells). 

Subsamples were taken from the <2mm fraction for both physical and chemical analyses.  

Soil subsamples <2mm in size were ball-milled and analyzed for total nitrogen (TN) 

content via dry combustion using a Flash EA N analyzer. Total phosphorus (TP) content was 

quantified on the ball-milled subsamples via dry combustion, digestion in HCl, and colorimetric 
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analysis as described by Anderson (1976). Soil conductivity was measured on intact <2mm 

subsamples in the supernatant of a 2:1 dilution of deionized water to air-dry soil that was left to 

equilibrate overnight.  Organic matter (OM) content was determined on intact subsamples via 

loss on ignition (LOI) in a muffle furnace set at 550°C for 5 hours. OM content was multiplied 

by an organic carbon (OC):OM ratio of 0.5 (Nelson and Sommers, 1996) to estimate the organic 

carbon (OC) content of the soil.  Molar stoichiometric ratios were calculated using the ratio of 

moles of OC, TN, and TP per kilogram.  All data analysis and graph plotting was completed 

using SPLUS 6.1 (Insightful Corp., 2002). 

Results and Discussion 

Subaqueous Soils 

The benthic environment of the Chassahowitzka River and Estuary is diverse and grades 

from narrow sand-dominated channels to broad shallow estuarine flats dominated by organic and 

shell materials common in estuarine environments. Reconnaissance soil descriptions also 

indicated a substantial amount of variability within map units (Table 3-2).  For example, surface 

horizon depths varied from 1-14 cm in the Blue Crab map unit compared to 1-18 cm across the 

whole study area (Table 3-2).  Similarly, in the Chass Sands map unit the surface horizon color 

value ranged from 0-5 while the variability across the entire site was from 0-6 (Table 3-2).  

However, some map units, such as the Midden Flats displayed very low variability in color value 

(all values = 2; Table 3-2).  To further divide and understand the differences between soil from 

distinct map units, more detailed physical and chemical data are required.  These data are 

presented for the typical pedons samples during this study. 

Subaqueous soils differed markedly in color, texture, bulk density, and incubation pH 

across typical pedons sampled from the study area (Table 3-3).  These differences resulted in 

taxonomic divisions occurring at the level of great group (Table 3-2). Based on information from 
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typical pedons and reconnaissance soil descriptions (Figure 3-3), a strong relationship was 

observed between benthic map units, associated vegetation, and soil physical and chemical 

properties. The heterogeneity of the subaqueous landscape was delineated into the following soil 

map units: Chass Sands, Riversides, Blue Crab, Midden Flats, and Shell bottom (Figure 3-4). 

These map units represent the dominant unique combinations of soil forming factors and their 

resultant soils at the scale of interest in this research (1:1000). The Shell Bottom map unit was 

not analyzed in detail during this study due to its frequent disturbance and sediment mobility. 

Physical and Chemical Soil Data Between Map Units 

The benthic environment of the Chassahowitzka River and Estuary is comprised of an 

array of soils with distinct physical and chemical properties (Table 3-3). Local-scale (within map 

unit) variability was not directly quantified and analytical resources were directed toward 

evaluating differences between typical pedons representative of distinct map units. Physical and 

chemical properties were grouped by typical pedon and were presented using boxplots to 

facilitate parameter comparisons between distinct map units. Information provided by a boxplot 

includes the range, median, proportion of the data in the upper and lower quartiles, potential 

outliers (values that are greater than 1.5 times the inter-quartile range), and the highest and 

lowest non-outlying values. Based on a boxplot, one can deduce the general variation of the 

parameter within a given typical pedon and make comparisons with the variability measured in 

other pedons. 

 Physical properties 

Soil texture and color (Table 3-3) were strongly influenced by the parent materials (Table 

3-1) in which the subaqueous soils formed.  Soil textures in the Chassahowitzka River and 

Estuary ranged from muck to sand (soil texture, Table 3-2, Table 3-3). Typical pedon color 

values ranged from 2-6 and the lowest values were associated with low-velocity depositional 
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environments.  Low velocity environments included the Midden Flats, Riversides, and within the 

Blue Crab map unit where mixing with estuarine OM sources occurs. Sands and fine-sands were 

generally characterized by high color value and dominated the composition of the Chass Sands 

and the underlying C horizons of the Riversides map unit.  Muck and mucky sand textures were 

common throughout the Midden Flats and the upper horizons of the Riversides map units. Soil 

conductivity ranged from 0.97-11.46 dS/m with a median of 2.6 dS/m. The highest conductivity 

values were generally located in organic-rich surface horizons close to or inside the salt marsh 

and upland/salt-marsh transition area. Bulk density ranged from 0.1-1.8g/cm3 and differed 

notably between map units (Figure 3-5d). Those pedons sampled from high energy 

environments, namely the Chass Sands and Blue Crab, have much higher median bulk densities 

than those from lower energy depositional environments. Observed mineral composition varied 

from quartz-sand dominated in the upstream areas toward a carbonate/quartz sand mix within the 

estuarine and Salt Marsh map units. Gravel-sized particles were not commonly observed in the 

system and comprised less than 1% of the total soil contents analyzed. 

Chemical properties 

Field soil pH varied in response to texture and among map units, though remained within a 

relatively narrow range of 6.9 to 8.1 through all sites and horizons sampled (Figure 3-5a). 

Results from pH incubations indicated that reduced sulfides were present in many of the 

subaqueous soils of the Chassahowitzka River and Estuary (Table 3-3, Figure 3-5b). However, in 

the Midden Flats, though reduced sulfides were likely present, their presence was not indicated 

by pH incubations.  This most likely resulted from buffering by the presence of CaCO3 in the 

form of shells. Reduced sulfides appeared to be most prevalent, or least-buffered by CaCO3, in 

the Blue Crab map unit which resulted in a post-incubation pH decrease to less than 2. Values of 

OC (range 1-209g/kg; median 28 g/kg), TN (range 0-17 g/kg; median 3 g/kg), and TP (range 51-
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2481 mg/kg; median 152 mg/kg) varied strongly between map units (Figure 3-6 a,c,e). The high-

concentrations of OC, TN, and TP (Figure 3-6 a,c,e) observed in the Riversides map unit all 

originated in the organic (Oa) soil horizon described for that map unit. 

Molar stoichiometric ratios relate the contents of OC, TN, and TP within a given sample. 

Generally, soils with elevated OC:TN and OC:TP ratios contain recalcitrant OM while those 

with lower OC:TN and OC:TP ratios are composed of relatively labile, nutrient-rich organic 

materials (Jickells and Rae, 1997). The relative amount of TN vs. TP is also an indicator of 

which nutrient may be limiting decomposition processes. The highest OC:TN (range 8-26; 

median 16) ratios were observed in the Midden Flats and Riversides, while the lowest values 

were located in the Chass Sands and in the Blue Crab map units (Table 3-3). Molar ratios of 

OC:TN less than 30 are generally considered to be labile materials whose decomposition is not N 

limited (Jickells and Rae, 1997). Across all samples, OC:TP values ranged from 50-1443 with an 

overall median of 289.  These values crossed the generalized threshold of 116, above which P 

may be considered as a factor potentially limiting the decomposition of OM (Jickells and Rae, 

1997).  The median TN:TP ratio was 20 and TN:TP ranged from 4-62. Generally, TN:TP values 

greater than 16 also suggest that P is the limiting factor of decomposition. In many cases it is 

important to note that variation of molar ratios of OC, TN, and TP within typical pedons was 

often as striking as the variation between pedons.  This demonstrates that individual horizons are 

also characterized by distinct physical and chemical properties. In most cases, molar 

stoichiometric ratios suggest that P is likely the nutrient limiting decomposition within the 

benthic substrate of the Chassahowitzka River and Estuary. However, nutrient limitation is often 

complex and dependent on many other factors including the presence/absence of micronutrients 
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and temperature.  Therefore, no formal conclusions regarding the status of nutrient limitation can 

be made from these data. 

Map Units 

Chass Sands (ChS) 

Beginning at the main spring boil of the Chassahowitzka River and meandering 

approximately 3 km toward the salt marsh, the Chass Sands (ChS) map unit accounts for 4.2% of 

the area mapped during this study. The channel generally has a very slight slope (<2%), both 

longitudinally and in cross section. The Chass Sands map unit is influenced by higher water 

velocities compared to other map units, though velocities throughout the entire study area are 

generally low and range from 0-0.5m/s (Frazer et al., 2001). The average water depth observed 

in the Chass Sands is approximately 1.0 m and the channel bottom is derived from sand-

dominated parent materials with occasional outcroppings of limestone bedrock. Due to shallow 

depths at low tide or when West winds dominate, there is frequent disturbance and mixing within 

the landform by outboard motors. Common submerged aquatic vegetation (SAV) species include 

Vallisneria americana (Tapegrass), Najas guadalupensis (Southern Naiad), Hydrilla verticillata 

(Hydrilla), and a variety of benthic algal species (Frazer et al., 2001). 

Soil pH decreased from over 7 to below 4 following moist incubation in two horizons and 

therefore indicating the presence of unbuffered sulfidic materials (Table 3-3, field pH vs. 

incubation pH). Within the typical pedon OC, TN, and TP contents varied from 1-9 g/kg, 0.1-0.6 

g/kg, and 54-98 mg/kg respectively (Table 3-3).   

Subaqueous soils representative of the Chass Sands map unit were classified to the 

subgroup level as Haplic Sulfaquents (Table 3-3, Table 3-4). The typical pedon had no 

diagnostic horizons (order = Entisol), was permanently saturated (suborder = Aquent), and 

contained sulfidic materials within 50cm of the soil surface (as evidenced by pH changes 
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following incubation; Great group = Sulfaquent).  The typical pedon also had an n value of less 

than 0.7 at a depth of 20-50 cm below the soil surface and therefore the sub-group was classified 

taxonomically as Haplic.  Based on the temperature of the overlying water column (throughout 

the Chassahowitzka River and Estuary), the soil temperature regime is likely hyperthermic, 

though temperatures were not measured at the control depth for a sufficient period of time to 

confirm this hypothesis. 

The Chass Sands map unit is subject to the highest water velocities and have sands that 

were likely been derived from the surrounding terrestrial environment. Blue crabs (Calinectes 

sapidus) are common in the benthos of this map unit and often burrow into the soil, thereby 

working OM to lower depths. Also, boat traffic in the area has often been observed “plowing” 

the soil surface with outboard motors as the water depth is generally less than a meter deep and 

can drop quickly in response to tides and wind. Aquatic plants have fine root systems that anchor 

the surface soil and inject carbon into the soil surface. The above drivers interact to maintain a 

sand-dominated soil, enriched with OM in the surface layers forming a distinct A horizon. Due 

to the high porosity and sandy textures, this site likely has the highest hydraulic conductivity of 

all map units in the study area and is most likely influenced by advective exchange with the 

overlying water column. The main channel is the dominant habitat of SAV growing in the area 

and is therefore significant habitat for a variety of aquatic organisms including the West Indian 

Manatee, blue crabs, and as shelter for a number of species during their early life stages. 

Riversides (RvS) 

The Riversides (RvS) map unit is located on the shallow (<0.5 m) lateral edges of the 

Chass Sands and covers 8.6% of the study area. This map unit contains similar species of aquatic 

vegetation as the Chass Sands, but also receives greater inputs of sedimentary material, 

especially riparian-derived organic debris and algae that accumulate at the channel edges and 
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settle. Small sticks and leaves from terrestrial plants were commonly encountered in the surface 

horizons of Riversides soils. Water velocity in the lateral channel is quite slow, often resulting in 

flow rates of 0-0.1 m/s. 

Contents of OC, TN, and TP ranged from 4-209 g/kg, 0.3-16.6 g/kg, and 50.5-2481mg/kg, 

respectively (Table 3-3).  The highest OC, TN, and TP contents were located in the surface 

horizon and decreased consistently with depth.  

The typical pedon of the Riversides map unit was classified to the subgroup level as a 

Mollic Psammaquent (Table 3-2, Table 3-5). No diagnostic horizons were present in the typical 

pedon and the soil remains saturated year round.  Therefore, the subgroup taxonomic 

classification was Aquent.  Soil pH decreased upon incubation, though not below the pH < 4 

required for the definition of sulfidic materials.  However, sand and sandy-loam lamellae were 

common in the soils described in this map unit as well as in the typical pedon. The presence of 

these coarse materials resulted in the classification of the typical pedon into the Great Group of 

Psammaquents.  Finally, the presence of low-value, low-chroma colors in the upper horizons led 

to the subgroup classification of Mollic Psammaquents. 

The Riversides map unit is longitudinally associated with Chass Sands.  However, the 

Riversides map unit is characterized by lower water velocities of the channel edges. This 

depositional environment has promoted the settling of OM produced in the upper reaches of the 

river, riparian areas, and by algal communities growing on the sides of the channel. Chironomids 

(non-biting midges) have been observed in a number of soil cores sampled from this area and 

may be significant drivers of mixing to form the mucky sand A horizons that characterize this 

map unit. Many wading bird species common to the Chassahowitzka National Wildlife Refuge 

hunt in this map unit among the emergent vegetation. As OM content is higher in the Riversides 
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site, soil hydraulic conductivity may be lower as compared to the Chass Sands map unit. 

Therefore, surface water induced advective exchange with the overlying water column is likely 

not present and exchange across the soil/water interface is likely to be more dominated by 

diffusion. On many occasions during the course of this research, much of the of the Riversides 

map unit was covered almost completely with algal mats, dramatically reducing local water 

velocities. 

Blue Crab (BlC) 

The Blue Crab (BlC) map unit is located within the subtidal freshwater/estuarine mixing 

zone and covers 6.7% of the study area. Water column properties (salinity and total dissolved 

solids) are most dynamic in response tidal variations in the Blue Crab map unit as it receives 

direct inputs from both the estuary and the freshwater-dominated spring. The Blue Crab map unit 

is similar to Chass Sands in flow characteristics, but Blue Crab has been additionally influenced 

by the presence of increased salinities and the associated marine benthic community. Plant 

species frequently encountered in this map unit consist of the salt-tolerant Myriophyllum 

spicatum, Najas guadalupensis, and a number of common algal species including Lyngbia sp., 

Spyrogyra, and Vaucheria sp. 

The OC, TN, and TP contents varied from 8-49 g/kg, 0.6-3.9 g/kg, and 70.7-192.2 mg/kg, 

respectively. 

The typical pedon was classified as a Typic Sulfaquent and responded strongly to moist 

incubation.  Incubation resulted in pH decreases in two horizons to values less than 2 (Table 3-

3).  Changes in soil pH following moist incubation are a strong indicator of the presence of 

sulfidic materials.  However, the absence of carbonates is also required to detect sulfidic 

materials, as their presence will buffer any change in pH during moist incubation.  The soil 

suborder was Aquent (no diagnostic soil horizons and permanently saturated) and the strong 
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presence of sulfidic materials resulted in the great group taxonomic classification as a 

Sulfaquent.  The subgroup of the soil was Typic, as the requirements for Haplic, Histic, and 

Thapto-histic subgroups were not met. Two buried horizons were also described indicating that 

this area was once covered by emergent vegetation and has since become inundated with water. 

The Blue Crab map unit is differentiated from upstream map units based on the elevated 

densities of saltwater tolerant estuarine and marine species that begin to dominate the benthos 

and the effects of these conditions on the soils. For instance, the increased presence of reduced 

sulfides as indicated by the drastic drop of incubation pH is a direct influence of association with 

the estuarine environment. With distance downstream, the upstream area contributing OM to the 

water column increases, providing OM for settling, mixing, and incorporation into downstream 

soils. The Blue Crab map unit remains characterized by sandy textures, but is comparably 

enriched in OM compared to the Chass Sands map unit. Krotovina (animal-derived tunnels) were 

frequently observed in this map unit, resulting from the burrowing activities of benthic species 

such as blue crabs. This burrowing activity also notably increases the content of silt as was 

observed in the field. An enrichment of silt results in the only loamy textures reported in the 

Chassahowitzka River and Estuary. Most textures were sands/fine sands or muck/mucky sand, 

which reflect the two extremes of substrates encountered during soil sampling and descriptions. 

Midden Flats (MdF) 

The large expanses of flats that lay between the vegetated salt marsh and the Shell Bottom 

were mapped as the Midden Flats (MdF) and constitute 44.5% of the total area mapped in this 

study.    

The n values measured in the typical pedon were consistently >0.7 and bulk density ranged 

from 0.3-0.8 g/cm.  Lower n values resulted from the presence of sand size CaCO3 shells. Field 

and incubation pH were similar, likely as a result of CaCO3-buffering of any pH changes during 
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the sulfide oxidation process during incubation. Contents of OC, TN, and TP were higher than 

those in the Blue Crab and the Chass Sands and were similar to those of the Riversides (Figure 3-

6). Molar ratios of OC:TN and OC:TP were also elevated within the Midden Flats. TN:TP ratios 

are comparable to other map units and generally remain close to 25, again reflecting a slight 

scarcity of P relative to N in soils of the Midden Flats. Salt marsh productivity rates are among 

the highest in the world and are comparable to productivity rates reported in tropical rainforests 

and coral ecosystems (Valiela, 1995). The resulting OM is eventually released into the estuary 

and commonly deposited in areas with low water velocities. The Midden Flats are dominantly 

covered by Myriophyllum spicatum and provide habitat for numerous estuarine species. 

The Shell Bottom typical pedon was classified as a Mollic Psammaquent (Table 3-2, Table 

3-7).  Sandy textures often resulted from the presence of carbonate shells as opposed to the 

Riversides map unit where sandy textures resulted from quartz sands. The epipedon of the 

Midden Flats typical pedon was characterized by low chroma (0) and value (2), resulting in the 

final subgroup classification as a Mollic Psammaquent. 

Shell Bottom (ShB) 

The Shell Bottom (ShB) is likely a relict channel bottom carved in a time of lower sea-

level (paleo-channel), yet maintained by flushing tidal currents which still serve to mobilize 

sediments along its bottom. Large tidal ranges can generate significant ebb and flow tidal 

currents which in turn scour the channel bottom. This effect is most notable in the largest portion 

of the channel, while smaller branches of the channel are likely less influenced by significant 

flushing events. Due to the high hydrologic energy and estuarine environment, benthic substrate 

is commonly composed of coarse oyster shell fragments and is therefore porous in nature and 

mobile.  Some low-energy areas of the channel may accrete organic material transported from 
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upstream areas when tidal flushing currents are less strong.  However, this accretion is likely 

temporary as the material will likely be remobilized when higher water velocities return. 

Map Unit Names 

The Chass Sands map unit was named after the common reference made the 

Chassahowitzka River as the “Chass” by locals.  This map unit receives the greatest use by locals 

for boating and therefore was named after the Chassahowitzka itself.  The map unit is dominated 

by sandy material, thereby earning the entire name of “Chass Sands”.  The Riversides map unit 

was named such due to the fact that it is the transition between the riparian areas of the river and 

the mainstem channel.  Much fishing in the area is undertaken on the sides of the river and this is 

a common recreational activity on the Chassahowitzka River.  The Blue Crab map unit was 

named after the blue crabs that are common to the area and play a notable role in the soil 

formation within the area.  Many locals capture these crabs for recreation and as a food source 

and this map unit is a rich area for that activity.  The Midden Flats map unit was named due to 

the fact that shell middens (kitchen waste from earlier societies) were found in the area of the 

map unit.  Finally, the Shell Bottom map unit was named after the shell material that was 

consistently detected and moving about the bottom of the channel in the salt marsh area. 

Typical Pedon Map Unit Representation 

Typical pedons were selected based on field observations and multiple soil descriptions.  

To evaluate whether typical pedons were representative of other soil descriptions made within a 

map unit, typical pedons were directly compared with the reconnaissance soil descriptions from 

the same map unit.  The surface horizon was chosen for this evaluation as it is the portion of the 

soil with closest contact to the overlying water column and may be an important component of 

estuarine biogeochemical cycling (see Chapter 4).  The Riversides map unit was chosen as an 
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example for evaluation as the greatest number of soil descriptions were made within its 

boundaries (n = 22; Table 3-2).  

The surface soil texture, depth of the epipedon, soil hue, value, chroma and the dominant 

horizon directly underlying the surface soil horizon for the all reconnaissance descriptions in the 

Riversides map unit are summarized in Figure 3-7.  Although the epipedon properties varied 

appreciably within the map unit, the typical pedon values fell on or near the center of each 

distribution.  All values of soil color (hue, value, and chroma) and the master horizon below the 

surface horizon of the typical pedon represented the majority of other soil descriptions.  In the 

case of surface horizon texture, the typical pedon was described as ‘muck’ even though the 

dominant soil texture was ‘mucky sand’.  The surface horizon depth of the typical pedon (7 cm) 

was fairly close to the mean of 4 cm, given the variation of surface horizon depths (1-14 cm) 

within the map unit.  Overall, the typical pedon appears to have provided a viable representation 

of the variability of soils described within the Riversides map unit. 

Soil Taxonomy and Subaqueous Soils of a Riverine-Estuarine System 

Soil Taxonomy has been developed to help scientists communicate and understand the 

relationships among and between soils and to understand the factors that contribute to their 

character (NRCS, 2005).  However, the USDA-Soil Taxonomy has largely been developed in the 

terrestrial environment and only recently have soil scientists begun to study subaqueous 

environments.  Therefore, the subaqueous environment poses unique challenges for the future 

development of Soil Taxonomy.  Do the taxonomic distinctions designed to describe the 

terrestrial environment accomplish the same task equally well in a subaqueous setting? 

The soils described during this study traversed a freshwater-dominated springhead to an 

estuary and crossed a gradient of soil forming factors including: water column properties (see 

Chapter 2), vegetation, and parent material.  Despite the variability in soil forming factors, no 
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taxonomic distinctions were made above the great group level.  In a coastal subaqueous 

environment, properties such as reduced sulfide content and soil conductivity vary distinctly 

across freshwater-estuarine gradients.  Although sulfidic materials are used to make taxonomic 

divisions at the great group level, their presence is obscured when using standard tests in 

environments that contain calcium carbonate.  This is especially important in Florida, as the 

foundation of the state is a massive carbonate platform. 

Soil conductivity provides an indication of the environments exposure to saline, high ion-

content waters.  No taxonomic distinction is currently made to distinguish soils from fresh, 

brackish, or salt waters.  Soil conductivity measurements could potentially serve as a valuable 

indicator soil exposure to and retention of dissolved ions from overlying water columns.  This 

measure in turn, could potentially be used as the basis for a taxonomic division at the great group 

level to better differentiate the origin of the aquatic environments to which the soil was exposed.  

Future, potentially long-term, research will be required to evaluate the potential utility of soil 

conductivity as a robust measure of a soil’s place along freshwater-estuarine gradients. 

Summary 

The main objectives of this study were to map the spatial distribution of distinct 

subaqueous soils, characterize subaqueous soil physical and chemical properties through the 

description and analysis of typical pedons, and to confirm that the typical pedon chosen 

following multiple field observations was representative of its greater map unit. During the 

reconnaissance phase of this research, a conceptual model of the variation of soil properties in 

relation to parent material, bathymetric landscape, spatial location, and vegetation was attained 

following multiple soil descriptions. Soil/landscape relationships have also been documented in 

previous subaqueous soil work in the Northeastern US (Bradley and Stolt, 2003; Bradley and 

Stolt, 2006) and along the Florida coastline (Ellis, 2006; Fischler, 2006), though they had never 
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been documented within a river channel. Briefly, hydrology is paramount in influencing the 

fluvial geomorphic distribution of parent materials, and therefore the template, from which 

subaqueous soils develop. Post-depositional processes interact with parent material to drive the 

ultimate expression of soil morphology.  

Overall, there is a notable range in soil properties and soil forming factors along the 

freshwater-estuarine transition in the Chassahowitzka River and Estuary. The benthic 

environment is a significant component of coastal ecosystems and needs to be considered, 

studied, and understood for the sake of science and resource management. Subaqueous soil and 

resource inventories are emerging as a relevant component of studying and understanding 

shallow coastal benthic environments and their overall ecosystem significance. The subaqueous 

soil survey carried out during this research demonstrated soil/landscape relationships within a 

freshwater/brackish spring-run and its receiving estuary. These findings extend the subaqueous 

soil paradigm for the first time to relatively low-energy freshwater-dominated environments and 

demonstrate the utility of the mapping exercise. The resulting soil map will provide a useful 

basemap for future investigators and resource managers who work in the Chassahowitzka 

Riverine and Estuarine system. 
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Table 3-1. Subaqueous soil map units, areal coverage, average water depth, dominant parent material, soil taxonomic classification, 
and the percent coverage of the map unit within the Chassahowitzka River and Estuary.  OM = organic matter 

 

Soil Map Unit 
 

Subaqueous Soil Map 
Unit Name 

Study Area 
Coverage 

Study Area 
Coverage 

Water Depth 
 Parent Material 

Soil Classification of 
Map Unit Typical 
Pedon 

  (hectares) (%) Range (m)   
       
ChS Chass Sands 10.8 4.2 0-3 Holocene sands Haplic Sulfaquent 

RvS Riversides 22.2 8.6 0-1.5 Fluvial OM, bank erosion 
deposition Mollic Psammaquent 

BlC Blue Crab 17.3 6.7 0-2.5 Holocene sands and 
estuarine OM Typic Sulfaquent 

MdF Midden Flats 115.2 44.5 0-2.5 Estuarine OM deposits and 
fine shell gravels Mollic Psammaquent 

ShB Shell Bottom 90.1 34.8 0-4 Fluvial marine shells coarse 
materials Entisol 

 Total 258.9 100    
    



 

 

82

Table 3-2. Summary of reconnaissance soil descriptions for the surface horizon of all map units delineated within the 
Chassahowitzka River and Estuary. *Shell Bottom (ShB) was frequently not described as it most often consisted of mobile 
coarse sands and gravels.  Surface horizon depth, value, and chroma are listed as: range (mean) 

Soil Map 
Unit  

Soil Map Unit 
Name 

Number of 
Descriptions 

Dominant 
Vegetation 

Surface 
Horizon 
Designation 

Surface 
Horizon 
Depth (cm) 

Surface 
Horizon 
Texture 

Surface 
Horizon 
Hue 

Surface 
Horizon 
Value 

Surface 
Horizon 
Chroma 

Horizon 
Below 
Surface 

ChS Chass Sands 8 
Multiple Algal 
Species, Najas 
Guadalupensis 

A, Oa, A/C, 
C/A 1-11 (5.6) muck-sand N-10YR  0-5 (1.9) 0-3 (0.9) A, A/C 

RvS Riversides 22 Multiple Algal 
Species 

A, Oa, A/C, 
C/A 1-14 (4) muck-sand 

 N-10YR 0-2 (1.6) 0-1 (0.4) A, A/C, 
Oa, Bw 

BlC Blue Crab 6 Multiple Algal 
Species 

Oa, A, 
A/C 1-8 (3.7) 

muck-
mucky sand 
 

N-10YR 
 0-6 (4) 0-1 (0.3) A, Oa 

Ab 

MdF Midden Flats 10 Myriophyllum 
Spicatum Oa, A 2-18 (7.6) muck-

mucky sand N-10YR 2 (2) 0-1 (0.4) A, Oa, CR 

ShB* Shell Bottom 2 None/Algae A/C 4-6 (5) sand/shell 
fragments 

2.5Y-
10YR 2-4 (3) 1-2 (1.5) C 
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Table 3-3. H  designatio pths, and ph  and chemic meters of subaqueous soils of the Chassahowitzka River 
and Es OC = Orga rbon, TN = Nitrogen, an  Total Phosphorus, ND = Not determined. Stoichiometric 
ratios a ar.  *C hor described in 3-7. No typi on was sampled for the Shell Bottom (ShB) map unit as it 
is frequ disturbed a bile 

Horizon Depth TN OC O OC:TP TN:TP ion  Field pH t 
 OM Conductivity Texture n value Gravel Porosity Bulk  

Density 
 cm m /kg g/kg M Molar Molar ays   % dS/m  0.7 % % g/cm3 
              
              

A 9 1 9 246 13 .88 7.15 1 2 1.205 sand <0.7 0.1 ND ND 

AC1 34 0 6 281 20 3.8 7.55 1 1 0.972 sand <0.7 0.3 ND ND 

AC2 55 1 8 289 17 .48 7.47 1 2 1.474 sand <0.7 0.4 ND ND 
CA 66 0 1 50 4 .05 7.7 1 0 1.277 fine sand <0.7 ND ND ND 
                
                
Oa 7 17 209 531 36 .93 7.61 0 42 ND muck >0.7 0.1 95 0.1 
A1 27 10 131 136 9 .53 7.13 0 26 10.26 mucky sand >0.7 0.1 91 0.2 
A2 49 5 104 518 20 .24 6.94 0 21 7.08 mucky sand >0.7 0.2 99 0.5 
A3 64 4 85 1443 62 .18 6.94 0 17 4.64 mucky sand >0.7 0.5 70 0.6 
A4 82 0 5 235 12 .04 6.9 1 1 1.193 fine sand <0.7 0.7 36 1.8 
                
                
AC 6 ND 12 ND ND .44 7.62 1 2 ND loamy sand >0.7 0.2 65 1.3 
2Ab 13 2 12 234 28 7.4 7.48 1 2 2.44 loamy sand >0.7 0.5 74 1.0 

2ACb 24 1 11 398 33 3.1 7.54 4 2 1.714 loamy sand >0.7 0.3 64 1.3 

3Ab 51 4 49 652 45 .95 7.36 2 10 4.92 mucky sand >0.7 0.2 78 0.6 
3ACb 66 1 8 223 14 .98 7.32 1 2 2.75 fine sand <0.7 0.3 47 1.3 
                
                
A1 10.5 6 77 405 26 .18 7.19 0 15 11.46 mucky sand >0.7 ND 85 0.3 
A2 16.5 3 43 247 16 .55 7.31 0 9 2.25 mucky sand >0.7 ND 99 0.8 
A/C1* 61.5 4 67 457 25 .58 7.06 0 13 7.65 mucky sand >0.7 ND 49 0.4 
A/C2* 106.5 6 106 675 32 .46 6.86 0 21 10.24 mucky sand >0.7 ND 85 0.4 
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Table 3-4. Chass Sands (ChS) typical pedon description and taxonomic identification 
 
Typical Pedon Description: Chass Sands  
Map Unit: ChS 
Location N 28° 42’ 59.5”, W 082° 35’ 17.2” 
Classification: Haplic Sulfaquent 
 
A  0-9 cm; 40% gray (5Y 6/1), 30% olive gray (5Y 5/2), 15% black (N 0/0), 10% 

very dark gray, (10YR 3/1), 5% light olive brown (2.5Y 5/4); sand; many fine 
roots; pH 7.15; diffuse boundary. 

 
AC1  9-34 cm; 40% dark gray (2.5Y 4/1), 30% dark gray (10YR 4/1), 10% black (N 

2/0), 10% black (10YR 2/1), 10% gray (10YR 6/1); sand; many fine roots; pH 
7.55; diffuse boundary. 

 
AC2  34-55 cm; 50% dark gray (2.5Y 4/1), 30% gray (10YR 6/1), 10% black (N 2/0), 

10% very dark gray (10YR 3/1); sand; many fine roots; pH 7.47; diffuse 
boundary. 

 
CA  55-66 cm; 60% (2.5Y 6/1), 20% (10YR 2/1), 10% (10YR 4/1), 10% (2.5Y 6/2); 

fine sand; pH 7.70. 
______________________________________________________________________________ 
 
Table 3-5. Riversides (RvS) typical pedon description and taxonomic identification 
 
Typical Pedon Description: Riversides  
Map Unit: RvS 
Location N 28° 43’ 10.2”, W 082° 35’ 58.4” 
Classification: Mollic Psammaquent 
 
Oa  0-7 cm; black (N 2/0); muck; pH 7.61; diffuse boundary. 
 
A1  7-27 cm; black (N 2/0); mucky sand; pH 7.13; diffuse boundary. 
 
A2  27-49 cm; black (N 2/0); mucky sand; pH 6.94; diffuse boundary. 
 
A3  49-64 cm; black (N 2/0); mucky sand; pH 6.94; wavy boundary. 
 
A4  64-82 cm; black (10YR 3/1); fine sand; pH 6.90. 
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Table 3-6. Blue Crab (BlC) typical pedon description and taxonomic identification 
 
Typical Pedon Description: Blue Crab 
Map Unit: BlC 
Location N 28° 43’ 14.7”, W 082° 35’ 52.2” 
Classification: Typic Sulfaquent 
 
Oa  0-1cm; black (N 2/0); muck; pH 7.62; diffuse boundary. 
 
AC  1-6 cm; black (10YR 2/1); loamy sand; pH 7.62. 
 
2Ab  6-13 cm; very dark gray (10YR 3/1); loamy sand; pH 7.48. 
 
2ACb  13-24 cm; dark yellowish brown (10YR 3/4); loamy sand; pH 7.54; wavy 

boundary. 
 
3Ab  24-51 cm; very dark brown (10YR 2/2); mucky sand; pH 7.36; distinct boundary. 
 
3ACb  51-66 cm; very dark gray (10YR 3/1); fine sand; pH 7.32. 
_____________________________________________________________________________ 
 
Table 3-7. Midden Flats (MdF) typical pedon description and taxonomic identification 
Typical Pedon Description: Midden Flats 
Map Unit: MdF 
Location N 28° 42’ 39.5”, W 082° 36’ 43.9” 
Classification: Mollic Psammaquent 
 
A1  0-10.5cm; black (N 2/0); mucky sand; few fine roots; 2% shell fragments; pH 

7.19; diffuse boundary. 
 
A2  10.5-16.5 cm; black (N 2/0); mucky sand; many fine roots; 2% shell fragments; 

pH 7.31; diffuse boundary. 
 
A/C1  16.5-61.5cm; A: black (N 2/0); mucky sand. C: very dark gray (10YR 3/1); fine 

sand. Few fine roots; 2% shell fragments; pH 7.06; diffuse boundary.   
 
A/C2  61.5-106.5cm; A: black (N 2/0); mucky sand. C2: very dark gray (10YR 3/1); fine 

sand. Few fine roots; 2% shell fragments; pH 6.86. 
_____________________________________________________________________________ 
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Figure 3-1. Aerial photo mosaic of the Chassahowitzka River and Estuary (1995).  Imagery data provided by the Florida Department 

of Transportation (FDOT). Channel forms and depositional flats are evident in the phototones
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Figure 3-2. Aerial photographs taken in 1944 and 1999 suggest that the dominant subaqueous 

landforms in the study area are stable (at least over this 55 year period). The aerial 
photos do suggest that there may be some infilling of channels with new sedimentary 
material 
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Figure 3-3. Soil reconnaissance site descriptions and typical pedon sampling locations on the Chassahowitzka River and Estuary. 

Typical pedon sampling locations are indicated as follows: Chass Sands (ChS), Riversides (RvS), Blue Crab (BlC), and 
Midden Flats (MdF).  Shell Bottom (ShB; not shown) was not sampled for a typical pedon as the map unit dominantly 
consisted of mobile sands and gravels 
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Figure 3-4. Subaqueous soil map of the Chassahowitzka River and Estuary.  Map units indicated include: Chass Sands (ChS), 

Riversides (RvS), Blue Crab (BlC), Midden Flats (MdF) and Shell Bottom (ShB).  Map units do not include terrestrial 
islands, mainland, or a dredged channel that exists upstream of the main headspring 
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Figure 3-5. a) Soil pH (field determined) among map units (intentionally presented with the same y-axis as Figure b and c for 

comparison), incubation pH (>120 day moist incubation) as grouped by b) map unit and c) soil texture. d) Bulk density is 
grouped by map unit. All pH calculations were carried out on raw hydrogen ion concentration data and transformed back to 
–log[H+] for data presentation. NA= not available.  **Data not available however, as the Chass Sands were the most sand-
dominated soils within the river system, it is likely they also has the highest bulk densities within the study area.  Box plots 
indicate the sample median (line with dark circle inside the shaded box), upper and lower quartiles (indicated by the shaded 
area above or below the sample median).  Box whiskers indicate the upper and lower limits (1.5*inter quartile range) of 
non-outlying values.  Finally, lines with dark circles beyond boxplot whiskers indicate outlying data points
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Figure 3-6. a) Total phosphorus (TP), c) organic carbon (OC), e) total nitrogen (TN), and molar 
ratios of b) OC:TP, d) TN:TP, and f) OC:TN plotted by map unit.  Box plots indicate 
the sample median (line with dark circle inside the shaded box), upper and lower 
quartiles (indicated by the shaded area above or below the sample median).  Box 
whiskers indicate the upper and lower limits (1.5*inter quartile range) of non-outlying 
values.  Finally, lines with dark circles beyond boxplot whiskers indicate outlying 
data points
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Figure 3-7.  Histograms of the distribution of a) soil texture, b) depth of the surface horizon 

below the soil surface, c) Munsell soil value, d) Munsell soil chroma, e) Munsell soil hue, 
and f) the master horizon underlying the surface horizon.  ‘TP’ indicates the value 
described in the typical pedon soil description. All data presented in histograms 
originates from the Riversides Map unit reconnaissance soil descriptions. All data, with 
the exception of Figure f), reflects the surface horizon (epipedon) at the description site 
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CHAPTER 4 
THE SIMULTANEOUS QUANTIFICATION OF SHORT-TERM BENTHIC NITRATE 

REACTIONS AND DIFFUSE GROUNDWATER SEEPAGE  

Introduction 

The benthic environment plays a vital role in estuarine biogeochemical cycling and in 

regulating biological productivity (Jickells and Rae, 1997; Wall, 2004). In many coastal 

environments, increasing terrestrially-derived NO3
- exports have been associated with 

environmental problems such as eutrophication and hypoxia, sometimes resulting in significant 

economic and ecological damage (Paerl, 2006). Therefore, understanding benthic influences on 

the fate and transport of NO3
- entering estuarine environments has become a significant research 

priority (see Paerl, 2006). However, methodological challenges have limited the investigation of 

two potentially important drivers of benthic NO3
- cycling: 1) reactions stimulated by submarine 

groundwater discharge and 2) the effects of short-term (tidal/diel) variability of environmental 

factors. This study presents an in situ chamber-based method that offers three distinct 

improvements over existing approaches for quantifying benthic NO3
- consumption and/or 

production in dynamic estuarine environments. These improvements include: 1) the capability to 

quantify benthic NO3
- reaction rates over short (hourly) timescales with unprecedented precision,  

2) the ability to simultaneously quantify rates of NO3
- reactions and diffuse groundwater seepage 

(DGS), and 3) in situ NO3
- analysis and near real-time data availability,.  This approach allows 

for an detailed analysis of relationships between NO3
- fluxes and the rate of change of 

environmental variables including tide, temperature, insolation, and DGS over short timescales 

(hours). 

Short Timescales 

Diel variability in estuarine environments integrates the dynamics of tides, changing physical 

and chemical water column characteristics (Sakamaki et al. 2006), photosynthetically active 
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radiation (PAR) (An and Joye, 2001), and related biological processes (Cabrita and Brotas, 2000; 

Qu et al., 2003; Sundback et al., 2004). All of these variables have some potential to influence 

NO3
- cycling processes and rates at the benthic/water interface. In fact, recent measures of tidal 

timescale influences on benthic nutrient fluxes have shown that short-term variation (hours) 

resulted in greater temporal variability in nutrient fluxes than that previously attributed to 

seasonal or spatial variability (Sakamaki et al. 2006).  These findings suggest that multiple short-

term measurements are necessary to accurately quantify the variability, drivers, and ultimately 

the average nutrient fluxes at a given site through time. However, multiple short-term analyses of 

benthic nutrient fluxes have seldom been reported (Sakamaki et al., 2006) due to methodological 

challenges discussed below.  

An ideal in situ method for measuring benthic nutrient fluxes over short time periods 

would fulfill four main criteria: 1) provide multiple high-resolution (sub-hour) measurements to 

discern temporal variability in nutrient fluxes, 2) represent spatial heterogeneity, 3) provide 

limited alteration of in situ hydrologic or biogeochemical conditions, and 4) function well in a 

range of bottom substrate types (from muck to sand).  Methods currently in-use for quantifying 

benthic nutrient fluxes include equilibrium porewater profilers (e.g.Weston et al., 2006;Viollier 

et al 2003), lab-based core incubation techniques (Fisher and Reddy, 2001; Liu et al., 2005; 

Malecki et al., 2004), porewater sippers (McGlathery et al., 2001; Wigand et al., 2001), 

porewater profiles derived from core porewater extraction (Cook et al., 2004) and deployable 

benthic flux chambers (Janssen et al., 2005b; Tengberg et al., 2004; Tengberg et al., 2005).  Of 

these methods, only a chamber-based approach is capable of quantifying short-term in situ 

variability of nutrient fluxes in a single location. 
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Methodological Precision 

Despite the potential advantages offered by benthic flux chambers, such as covering a large 

benthic surface area and allowing measurements under in situ conditions (Viollier et al., 2003), 

many past chamber-based experiments have been limited in temporal resolution by 

methodological precision. Methodological precision is a measure of the variability of a given 

measurement introduced by the process of sampling, preservation, storage, and analysis of a 

given analyte.  Increased measurement variability can potentially result in dramatic variation 

between actual (in situ) and measured concentrations of an analyte (Viollier et al., 2003). A 

significant effort has therefore been made to increase methodological precision by utilizing in 

situ analytical techniques, thereby decreasing artifacts introduced by sampling, preservation, and 

storage  (Viollier et al., 2003). 

Chamber-based benthic NO3
- fluxes are based on the rate calculated from multiple NO3- 

concentration measurements over time in a chamber sealed to the benthic substrate. The greater 

the number of measurements within a given incubation, the more robust the consumption rate 

calculation will be. This makes in situ analysis especially important for short term chamber 

experiments because precise measurements are necessary to resolve the slight changes in 

concentration that occur within a sealed chamber over short periods of time (Figure 4-1).  

However, despite its potential, in situ NO3
- analysis has not previously been coupled with a 

chamber-based approach to evaluate short-term dynamics of NO3
- fluxes. Some previous short-

term chamber experiments have instead relied on a limited number of samples to calculate 

nutrient fluxes. For example, Sakamaki et al (2006) calculated nutrient fluxes over a two-hour 

period from rates based on only two sample points. Increasing sample resolution within each 

short time interval could dramatically increase measurement reliability and would provide a 

means to evaluate the quality of short term flux measurements.  Increasing methodological 
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precision would also increase the overall precision of the final flux measurement, which could 

potentially reveal relationships between NO3
- flux and environmental drivers previously 

unnoticed. 

Influence of Diffuse Groundwater Seepage 

Another factor complicating studies of benthic nutrient cycling in estuaries is DGS 

(Billerbeck et al., 2006; Burnett et al., 2003; Burnett et al., 2006).   Diffuse groundwater seepage 

is also known as submarine groundwater discharge (SGD) in coastal brackish or saline water 

bodies and is the advective transport of groundwater from an aquifer, through surface materials, 

to the water column. Submarine groundwater discharge has become increasingly recognized as a 

process of paramount importance in estuarine biogeochemical cycling (Burnett et al., 2006; 

Charette, 2007; Moore et al., 2006; Swarzenski et al., 2006). Although researchers have 

estimated SGD-driven mass nutrient export (Paytan et al., 2006; Slomp and Van Cappellen, 

2004; Swarzenski et al., 2006) and studied the chemical alteration of SGD within benthic 

porewater (Beck et al., 2007), to the best of my knowledge there has not been a direct study of 

the role of SGD as a driver of nutrient cycling at the benthic/water interface over short timescales 

(hours).  Variability in SGD is often controlled by tidal elevation (Burnett et al., 2006).  

Therefore, if SGD does influence benthic reaction rates, tidal timescale variability may be an 

important regulator of nutrient fluxes. 

Common benthic flux measurement methods including microprofilers, peepers, and 

porewater sippers calculate nutrient fluxes across the benthic/water interface using Fick’s law of 

diffusion and the assumption of diffusion-driven mass transport at the benthic/water interface 

(Hou et al., 2006; Liu et al., 2005; Ni et al., 2006). While this approach is appropriate for 

diffusion-dominated benthic/water boundaries, the assumption is invalidated by the presence of 

advective SGD flowing at even a modest rate. However, many studies do not report an 
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evaluation of their sampling locations for the presence of SGD. As SGD is likely an active 

component in many estuarine environments (Burnett et al., 2006) past diffusive flux estimates in 

areas where advective SGD exists could dramatically misrepresent actual fluxes by a margin 

determined by the rate and reactivity of SGD. 

Chamber designs are currently available to quantify either reaction or diffusion-based 

benthic nutrient fluxes (Tengberg et al., 2004) or mass hydrologic fluxes transported across the 

benthic/water interface by SGD (Burnett et al., 2006; Garrison et al., 2003).  However, no 

method has been presented to quantify SGD-driven nutrient reactions and net nutrient fluxes (i.e. 

SGD-driven mass nutrient fluxes plus/minus nutrient reactions that directly result from SGD 

discharge) under in situ conditions. Many SGD-based nutrient flux estimates multiply a benthic 

porewater nutrient concentration by an associated SGD rate to quantify mass nutrient fluxes 

(Slomp and Van Cappellen, 2004; Swarzenski et al., 2006). Others multiply chamber water 

nutrient concentrations by the SGD rate after allowing SGD to completely exchange the 

overlying water within the chamber (Garrison et al., 2003), likely altering the chemistry of the 

overlying water column and thus its interaction with benthic substrate. Neither method, however, 

considers that denitrification or anammox reactions may also be directly driven by SGD, 

stimulating a gaseous loss of N from the estuary and decreasing the net delivery of N to the 

estuary.  Reactions stimulating a net loss of N are likely to occur given the mixing of reduced 

porewaters (benthic substrate) and oxidized (water column) surface waters driven by SGD in 

estuarine environments. Microbial communities are known to take advantage of the gradient of 

electron donors and acceptors to carry out their metabolic processes. SGD driven N losses, if 

active, could significantly decrease the net impact of SGD on NH4
+ or NO3

- concentrations in the 

estuarine environment. Once modified correctly, a chamber-based design can provide a means to 
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quantify SGD and net NO3
- fluxes simultaneously, thereby allowing an evaluation of the effects 

of SGD driven mass transport on net NO3
- cycling. 

In Situ Nutrient Analyses 

Another impediment to current chamber-based nutrient flux studies is the difficulty of 

knowing whether an appropriate sampling interval was used for a given incubation until 

analytical results are attained up to weeks following fieldwork. High spatial and temporal 

variability may mean that a sampling interval in one location, or at one time, that accurately 

quantified benthic nutrient fluxes, may not be appropriate in another location or under different 

environmental conditions. The ability to evaluate near real-time benthic NO3
- fluxes in situ, can 

offer tremendous advantages that would dramatically increase the efficiency of field-based 

efforts. With near real-time in situ measurements, NO3
- fluxes can be calculated in the field 

between deployments and data integrity and consistency can be verified immediately. 

Conceptual Introduction to the Method Proposed by this Study 

The high spatial and temporal variability and complex hydrological processes 

characteristic of estuarine environments pose unique challenges to those interested in 

understanding benthic NO3
- cycling.  However, this understanding is increasingly important as 

more NO3
- is transferred to the world’s estuaries each year (Paerl 2006). A new methodological 

approach is required to overcome current limitations in sampling frequency, methodological 

precision, and the simultaneous quantification of SGD and NO3
- fluxes. The method described in 

this study provides a high temporal resolution, near real-time, in situ, chamber-based approach 

for the quantification of net benthic NO3
- fluxes and the variability of its environmental drivers. 

The method takes advantage of readily available technology including a commercially available 

in situ NO3
- analyzer, peristaltic pump, sensors, and dataloggers (Figure 4-2) to increase the 

resolution at which benthic NO3
- cycling can be studied.  Sensors to measure dissolved oxygen 
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(DO), temperature, salinity, pH, and NO3
- concentrations are connected to the chamber via a 

flow-through cell and water is constantly cycled between the cell and the chamber via a 

peristaltic pump. The chamber is fitted with a flexible bladder, allowing the movement of SGD 

from below into the chamber. Salinity concentrations are used in combination with a two-source 

mixing model to provide SGD estimates.  All data are evaluated at the same time interval (every 

30 minutes) allowing for an analysis of relationships between NO3
- fluxes and the factors 

influencing those rates including temperature, DO, salinity, pH, and SGD. 

Materials and Procedures 

The benthic chamber was constructed from 46 cm inside diameter (ID) fiberglass cylinder 

(Aquatic Ecosystems; Apopka, FL; Figure 4-2) with a height of 30 cm.  The chamber material is 

approximately 90% translucent to photosynthetically active radiation (PAR; 400-700-nm 

wavelengths). The cylinder was sealed at one end using a 0.635 cm thick acrylic sheet and 

silicone aquarium sealant. Four 5 cm holes were machined into the sides of the chamber to 

accommodate rubber stoppers. Rubber stoppers (#10; Fisher Scientific; Pittsburgh, PA) were 

then drilled to accommodate 1 cm ID PVC tubing while maintaining a watertight seal.  A 

flexible bladder was attached to the chamber to equilibrate inner and outer water pressure 

through the changing tidal cycle and to allow SGD to enter the chamber. 

A 1 cm ID flexible PVC tube was connected to a peristaltic pump (Masterflex E/S Portable 

Sampler, Cole-Parmer Instrument Company; Vernon Hills, IL) and the flow rate was calibrated 

at 200mL/min. The peristaltic pump drew water from one side of the chamber, through a flow-

through cell constructed of 6 cm ID, 0.635 cm thick, acrylic tubing, and back into the other side 

of the chamber. One end of the flow-through cell was sealed with a rubber stopper (#11) drilled 

to accommodate the filter head for a YSI 9600 in-situ NO3
- analyzer (YSI Environmental; 

Yellow Springs, OH). The YSI 9600 utilizes flow-injection and in situ filtering in order to 
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analyze NO3
- using the well known cadmium-reduction method (Strickland et al., 1972). An 

accuracy of ±5% or 0.01mg/L and a precision of 0.002mg/L NO3
--N were reported by YSI when 

using its protocols for sample analysis and post-processing. Those protocols were followed 

during this study and the accuracy and precision were confirmed under laboratory conditions 

prior to deployment. The other end of the flow-through cell was fitted with a rubber stopper 

(#11) drilled to accommodate a YSI 6000 series multi-probe sonde. Variables monitored using 

the datalogging multiprobe sonde included temperature, conductivity, salinity, pH, and DO. 

Fluid flow across all probes was maintained throughout the experiment via the peristaltic pump 

which ran throughout the experiment. 

Environmental Data 

Tidal variation was measured using a datalogging pressure transducer (“Mini-Troll” by In-

Situ Inc; Ft. Collins, CO). The pressure transducer was installed in an acrylic well to reduce any 

variability due to water velocity. The well was submerged in the water column (but not into the 

benthic substrate) and secured to a rod that had been firmly embedded in the channel bottom. 

Photosynthetically active radiation (PAR) measurements were made using two Li-COR Quantum 

Sensors (Li-COR; Lincoln, NE), one each for above and below the water surface (LI-190 and LI-

192, respectively). Both light sensors were connected to millivolt adaptors (Li-COR part number 

2291 and part number 2290 for surface and subsurface sensors, respectively) and wired to a 

CR1000 datalogger (Campbell Scientific; Logan, Utah). Four platinum-tipped redox electrodes 

were installed in the chamber so as to contact the upper 1-2 cm of the benthic surface and were 

connected to the CR1000 datalogger along with a calomel electrode that was submerged in the 

water column. The CR1000 datalogger was programmed to measure sensor voltages once per 

second, correct voltages to a standard hydrogen electrode, and calculate and store averages and 

standard deviations at 5 and 30 minute intervals. 
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All dataloggers were time-synchronized prior to deployment and set to record data at 5-

minute intervals, with the exception of the YSI 9600 NO3
- analyzer, which logged at 30 minute 

intervals. All sonde probes were calibrated hours prior to deployment with the exception of DO, 

which was calibrated just prior to deployment after allowing at least 30 minutes for the DO probe 

to become polarized. All chemical reagents in the YSI 9600 were supplied by YSI, with the 

exception of the NO3
- standard, which was purchased from Fisher Scientific. Three separate 

subsamples of the final mixed standard reagent were analyzed by a Florida DEP-certified 

laboratory (Dawn Lucas, University of Florida) and the mean of three values was determined to 

be 0.290mg/L. The standard solution was used to continuously calibrate the YSI 9600 in situ at 

two hour intervals using its native automated program throughout the experiment. A standard 

YSI pre-deployment check was conducted immediately before deployment and no problems or 

issues were detected.  

Method Assessment 

Site Description: Chassahowitzka River 

Florida’s Gulf Coast is tidally influenced, underlain by a large karst aquifer, and covered 

with a diverse assemblage of benthic substrates. Multiyear trends of increasing NO3
- 

concentrations in coastal springs result from elevated terrestrial anthropogenic deposition of N 

and its transfer though the karst Floridan Aquifer (Frazer, 2000; Frazer et al., 2001; Frazer et al., 

2003; Jones et al., 1997; Katz et al., 2001b; Scott et al., 2004).  Coastal spring-fed rivers draining 

the Floridan Aquifer have varying capacities to “mitigate” NO3
- loads along the length of their 

runs, and therefore contain distinct capacities to reduce N-loading to sensitive coastal ecosystems 

(Frazer, 2000; Frazer et al., 2001; Frazer et al., 2003). However, at present, the mechanisms 

behind the observed decreases in NO3
-concentrations are not well understood. 
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The upper sections of the Chassahowitzka River on Florida’s Gulf Coast are characterized 

by a distinct spatial gradient of NO3
- concentrations, decreasing from the brackish springhead 

into the coastal estuary and signaling a high potential for the benthic regulation of NO3
- uptake 

(Chapter 2). The method evaluation site was located within a tidally-influenced reach less than 1 

km from the spring source and is considered the low salinity (~2.6 ppt) end-member of the 

estuarine gradient. Brackish SGD in the area is likely a combination of terrestrial freshwater and 

brackish waters mixed within the subterranean estuary. Based on large scale mass balance 

calculations, the most significant downstream decreases in NO3
- concentrations also occur in this 

area (Chapter 2, Transect 2). In areas similar to the site, bottom textures ranged from mucky sand 

to sand and organic matter (OM) content ranged from 1-46% through the soil, with the highest 

OM values measured at the surface (Chapter 3). Dark colors and odor indicated the presence 

sulfides just below the benthic surface at the study site. 

Chamber Deployment 

The chamber was slowly and carefully embedded in the benthic substrate such that the 

chamber wall was submerged 15 cm below the benthic surface. The chamber was left with ports 

open to equilibrate for over an hour. Following the equilibration period, all dataloggers were 

engaged and the chamber was sealed using the rubber stoppers and flow-through circuit. Six 

chamber incubations were conducted over a twenty-four hour period. The chamber was opened 

for a minimum of one hour between incubations. During this time, one end of the flow-through 

circuit was placed in the water column, pumping surface water from the surrounding water 

column into the chamber. This was done to re-equilibrate the chamber with the overlying water 

column, which was constantly altered in response to tidal and diel variability. Chamber 

incubations and monitoring began at 6:30PM Eastern Standard Time on April 24, 2007 and 

ended at 6:00PM on April 25, 2007. 
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Benthic Flux and Biogeochemical Reaction Calculations 

Data were assembled into a database that included 30 minute averages of environmental 

and chamber variables and NO3
- concentration data. Data from equilibration periods were 

removed and the rate of change of all variables was calculated for each incubation using the 

least-squares fit of the slope of time (hours) versus concentration data for the parameter of 

interest. Chamber volumes were calculated by measuring the average height of the chamber 

above the benthic substrate, measured on four sides of the chamber, and multiplying by the 

chamber cross-sectional area. The volume of the flow-through cell and bladder was measured by 

filling the entire extent of the cell and conduit with water and measuring the resulting volume in 

a graduated cylinder. Changes in NO3
- and DO concentrations expressed on the basis of 

mass/area/time were considered to be net additions or losses across or in response to reactions 

occurring at the benthic/water interface. Linear regression was utilized to evaluate significant 

relationships between NO3
- and DO addition and losses and the rates of change of the 

environmental variables measured. All data analysis was completed using Splus 6.1 (Insightful 

Corp., 2002; Seattle, WA). 

The technical definition of the term “flux” refers to the mass transfer of a given material 

across a boundary of known area in a specific amount of time.  However, much of the literature 

measuring reactions at the benthic/water interface over time actually refer to mass transfers 

across or in response to the benthic/water interface; meaning that although some reactions occur 

at the benthic water interface, the mass movement of the chemical species across the interface 

may never occur.  In keeping with the technical definition, results quantifying changes in 

concentration across or in response to the benthic/water interface will be referred to here as 

additions or losses.  It should be noted however, that the general approach to making and 

calculating the chamber measurements for measuring fluxes or additions and losses is the same.  
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Therefore, what have commonly been termed as “fluxes” are comparable with what is described 

here as an addition or loss.  The one exception is SGD-driven dilution which causes an apparent 

loss of concentration and is discussed below.  

Calculating SGD and SGD-Driven Influences on NO3
- Additions and Losses 

Consistent decreases in salinity concentrations within the chamber during all chamber 

incubations were assumed to be caused by SGD. Freshwater discharging from the aquifer at the 

springhead had a salinity concentration of approximately 2.6 ppt. Surface waters that had mixed 

with more saline waters, were characterized by elevated salinity concentrations that ranged from 

2.9-3.5 ppt in the water column during the course of this experiment. Therefore, when aquifer 

water (SGD) (2.6 ppt) was mixed with surface water (2.9-3.5 ppt), dilution of the overlying 

water column with SGD produced a consistent decrease in salinity. Dilution consistently 

occurred within the chamber regardless of outside salinity concentration, suggesting that SGD 

occurred at some rate throughout the entire period of study. To estimate the volume of water 

associated with SGD, a two-source mixing model was utilized. The volume of SGD (VSGD) was 

calculated as follows: 

VSGD = ((Ci – Cf)/( Ci-CSGD))*VChamber (4-1) 

where Ci = initial chamber salinity, Cf = final chamber salinity, CSGD = assumed SGD salinity 

(2.6 ppt), and VChamber = final volume of the chamber. VSGD was normalized to the surface area of 

the chamber in contact with the benthic substrate to produce discharge rates normalized to units 

of L/m2/day.  

The benthic substrate was measured for redox potential at four locations and values 

averaged well below -100mV which suggested that no NO3
- was present beneath the benthic 

surface under these highly reduced conditions.  Given this information, it was assumed that NO3
- 

was not present within the SGD that was transported through the chemically reduced conditions 
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of the organic-rich bottom.  To estimate the effects of SGD on NO3
- additions and losses within 

the chamber, it was necessary to calculate the proportion of the total mass NO3
- decrease 

accounted for by both conservative dilution (i.e. SGD-based dilution) and non-conservative 

biogeochemical reactions (i.e. biological assimilation, denitrification, anammox reactions, 

dissimilatory NO3
- reduction to ammonium, or any other reaction that would alter NO3

- 

concentrations).  The former can be calculated as: 

VTSGD = (1-(Cf/ Ci))*VChamber (4-2) 

where VTSGD = theoretical volume of SGD required to account for observed changes 

concentration (used for NO3
- and DO), Ci = initial chamber concentration, Cf = final chamber 

concentration, and VChamber = final volume of the chamber.  The latter was calculated as: 

Fcp
 = (VSGD/VTSGD)*100  (4-3) 

where Fcp = the percentage of VTSGD accounted for by conservative dilution (of either NO3
- or 

DO). The losses unaccounted for by conservative dilution were assumed to result from non-

conservative biogeochemical reactions. 

Fncp
 = 100-Fcp  (4-4) 

where Fncp = the percentage of the additions or losses accounted for by non-conservative 

biogeochemical reactions.  Percentages where then multiplied against actual measurements of 

additions and losses to calculate the additions and losses due conservative and non-conservative 

processes.  It should also be noted that dilution only causes an apparent loss of NO3
- and that 

total NO3
- mass is conserved within the chamber. 

Results 

Diel Variation 

Over the period of study, the average photon flux density ranged from 0-1200 

µmol/m2/min, following the variability expected of a diel cycle (Figure 4-3). Temperature (range 
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= 23-26°C), DO (range = 140-480µM), and pH (range = 7.1-8.0) increased markedly in the water 

column with photon flux. NO3
- concentrations ranged from 11-26µM in the water column and 

were highest when salinity was lowest, indicating a freshwater NO3
- source. Tidally driven 

changes in water column elevation roughly co-varied with the diurnal light cycle; low tide 

occurred at 7:30AM and the tidal high was at approximately 4PM (Figure 4-3). Generally, 

nighttime values were associated with a falling tide while daytime values were associated with a 

rising tide. Wind was light throughout the daytime hours of the experiment and almost 

completely calm during the night. There was no precipitation and scattered cloud cover 

throughout the duration of the field trial. 

Benthic Reactions and Environmental Variability 

Table 4-1 presents the rates of change for all water and environmental constituents 

calculated using slopes of data segments indicated by lines shown in Figure 4-4. Each segment 

represents an incubation period, each separated by a period of chamber re-equilibration.  

Apparent NO3
- losses ranged from -112 to -385 µmol/m2/hr and DO additions and losses ranged 

widely from -5059 to 5332 µmol/m2/hr (Table 4-1; Figure 4-4). DO losses occurred during the 

nighttime hours while additions occurred concomitant with the strongest period of insolation 

(incubation 5, Figure 4-4). Temperatures decreased at night at a maximum rate of -0.61°C/hr and 

increased during the day at a maximum rate of 0.61°C/hr. Salinity concentrations consistently 

decreased during all incubations; however, the rate of salinity decrease varied from -0.007 to -

0.024 ppt/hr (Table 4-1, Figure 4-4), equivalent to an SGD rate of 50.7-175.8 L/m2/day. 

NO3
- Additions and Losses and Their Relationships to Environmental Parameters 

Net NO3
- losses were positively correlated with NO3

- concentration (r2 = 0.65; P=0.056) 

throughout the study period.  When the outlying data point from incubation 3 was removed, net 

NO3
- losses were significantly related with NO3

- concentrations (Figure 4-5; r2 = 0.997; P<0.001) 
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and SGD rate (r2 = 0.94, P<0.01; Figure 4-6). Finally, SGD was related to water column 

elevation (Figure 4-7; r2 = 0.69, P = 0.08), though SGD appeared to vary during ebb and flood 

tides (Figure 4-7). It should be noted here that salinity dilution (i.e. SGD) occurred regardless of 

the relative salinity outside the chamber or tidal elevation. Even when salinities outside the 

chamber were elevated in comparison to waters inside the chamber, the chamber salinity 

concentrations would continue to decrease. The one exception, left in Figure 4-4 as an example 

(but not included in calculations), occurred during the final chamber incubation (Incubation 6, 

Figure 4-4). In that case, a rubber stopper was dislodged as the result of a wake of a passing 

watercraft, causing an immediate increase in salinity concentrations. These results demonstrate a 

reliable seal between the chamber and the underlying benthic substrate and show that SGD was 

continually flowing from the benthic substrate into the chamber. 

Submarine Groundwater Discharge 

Two distinct modes (“conservative” and “non-conservative”) of SGD influence were 

evaluated for their significance in altering NO3
- concentrations. The conservative mode 

accounted for dilution of NO3
- concentrations that resulted from mixing SGD waters depleted in 

NO3
- with surface waters rich in NO3

-. On average, conservative SGD-derived dilution accounted 

for 28% (range = 17-54%; Table 4-2) of the observed changes in NO3
- concentration. Other 

factors (non-conservative) on average accounted for the remaining 72% (range 46-83%) of NO3
- 

losses observed within the chamber system. 

Data Interpretation 

In accordance with the findings of Sakamaki et al. (2006), strong variability was observed 

for in situ water column physical and chemical parameters and resulting NO3
- additions and 

losses at the benthic/water interface in response to tidal and diel temporal variation. However, 

the temporal resolution, precision, and capacity to measure SGD provided by the methodology 
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introduced here also allowed for an evaluation of relationships between SGD, tidal elevation, 

light, temperature, water column elevation and NO3
- additions and losses over multiple chamber 

incubations over a diel time period. While previous benthic nutrient flux studies in estuarine 

environments have not addressed SGD-driven biogeochemical reactions, in this field trial, SGD 

was significantly related to conservative and non-conservative NO3
- losses. In fact, regardless of 

marked diel variation in light, temperature, pH, and DO concentrations, both SGD and water 

column NO3
- concentrations were significantly related to NO3

-
 losses. While benthic NO3

- 

concentrations have been related to benthic NO3
- losses in a number of studies (Laursen and 

Seitzinger, 2004; Seitzinger et al., 2006; Seitzinger, 1987), SGD has not been directly linked to 

reactions at the benthic/water interface.  

The potential role of SGD in altering observed benthic NO3
- additions or losses may be 

two-fold: 1) exfiltration of groundwater depleted in both NO3
- and DO into the river and estuary 

will result in dilution of surface water NO3
- concentrations (conservative dilution) and 2) 

incoming SGD may influence in-stream nutrient concentrations by providing reactants for the 

chemical alteration of water column nutrient species via denitrification, anammox, or other NO3
- 

reduction reactions (non-conservative reactions). While NO3
- reduction, denitrification, and the 

influence of reduced compounds have been observed at the benthic/water interface in many 

environments (see Bianchi, 2007), no study that I am aware of has evaluated how SGD modifies 

these processes.  Continued work and a larger study will be needed to test the hypothesis that 

SGD acts as a significant driver of benthic NO3
- reactions. 

Although aquifer groundwater at the research site is known to have appreciable NO3
- 

concentrations in its limestone-dominated matrix, the sand and OM-dominated benthic substrate 

provided a chemically reduced environment, indicating very low to non-existent concentrations 
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of NO3
-. This suggests that chemical reduction in the benthic substrate is key for reducing NO3

- 

concentrations in two spatially-distinct sites within the river-estuarine system. The first site is at 

the base of the highly-reduced subaqueous soil environment. As aquifer groundwater enriched 

with anthropogenic NO3
- exfiltrates from limestone and passes up into the benthic substrate, 

NO3
- is likely lost to microbial uptake and reduction reactions. This mechanism is hypothesized 

based on known elevated NO3
- concentrations in the aquifer, calculated SGD rates, and redox 

measurements taken in the field that preclude a significant presence of NO3
-. The second site of 

benthic-mediated NO3
- reduction likely occurs at the subaqueous soil/water column interface. 

Flows of SGD through the benthic interface likely deliver reduced chemical species towards the 

water column that fuel NO3
- reduction not only at the benthic/water interface but perhaps in the 

water column above.  Again, more detailed analyses must be undertaken in the future to test the 

above-mentioned hypothetical relationships. 

Ultimately, the electron source for NO3
- reduction reactions is derived from the microbial 

oxidation of organic matter incorporated into the benthic substrate. Given the hypothetical 

influence of SGD discussed above, one would expect that substrates with distinct physical and 

chemical characteristics, particularly organic matter content, will vary in their interaction with 

the SGD moving through them (Ni et al., 2006). Also, the rate of SGD at a given location will 

vary with the transmissivity of a given substrate, which in turn varies with the particle size, bulk 

density, and organic matter content. Based on these observations, another hypothesis emerges: 

Benthic substrate properties significantly influence the chemical properties and rate of SGD.  

Given that SGD varies with tide and as a function of bottom type, it is also likely that the 

temporal variability of SGD-driven NO3
- reactions will also be different between distinct bottom 

types. 
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Given the context of increasing NO3
- contamination of the Floridan Aquifer, the value of 

coastal resources to the state of Florida, and their sensitivity to anthropogenic disturbance (e.g. 

Chapter 2), the SGD-related processes reported herein may be quite important at the regional 

scale. At this time it is impossible to state that these processes are occurring all along the coast. 

However, research in Florida’s coastal environment has shown that SGD is occurring at 

appreciable rates (Burnett et al., 2003; Martin et al., 2006; Swarzenski et al., 2007; Swarzenski et 

al., 2006). Also, strong decreases in NO3
- concentrations have been observed from source to sea 

in many coastal spring-fed rivers (Frazer et al., 2006; Frazer et al., 2001). As SGD is a common 

occurrence globally (Burnett et al., 2003), the interaction of SGD, benthic substrate, and 

reactions at the benthic/water interface could have greater significance and is in need of more 

detailed study. 

Discussion 

The method described above addresses the methodological challenges of providing high-

resolution, real-time, in situ measurements of NO3
- concentration, SGD, and environmental 

parameters via a chamber-based approach.  The method was capable of quantifying rates of 

change of these variables via multiple incubations within the diel and tidal timescale. The data 

provided sufficient resolution for the evaluation of relationships between the rates of change of 

all measured variables and increased measurement precision by eliminating variability 

introduced by sample preservation and storage.  SGD was calculated concomitantly with NO3
- 

losses under in situ conditions with high temporal resolution for the first time. At the method 

evaluation site, it appeared that SGD had the potential to be particularly important in influencing 

rates of benthic NO3
- reactions.  This method has the potential to provide new and valuable 

insight into the impact of SGD on benthic biogeochemistry in estuarine environments. 
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Estuarine areas subject to significant rates of SGD require a new approach, such as the one 

presented, to quantify nutrient additions and losses at the benthic/water interface.  In areas with 

appreciable rates of SGD, studies based on assumptions of diffusive transport may dramatically 

misrepresent nutrient additions or losses, given that porewater is actively flowing into the water 

column. Previous chamber-based methods that did not provide a bladder for the infiltration of 

SGD may alter benthic hydrology, and thus could potentially influence their reported flux 

measurements. Past benthic flux studies carried out in areas with a high potential for SGD should 

be interpreted with caution, given that the role of SGD may not have been accounted for. 

The method described above will allow for detailed research into the various factors 

affecting net NO3
- reactions at the benthic/water interface.  The method can be used to study the 

role of plants, various substrates, sites with differing rates of SGD, or sites with different tidal 

scale variability.  Short-term variations resulting from pulse events such as elevated rainfall 

events can also be evaluated for their impact on benthic NO3
-
 cycling. Further, manipulative 

experiments focused on determining the influence of nutrient additions, distinct light and 

temperature regimes, or altered water column characteristics can be also carried out in situ and in 

near real-time to experimentally determine their influence on benthic NO3
- consumption. 

Although this method is specifically designed to quantify net NO3
- and DO reactions, as in situ 

analytical technology becomes available, other nutrient species, gases, or heavy metals can also 

be evaluated over the short term and in response to SGD. 

Comments and Recommendations 

Although the reported methodology was evaluated in a sand-dominated environment, 

chamber deployments in organic matter rich estuarine deposits should be feasible without any 

modification.  However, the two-source mixing model approach presented here requires two 

distinct sources of chemical constituents (SGD porewater and the overlying water column) that 
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have contrasting salinity concentrations.  This should not present a problem in most cases, as 

SGD is generally more dominated by freshwater in many estuarine environments, However, this 

may present a problem where there is very little to no difference between salinities in porewater 

and the overlying water column.  In those cases, it may be possible to introduce a conservative 

tracer into the chamber to quantify SGD rates, though this was not evaluated as a component of 

this study.  It may also be possible to couple this chamber-based approach with those designed to 

measure SGD at fine temporal intervals.  For example, Swarzenski et al. (2006) utilized an 

electromagnetic seepage meter to measure rates of SGD.  If integrated into the chamber 

described in this study, the seepage meter could eliminate the need for the two-source mixing 

model. 

The initial deployment of this method was carried out in an area with slow-moving water 

column velocities of generally <0.01 m/s. However, recent research has shown that at sites with 

elevated water velocities, advection-driven exchange across the benthic/water interface can also 

dramatically influence measurements of benthic nutrient cycling. Janssen et al. (2005) developed 

a method to simulate advective conditions within a chamber using a horizontal paddle and 

motor-driven mixing approach. The method presented here could also be modified to incorporate 

an advective stirring component and thus quantify both advective-driven exchange (Janssen et 

al., 2005a; Janssen et al., 2005b) and SGD-driven influences on net benthic NO3
- reactions.   

This in situ, high temporal resolution, multi-parameter approach to quantifying benthic 

NO3
- additions and losses should greatly increase our understanding of the variability, 

mechanisms, and drivers influencing NO3
- cycling in many coastal and estuarine environments. 

Future work comparing various substrate types, the influence of macrophyte and algal 

communities, and focused over longer time periods (weeks) or during distinct time periods 
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(storms/high NO3
- loading) will likely yield valuable insight into the dynamics and drivers of an 

important component of estuarine biogeochemical cycling.
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Table 4-1. Rates of change for all parameters of interest calculated during each of the six incubation periods 
Incubation Date/Time* Night/Day 

(tide) 
NO3

-

µmol/m2/hr
DO 
µoml/m2/hr

Water 
elevation 
cm/hr 

Temp 
°C/hr 

Salinity 
ppt/hr 

pH 
units/hr

Light 
intensity 
(surface) 
mmol/m2/min

Light 
intensity 
(underwater) 
µmol/m2/min 

1 4/24/07 
19:30 Night (high) -165 -5059 4.22 -0.510 -0.010 -0.002 -263.8 -188.8 

2 4/24/07 
23:15 Night (high) -112 -3393 -3.98 -0.606 -0.005 -0.023 -0.6 12.3 

3 4/25/07 
3:30 Night (low) -205 -3164 -3.31 -0.062 -0.014 -0.014 -18.6 -8.7 

4 4/25/07 
7:30 Day (low) -385 -2079 -0.49 0.039 -0.036 -0.002 65.1 3.2 

5 4/25/07 
11:30 Day (low) -286 5332 9.10 0.606 -0.020 0.020 109.6 65.9 

6** 4/25/07 
14:45 Day (high) NA NA 4.41 NA NA NA 90.4 -52.2 

Note: Dissolved oxygen (DO), total dissolved solids (TDS); *Times represent the mid-point of each incubation period; **Incubation 6 
was disturbed by a passing watercraft and therefore rates of change were not calculated for parameters measured within the chamber 
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Table 4-2. Estimates of submarine groundwater discharge (diffuse porewater seepage) rates and the conservative and non-conservative 
additions and losses of NO3

- and dissolved oxygen 
  Volume of SGD 

hypothetically required 
to produce observed 

changes in concentration 
(Liters) 

NO3
- losses accounted  

for by conservative and  
non-conservative processes 

 
(%) 

 

DO additions and losses 
accounted for by 

conservative and non-
conservative processes 

(%) 
 

SGD Rates 
 
 
 

(L/m2/day) 

Incubation Date/ 
Time* 

NO3
- 

 
Salinity 
 

DO  
 

Conservative 
 

Non- 
Conservative 
 

Conservative 
 

Non- 
Conservative 
 

Salinity-based 
SGD estimation 

1 4/24/07 
19:30 3.6 0.7 0.8 23 77 98 2 50.7

2 4/24/07 
23:15 4.1 0.7 2.9 20 80 28 72 41.7

3 4/25/07 
3:30 2.9 2.4 4.2 54 46 38 62 175.8

4 4/25/07 
7:30 7.0 2.8 5.0 29 71 41 59 133.9

5 4/25/07 
11:30 4.6 1.1 -5.2 17 83 -15 ND 81.5

Mean  4.4 1.6 1.6 28 72 38 62 96.7
Note: Dissolved oxygen (DO), total dissolved solids (TDS), submarine groundwater discharge (SGD), not determined (ND); *Times 
represent the mid-point of each incubation period.  Incubation 6 is not presented as the measurement was disturbed by a passing 
watercraft 
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Figure 4-1.  The theoretical relationship between sampling intervals necessary to calculate nutrient chamber-based additions and 

losses vs. the method precision necessary to provide adequate information for the calculation of nutrient addition and loss 
rates.  As the sampling interval decreases, the precision to resolve slight differences in concentration increases rapidly 
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Figure 4-2. Schematic of benthic chamber instrumentation and deployment configuration. Not pictured is a flexible bladder connected 

to the side of the chamber via a rubber stopper which allows the exchange of SGD.  Note: Figure not to scale
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Figure 4-3. Diel variation in a) solar irradiance, b) mean water column height, c) temperature, 
and d) NO3

- concentration averaged by incubation period. An in situ incubation was 
conducted during each of these unique combinations of conditions. The x-axis 
represents the midpoint of the incubation period, staring at 8PM Eastern Standard 
Time, and therefore does not extend across the entire temporal range 
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Figure 4-4. Regression lines used to calculate the rate of change for a) Water column elevation, 

b) dissolved oxygen, c) temperature, d) nitrate, e) salinity, f) pH, g) light (i.e. solar 
irradiance).  The x-axis in graphs a-g is hours from the beginning of the experiment 
and began at 6:30PM Eastern Standard Time 
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Figure 4-5. a) Conservative and b) non-conservative NO3
- losses and their relationship to NO3

- 

concentration.  Incubation 6 is excluded due to an accidental chamber opening during 
the incubation.  Incubation 3 is considered an outlier for the equation calculated in 
Figure a and c.  However, incubation 3 also had the highest rate of SGD, which may 
have modified the strong relationship between NO3

- concentration and its rate of 
uptake (or production). This relationship warrants further investigation in the future 

a) 

b) c) 
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Figure 4-6. Relationships between submarine groundwater discharge (SGD) and a) total NO3

- 
losses, b) conservative NO3

- losses, and c) non-conservative NO3
- losses.  Incubation 

6 is excluded due to an accidental chamber opening during the incubation.  Incubation 
3 is considered an outlier for the equation calculated in Figure a.  However, 
incubation 3 also had the highest rate of SGD, indicating a potential non-linear 
relationship as shown in Figure c. This relationship warrants further investigation in 
the future 
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Figure 4-7. Submarine groundwater discharge (SGD) as related to water column elevation.  SGD 

rates are highest when the water column elevations are low, likely due to a decreased 
pressure once the volume of overlying water was decreased 
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CHAPTER 5 
SYNTHESIS: BIOGEOCHEMICAL DYNAMICS OF SUBAQUEOUS SOILS IN THE 

CHASSAHOWITZKA SPRING-FED RIVER AND ESTUARY 

Anthropogenic impacts at the global scale continue to influence the coastal environment. 

Florida’s valuable coastal resources are particularly susceptible to anthropogenic impacts, 

especially given the karst nature of Florida’s geology. The interconnectivity between 

anthropogenic activities on land and rising nutrient concentrations at the springhead was shown 

in Chapter 2. Significant positive correlations between annual precipitation and NO3
- 

concentrations strongly suggest that NO3
- is quickly transported from the surrounding terrestrial 

environment and into the river and estuarine system. The analysis in Chapter 2 demonstrated that 

receiving water bodies and associated benthic substrate have distinct abilities to ameliorate 

excess NO3
- and soluble reactive phosphorus (SRP) concentrations. Along the upper transect of 

the Chassahowitzka River NO3
- losses increased in proportion to the total NO3

- load while 

increases in SRP losses did not change significantly under high SRP loading conditions. Despite 

the capacity of the system to uptake additional amounts of NO3
-, both NO3

- and SRP 

concentrations increased significantly at transect 10 in response to elevated nutrient loading 

conditions suggesting that the natural buffering capacity of elevated nutrient concentrations 

along the upper transects of the study area had been maximized.  

Benthic substrate likely plays a dominant role in the biogeochemical cycling of N and P, 

especially in along the upper transects of the Chassahowitzka River. Mapping the spatial 

distribution of subaqueous soils within the Chassahowitzka River and Estuary and determining 

their basic physical and chemical properties was the subject of Chapter 3. It is well known that 

the nature of benthic substrate (i.e. its physical and chemical properties) will likely influence its 

function in the environment. Therefore, understanding large-scale trends in the distribution of 

subaqueous soils and their physical and chemical properties is extremely important in the 
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determination of the location of nutrient cycling hotspots. Chapter 3 also provided a pedological 

perspective on the factors that control the properties of benthic substrate within each map unit.  

Soil properties are an integrated manifestation of the climate, organisms, bathymetry, 

parent material, hydrology, and disturbance regime of their surrounding environments as 

discussed in Chapter 3. Environmental drivers and soil forming factors therefore create an 

equilibrium condition in the structure of subaqueous soil, which in-turn influences its function in 

the environment. Chapter 4 provided a focused on evaluating a new method to quantify the 

variability, drivers, and net function of a particular soil in NO3
- cycling. This method was 

evaluated in the Chassahowitzka River and Estuary and provided valuable new insight into NO3
- 

cycling at the benthic-surface water interface. The subaqueous soil chosen for study was located 

in the upper transects most often exposed to elevated NO3
- concentrations. Findings from 

Chapter 4 demonstrated strong diel and tidally-dependent variability in NO3
- flux rates. New 

insights into the complex interactions between subaqueous soil properties, regional hydrology 

and submarine groundwater discharge, and NO3
- concentration and loss rates were gained from 

this research. This new and novel method has opened significant doors for future hypothesis-

driven research.  

Synthesized, the research presented in this dissertation has reshaped the current conceptual 

understanding of how the Chassahowitzka River and Estuary processes nutrients and 

characterized the system’s vulnerability to anthropogenic activities. New insights into the role of 

submarine groundwater discharge, tidal variability, nutrient flux rates, seasonal and decadal scale 

nutrient distributions and processing, and the distribution and properties of subaqueous soils 

have provided information valuable for both mangers of local water resources as well as for 

future investigations. 
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APPENDIX A 
SUPPORTING SOIL PHOTOS AND MINERALOGICAL ANALYSES 

Riversides 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-1. Riversides soil core and microscopic images for reference purposes 
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Figure A-2. Riversides soil core near on the lateral edge of Crab Creek 
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Blue Crab 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-3. Blue Crab soil core and microscopic images for reference purposes 
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Figure A-4. Blue Crab soil core with a large krotovina. Krotovina were relatively common in the 

Blue Crab map unit 
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Midden Flats 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-5. Midden Flats soil core and microscopic images for reference purposes 
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Chass Sands 

 
Figure A-6. Chass Sands soil core for reference 



 

 

131

 

 
Figure A-7.  Chass Sands augered soil sampled during reconnaissance work 
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Figure A-8. Chass Sands soil core with a clay-enriched horizon at its base 
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Figure A-9. Subsample from clay enriched horizon from figure above 

 
 

 
Figure A-10. Microscopic photo of potential biomineralization site from sample in Figure A-9 
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Figure A-11. Microscopic photo of potentially biomineralized spherules from the sample in 

Figure A-9 

 
 

 
Figure A-12. Microscopic photo of potentially biomineralized framboidal pyrite from the sample 

in Figure A-9 
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Figure A-13. What appear to be iron-based, rounded minerals from the sample in Figure A-9 

 
 

 
Figure A-14.  Differential scanning calorimetry results for clays from the sample in Figure A-9 
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Figure A-15.  X-ray diffraction results from clay and silt fractions taken from the sample in 

Figure A-9 

 
Figure A-16. Scanning electron microscope image of minerals sampled from Figure A-9 



 

137 

 
Figure A-17. Scanning electron microscope image of framboidal pyrite taken from the sample in 

Figure A-9 
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Figure A-18. Augered soil from the a densely vegetated site in the Chass Sands map unit of Crab Creek 
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APPENDIX B 
RAW FLUX MEASUREMENT DATA 

Table B1. Five minute dataset of chamber and environmental data. SpCond = specific 
conductivity,  DO = dissolved oxygen 

Date and Time 
Water 

Elevation 
(cm) 

Temperature 
(ºC) 

SpCond 
(mS/cm)

Total 
Dissolved 

Solids 
(g/L) 

Salinity 
(ppt) 

DO 
(µM) pH 

4/24/07 17:30 71.1 25.58 6.666 4.333 3.64 422.50 8.03 
4/24/07 17:35 71.1 25.88 6.444 4.189 3.51 458.75 8.07 
4/24/07 17:40 71.2 25.83 6.418 4.172 3.49 478.75 8.09 
4/24/07 17:45 71.4 25.74 6.38 4.147 3.47 433.75 8.07 
4/24/07 17:50 71.7 25.71 6.334 4.117 3.45 421.88 8.06 
4/24/07 17:55 71.6 25.68 6.281 4.083 3.42 416.25 8.04 
4/24/07 18:00 71.6 25.38 6.329 4.114 3.44 401.88 8.01 
4/24/07 18:05 71.7 25.76 6.233 4.051 3.39 411.25 8.02 
4/24/07 18:10 71.8 25.74 6.205 4.033 3.37 406.88 8.02 
4/24/07 18:15 72.1 25.73 6.19 4.023 3.36 405.63 8.02 
4/24/07 18:20 72.3 25.69 6.173 4.012 3.35 403.13 8.01 
4/24/07 18:25 73.4 25.60 6.162 4.006 3.35 396.88 8.01 
4/24/07 18:30 72.9 25.57 6.152 3.998 3.34 393.75 8.01 
4/24/07 18:35 73.3 25.46 6.142 3.992 3.34 390.63 8.01 
4/24/07 18:40 73.6 25.44 6.132 3.986 3.33 386.88 8.01 
4/24/07 18:45 74.1 25.43 6.129 3.983 3.33 382.50 8.01 
4/24/07 18:50 74.5 25.41 6.136 3.988 3.33 380.00 8.01 
4/24/07 18:55 74.9 25.37 6.129 3.984 3.33 376.88 8.01 
4/24/07 19:00 75.3 25.33 6.12 3.978 3.32 374.38 8.01 
4/24/07 19:05 75.7 25.24 6.122 3.98 3.32 371.88 8.01 
4/24/07 19:10 75.8 25.16 6.118 3.977 3.32 368.75 8.01 
4/24/07 19:15 75.9 25.10 6.116 3.976 3.32 365.00 8.01 
4/24/07 19:20 76.5 25.06 6.114 3.974 3.32 361.25 8.02 
4/24/07 19:25 76.9 25.01 6.113 3.973 3.32 356.25 8.02 
4/24/07 19:30 77.2 24.97 6.107 3.97 3.32 355.00 8.02 
4/24/07 19:35 77.6 24.95 6.103 3.967 3.31 353.13 8.02 
4/24/07 19:40 77.9 24.89 6.1 3.965 3.31 351.88 8.02 
4/24/07 19:45 78.3 24.87 6.104 3.968 3.32 350.63 8.02 
4/24/07 19:50 78.7 24.84 6.103 3.967 3.32 350.00 8.02 
4/24/07 19:55 79.1 24.80 6.101 3.966 3.31 347.50 8.02 
4/24/07 20:00 79.4 24.76 6.101 3.966 3.31 346.25 8.02 
4/24/07 20:05 79.7 24.72 6.103 3.967 3.32 346.25 8.01 
4/24/07 20:10 80.0 24.65 6.108 3.97 3.32 345.00 8.01 
4/24/07 20:15 80.3 24.67 6.105 3.968 3.32 345.00 8.01 
4/24/07 20:20 80.6 24.63 6.104 3.968 3.32 390.63 8.01 
4/24/07 20:25 81.1 24.62 6.104 3.967 3.32 385.00 8.01 
4/24/07 20:30 81.4 24.58 6.102 3.967 3.32 381.25 8.00 
4/24/07 20:35 81.8 24.60 6.101 3.966 3.31 383.13 8.00 
4/24/07 20:40 81.8 24.53 6.098 3.963 3.31 374.38 7.99 
4/24/07 20:45 82.3 24.65 6.053 3.934 3.29 407.50 7.98 
4/24/07 20:50 82.5 24.21 5.35 3.477 2.88 400.63 7.89 
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Table B1 continued 

Date and Time 
Water 

Elevation 
(cm) 

Temperature 
(ºC) 

SpCond 
(mS/cm)

Total 
Dissolved 

Solids 
(g/L) 

Salinity 
(ppt) 

DO 
(µM) pH 

4/24/07 20:55 82.9 24.20 5.333 3.466 2.87 438.13 7.85 
4/24/07 21:00 83.1 24.17 5.324 3.461 2.87 441.88 7.82 
4/24/07 21:05 83.4 24.16 5.327 3.462 2.87 441.88 7.80 
4/24/07 21:10 83.5 24.16 5.328 3.464 2.87 442.50 7.78 
4/24/07 21:15 83.6 24.13 5.327 3.462 2.87 447.50 7.77 
4/24/07 21:20 83.8 24.13 5.341 3.471 2.88 448.75 7.76 
4/24/07 21:25 83.8 24.10 5.338 3.469 2.88 453.75 7.75 
4/24/07 21:30 83.9 24.08 5.341 3.472 2.88 451.25 7.74 
4/24/07 21:35 83.9 24.28 5.508 3.58 2.97 442.50 7.70 
4/24/07 21:40 83.9 24.29 5.503 3.577 2.97 451.25 7.69 
4/24/07 21:45 83.8 24.26 5.497 3.573 2.97 457.50 7.68 
4/24/07 21:50 83.8 24.22 5.492 3.57 2.96 463.13 7.67 
4/24/07 21:55 83.6 24.21 5.489 3.568 2.96 467.50 7.66 
4/24/07 22:00 83.5 24.18 5.489 3.568 2.96 473.75 7.65 
4/24/07 22:05 83.4 24.20 5.488 3.567 2.96 477.50 7.65 
4/24/07 22:10 83.2 24.20 5.486 3.566 2.96 480.00 7.64 
4/24/07 22:15 83.0 24.20 5.487 3.566 2.96 439.38 7.64 
4/24/07 22:20 82.8 24.20 5.485 3.565 2.96 445.00 7.64 
4/24/07 22:25 82.5 24.16 5.485 3.565 2.96 450.00 7.63 
4/24/07 22:30 82.2 24.15 5.484 3.564 2.96 450.63 7.63 
4/24/07 22:35 82.0 24.18 5.483 3.564 2.96 453.75 7.63 
4/24/07 22:40 81.7 24.17 5.483 3.564 2.96 454.38 7.63 
4/24/07 22:45 81.4 24.12 5.482 3.564 2.96 455.00 7.62 
4/24/07 22:50 81.1 24.02 5.482 3.563 2.96 455.63 7.62 
4/24/07 22:55 80.8 23.92 5.482 3.563 2.96 456.25 7.62 
4/24/07 23:00 80.4 23.82 5.479 3.562 2.96 452.50 7.62 
4/24/07 23:05 80.2 23.69 5.479 3.561 2.96 451.88 7.61 
4/24/07 23:10 79.8 23.59 5.48 3.561 2.96 449.38 7.61 
4/24/07 23:15 79.3 23.50 5.478 3.56 2.96 449.38 7.61 
4/24/07 23:20 79.0 23.45 5.477 3.56 2.96 423.13 7.61 
4/24/07 23:25 78.7 23.35 5.477 3.559 2.96 420.63 7.61 
4/24/07 23:30 78.5 23.27 5.475 3.559 2.96 420.00 7.60 
4/24/07 23:35 78.4 23.14 5.471 3.557 2.96 421.25 7.60 
4/24/07 23:40 78.0 23.07 5.472 3.557 2.96 423.13 7.60 
4/24/07 23:45 77.6 23.12 5.471 3.556 2.96 425.00 7.60 
4/24/07 23:50 77.1 23.09 5.471 3.556 2.96 425.00 7.60 
4/24/07 23:55 76.7 23.06 5.47 3.555 2.96 425.63 7.60 
4/25/07 0:00 76.3 23.03 5.468 3.554 2.95 424.38 7.60 
4/25/07 0:05 75.8 22.98 5.467 3.554 2.95 429.38 7.60 
4/25/07 0:10 75.3 22.93 5.466 3.553 2.95 426.88 7.59 
4/25/07 0:15 74.9 22.92 5.465 3.552 2.95 425.00 7.59 
4/25/07 0:20 74.5 22.89 5.463 3.551 2.95 422.50 7.59 
4/25/07 0:25 74.1 22.87 5.463 3.551 2.95 420.63 7.59 
4/25/07 0:30 73.6 22.84 5.46 3.55 2.95 420.00 7.59 
4/25/07 0:35 72.8 22.80 5.461 3.55 2.95 418.13 7.58 
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Table B1 continued 

Date and Time 
Water 

Elevation 
(cm) 

Temperature 
(ºC) 

SpCond 
(mS/cm)

Total 
Dissolved 

Solids 
(g/L) 

Salinity 
(ppt) 

DO 
(µM) pH 

4/25/07 0:40 72.8 22.79 5.46 3.549 2.95 417.50 7.58 
4/25/07 0:45 72.3 22.78 5.43 3.529 2.93 378.13 7.56 
4/25/07 0:50 71.7 22.78 5.429 3.529 2.93 332.50 7.41 
4/25/07 0:55 71.4 22.79 5.408 3.516 2.92 331.25 7.36 
4/25/07 1:00 70.9 22.58 5.383 3.499 2.91 243.13 7.31 
4/25/07 1:05 70.4 22.62 5.38 3.497 2.91 236.25 7.23 
4/25/07 1:10 70.0 22.83 5.405 3.513 2.92 380.63 7.27 
4/25/07 1:15 69.5 22.62 5.391 3.504 2.91 237.50 7.21 
4/25/07 1:20 69.1 22.62 5.395 3.507 2.91 236.88 7.19 
4/25/07 1:25 68.9 22.64 5.394 3.507 2.91 244.38 7.17 
4/25/07 1:30 68.3 22.61 5.41 3.516 2.92 248.13 7.17 
4/25/07 1:35 68.0 22.64 5.413 3.518 2.92 245.63 7.16 
4/25/07 1:40 67.6 22.65 5.42 3.523 2.93 246.25 7.15 
4/25/07 1:45 67.1 22.66 5.43 3.53 2.93 248.13 7.15 
4/25/07 1:50 66.7 22.66 5.422 3.524 2.93 246.88 7.15 
4/25/07 1:55 66.4 22.67 5.431 3.53 2.93 248.13 7.15 
4/25/07 2:00 65.8 22.68 5.431 3.53 2.93 246.88 7.15 
4/25/07 2:05 65.4 22.70 5.413 3.519 2.92 253.13 7.15 
4/25/07 2:10 65.0 22.63 5.408 3.515 2.92 265.63 7.16 
4/25/07 2:15 64.6 22.64 5.405 3.513 2.92 260.00 7.16 
4/25/07 2:20 64.2 22.66 5.404 3.513 2.92 257.50 7.16 
4/25/07 2:25 63.8 22.66 5.401 3.511 2.92 255.63 7.16 
4/25/07 2:30 63.4 22.66 5.399 3.51 2.92 252.50 7.16 
4/25/07 2:35 63.0 22.65 5.398 3.509 2.92 250.00 7.16 
4/25/07 2:40 62.6 22.66 5.394 3.507 2.91 248.13 7.15 
4/25/07 2:45 62.2 22.65 5.394 3.506 2.91 246.88 7.15 
4/25/07 2:50 61.9 22.65 5.391 3.504 2.91 244.38 7.15 
4/25/07 2:55 61.7 22.65 5.39 3.504 2.91 242.50 7.15 
4/25/07 3:00 61.3 22.65 5.387 3.502 2.91 240.63 7.15 
4/25/07 3:05 61.0 22.63 5.387 3.502 2.91 238.75 7.15 
4/25/07 3:10 60.6 22.63 5.385 3.499 2.91 236.25 7.15 
4/25/07 3:15 60.2 22.63 5.383 3.498 2.91 235.00 7.15 
4/25/07 3:20 59.9 22.63 5.38 3.497 2.91 233.13 7.15 
4/25/07 3:25 59.6 22.62 5.378 3.496 2.9 231.25 7.15 
4/25/07 3:30 59.3 22.59 5.376 3.495 2.9 230.00 7.14 
4/25/07 3:35 59.1 22.61 5.373 3.493 2.9 228.13 7.14 
4/25/07 3:40 58.8 22.59 5.372 3.492 2.9 226.88 7.14 
4/25/07 3:45 58.6 22.58 5.37 3.491 2.9 225.00 7.14 
4/25/07 3:50 58.3 22.58 5.368 3.489 2.9 223.75 7.14 
4/25/07 3:55 58.1 22.57 5.366 3.488 2.9 221.25 7.14 
4/25/07 4:00 58.0 22.54 5.364 3.486 2.9 220.63 7.14 
4/25/07 4:05 57.8 22.52 5.363 3.486 2.9 218.75 7.14 
4/25/07 4:10 57.6 22.54 5.36 3.484 2.89 217.50 7.14 
4/25/07 4:15 57.4 22.55 5.358 3.482 2.89 216.25 7.14 
4/25/07 4:20 57.2 22.56 5.356 3.481 2.89 215.00 7.14 
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Table B1 continued 

Date and Time 
Water 

Elevation 
(cm) 

Temperature 
(ºC) 

SpCond 
(mS/cm)

Total 
Dissolved 

Solids 
(g/L) 

Salinity 
(ppt) 

DO 
(µM) pH 

4/25/07 4:25 57.0 22.56 5.352 3.479 2.89 213.13 7.14 
4/25/07 4:30 56.8 22.56 5.352 3.479 2.89 211.88 7.13 
4/25/07 4:35 56.5 22.54 5.35 3.478 2.89 210.00 7.13 
4/25/07 4:40 56.3 22.54 5.348 3.476 2.89 209.38 7.13 
4/25/07 4:45 56.1 22.55 5.345 3.474 2.89 207.50 7.13 
4/25/07 4:50 55.9 22.53 5.343 3.473 2.88 206.25 7.13 
4/25/07 4:55 55.7 22.53 5.341 3.472 2.88 204.38 7.13 
4/25/07 5:00 55.5 22.54 5.339 3.471 2.88 203.13 7.13 
4/25/07 5:05 55.9 22.53 5.338 3.47 2.88 201.88 7.13 
4/25/07 5:10 56.2 22.55 5.822 3.784 3.16 215.63 7.11 
4/25/07 5:15 55.7 22.55 5.826 3.786 3.16 214.38 7.11 
4/25/07 5:20 55.6 22.55 5.827 3.788 3.16 214.38 7.11 
4/25/07 5:25 55.5 22.55 5.854 3.805 3.18 214.38 7.10 
4/25/07 5:30 55.4 22.54 5.878 3.821 3.19 215.00 7.10 
4/25/07 5:35 55.3 22.53 5.896 3.832 3.2 213.75 7.10 
4/25/07 5:40 55.1 22.53 5.889 3.828 3.2 213.13 7.10 
4/25/07 5:45 55.0 22.52 5.9 3.835 3.21 211.88 7.10 
4/25/07 5:50 54.9 22.53 5.919 3.848 3.22 211.88 7.10 
4/25/07 5:55 54.7 22.51 5.942 3.861 3.23 210.00 7.10 
4/25/07 6:00 54.7 22.49 5.935 3.857 3.23 210.63 7.10 
4/25/07 6:05 54.8 22.44 5.831 3.791 3.17 203.75 7.10 
4/25/07 6:10 54.6 22.43 5.827 3.787 3.16 202.50 7.10 
4/25/07 6:15 54.6 22.45 5.823 3.785 3.16 200.63 7.10 
4/25/07 6:20 54.4 22.43 5.819 3.782 3.16 199.38 7.10 
4/25/07 6:25 54.4 22.43 5.817 3.78 3.16 197.50 7.09 
4/25/07 6:30 54.3 22.41 5.813 3.778 3.16 196.25 7.09 
4/25/07 6:35 54.2 22.41 5.808 3.776 3.15 194.38 7.09 
4/25/07 6:40 54.1 22.38 5.806 3.773 3.15 193.13 7.09 
4/25/07 6:45 54.0 22.38 5.802 3.772 3.15 191.25 7.09 
4/25/07 6:50 53.9 22.38 5.798 3.769 3.15 190.00 7.09 
4/25/07 6:55 53.8 22.36 5.794 3.766 3.15 188.13 7.09 
4/25/07 7:00 53.8 22.38 5.791 3.765 3.14 186.88 7.09 
4/25/07 7:05 53.7 22.40 5.787 3.762 3.14 185.63 7.09 
4/25/07 7:10 53.7 22.38 5.787 3.761 3.14 183.75 7.09 
4/25/07 7:15 53.7 22.40 5.782 3.758 3.14 182.50 7.09 
4/25/07 7:20 53.7 22.40 5.777 3.756 3.14 181.25 7.09 
4/25/07 7:25 53.6 22.39 5.776 3.754 3.13 180.63 7.09 
4/25/07 7:30 53.6 22.40 5.772 3.751 3.13 178.75 7.09 
4/25/07 7:35 53.6 22.38 5.77 3.75 3.13 178.13 7.09 
4/25/07 7:40 53.7 22.38 5.768 3.749 3.13 176.88 7.09 
4/25/07 7:45 53.6 22.40 5.763 3.746 3.13 175.63 7.09 
4/25/07 7:50 53.8 22.39 5.761 3.744 3.13 175.00 7.09 
4/25/07 7:55 53.8 22.43 5.757 3.742 3.12 174.38 7.09 
4/25/07 8:00 53.7 22.43 5.753 3.74 3.12 173.75 7.09 
4/25/07 8:05 53.6 22.42 5.751 3.738 3.12 173.13 7.09 
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Table B1 continued 

Date and Time 
Water 

Elevation 
(cm) 

Temperature 
(ºC) 

SpCond 
(mS/cm)

Total 
Dissolved 

Solids 
(g/L) 

Salinity 
(ppt) 

DO 
(µM) pH 

4/25/07 8:10 53.6 22.41 5.747 3.736 3.12 173.13 7.09 
4/25/07 8:15 53.5 22.44 5.745 3.734 3.12 171.88 7.09 
4/25/07 8:20 53.5 22.45 5.742 3.732 3.11 171.25 7.09 
4/25/07 8:25 53.4 22.48 5.736 3.729 3.11 171.25 7.09 
4/25/07 8:30 53.3 22.48 5.735 3.728 3.11 170.63 7.09 
4/25/07 8:35 53.2 22.50 5.732 3.726 3.11 170.63 7.09 
4/25/07 8:40 53.3 22.50 5.73 3.724 3.11 170.00 7.09 
4/25/07 8:45 53.2 22.52 5.726 3.722 3.11 170.00 7.09 
4/25/07 8:50 53.2 22.55 5.724 3.72 3.1 169.38 7.09 
4/25/07 8:55 53.0 22.58 5.72 3.718 3.1 170.00 7.09 
4/25/07 9:00 53.1 22.61 5.719 3.717 3.1 170.00 7.09 
4/25/07 9:05 53.0 22.67 5.716 3.716 3.1 170.00 7.09 
4/25/07 9:10 53.0 22.69 5.712 3.713 3.1 170.00 7.09 
4/25/07 9:15 53.6 22.71 6.515 4.234 3.56 233.13 7.07 
4/25/07 9:20 52.8 22.76 6.599 4.29 3.61 280.00 7.13 
4/25/07 9:25 52.8 22.77 6.617 4.301 3.62 285.63 7.15 
4/25/07 9:30 52.9 22.82 6.601 4.29 3.61 295.63 7.17 
4/25/07 9:35 53.0 22.85 6.608 4.295 3.62 305.00 7.18 
4/25/07 9:40 52.9 22.93 6.61 4.297 3.62 315.63 7.20 
4/25/07 9:45 52.9 22.98 6.623 4.305 3.63 327.50 7.21 
4/25/07 9:50 52.9 23.03 6.621 4.304 3.62 340.00 7.23 
4/25/07 9:55 53.0 23.08 6.62 4.302 3.62 355.00 7.25 
4/25/07 10:00 53.1 23.15 6.615 4.3 3.62 372.50 7.27 
4/25/07 10:05 53.2 23.36 6.466 4.203 3.53 325.63 7.23 
4/25/07 10:10 53.4 23.43 6.46 4.199 3.53 330.00 7.22 
4/25/07 10:15 53.4 23.49 6.457 4.197 3.53 333.13 7.21 
4/25/07 10:20 53.6 23.53 6.453 4.195 3.52 336.25 7.21 
4/25/07 10:25 53.8 23.55 6.451 4.193 3.52 339.38 7.21 
4/25/07 10:30 54.1 23.58 6.448 4.191 3.52 342.50 7.21 
4/25/07 10:35 54.3 23.63 6.444 4.189 3.52 345.00 7.21 
4/25/07 10:40 54.6 23.66 6.44 4.186 3.52 348.13 7.21 
4/25/07 10:45 54.8 23.73 6.437 4.184 3.51 350.63 7.21 
4/25/07 10:50 55.3 23.79 6.434 4.182 3.51 355.00 7.21 
4/25/07 10:55 55.7 23.83 6.432 4.181 3.51 357.50 7.21 
4/25/07 11:00 56.1 23.88 6.43 4.179 3.51 360.63 7.21 
4/25/07 11:05 56.8 23.96 6.428 4.178 3.51 364.38 7.21 
4/25/07 11:10 57.5 24.04 6.425 4.176 3.51 367.50 7.21 
4/25/07 11:15 58.2 24.05 6.424 4.175 3.5 370.00 7.21 
4/25/07 11:20 59.0 24.17 6.421 4.174 3.5 374.38 7.21 
4/25/07 11:25 60.1 24.20 6.419 4.172 3.5 376.88 7.21 
4/25/07 11:30 60.8 24.33 6.416 4.17 3.5 383.75 7.22 
4/25/07 11:35 61.7 24.39 6.416 4.17 3.5 384.38 7.22 
4/25/07 11:40 62.5 24.36 6.412 4.168 3.5 383.75 7.22 
4/25/07 11:45 63.4 24.37 6.41 4.166 3.5 386.25 7.23 
4/25/07 11:50 64.4 24.50 6.409 4.166 3.49 390.00 7.22 
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Table B1 continued 

Date and Time 
Water 

Elevation 
(cm) 

Temperature 
(ºC) 

SpCond 
(mS/cm)

Total 
Dissolved 

Solids 
(g/L) 

Salinity 
(ppt) 

DO 
(µM) pH 

4/25/07 11:55 65.3 24.58 6.407 4.164 3.49 391.88 7.23 
4/25/07 12:00 66.3 24.61 6.405 4.163 3.49 395.00 7.23 
4/25/07 12:05 67.3 24.67 6.402 4.162 3.49 398.75 7.23 
4/25/07 12:10 68.2 24.63 6.401 4.161 3.49 400.00 7.23 
4/25/07 12:15 69.0 24.64 6.4 4.16 3.49 402.50 7.24 
4/25/07 12:20 70.0 24.70 6.399 4.159 3.49 406.25 7.24 
4/25/07 12:25 70.9 24.71 6.396 4.158 3.49 408.13 7.25 
4/25/07 12:30 71.7 24.73 6.393 4.156 3.48 410.63 7.25 
4/25/07 12:35 72.7 24.77 6.393 4.155 3.48 413.13 7.25 
4/25/07 12:40 73.5 24.79 6.392 4.155 3.48 414.38 7.26 
4/25/07 12:45 74.4 24.83 6.391 4.154 3.48 417.50 7.26 
4/25/07 12:50 75.2 24.87 6.389 4.153 3.48 420.00 7.26 
4/25/07 12:55 76.2 24.90 6.384 4.15 3.48 422.50 7.27 
4/25/07 13:00 77.0 24.88 6.384 4.149 3.48 424.38 7.27 
4/25/07 13:05 77.8 24.94 6.38 4.147 3.48 427.50 7.28 
4/25/07 13:10 78.7 24.80 5.187 3.372 2.79 593.75 7.72 
4/25/07 13:15 79.5 24.82 5.173 3.362 2.78 565.63 7.83 
4/25/07 13:20 80.3 24.94 5.263 3.421 2.83 546.88 7.87 
4/25/07 13:25 81.0 24.99 5.468 3.554 2.95 537.50 7.90 
4/25/07 13:30 81.9 25.06 5.297 3.443 2.85 524.38 7.94 
4/25/07 13:35 82.9 25.16 5.203 3.382 2.8 510.00 7.96 
4/25/07 13:40 83.4 25.23 5.181 3.368 2.78 506.88 7.98 
4/25/07 13:45 83.9 25.28 5.249 3.412 2.82 497.50 7.99 
4/25/07 13:50 84.6 25.19 5.269 3.425 2.83 482.50 7.98 
4/25/07 13:55 85.3 25.20 5.198 3.379 2.79 475.63 7.98 
4/25/07 14:00 85.7 25.24 5.416 3.521 2.92 470.63 7.97 
4/25/07 14:05 86.2 25.60 5.375 3.494 2.89 457.50 7.92 
4/25/07 14:10 86.4 25.64 5.364 3.487 2.89 460.00 7.91 
4/25/07 14:15 87.1 25.69 5.356 3.482 2.88 460.63 7.91 
4/25/07 14:20 87.4 25.75 5.346 3.475 2.88 460.63 7.92 
4/25/07 14:25 87.8 25.79 5.337 3.469 2.87 459.38 7.92 
4/25/07 14:30 88.0 25.81 5.327 3.462 2.86 458.75 7.92 
4/25/07 14:35 88.4 25.86 5.331 3.465 2.87 456.88 7.93 
4/25/07 14:40 88.4 25.91 5.317 3.456 2.86 455.63 7.94 
4/25/07 14:45 88.6 25.96 5.311 3.452 2.85 453.75 7.94 
4/25/07 14:50 88.5 26.01 5.308 3.45 2.85 453.13 7.94 
4/25/07 14:55 88.6 26.04 5.295 3.441 2.84 451.25 7.95 
4/25/07 15:00 88.5 26.08 5.286 3.435 2.84 449.38 7.95 
4/25/07 15:05 88.6 26.13 5.281 3.433 2.84 448.13 7.95 
4/25/07 15:10 88.5 26.15 5.269 3.425 2.83 447.50 7.96 
4/25/07 15:15 88.4 26.24 5.259 3.419 2.82 447.50 7.96 
4/25/07 15:20 88.4 26.22 5.249 3.412 2.82 445.00 7.96 
4/25/07 15:25 88.1 26.24 5.279 3.431 2.83 445.00 7.97 
4/25/07 15:30 88.0 26.27 5.306 3.449 2.85 446.25 7.97 
4/25/07 15:35 87.9 26.20 5.36 3.484 2.88 463.13 7.99 
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Table B1 continued 

Date and Time 
Water 

Elevation 
(cm) 

Temperature 
(ºC) 

SpCond 
(mS/cm)

Total 
Dissolved 

Solids 
(g/L) 

Salinity 
(ppt) 

DO 
(µM) pH 

4/25/07 15:40 87.5 26.17 5.389 3.502 2.9 444.38 8.01 
4/25/07 15:45 87.3 26.17 5.413 3.519 2.91 443.75 8.02 
4/25/07 15:50 87.1 26.17 5.409 3.516 2.91 442.50 8.03 
4/25/07 15:55 86.8 26.17 5.407 3.515 2.91 494.38 8.04 
4/25/07 16:00 86.5 26.14 5.398 3.509 2.9 439.38 8.05 
4/25/07 16:05 86.2 26.18 5.396 3.508 2.9 438.13 8.06 
4/25/07 16:10 85.8 26.16 5.394 3.506 2.9 436.25 8.07 
4/25/07 16:15 85.4 26.16 5.387 3.501 2.9 431.25 8.08 
4/25/07 16:20 85.0 26.18 5.381 3.498 2.89 446.88 8.08 
4/25/07 16:25 84.7 26.15 5.42 3.523 2.92 471.88 8.09 
4/25/07 16:30 84.2 26.14 5.441 3.537 2.93 468.75 8.10 
4/25/07 16:35 84.0 26.12 5.428 3.528 2.92 461.25 8.11 
4/25/07 16:40 83.7 26.12 5.43 3.529 2.92 452.50 8.11 
4/25/07 16:45 83.4 26.10 5.435 3.533 2.92 443.75 8.12 
4/25/07 16:50 83.1 26.05 5.429 3.529 2.92 436.88 8.12 
4/25/07 16:55 82.7 26.01 5.419 3.523 2.92 430.00 8.12 
4/25/07 17:00 82.3 25.97 5.429 3.529 2.92 423.75 8.13 
4/25/07 17:05 81.8 25.99 5.419 3.522 2.92 443.13 8.13 
4/25/07 17:10 81.4 26.01 5.397 3.508 2.9 440.63 8.13 
4/25/07 17:15 81.1 26.00 5.378 3.496 2.89 438.13 8.14 
4/25/07 17:20 80.7 26.00 5.385 3.5 2.9 516.25 8.12 
4/25/07 17:25 80.2 26.01 5.364 3.487 2.88 461.88 8.14 
4/25/07 17:30 80.3 25.99 5.347 3.476 2.87 351.88 8.15 
4/25/07 17:35 79.5 25.94 5.332 3.466 2.87 356.25 8.15 
4/25/07 17:40 79.1 25.91 5.324 3.461 2.86 356.88 8.15 
4/25/07 17:45 78.8 25.86 5.304 3.447 2.85 356.88 8.16 
4/25/07 17:50 78.4 25.81 5.288 3.437 2.84 356.88 8.16 
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Table B2.Five minute database of solar irradiance, redox probes at 2cm depth, and datalogger 

panel temperature 

Date and Time 
Panel 

Temperature 
(ºC) 

Surface 
Solar 

Irradiance 
(µS/cm2/s)

Subsurface 
Solar 

Irradiance 
(µS/cm2/s) 

Redox 
Probe 1 

(mv) 

Redox 
Probe 2 

(mv) 

Redox 
Probe 3 

(mv) 

Redox 
Probe 4 

(mv) 

4/24/07 17:30 33.92 929 682.2 217.4 -140 190.1 -160.4 
4/24/07 17:35 33.08 929 539.3 228.2 -137.8 199.7 -158.9 
4/24/07 17:40 32.55 908 526.5 163.2 -141.5 116.6 -159.2 
4/24/07 17:45 32.74 760 549.6 48.36 -139.7 57.95 -158.8 
4/24/07 17:50 32.64 760 598.2 -4.33 -138.6 23.62 -156.6 
4/24/07 17:55 32.79 760 548.2 -37.91 -140 -2.189 -154.5 
4/24/07 18:00 32.68 755.7 509.2 145.8 -136.6 96.9 -154.5 
4/24/07 18:05 32.1 616.2 482.9 28.83 -138.6 7.012 -154.1 
4/24/07 18:10 31.19 591.1 423.1 107 -138.8 25.42 -154.3 
4/24/07 18:15 30.32 591.2 404.3 193.8 -139.4 174.7 -154.2 
4/24/07 18:20 29.73 591.3 392.5 202.3 -134.4 219.1 -152.6 
4/24/07 18:25 29.54 484.2 374.1 211.1 -131.4 212 -150.5 
4/24/07 18:30 29.41 422.4 347.2 211.7 -131.1 220.1 -148 
4/24/07 18:35 29.16 422.4 302.7 209.9 -134.9 218.8 -145.9 
4/24/07 18:40 28.76 422.4 268.6 217 -134.6 210.9 -143.8 
4/24/07 18:45 28.4 410.1 248.9 220.6 -137.1 208.8 -143.8 
4/24/07 18:50 28.05 274.7 242 226.6 -138.1 198.4 -143 
4/24/07 18:55 27.76 253.4 238.4 226 -138.1 212.6 -140.8 
4/24/07 19:00 27.44 253.4 196.9 221.7 -138.2 215.8 -137.9 
4/24/07 19:05 27.13 247.2 104.1 228.1 -135.8 212.6 -128.5 
4/24/07 19:10 26.81 84.5 80.3 231.4 -137.1 212.3 196.8 
4/24/07 19:15 26.28 84.5 80.3 233.5 -136.4 208.5 235.1 
4/24/07 19:20 25.87 84.5 80.3 244.1 -132.1 206.9 232.6 
4/24/07 19:25 25.47 84.5 80.3 244.9 -134.7 204.9 239.5 
4/24/07 19:30 25.1 84.5 80.3 246.2 -139.5 209.1 165.6 
4/24/07 19:35 24.75 84.5 80.3 244.1 -141.1 210.5 62.78 
4/24/07 19:40 24.41 84.5 80.3 242.6 -141.1 216.7 187.8 
4/24/07 19:45 24.11 84.5 80.3 242.8 -142.9 204.1 272.1 
4/24/07 19:50 23.82 84.5 80.3 241.2 -142.9 200.9 272 
4/24/07 19:55 23.53 84.5 79.8 240 -143.3 204.6 280.4 
4/24/07 20:00 23.24 82.8 76.18 238.1 -143.7 206.9 272.4 
4/24/07 20:05 22.97 67.74 52.62 237.3 -142.5 201.8 264.4 
4/24/07 20:10 22.67 37.89 30.79 237.4 -143.2 205.3 318.2 
4/24/07 20:15 22.32 6.479 9.77 236.6 -142.2 202.7 275.4 
4/24/07 20:20 22.06 6.479 2.276 234.8 -143.7 202.1 300.4 
4/24/07 20:25 21.83 -2.958 4.419 232.6 -144.2 201.7 258 
4/24/07 20:30 21.61 -10.71 2.143 231.9 -143.8 202.8 309.7 
4/24/07 20:35 21.33 -7.748 -1.339 234.5 -144.6 201.6 328.7 
4/24/07 20:40 21.15 -1.268 0.67 232.5 -140.2 207 223.4 
4/24/07 20:45 20.91 -4.367 3.482 95.2 -150.3 104.7 -71.03 
4/24/07 20:50 20.67 -5.354 0.536 0.964 -146.9 44.34 -116.2 
4/24/07 20:55 20.46 -9.02 6.831 -29.86 -143.9 29.8 46.31 



 

147 

Table B2 continued 

Date and Time 
Panel 

Temperature 
(ºC) 

Surface 
Solar 

Irradiance 
(µS/cm2/s)

Subsurface 
Solar 

Irradiance 
(µS/cm2/s) 

Redox 
Probe 1 

(mv) 

Redox 
Probe 2 

(mv) 

Redox 
Probe 3 

(mv) 

Redox 
Probe 4 

(mv) 

4/24/07 21:00 20.34 -8.88 0.804 -48 -144.1 20.42 -132.8 
4/24/07 21:05 20.12 -12.4 9.38 -60.68 -145.1 11.46 -131.6 
4/24/07 21:10 19.85 -18.17 19.42 -69.71 -144.5 2.596 -124.1 
4/24/07 21:15 19.6 -20.57 23.04 -77.2 -145.3 -3.784 -112.7 
4/24/07 21:20 19.43 -15.07 14.2 -82.7 -145.7 -10.74 -5.717 
4/24/07 21:25 19.28 -12.82 14.73 -87.9 -145.4 -20.58 140.5 
4/24/07 21:30 19.26 -15.64 18.89 -91.1 -145.3 -36.35 109.8 
4/24/07 21:35 19.3 -17.33 22.77 -94.3 -146 -37.81 -58.86 
4/24/07 21:40 19.2 -12.82 25.32 -33.07 -147.7 -32.99 -80.8 
4/24/07 21:45 19.05 -22.55 47.42 103.7 -144.8 -33.4 36.46 
4/24/07 21:50 18.87 -33.54 51.44 163.8 -142.8 -33.76 -29.5 
4/24/07 21:55 18.71 -26.07 35.64 216.4 -142.9 -34.22 122.9 
4/24/07 22:00 18.59 -43.97 52.92 234.9 -143.4 -10.14 7.524 
4/24/07 22:05 18.43 -49.04 61.63 227.3 -145.5 53.14 0.22 
4/24/07 22:10 18.32 -52.57 67.93 222.3 -145.6 35.96 234.7 
4/24/07 22:15 18.18 -47.64 64.31 215.9 -144.6 44.64 137.9 
4/24/07 22:20 18.06 -61.17 72.08 215 -142.9 40.53 -35.03 
4/24/07 22:25 17.99 -64.97 67.79 208 -145.5 35.37 108.9 
4/24/07 22:30 17.87 -56.51 70.07 204.4 -146.4 37.37 141 
4/24/07 22:35 17.78 -33.82 53.59 206 -145.9 58.59 249.5 
4/24/07 22:40 17.76 -56.51 67.12 196.6 -144.1 60.88 139.6 
4/24/07 22:45 17.69 -149.5 56.94 193.8 -145.2 41.14 111.8 
4/24/07 22:50 17.62 -123.5 62.03 168.3 -145 31.88 224 
4/24/07 22:55 17.55 -52.43 69.13 167.9 -141.3 33.22 252 
4/24/07 23:00 17.47 -54.54 71.68 164.6 -141.7 22.56 264.7 
4/24/07 23:05 17.4 -52.57 67.93 165.7 -140.4 15.88 243.3 
4/24/07 23:10 17.37 -119.2 69.53 159.9 -140.7 23.34 22.57 
4/24/07 23:15 17.32 -182.5 74.09 148.6 -142 28.32 191.1 
4/24/07 23:20 17.24 -85.7 75.16 142.3 -141.2 25.65 186.2 
4/24/07 23:25 17.18 -84.4 72.62 131.5 -140 19.17 6.012 
4/24/07 23:30 17.14 -83 66.18 163.3 -140.3 20.87 -32.08 
4/24/07 23:35 17.19 -84.3 71.01 188.6 -149.8 24.59 -6.055 
4/24/07 23:40 17.32 -76.95 78.38 166.4 -149.5 42.29 -20.13 
4/24/07 23:45 17.41 -73.29 78.11 161.7 -148.1 35.71 -26.79 
4/24/07 23:50 17.39 -64.55 76.23 163.3 -150.1 34.46 -4.093 
4/24/07 23:55 17.36 -67.23 75.56 160.9 -149.3 35.38 -8.41 
4/25/07 0:00 17.33 -53.41 69.53 151.8 -152.4 46.91 27.96 
4/25/07 0:05 17.27 -4.651 69 154 -152.6 43.47 -5.74 
4/25/07 0:10 17.19 7.47 72.88 152.7 -155.1 57.93 175.3 
4/25/07 0:15 17.07 4.228 77.44 156.1 -156.5 65.35 228.9 
4/25/07 0:20 16.96 -27.62 79.72 143.7 -155.3 62.65 106.4 
4/25/07 0:25 16.88 -33.4 79.58 146.6 -155.4 70.72 30.99 
4/25/07 0:30 16.81 -35.8 79.05 152.7 -153.7 62.32 -26.81 
4/25/07 0:35 16.77 -35.37 76.63 156.5 -140.9 57.33 -23.14 
4/25/07 0:40 16.68 -23.54 75.83 152.1 -136.8 56.39 -21.54 
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Table B2 continued 

Date and Time 
Panel 

Temperature 
(ºC) 

Surface 
Solar 

Irradiance 
(µS/cm2/s)

Subsurface 
Solar 

Irradiance 
(µS/cm2/s) 

Redox 
Probe 1 

(mv) 

Redox 
Probe 2 

(mv) 

Redox 
Probe 3 

(mv) 

Redox 
Probe 4 

(mv) 

4/25/07 0:45 16.62 -8.17 74.49 150.3 -131.5 48.72 -8.44 
4/25/07 0:50 16.7 4.933 55.47 170.9 -106.9 140.3 -17.33 
4/25/07 0:55 16.8 0.141 49.84 31.1 -140.7 3.354 -119.5 
4/25/07 1:00 16.77 -1.128 62.57 47.33 -138.5 79.93 -100.8 
4/25/07 1:05 16.64 -7.752 47.43 177.8 -91.4 233.7 -57.59 
4/25/07 1:10 16.62 -16.21 53.73 180.2 -82.9 261.5 -44.2 
4/25/07 1:15 16.68 -23.68 44.89 178.8 -97.9 280 -56.13 
4/25/07 1:20 16.79 -16.07 45.56 174.1 -96.7 288.6 -61.85 
4/25/07 1:25 16.95 -32.98 49.44 175.1 -106.9 304.3 -52.91 
4/25/07 1:30 17.09 -35.66 23.58 20.49 -163 25.94 -145.8 
4/25/07 1:35 17.19 -43.13 51.18 -43.84 -167.6 -63.01 -167.5 
4/25/07 1:40 17.28 -39.89 64.04 -66.21 -168.1 -71.62 -168 
4/25/07 1:45 17.28 -57.5 63.1 -80.1 -168.5 -81.7 -169 
4/25/07 1:50 17.25 9.87 78.11 -88.5 -167.8 -85 -168.6 
4/25/07 1:55 17.33 12.26 78.24 -95 -167.7 -90.2 -168.8 
4/25/07 2:00 17.43 10.71 76.9 -100.3 -167.5 -92.6 -169 
4/25/07 2:05 17.53 14.52 77.84 -104.3 -167.3 -121.5 -170.3 
4/25/07 2:10 17.61 -5.778 71.68 -108.7 -167.3 -126.6 -171.7 
4/25/07 2:15 17.71 -11.56 73.42 -108.6 -166.6 -117.3 -172 
4/25/07 2:20 17.78 -29.74 72.75 -113.3 -166.7 -114 -172 
4/25/07 2:25 17.83 -9.3 78.91 -115.8 -166.3 -112.7 -171.8 
4/25/07 2:30 17.88 -12.12 78.11 -119 -166.6 -119.6 -171.7 
4/25/07 2:35 17.91 -12.4 73.42 -121.2 -166.8 -114.6 -171.9 
4/25/07 2:40 17.89 -8.74 68.33 -122.9 -165.8 -113.8 -171.8 
4/25/07 2:45 17.89 -8.03 76.5 -124.8 -165.2 -113.5 -171.5 
4/25/07 2:50 17.9 -10.01 74.62 -126.2 -164.8 -114.2 -171.2 
4/25/07 2:55 17.91 -12.12 73.02 -127.6 -164.2 -114.4 -171 
4/25/07 3:00 17.88 -13.53 78.51 -123.2 -163.8 -114.2 -170.7 
4/25/07 3:05 17.83 -19.31 77.71 -129 -163.9 -113.4 -170.8 
4/25/07 3:10 17.72 -21.99 78.11 -125.3 -163.7 -114 -170.9 
4/25/07 3:15 17.6 -14.8 75.03 -119.8 -164.2 -114.4 -171 
4/25/07 3:20 17.5 -21.7 75.29 -129.1 -164.3 -115.5 -170.9 
4/25/07 3:25 17.42 -20.29 77.04 -132.8 -164.3 -116.5 -171.1 
4/25/07 3:30 17.34 -25.65 77.44 -100.7 -164.2 -116.9 -171.1 
4/25/07 3:35 17.26 -26.35 70.61 -102.5 -164.7 -117.7 -171.2 
4/25/07 3:40 17.22 -26.35 71.95 -121.1 -164.9 -116.5 -171.3 
4/25/07 3:45 17.15 -30.44 74.22 -128.2 -164.9 -117.4 -171.5 
4/25/07 3:50 17.05 -37.91 72.48 -132 -164.9 -117.1 -171.8 
4/25/07 3:55 16.97 -43.13 63.5 -109.5 -164.8 -116.9 -172.3 
4/25/07 4:00 16.9 -25.37 54.53 -124.1 -165.1 -116.1 -172.7 
4/25/07 4:05 16.81 -22.55 60.29 -126.4 -165.5 -116 -173.6 
4/25/07 4:10 16.74 -45.38 60.43 -126.7 -165.9 -115.2 -174.8 
4/25/07 4:15 16.7 -40.59 55.61 -127.4 -166.3 -114.7 -176.3 
4/25/07 4:20 16.68 -43.55 53.86 -126.6 -167.1 -114.8 -177.9 
4/25/07 4:25 16.66 -59.62 55.61 -125 -167.2 -115.5 -179 
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Table B2 continued 

Date and Time 
Panel 

Temperature 
(ºC) 

Surface 
Solar 

Irradiance 
(µS/cm2/s)

Subsurface 
Solar 

Irradiance 
µS/cm2/s) 

Redox 
Probe 1 

(mv) 

Redox 
Probe 2 

(mv) 

Redox 
Probe 3 

(mv) 

Redox 
Probe 4 

(mv) 

4/25/07 4:30 16.69 -59.06 54.94 -111 -167.7 -116.5 -180 
4/25/07 4:35 16.71 -55.25 51.45 -114.1 -168.3 -117.1 -180.2 
4/25/07 4:40 16.71 -54.97 51.32 -122.7 -168.8 -117.4 -180.4 
4/25/07 4:45 16.71 -49.33 55.47 -104.1 -169.3 -120.2 -180.7 
4/25/07 4:50 16.72 -55.96 56.41 -102.5 -169.7 -120 -180.7 
4/25/07 4:55 16.72 -61.03 60.43 -101.2 -169.7 -119.3 -180.9 
4/25/07 5:00 16.72 -57.65 59.63 -105 -169.8 -120 -181.2 
4/25/07 5:05 16.72 -53.56 57.08 -101.1 -170.3 -121.8 -181.5 
4/25/07 5:10 16.76 -28.75 73.56 -113.1 -169.3 -120.3 -179.6 
4/25/07 5:15 16.8 -14.38 78.25 -127 -167.7 -122.6 -169.5 
4/25/07 5:20 16.81 -13.53 73.83 -133.6 -167 -125.4 -166.3 
4/25/07 5:25 16.8 -7.47 59.09 -131.2 -167.2 -125.7 -167.5 
4/25/07 5:30 16.78 -16.63 60.43 -135.6 -167.2 -127.8 -170.1 
4/25/07 5:35 16.78 -18.32 58.28 -137.2 -166.9 -130.4 -173 
4/25/07 5:40 16.78 -12.54 56.14 -134.6 -166.7 -126.1 -174 
4/25/07 5:45 16.77 -9.58 59.09 -137.6 -166.1 -123.3 -175.1 
4/25/07 5:50 16.76 -15.65 61.24 -140.7 -166.1 -124.5 -176.7 
4/25/07 5:55 16.76 -14.52 62.04 -138 -166 -122.8 -177.3 
4/25/07 6:00 16.76 -21.28 64.85 -138.5 -165.7 -123.3 -177.6 
4/25/07 6:05 16.8 -25.65 62.71 -137.1 -164.3 -128.1 -174.6 
4/25/07 6:10 16.86 -43.41 73.02 -142.9 -164.1 -130.8 -168.4 
4/25/07 6:15 16.86 -39.18 74.36 -124.8 -164.3 -126.2 -165.1 
4/25/07 6:20 16.94 -49.75 76.77 -131.8 -165.4 -123.9 -163.9 
4/25/07 6:25 16.97 -55.81 78.51 -136 -165.9 -122.5 -163.7 
4/25/07 6:30 17 -59.48 79.05 -129.7 -166.2 -122.6 -164.7 
4/25/07 6:35 17.06 -61.31 79.85 -133.2 -166.9 -122 -165 
4/25/07 6:40 17.19 -65.39 80.3 -146.8 -167.8 -122.8 -166 
4/25/07 6:45 17.3 -33.97 79.18 -146.5 -168.6 -122.7 -167.2 
4/25/07 6:50 17.37 -20.58 80.4 -148.6 -169 -122.3 -168.4 
4/25/07 6:55 17.4 24.1 80.4 -147.8 -168.3 -120.8 -168.1 
4/25/07 7:00 17.44 74.55 80.4 -146.8 -167 -119.9 -166.9 
4/25/07 7:05 17.5 75.96 80.4 -151.3 -169 -120.6 -169.4 
4/25/07 7:10 17.58 84.6 80.4 -130 -170.4 -121.1 -171.6 
4/25/07 7:15 17.66 84.6 80.4 -132.5 -170.6 -122.1 -172.4 
4/25/07 7:20 17.76 84.6 80.4 -142.8 -170.4 -121.2 -172.8 
4/25/07 7:25 17.85 84.6 80.4 -141.7 -170.4 -120.7 -173 
4/25/07 7:30 17.91 84.6 80.4 -143.8 -170.1 -120.8 -173.5 
4/25/07 7:35 18.01 84.6 80.4 -141.1 -169.3 -120.7 -172.9 
4/25/07 7:40 18.13 84.6 80.4 -131.1 -169.2 -120.8 -172.7 
4/25/07 7:45 18.23 84.6 80.4 -118.1 -168 -120.7 -172.3 
4/25/07 7:50 18.37 84.6 80.4 -127.1 -167.7 -121.1 -172.6 
4/25/07 7:55 18.52 84.6 80.4 -119.5 -167.4 -121.2 -172.6 
4/25/07 8:00 18.67 84.6 80.4 -115.3 -165.4 -119.5 -170.6 
4/25/07 8:05 18.89 84.6 80.4 -122.2 -165.1 -118.9 -170 
4/25/07 8:10 19.12 84.6 80.4 -119.7 -162.9 -118.8 -168.3 
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Table B2 continued 

Date and Time 
Panel 

Temperature 
(ºC) 

Surface 
Solar 

Irradiance 
(µS/cm2/s)

Subsurface 
Solar 

Irradiance 
µS/cm2/s) 

Redox 
Probe 1 

(mv) 

Redox 
Probe 2 

(mv) 

Redox 
Probe 3 

(mv) 

Redox 
Probe 4 

(mv) 

4/25/07 8:15 19.34 84.6 80.4 -135.7 -162.6 -120.4 -168.5 
4/25/07 8:20 19.57 84.6 80.4 -132.5 -162.2 -120.2 -167.7 
4/25/07 8:25 19.81 84.6 80.4 -136.2 -160.9 -119.5 -167.2 
4/25/07 8:30 20.05 86 80.4 -141.8 -158.7 -119.5 -166.1 
4/25/07 8:35 20.41 86.8 80.1 -136.4 -157 -120.4 -165.4 
4/25/07 8:40 20.74 84.5 79.96 -133.5 -156.2 -120.4 -165.3 
4/25/07 8:45 20.92 84.5 76.21 -131.9 -155.7 -120.8 -165.6 
4/25/07 8:50 21.18 84.5 72.06 -141.2 -155.2 -121.2 -165.1 
4/25/07 8:55 21.55 194.8 65.63 -115 -153.2 -123 -164 
4/25/07 9:00 22.42 477.9 50.09 -106.7 -154.1 -124.2 -163.2 
4/25/07 9:05 24.6 588.1 39.24 -121.3 -154.1 -122.6 -163.2 
4/25/07 9:10 28.16 496.3 18.88 -139.9 -154.3 -121.6 -163.6 
4/25/07 9:15 30.15 636.3 15.53 -121.8 -153.7 -121.4 -163.4 
4/25/07 9:20 31.69 929 393.8 -133 -155.3 -126.6 -165.5 
4/25/07 9:25 34 933 641.1 -144.9 -156.2 -128.8 -164.9 
4/25/07 9:30 34.72 1008 678.7 -149.7 -156.3 -129.7 -164.2 
4/25/07 9:35 35.68 1013 722.8 -153.5 -156.5 -128.7 -163.6 
4/25/07 9:40 37.23 1089 784.9 -156.4 -156.7 -126.5 -163.1 
4/25/07 9:45 39.65 1173 833 -156.6 -156.4 -124 -162.2 
4/25/07 9:50 41.79 1182 889 -155.7 -155.9 -122.1 -161.1 
4/25/07 9:55 42.01 1157 824 -155.3 -155.3 -121.4 -159.7 
4/25/07 10:00 41.55 1170 862 -156.6 -154.2 -121.9 -157.6 
4/25/07 10:05 41.8 1293 907 -158.6 -153.1 -135.1 -154.9 
4/25/07 10:10 41.64 1181 884 -162.1 -151.9 -132.1 -152.9 
4/25/07 10:15 42.19 1244 918 -164.2 -150.2 -133.8 -150.2 
4/25/07 10:20 41.33 1013 766.3 -166 -149.4 -133.5 -147.5 
4/25/07 10:25 39.85 931 655 -166.9 -148.8 -133.6 -145 
4/25/07 10:30 38.42 815 589.3 -168.5 -147 -129.7 -142.7 
4/25/07 10:35 37.58 959 702.7 -169.8 -146.5 -127.4 -141 
4/25/07 10:40 38.28 853 658.2 -170.5 -146.4 -126 -139.9 
4/25/07 10:45 37.78 1100 844 -171.1 -146.2 -125.4 -138.1 
4/25/07 10:50 38.71 1185 899 -172.8 -147.1 -125.2 -137.9 
4/25/07 10:55 39.47 1147 883 -173.6 -146.8 -125.1 -137.3 
4/25/07 11:00 39.97 1025 774.2 -173.7 -146.5 -124.4 -135.4 
4/25/07 11:05 41.22 1360 1003 -173.4 -146.6 -124.5 -134.6 
4/25/07 11:10 42.83 1513 1112 -173.9 -147.5 -124.5 -134.4 
4/25/07 11:15 42.39 922 661.8 -173.3 -148.1 -123.8 -135.3 
4/25/07 11:20 41.03 1516 1108 -173 -148.1 -123.3 -137.3 
4/25/07 11:25 42.79 1404 1019 -173.6 -147.7 -123.6 -139.6 
4/25/07 11:30 42.17 1485 1059 -173.4 -146.6 -123.5 -141.3 
4/25/07 11:35 42.9 1193 842 -174.2 -145.4 -123.7 -143.1 
4/25/07 11:40 41.25 917 660 -175 -144.4 -123.6 -143.5 
4/25/07 11:45 38.5 569.1 373.2 -173.6 -142.2 -121.8 -141.2 
4/25/07 11:50 36.18 1425 1014 -172.5 -136.4 -120.4 -139.2 
4/25/07 11:55 36.53 1765 1260 -174.7 -136 -121.9 -143 



 

151 

Table B2 continued 

Date and Time 
Panel 

Temperature 
(ºC) 

Surface 
Solar 

Irradiance 
(µS/cm2/s)

Subsurface 
Solar 

Irradiance 
(µS/cm2/s) 

Redox 
Probe 1 

(mv) 

Redox 
Probe 2 

(mv) 

Redox 
Probe 3 

(mv) 

Redox 
Probe 4 

(mv) 

4/25/07 12:00 37.21 1133 805 -175.8 -136.5 -123.7 -143.7 
4/25/07 12:05 36.28 1336 985 -175.5 -136.3 -122.4 -138.7 
4/25/07 12:10 36.3 1431 1048 -173.7 -136.2 -120.1 -138.5 
4/25/07 12:15 36.46 1213 903 -172.6 -134.3 -118.2 -136.5 
4/25/07 12:20 35.51 1078 747.6 -172.1 -133 -117.8 -134.3 
4/25/07 12:25 36.43 1606 1103 -172.2 -131.7 -117.9 -133.4 
4/25/07 12:30 36.47 1096 821 -171.8 -130 -117.9 -127.2 
4/25/07 12:35 35.14 775.8 517.1 -170.5 -128.2 -117.9 -123.7 
4/25/07 12:40 35.53 1112 768.5 -168.5 -126.2 -117.6 -122 
4/25/07 12:45 35.27 1222 864 -172.8 -123.1 -118.9 -120.4 
4/25/07 12:50 37.5 1571 1116 -176 -122.7 -120.6 -119.5 
4/25/07 12:55 38.4 1468 1098 -176.9 -124 -121 -118.6 
4/25/07 13:00 35.9 628.4 447.9 -173.2 -121 -118.8 -114.9 
4/25/07 13:05 34.62 1473 1024 -168.3 -118.2 -117.1 -112.1 
4/25/07 13:10 35.8 1553 1040 -170.6 -119.7 -120.8 -109.5 
4/25/07 13:15 35.28 1082 732.3 -170.7 -117.5 -124.6 -106.8 
4/25/07 13:20 35.63 1918 1378 -170.5 -114.8 -123.2 -104.9 
4/25/07 13:25 38.83 2038 1550 -179.4 -115.4 -124.4 -106.7 
4/25/07 13:30 39.88 2020 1441 -178.3 -115.2 -123.3 -104.5 
4/25/07 13:35 40.27 2065 1472 -178.1 -115 -122.4 -104.3 
4/25/07 13:40 40.83 2088 1451 -178.2 -116 -126.9 -103.1 
4/25/07 13:45 40.84 2036 1527 -178.8 -115.7 -124 -102.8 
4/25/07 13:50 40.39 1532 1102 -179.2 -113.8 -122.2 -100.5 
4/25/07 13:55 40.01 1906 1282 -178.9 -112.2 -122.5 -96.9 
4/25/07 14:00 40.01 1985 1359 -179 -111.1 -123.9 -94.7 
4/25/07 14:05 40.07 1988 1211 -180.5 -111.3 -128.4 -96.4 
4/25/07 14:10 40.61 1895 1340 -181.6 -111.6 -127.4 -95.3 
4/25/07 14:15 40.16 1818 1249 -183 -115 -126.5 -99.4 
4/25/07 14:20 38.74 1804 1272 -181.7 -116.4 -124.8 -103.1 
4/25/07 14:25 38.78 1876 1324 -183.1 -119.4 -125.4 -105.8 
4/25/07 14:30 38.02 1808 1260 -183.1 -118.7 -125.1 -107.6 
4/25/07 14:35 37.26 1857 1282 -183.4 -119.2 -124.8 -108.2 
4/25/07 14:40 36.89 1857 1313 -183.6 -118.9 -124.1 -111.8 
4/25/07 14:45 36.52 1857 1307 -183.6 -118.7 -124 -114.2 
4/25/07 14:50 36.97 1858 1352 -184.9 -120 -124.9 -118.2 
4/25/07 14:55 37.36 1844 1066 -184.5 -121.2 -125.7 -119.2 
4/25/07 15:00 38.06 1857 503.5 -185.3 -122 -126.6 -123.6 
4/25/07 15:05 38.62 1845 1247 -184.8 -119.9 -126.8 -124.8 
4/25/07 15:10 38.93 1745 1256 -185.8 -123.8 -127.5 -129.7 
4/25/07 15:15 39.04 1803 1294 -184.9 -122.2 -127.2 -128.3 
4/25/07 15:20 39.4 1770 1290 -185.4 -121.2 -127.7 -130.5 
4/25/07 15:25 37.72 1348 986 -184 -122.5 -125 -122.3 
4/25/07 15:30 37.51 1688 1233 -185.8 -119.9 -124.3 -134.1 
4/25/07 15:35 37.89 1601 1183 -186.3 -113 -124.9 -116.4 
4/25/07 15:40 37.62 1470 1089 -185.2 -66.17 -124.4 -30.99 
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Table B2 continued 

Date and Time 
Panel 

Temperature 
(ºC) 

Surface 
Solar 

Irradiance 
(µS/cm2/s)

Subsurface 
Solar 

Irradiance 
(µS/cm2/s) 

Redox 
Probe 1 

(mv) 

Redox 
Probe 2 

(mv) 

Redox 
Probe 3 

(mv) 

Redox 
Probe 4 

(mv) 

4/25/07 15:45 37.5 1520 1104 -183.4 -67.88 -122 -34.39 
4/25/07 15:50 38 1520 1128 -184.5 -68.66 -122.2 -37.05 
4/25/07 15:55 37.33 1520 1106 -183.9 -67.41 -121.9 -37.68 
4/25/07 16:00 37.09 1520 1073 -179.7 -65.34 -121.1 -36.44 
4/25/07 16:05 37.5 1431 1064 -183.7 -67.91 -123.2 -38.96 
4/25/07 16:10 38.08 1351 1036 -184.4 -66.25 -124.2 -40.93 
4/25/07 16:15 37.7 1351 1018 -182.8 -61.34 -122.7 -39.31 
4/25/07 16:20 37.18 1350 987 -183.3 -58.04 -122.3 -39.54 
4/25/07 16:25 37.05 1218 928 -178.6 -59.04 -121.7 -40.44 
4/25/07 16:30 36.42 1161 822 -181.7 -57.5 -124.9 -44.86 
4/25/07 16:35 36.03 1021 794.8 -173.5 -62.81 -127 -45.23 
4/25/07 16:40 35.68 1133 817 -168.5 -61.13 -123.1 -41.64 
4/25/07 16:45 35.17 1000 730.2 -165.6 -59.98 -121.8 -39.96 
4/25/07 16:50 34.05 834 602.9 -163.2 -55.84 -119.9 -38.1 
4/25/07 16:55 32.92 767.9 518.2 -158.8 -56.31 -119.6 -39.21 
4/25/07 17:00 31.96 867 584.4 -159.5 -55.09 -120.3 -41.75 
4/25/07 17:05 32.18 960 663.7 -30.24 -117.3 -112.9 -132.7 
4/25/07 17:10 33.35 1014 760.5 -42.76 -125.6 -127.7 -143.4 
4/25/07 17:15 33.63 1039 788 -101.5 -125.4 -134.9 -147.7 
4/25/07 17:20 33.76 1013 789.4 -130 -125.1 -136.6 -149.2 
4/25/07 17:25 33.71 1013 758.1 -143.9 -125 -136.7 -149.7 
4/25/07 17:30 33.82 962 700.2 -150.7 -124.7 -136.9 -148.5 
4/25/07 17:35 34.12 929 650.3 -160.7 -125 -139.2 -145.9 
4/25/07 17:40 33.55 928 604.9 -162.9 -124.1 -137.2 -142.4 
4/25/07 17:45 33.09 772.1 589 -165.1 -121.6 -137.3 -140 
4/25/07 17:50 32.39 760 551.6 -166.5 -121.3 -137 -137.8 
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Table B3. Thirty minute dataset including raw NO3
- data 

Time and Date Flux 
Class 

Nitrate 
(µM) 

DO 
(µM) 

Water 
Elevation

(cm) 

Temperature
(ºC) 

Specific 
Conductivity 

(ms/cm) 

Total 
Dissolved 

Solids 
(g/L) 

Salinity
(ppt) 

DO 
Saturation

(%) 
pH

Surface 
Solar 

Irradiance
(µS/cm2/s)

Subsurface
Solar 

Irradiance
(µS/cm2/s)

4/24/2007 17:30 RIVER 21.1 422.5 71.1 25.6 6.7 4.3 3.6 84.4 8.0 150.6 -138.7 
4/24/2007 18:00 RIVER 21.2 401.9 71.6 25.4 6.3 4.1 3.4 79.9 8.0 90.6 -139.0 
4/24/2007 18:30 1 15.1 393.8 72.9 25.6 6.2 4.0 3.3 78.5 8.0 159.1 -135.6 
4/24/2007 19:00 1 14.4 374.4 75.3 25.3 6.1 4.0 3.3 74.3 8.0 220.3 -136.8 
4/24/2007 19:30 1 NA 355.0 77.2 25.0 6.1 4.0 3.3 70.0 8.0 238.0 -135.9 
4/24/2007 20:00 1 13.2 346.3 79.4 24.8 6.1 4.0 3.3 68.0 8.0 241.5 -142.5 
4/24/2007 20:30 1 13.0 381.3 81.4 24.6 6.1 4.0 3.3 74.7 8.0 235.1 -143.2 
4/24/2007 21:00 RIVER 19.9 441.9 83.1 24.2 5.3 3.5 2.9 85.7 7.8 80.9 -145.0 
4/24/2007 21:30 RIVER 20.5 451.3 83.9 24.1 5.3 3.5 2.9 87.3 7.7 -78.2 -145.2 
4/24/2007 22:00 2 12.1 473.8 83.5 24.2 5.5 3.6 3.0 91.9 7.7 98.6 -144.6 
4/24/2007 22:30 2 11.4 450.6 82.2 24.2 5.5 3.6 3.0 87.4 7.6 215.5 -145.1 
4/24/2007 23:00 2 11.2 452.5 80.4 23.8 5.5 3.6 3.0 87.1 7.6 182.9 -143.9 
4/24/2007 23:30 2 NA 420.0 78.5 23.3 5.5 3.6 3.0 80.1 7.6 151.9 -140.7 
4/25/2007 0:00 2 10.6 424.4 76.3 23.0 5.5 3.6 3.0 80.5 7.6 165.4 -149.9 
4/25/2007 0:30 2 10.2 420.0 73.6 22.8 5.5 3.6 3.0 79.4 7.6 151.0 -154.8 
4/25/2007 1:00 RIVER 27.5 243.1 70.9 22.6 5.4 3.5 2.9 45.7 7.3 118.0 -132.6 
4/25/2007 1:30 RIVER 30.5 248.1 68.3 22.6 5.4 3.5 2.9 46.7 7.2 151.1 -106.5 
4/25/2007 2:00 NA 26.5 246.9 65.8 22.7 5.4 3.5 2.9 46.5 7.2 -79.0 -167.9 
4/25/2007 2:30 3 24.6 252.5 63.4 22.7 5.4 3.5 2.9 47.6 7.2 -111.6 -166.8 
4/25/2007 3:00 3 23.8 240.6 61.3 22.7 5.4 3.5 2.9 45.3 7.2 -124.3 -165.1 
4/25/2007 3:30 3 NA 230.0 59.3 22.6 5.4 3.5 2.9 43.2 7.1 -122.8 -164.1 
4/25/2007 4:00 3 22.8 220.6 58.0 22.5 5.4 3.5 2.9 41.4 7.1 -119.6 -164.9 
4/25/2007 4:30 3 21.8 211.9 56.8 22.6 5.4 3.5 2.9 39.8 7.1 -123.9 -166.6 
4/25/2007 5:00 RIVER 21.3 203.1 55.5 22.5 5.3 3.5 2.9 38.2 7.1 -108.3 -169.3 
4/25/2007 5:30 RIVER 28.3 215.0 55.4 22.5 5.9 3.8 3.2 40.5 7.1 -123.6 -168.1 
4/25/2007 6:00 4 26.9 210.6 54.7 22.5 5.9 3.9 3.2 39.7 7.1 -137.8 -166.3 
4/25/2007 6:30 4 26.1 196.3 54.3 22.4 5.8 3.8 3.2 36.8 7.1 -133.7 -165.1 
4/25/2007 7:00 4 NA 186.9 53.8 22.4 5.8 3.8 3.1 35.1 7.1 -144.9 -167.9 
4/25/2007 7:30 4 23.9 178.8 53.6 22.4 5.8 3.8 3.1 33.6 7.1 -140.3 -170.1 
4/25/2007 8:00 4 21.7 173.8 53.7 22.4 5.8 3.7 3.1 32.6 7.1 -125.4 -167.8 
4/25/2007 8:30 4 21.2 170.6 53.3 22.5 5.7 3.7 3.1 32.0 7.1 -131.4 -162.1 
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Table B3 continued 

Time and Date Flux 
Class 

Nitrate 
(µM) 

DO 
(µM) 

Water 
Elevation

(cm) 

Temperature
(ºC) 

Specific 
Conductivity 

(ms/cm) 

Total 
Dissolved 

Solids 
(g/L) 

Salinity
(ppt) 

DO 
Saturation

(%) 
pH

Surface 
Solar 

Irradiance
(µS/cm2/s)

Subsurface
Solar 

Irradiance
(µS/cm2/s)

4/25/2007 9:00 4 19.7 170.0 53.1 22.6 5.7 3.7 3.1 32.0 7.1 -127.4 -155.2 
4/25/2007 9:30 RIVER 23.8 295.6 52.9 22.8 6.6 4.3 3.6 56.2 7.2 -135.1 -155.0 

4/25/2007 10:00 RIVER 21.3 372.5 53.1 23.2 6.6 4.3 3.6 71.2 7.3 -155.7 -155.8 
4/25/2007 10:30 5 20.6 342.5 54.1 23.6 6.4 4.2 3.5 65.9 7.2 -164.4 -150.1 
4/25/2007 11:00 5 19.3 360.6 56.1 23.9 6.4 4.2 3.5 69.8 7.2 -171.9 -146.6 
4/25/2007 11:30 5 18.5 383.8 60.8 24.3 6.4 4.2 3.5 74.9 7.2 -173.4 -147.4 
4/25/2007 12:00 5 17.4 395.0 66.3 24.6 6.4 4.2 3.5 77.4 7.2 -174.3 -140.1 
4/25/2007 12:30 5 16.9 410.6 71.7 24.7 6.4 4.2 3.5 80.6 7.3 -173.0 -133.6 
4/25/2007 13:00 RIVER 16.1 424.4 77.0 24.9 6.4 4.1 3.5 83.7 7.3 -173.0 -124.2 
4/25/2007 13:30 6 16.6 524.4 81.9 25.1 5.3 3.4 2.9 103.3 7.9 -173.0 -116.8 
4/25/2007 14:00 6 16.1 470.6 85.7 25.2 5.4 3.5 2.9 93.0 8.0 -178.7 -114.0 
4/25/2007 14:30 6 15.3 458.8 88.0 25.8 5.3 3.5 2.9 91.6 7.9 -182.2 -115.4 
4/25/2007 15:00 6 14.6 449.4 88.5 26.1 5.3 3.4 2.8 90.1 8.0 -184.2 -120.0 
4/25/2007 15:30 6 13.6 446.3 88.0 26.3 5.3 3.4 2.9 89.8 8.0 -185.1 -121.6 
4/25/2007 16:00 6 NA 439.4 86.5 26.1 5.4 3.5 2.9 88.2 8.1 -183.8 -74.7 
4/25/2007 16:30 NA 11.9 468.8 84.2 26.1 5.4 3.5 2.9 94.2 8.1 -182.4 -61.7 
4/25/2007 17:00 NA 56.0 423.8 82.3 26.0 5.4 3.5 2.9 84.9 8.1 -164.9 -58.5 
4/25/2007 17:30 SPIKE1 57.8 351.9 80.3 26.0 5.3 3.5 2.9 70.5 8.2 -99.9 -123.8 
4/25/2007 18:00 SPIKE1 57.6  77.8       -164.3 -122.0 
4/25/2007 18:30 SPIKE1 56.3  75.7       -160.1 -118.0 
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