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Spatial and temporal changes in sediment chemical concentrations and their spatial 

structure were investigated, as well as changes in mud sediment distribution and depth. Data 

from 2006 was compared against data from previous surveys in 1988 and 1998. Average mud 

depth has declined in Lake Okeechobee since 1988, while increasing in area and decreasing in 

total volume. The largest changes were observed between 1998 and 2006, a period of time when 

several hurricanes passed over the lake. Changes in sediment chemical parameters were also seen 

over time, with Ca, Mg, and Fe increasing in concentration. P increased between 1988 and 1998, 

and then decreased between 1998 and 2006. For most analytes, change signals (p values) were 

more strongly significant when considering sites whose basic substrate type had not changed 

between surveys, suggesting that this should be taken into account when monitoring for change 

in Okeechobee’s sediments. Spatial structure of most sediment chemistry properties was in the 

moderate to low range, and spatial structure of change between years was usually low. 

Also investigated was the use of chemometrics to analyze samples from the lake and 

augment mapping efforts. Spectral models constructed from sediment spectral absorbance 

patterns in the visible and near-infrared part of the spectrum  were shown to be useful in the 
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construction of predictive models for sediment properties. Mg, Ca, TN, TC, LOI were well-

predicted, and Fe, Al, TP, HCl-P, and KCl-P were moderately predicted. SRP was poorly 

predicted by spectral models, as were all porewater properties. Scanning the sediments wet 

resulted in only a 7% decrease in average RPD score (the ratio of population standard deviation 

to the root mean square error of the predictive model), suggesting that wet scanning in the field 

may be a viable option for faster and less costly data acquisition. Interpolation maps based on 

values predicted from wet scans appear to capture the same spatial trends and patterns for Ca, 

Mg, TC, TN, and TP that maps derived from wet chemistry do, suggesting that the accuracy 

afforded by spectral methods may be sufficient for use in that type of application. The RMSE for 

spectral models compared favorably with the RMSE from kriging models based on wet 

chemistry derived values: 5.8 spectral to 11.2 g/kg kriging for TN, 239 to 226 mg/kg  for TP, 

9780 to 17030 mg/kg for Mg, 12.3 to 26.7% for loss-on-ignition, and 26320 to 55640 mg/kg for 

Ca. These results suggest that higher density spatial sampling using spectroscopy could 

potentially increase the accuracy of interpolation maps for some sediment analytes. 
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CHAPTER 1 
INTRODUCTION TO LAKE OKEECHOBEE AND STUDY GOALS 

Lake Okeechobee is a large, shallow, sub-tropical lake located in south Florida (Figure     

1-1). It has a surface area of ~1730 km2 and an average depth of 2.7 m. The lake is of major 

importance to the state of Florida. It supplies drinking water to surrounding communities and 

irrigation water to agricultural operations to the south, as well as providing water that eventually 

enters into the Everglades (James et al., 2006; South Florida Water Management District, 2002). 

It acts as a large store of water for the state, and an auxiliary supply for the large urban 

population to the southeast. It is a popular recreational site, and supports economically important 

recreational and commercial fishing activities (James et al. 2006). It is important habitat for 

much native flora and fauna, including alligators, bass and other sport fish, and many species of 

wading bird and water fowl (Havens and Gawlik, 2005; South Florida Water Management 

District, 2002). 

Lake Okeechobee has been dramatically affected by human activities in its recent history. 

In response to the loss of life caused by flooding associated with two hurricanes in the early 20th 

century, construction on the Herbert Hoover Dike began in the 1930s by the Army Corps of 

Engineers, and continued over the next 30 years (South Florida Water Management District, 

2002). This resulted in a marked reduction in the size and depth of the lake, and affected the flow 

of water southward out of it. In the years after the dike was built, agricultural development began 

to rapidly expand in the area, with dairy and cattle operations occurring to the north and 

sugarcane being grown on the rich, drained organic soils to the south. Runoff from farmlands to 

the north whose soils had accumulated high levels of nutrients from animal waste and fertilizers 

resulted in elevated loading of nitrogen (N) and phosphorus (P) into the lake, affecting the 

trophic status and ecology of this important resource. The main ecological issues facing Lake 
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Okeechobee now are elevated P loads, high and low extremes in water levels, and the 

encroachment of invasive plants in its littoral region, including exotics such as torpedograss 

(Panicum repens) and melaleuca (Melaleuca quinquenervia) as well as the native cattail (Typha 

sp.), which is spreading in the lake’s shallow littoral zones due to its ability to take advantage of 

high nutrient levels. 

 In 2001, in response to eutrophication concerns, the Florida Department of 

Environmental Protection established a total maximum daily load (TMDL) goal for the lake of 

140 metric tons of P per year, with the intent of bringing P concentrations in the water of the 

pelagic (off-shore) zone to 40 ppb (FL DEP, 2001). In the period between 1995 and 2000, the 

average P loading rate into the lake was 641 metric tons (mtons) per year (FL DEP, 2001); 

between 2001 and 2005, the average loading was 580 mton/yr and the average water column P 

was 142 ppb, far above the goal of 40 ppb (James et al. 2006). There are concerns that the large 

amount of P stored in the sediments may provide internal loading that will maintain high water 

column P concentrations even if these external loads are significantly reduced (South Florida 

Water Management District, 2002). Pursuant to addressing this concern, as well as collecting 

general limnological data on the lake, the South Florida Water Management District (SFWMD) 

arranged for studies on Lake Okeechobee’s sediments to be performed in 1988 and 1998. These 

studies focused on the mapping of many physical and chemical characteristics of the sediments 

on a lake wide basis, including nutrient and major cation concentrations, P fractionation, bulk 

density, and substrate type.  

Between 2005-2006 the lake received direct hits from three hurricanes – Jeanne and 

Francis in September 2004 and Wilma in October 2005 - raising concerns that its P-rich 

sediments may have been impacted by wind-induced mixing. Both in response to this and also as 
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part of its continuing monitoring efforts, the SFWMD decided to conduct a third survey to gauge 

the status of the sediments. The research described herein was conducted as a part of the most 

recent survey. 

With the Lake Okeechobee Protection Act of 2000 calling for the TMDLs to be met by 

2015, there is legal and political pressure on managing entities to address the nutrient problems 

within the lake. While the source of the troublesome P lies outside the lake, the fact that its 

sediments act as both a large store of P and as a large source of internal loading means that an 

understanding of the physical and chemical properties of the sediments, as well as changes in 

these properties, is important for understanding the behavior of P in this large system. The 

importance of the sediments becomes even clearer when considered in the context of evidence 

that their capacity to sorb P and act as a sink may be impaired as they reach retention capacity 

(James et al. 2006). This could result in a larger fraction of the external P load remaining in the 

water column due to saturation of the sediments, increasing the risk of harmful algal blooms 

(Havens and Gawliks, 2005). 

Phosphorus in Lake Okeechobee 

High levels of P loading, both externally and internally, have been identified as the major 

cause of eutrophication of Lake Okeechobee (Reddy et al., 2002; South Florida Water 

Management District, 2002). In a paleolimnological study on the lake’s sediments, Brezonik and 

Engstrom (1998) found that yearly accumulation of P had increased by factor of four over the 

past century. This change in nutrient accumulation has occurred concurrently with dramatic 

changes to the lake’s watershed and in Okeechobee itself. Unfortunately, detailed limnological 

data did not begin to be collected on the lake until around 1970 (Brezonik and Engstrom, 1998), 

well after human impacts would have begun to be felt due to increased population, the 

engineering projects begun in the 1930s, and intensification of agricultural activities in the 
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watershed. This has made it difficult to chronicle the changes occurring in the system or establish 

baseline values for water quality or sediment parameters. 

Much effort has been made to understand how P behaves in the system, especially in the 

sediments where much of it is stored and from which it can subsequently be released back into 

the water column. There are two main thrusts of the research in this area: P flux, and P form and 

location. The latter is important because it is useful to know where in the lake P is accumulating, 

whether it is in a biologically available form, what differences exist between the P pools in 

different sediment types, and because it aids in constructing a P budget for the lake. Flux is 

important because it describes how P moves between various storage pools, how it gets from the 

sediments to the water column where it can be utilized by algae, and what effect various in-lake 

conditions may have on its movement and bioavailability. The importance of P in the 

Okeechobee system warrants a discussion about its behavior in the lake. 

The lake sediments can be broadly categorized into several different varieties: sand, mud, 

peat/littoral, marl, and limestone (Moore et al. 1998). Each sediment type has different physical 

and chemical characteristics, and influences P storage and transport dynamics in a different 

manner. As most of the flux and concentration data that is used to construct lake-wide budgets is 

derived from small subsamples from the various sediment “zones” and then extrapolated over the 

estimated area of the substrate type, the spatial distribution of sediments, as well as spatial 

gradients of the associated physical and chemical characteristics, is important for determining 

accurate estimates of internal nutrient loading, sediment storage capacity, and total amounts of 

elements or compounds of interest. Accurate determination of substrate extent and spatial 

structure, as well as analyte distributions, is therefore important for management purposes, as is 

monitoring for changes in these qualities. Accumulation or redistribution of substrate due to 
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events such as hurricanes has the potential to change the nature of the mosaic of the sediment-

water interface throughout the lake basin, and thus how the two pools interact. 

While the sediments act as a net sink for total P due to detrital organic matter continually 

settling out of the water column, they act as a source of soluble reactive P (SRP), which is much 

more available for uptake by organisms (Reddy et al. 2002, Fischer et al 2005). For the mud 

sediments, Reddy et al. (2002) determined that within the top 56 cm, 83% of the P is Ca-Mg 

bound, and a further 12.4% is in residual organic form, both types being stable and generally 

unavailable to biota. This implies that only a small amount of the total P present is typically 

available for release back into the water column (though the Ca-Mg fraction could become 

available under certain circumstances, such as a decrease in the pH of lake waters). Even though 

the potentially-labile pool may be a small fraction of the total, it is dramatically affected by 

chemical conditions in the sediments and has the potential to release large amounts of soluble P 

into the water. 

Moore and Reddy (1994) studied the effect of Eh and pH on P availability in Lake 

Okeechobee sediments. Their study looked at SRP concentrations in the porewater of mud 

samples which were subjected to a range of induced pH and Eh levels. They found that both 

parameters had an effect on P flux, especially redox potential. Fluxes were much higher under 

anaerobic conditions than under aerobic ones: 2.78 mg P m-2 d-1 compared to 0.04 mg P m-2 d-1. 

They determined that under oxidized conditions, such as exist in the usually aerobic water 

column and at the sediment-water interface, Fe reactions controlled P behavior. Within a few 

centimeters of the surface, reducing anaerobic conditions are present in the sediment and Fe is 

utilized by microorganisms as an electron acceptor, causing the breakdown of Fe-P minerals and 

therefore resulting in higher levels of soluble phosphorus in deeper regions of the sediment. As 
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the SRP migrates into higher, oxidized regions, it binds with available Fe3+ and its concentration 

in the water column is thus regulated. 

Microbial action is not the only explanation put forward for increases in flux rate under 

anaerobiosis, however. In another study, Moore et al. (1998) suggested that the response of P 

fluxes to changes in O2 concentrations in experiments was too rapid to be attributed to microbial 

utilization of Fe for respiration, and instead postulated that abiotic mechanisms may be more 

important, with amorphous Fe-phosphate minerals precipitating out of solution under aerobic 

conditions. They found that peat sediments, which are comparatively low in Fe, did not have the 

same clear reaction to redox status that other sediment types displayed with P flux increasing 

markedly under anoxic conditions. There was also a notable lack of correlation between P flux 

and dissolved reactive P (DRP) in the porewater profiles of the sediment cores, further indicating 

that redox conditions are a major controller of P flux in those sediments containing significant 

amounts of iron. The mud sediments have been identified as having the highest concentrations of 

Fe (Fisher et al. 2005). 

Fisher et al. (2005) investigated internal loading of N and P from Lake Okeechobee’s 

sediments. Among their findings was that internal loading of labile forms of P and N exceeded 

external inputs; 1.09 vs 0.60 mg m-2 day-1 for inorganic P and 10.6 vs 2.07 mg m-2day-1 for 

inorganic N, respectively. Moore and Reddy (1994) found that SRP concentrations in the water 

column of intact sediment cores were 0.035 mg P L-1 under aerobic conditions, and over 0.45 mg 

P L-1 under anaerobic conditions – over an order of magnitude larger, again highlighting the 

importance of redox status. Reddy et al. (2002) found an accumulation of P in the upper regions 

of mud sediments, with the top 10 cm having 33% more TP than the underlying 10 cm. This is 

attributed to the upward diffusion of Fe-bound P from reducing to oxidizing regions, where the P 
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re-binds with oxidized Fe. The fact that comparatively bioavailable P is accumulating in the 

upper region of the sediment where resuspension by wind can occur is a cause of concern for 

lake managers. Removing all of the mud could actually worsen the situation, however. In the 

Reddy et al. (2002) study, experiments were performed that were designed to simulate dredging 

at different depths and with different water column P loading levels. Results generally suggested 

that removing the top 30 cm of mud would have the best effect on internal loading, lowering 

both the amount of P released from the sediments and the equilibrium water column P 

concentration. They found that the sand sediments underlying the mud had a lower capacity to 

sorb and retain P, indicating that completely scouring the bottom of mud could very likely result 

in higher concentrations of P in water column due to lack of ability to sorb, and thus mitigate, 

externally loaded P. 

P flux rates from the lake sediments are fairly modest when compared to other examples of 

eutrophic systems. Fisher et al (2005) measured a P flux rate from the mud zone of Okeechobee 

of 0.83 mg m-2day-1, a rate which they cite as comparatively low, given such rates as 2.7 mg m-2 

day-1 for hypereutrophic Lake Apopka and 6.47 mg m-2 day-1for a nutrient-impacted site in the 

Everglades. The shallowness of the lake leaves it vulnerable to even low levels of P release such 

as this, however, due to the ease with which the water column can be mixed. They also found 

that there was no statistically significant difference between flux rates found at various sampling 

sites in Okeechobee in 1999, and rates measured at the same sites ten years earlier.  

Much of the attention in the literature has been focused on the mud sediments of Lake 

Okeechobee; less has been given to describing the spatial structure and extent of the various 

sediment types, which is related to the internal load and how nutrients are stored in the substrate. 

Temporal change in how P is stored is of critical importance for understanding how it might flux 
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into the water column, and as substrate changes in space (due to hurricane mixing, for example) 

there is potential to also change the flux characteristics. Since P flux dynamics from the different 

substrates are known approximately, maps of the present sediment-water interface could be used 

to indirectly estimate fluxes and internal loading of P. 

Hurricane Activity 

Florida is often subjected to hurricane strikes, and on occasion Lake Okeechobee has 

received direct or glancing blows from these storms. In the period from 1990-1996, the six 

counties surrounding the lake had annual probabilities of seeing hurricane force winds (speeds 

>74 mph) ranging from 8-16% (FloridaDisaster.org). The wind action associated with these 

storm events can result in the resuspension of phosphorus-rich mud and flocculent material from 

the upper sediment layers into the water column; even less dramatic wind events can resuspend 

sediment, since the lake has such a shallow mean depth (2.7 m) and large fetch (Havens et al., 

2001). The movement of the top sediment layers back into the water column is a concern 

because it has been found that they possess higher concentrations of P than the deeper sediments, 

and that larger fractions of this pool are in more bioavailable forms (Brezonik and Engstrom, 

1998; Moore and Reddy, 1994). Thus, major storm events have the potential to interrupt the 

process of sequestration of P into the lake sediments and instead increase internal loading of P, 

impacting water quality and complicating management of the lake (Havens et al., 2001). 

 The effects of a hurricane on Lake Okeechobee have been previously observed. Havens 

et al. (2001) describe how Hurricane Irene in 1999 uprooted aquatic vegetation and suspended 

finer sediments in the water column. The resulting turbid conditions made it difficult for aquatic 

vegetation to reestablish itself, and the lack of roots stabilizing the sediment made subsequent 

sediment resuspension even easier, creating a “positive feedback loop” that suppressed plant 

growth and allowed phytoplankton to rise in dominance. The study dealt with the shallow littoral 
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regions where vegetation occurred; in the deeper central part of the lake, where much of the P-

enriched mud is located, there is conflicting evidence about how much of an impact on the 

sediment a hurricane can have. Brezonik and Engstrom (1998) found evidence from 241Am 

activity that there had been no ill effect on the stratigraphic record due to vertical mixing of the 

sediments by wind activity or benthos. Follow-up studies using such diverse methods as pollen 

analysis, radioisotopes, PCBs, and heavy metal concentrations have reached similar conclusions 

(Shottler and Engstrom 2006; Engstrom et al. 2006). If this is accurate, it could imply that 

resuspension of sediments by hurricanes is a somewhat rare event, or is at least limited in its 

severity.  

 In 2002, Reddy et al. reported that the area of the lakebed covered by mud was in excess 

of 80,000 hectares, and that there was about 200 million m3 of the material in the lake. Since the 

mud has been identified as both a major store of P and a potential threat for drastically increased 

internal loading of P under certain conditions, the current state of its distribution within the lake 

and how this might be changing over time are important questions.  

Visible/Near-Infrared Spectroscopy 

The high cost and labor intensive methods involved with sampling a lake of such large size 

make it difficult to sample at spatially and temporally dense levels. A possible means of reducing 

the cost and effort involved with sampling Lake Okeechobee is the use of visible/near-infrared 

spectroscopy. This is a field-portable, non-destructive, and multi-component technology that is 

used to correlate the wavelengths of light a substance absorbs over a certain region of the 

electromagnetic spectrum to its physical and chemical characteristics through the use of 

statistical models. This process is referred to as chemometrics.and has been used to model 

sediment properties of a lake in Canada (Malley and Williams 1997), to predict water column 
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chemical properties from sediment spectra (Nilsson et al. 1996), and in many cases of terrestrial 

and wetland soil analysis.  

This Study 

The aims of the research extended along two lines. One was to look for spatial and 

temporal changes in sediment distribution and chemical properties over time. The other was to 

investigate the use of spectroscopy as a means of enabling cheaper and denser sampling in order 

to augment the current monitoring efforts. The goals were to: 

 

Evaluate potential changes in sediment chemistry over time, especially P, and see if they a) are 
detectable, and b) match up with expectations.  

Quantify changes in mud distribution, as this particular material has been of special concern 
Quantify the spatial structure of sediment chemical parameters.  
Determine if spectroscopy can be used to accurately analyze Okeechobee’s sediments 
Compare dry vs wet spectral scanning results 
Compare mapping efforts based on traditional methods to those derived from spectral methods 
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Figure 1-1.  Lake Okeechobee and its hydrologic inputs and outputs. Red circles indicate 
established sample stations. 

 



 

25 

CHAPTER 2 
SPATIAL AND TEMPORAL CHANGE DETECTION IN LAKE OKEECHOBEE, FL 

Introduction 

Lake Okeechobee is a large, shallow, sub-tropical lake located in south Florida. It has a 

surface area of ~1730 km2 and an average depth of 2.7 m. It has been subjected to years of 

anthropogenic eutrophication, specifically high phosphorus (P) loads, to the point where water 

quality in the lake has been degraded. The importance of the lake to the state of Florida has 

resulted in extensive efforts to reduce nutrient loads to it, maintain water quality at levels 

sufficient to meet designated uses (fishing and swimming, Class III), and attempt to restore 

ecosystem functions and services to more natural levels (DEP 2001). Lake Okeechobee’s 

sediments store significant quantities of P, acting as a significant internal load (Fisher et al. 

2005). Of particular importance is the presence of P-enriched mud that covered approximately 

40% of the lakebed in 1998 (Reddy et al. 2002).  This flocculent mud has the potential to 

dramatically control water column P and light dynamics when entrained in the water column 

(Havens et al. 2001), a process that occurs regularly due to the shallowness of the lake and its 

large fetch.   

Change detection. An important aspect of management is detection of change in key 

ecological attributes over relevant spatial and temporal scales. For Lake Okeechobee, there is an 

institutional and public desire to restore the lake to a condition more resembling its pre-

disturbance state, and to maintain or improve its values as a resource – both economic values as a 

recreational asset and source of water, as well as environmental values as a vital part of the 

hydrology and overall health of the south Florida ecosystem. As time and money are invested in 

developing and implementing best management practices, setting total maximum daily loads, 

and other efforts intended to restore the health of the lake, the ability to detect changes in 
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performance indicators (such as P concentration) becomes vital in order to objectively evaluate 

restoration success and potentially revise restoration strategies (Hellawell and Holloway 1977). 

The ability to accurately detect change is also important for forecasting lake conditions, as 

well as estimating the time and costs required to achieve management goals. Change detection 

provides quantitative evidence needed to judge the effectiveness of expensive or difficult efforts 

to change land use practices in the watershed, set more stringent water quality requirements for 

inflows, or develop guidelines for lake stage management (Parr et al. 2003). Whether the 

management goal is to restore the system or to sustain current conditions, the ability to detect 

change is required to justify a course of action, since stakeholders are unlikely to support and 

sustain burdensome measures in the absence of evidence of their effectiveness (Walter and 

Holling 1990). Detection of change is, therefore, an integral part of adaptive management, which 

seeks to treat management practices as experiments and learn systematically from observed 

effects of management actions in the system. It is also important for determining the impacts of 

non-anthropogenic stresses on the lake, such as hurricanes and droughts. 

Change that is of restoration interest can occur in the magnitude, rate, or spatial 

distribution of key attributes and processes. Which type is of most interest depends on the 

situation, and sometimes multiple parameters are equally essential. Internal nutrient loading rate 

from the sediment is a key concern in Okeechobee, but spatial distribution of mud is also 

important for two reasons: 1) mud has a direct association with high levels of P accumulation 

(Reddy et al. 2002) and 2) because flocculent mud can retard or disrupt SAV growth by acting as 

a poor rooting medium or by reducing light penetration in the event of resuspension (Havens et 

al. 2001). Also of interest is the required spatial and temporal resolution necessary to detect 
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changes in the Okeechobee sediment system, given the dual considerations of a desire for quality 

data and the high cost associated with monitoring a lake of this size. 

Research question 1: Have mud sediments changed in depth, distribution or volume 

since previous surveys? 

Hypothesis 1-1: Total mud volume will have increased since 1988. Mud accumulation 

is an ongoing process that has been shown to be accelerating in the time since humans began to 

impact the lake (Brezonik and Engstrom 1998), so some increase between 1988 and 2006 should 

be expected. Reddy et al. (2002) reported that the total volume of mud in the lake of 

approximately 200 million m3. 

Hypothesis 1-2: Mean mud depth will be shallower in 2006 than in 1998 and spread 

over a larger area. In the absence of strong disturbing forces, over time flocculent material such 

as mud should gradually settle and accumulate in the lowest-energy regions of the lake (i.e., the 

deeper and less easily disturbed parts). In the presence of a powerful enough perturbance, this 

process could be upset and the material transported to other regions of the lake basin. Since there 

was a finite amount of mud at the time of the hurricanes, removal of material from the mud zone 

would result in shallower substrate depths as it is moved into other sediment areas. Reddy et al. 

(2002) reported that mud covered an area around 80,000 ha. 

Hypothesis 1-3: The differences in mud depth and distribution between the 1998 and 

2006 studies will be larger than the differences seen between the 1988 and 1998 studies. 

Lake Okeechobee was impacted by a number of hurricanes between 1998 and 2006, several of 

them shortly before the current study was undertaken. Since there were a larger number of high-

energy wind events affecting the lake between the second and third studies, there is a greater 

possibility that the changes in mud depth and extent will be more pronounced due to these storm 
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effects in the 1998-2006 time period than the 1988-1998 period, when there was less hurricane 

activity. 

In addition to determining changes in the spatial extent and amount of the mud, changes in 

sediment chemistry are also important for understanding nutrient dynamics and storage in the 

lake basin. 

 Fe is of interest since Fe-phosphates are highly susceptible to dissolution and release into 

the water column under anaerobic, reducing conditions (Moore and Reddy 1994). Ca and Mg are 

important because the majority of P stored in the mud sediments are Ca-Mg bound (Reddy et al. 

2002), and because these fractions are generally unavailable for biological uptake they may act 

as mitigating factors in the eutrophication issue facing Okeechobee.  The distribution of sediment 

Mg is of added interest due to recent work suggesting that the Mg (specifically palygorskite, a 

filamentous magnesium silicate mineral) is a substantial fraction of a surprisingly large mineral 

fraction in the mud, a fraction that may be of allocthonous origin (Harris et al. 2007) and 

therefore under watershed control. C and N are indicative of lake productivity and organic matter 

quality.  Finally, P is of particular importance since it is the limiting nutrient and major pollutant 

in Lake Okeechobee. Data on sediment P concentrations may allow managers to estimate the 

amount of P being sequestered in the sediments over time, and determine whether preferential 

accumulation may be occurring in some parts of the lake basin.  

Certain chemical parameters have been associated with sediment types, such as P with 

mud (Reddy et al. 2002), and the sediment types have been described as occurring in zones 

(Moore et al 1998, Fisher et al. 2005), suggesting some amount of spatial structure to the 

distribution of chemical concentrations. This has not been quantified for the lake, however. One 

way of quantifying spatial structure is the Q statistic, defined as the ratio of the sill to the sum of 
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the sill and the nugget of a semivariogram for an analyte (Lyons et al. 1998). The values for Q 

can range from 0 to 1 (or 0 to 100%, analogously), with 0 representing weak spatial structure and 

100% strong spatial structure. 

Research Question 2: Has there been detectable change in the concentrations or spatial 

structure of sediment chemical parameters since 1988? 

Hypothesis 2-1 TP, HCl-P (mineral P fraction), porewater SRP, TN, and TC 

concentrations will have increased in the sediments. Ca, Mg, Fe will not have experienced 

significant changes. 

The sediments have been shown to be a net sink for P, which is continuing to be loaded 

into Lake Okeechobee from human activities in its watershed, so it is expected that P 

concentrations will continue to increase in the lake over time. Nitrogen-fixing cyanobacteria 

have been able to take advantage of excess P in the water column and bloom more frequently 

(Havens and Gawlik 2005), and as this biomass settles out N should increase in the sediments. 

Cyanobacteria, algae, and SAV/macrophyte detritus in the littoral zones should continue to load 

carbon into the sediments. In the absence of strong external loads or high exports, the other 

analytes are not expected to change significantly. 

Hypothesis 2-2 TP, HCl-P, TN, TC, Fe, and mud depth will show strong spatial structure. 

Ca, Mg, and porewater SRP will show moderate or weak spatial structure. 

Fe and P have been shown to be dependent on sediment type (Moore et al. 1998), and so 

these quantities should vary in space along with the distribution of substrate. The mud has been 

observed largely in the pelagic zone in previous surveys and absent in other areas, leading to an 

expectation that it will continue to have strong spatial dependence with more mud occurring in 

the deeper central region and less on the lake fringe. The patterns of mud should have associated 
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effects on the spatial pattern of elemental constituents for which mud has distinct concentrations. 

Marl sediment areas should be higher in Ca, but with areas of exposed limestone bedrock acting 

as a source of Ca to the water of the lake and no obvious strong preference for substrate type, Ca 

is expected to have less spatial structure. Mg may or may not be associated with mud, depending 

on the mud’s origin. Porewater SRP concentrations are dependent on local conditions, and so 

while they might be expected to be correlated to sediment characteristics like sediment P in 

general, small spatial-scale differences in conditions may result in there being less of a 

dependence on substrate type (and hence substrate distribution).  As such, the resulting spatial 

pattern is expected to be weak. 

Hypothesis 2-3 Changes in TP and HCl-P (1988 to 1998; 1998 to 2006) will show strong 

spatial structure. The change maps of the other analytes will show moderate spatial structure. 

P is expected to increase faster in the fine mud sediments with which P has been associated 

with in the past (Reddy et al. 2002).  Since the mud is located in what could be described as a 

spatially-explicit area in the pelagic zone (Fisher et al. 2005), differential P change is expected to 

occur in line with sediment spatial distribution and thus show strong spatial structure.  Porewater 

SRP may not be as spatially coherent due to dependence on local circumstances. Changes in 

other analytes may not be as strongly associated with sediment type, resulting in less spatially-

driven structure to changes. However, at least moderate structure is expected, on basis of 

difference in physico-chemical characteristics between substrate types alone. 

Methods 

Sites (n = 174) (Figure 2-1) were previously selected during lake surveys in 1988 and 

1998.  These were revisited during the summer of 2006; sediment cores were successfully 

obtained at 156 stations on the lake with the remainder either too dry to access or where the 

bottom substrate was rock. Duplicate cores were taken at 19 randomly chosen sites from which 
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short range variability could be determined. Intact cores were taken either by piston corer or by 

hand to the point of refusal using 10 cm polycarbonate tubes. Mud depths were measured in each 

core in the field using a meter stick; the bottom of the mud was defined as a sediment 

discontinuity with rock, marl or sand while the top was defined visually after a settling period of 

several minutes.  A minimum of 10 cm of site water was left standing above the surface of each 

core, and each was capped and kept on ice until transported to the lab, where it was refrigerated 

at 4 °C until analysis. The cores were extruded inside of an N2-purged hood to maintain 

anaerobic conditions, and the surface sediment (0-10 cm) was sectioned for chemical analysis.  

Porewater was extracted by spinning subsamples from the core in airtight centrifuge tubs at 

10,000 RPM for 10 minutes; syringes were inserted through a rubber stopper in the cap of the 

tube in order to remove the porewater without exposing it to air. 

Sediments from cores were analyzed for a suite of physical and chemical properties 

according to standard U.S Environmental Protection Agency methods (United States 

Environmental Protection Agency, 1993). Sediment was analyzed for total P (EPA 365.1), total 

C and N with a Carlo Erba NA-1500 CNS analyzer, bulk density, HCl-P (EPA 365.1), HCl-

extractable Ca, Mg, Fe, and Al (EPA 200.7), KCl-P (EPA 365.1), KCl-NH4-N (Mulvaney 1996), 

and NaHCO3-P (EPA 365.1).  Porewater was analyzed for total P (EPA 365.1), soluble reactive 

P (EPA 365.1), total Kjeldahl N (EPA 351.2), NH4-N (Mulvaney 1996), pH (EPA 150.1), 

conductivity (EPA 120.1), as well as Ca, Mg, Fe, and Al (EPA 200.7).  Subsamples were dried in 

an oven at 70 °C for 3 days to determine moisture content and bulk density. These subsamples 

were then ground in a mortar and pestle and ball-milled until fine enough to pass through a 20 

μm sieve. 
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Variable methodology or classification between surveys introduced several difficulties for 

the comparison of observations between dates. Samples were collected by piston corer in 1988, 

by SCUBA diver in 1998, and by piston corer again in this 2006 study. Substrate classification 

was similar but not identical between surveys, and efforts were taken to standardize designations 

across years. This was further complicated by the fact that multiple sediment types may be 

observed in one core; sites were classified based on the sediment type dominating the top 10 cm 

of the core, both for this study and retroactively for the prior ones. Principal components analysis 

was used to test whether the sediment classifications that were used in 2006 were meaningful. 

Specifically, based on the full array of sediment chemical properties, PCA allowed the 

examination of whether sediment types (e.g., mud) fell within the same ordination space. 

Another important difference in methodology was core sectioning in previous studies was 

done based on substrate type boundaries, with separate chemical analyses performed on each 

section. In 2006, only the properties of the bulk, homogenized top 10 cm were determined. In 

those cases from previous studies where a substrate break occurred before 10 cm and two 

analyses were performed, physical and chemical characteristics were averaged based on volume 

fraction to create a composite value equivalent to the top 10 cm.  

Statistical Methods.  

Differences between surveys were investigated using paired t-tests (where pairs were the 

early and later observations for a particular site) for dependent samples using Statistica 

(Statistica 8.0, StatSoft, Inc.). Nine different sediment properties were chosen for statistical 

analysis: total P, N, C, Ca, Mg, and Fe, 1-M HCl-extractable P, porewater SRP, and mud depth. 

No sediment TC measurements existed for the 1988 data set, and only total Kjeldahl nitrogen 

and 0.5 M HCl-P extractions were available from that survey. TKN was deemed likely to be 

comparable to TN measurements due to lack of nitrate existing in the anaerobic conditions found 
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throughout most of the sediment cores (Moore and Reddy, 1994). HCl-P for 1988 was not 

compared to other years since it was not clear whether differences in acid concentration would 

invalidate comparisons between years. 

In addition to conducting t-tests on a lake-wide basis, tests were repeated on the subset of 

sites whose substrate type did not change between surveys. Given the markedly different 

characteristics of the various sediment types in the lake, sites whose sediment type changed 

between surveys, due to redeposition or high local heterogeneity, may confound detection of 

shifts in the lake sediment occurring due to changes in internal or external drivers. Shifts due to 

change in substrate are not necessarily less meaningful when considering variability in general in 

the lake, but by only including sites whose substrate remained unchanged between surveys can 

trends occurring across sediment types can be discerned.  

Since change comparisons were not done on a geographic or individual substrate basis, it 

should be noted that it is possible that there could be statistically significant changes in particular 

areas or sediments that are not being addressed or detected by the statistical tests being 

performed. 

Geostatistical Methods.  

The same sediment properties listed above were chosen for geostatistical analysis and 

mapping. Concentrations were mapped for the three individual surveys, as were changes between 

site values for the 1988-1998 surveys and 1998-2006 surveys. Ordinary kriging was used for 

interpolation for all variables following second order trend removal; standard lag distances (3500 

m) and numbers of lags (10) were used for all analytes to avoid differences due to interpolation 

model selection. To estimate mud volumes, the interpolated depth of the mud at each pixel was 

multiplied by pixel area, and then summed over the lake area. 
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Spatial structure was measured by the statistic Q, as described in Lyons et al. (1998). Q is 

the ratio of the partial sill (the sill minus the nugget) to the sill, and is usually expressed as a 

percentage. The partial sill represents the amount of semivariance explained by the interpolation 

model; the sill is the total semivariance. As the partial sill approaches the value of the sill (i.e., as 

the nugget value approaches zero), Q approaches 100% and indicates that the spatial variability 

of the analyte in question is explained strongly by spatial structure. Conversely, as the nugget 

value increases, Q goes to zero and implicates factors other than spatial distribution as 

responsible for the variability. Following the methods of Cambardella et al. (1994), three classes 

of spatial structure are defined based on the Q value: 

75-100% - Strong spatial structure 
25-75% - Moderate spatial structure 
0-25% - Weak spatial structure 
 

Results 

Figure 2-2 shows the results of the principal components analysis between the three main 

substrate types: sand, peat, and mud. Separation between groups is evident, indicating that the 

classification scheme has validity. 

Table 2-1 shows the total mud area and volume for each year as calculated from the GIS 

maps. The total area covered by mud (irrespective of depth) was stable between 1988 and 1998, 

but seemed to expand by 2006. This was accompanied by an apparent drop in total mud volume. 

Change Detection  

 Significant changes in sediment properties were observed at both 10- and 20-year 

intervals (Table 2-2). For some analyses, particularly P-related ones, statistically significant 

changes were seen only when considering sites whose substrate type did not change between the 

surveys being compared. Change in sediment TP was dependent on continuity of substrate type, 

as well as time. When considering all sites, there was no significant change in TP levels. When 
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looking only at sites whose substrate type had not changed between surveys, there were 

significant changes. Between 1988 and 1998 TP increased at these sites at significant levels (p = 

.047). Between 1998 and 2006, however, there was a significant (p = .027) decline in TP. The 

result of these fluctuations was that when considering the entire time period between 1988 and 

2006, there was no significant change in TP. Porewater SRP showed the same increase/decrease 

pattern, and HCl-P also showed a significant decrease between 98/06, though data was lacking to 

see if it also showed an increase between 88/98. 

Geostatistics 

Table 2-3 summarizes the results for the spatial structure of sediment chemistry conditions 

and their changes between surveys. Figures 2-3 through 2-18 show interpolations of mud depth 

and analyte concentrations from the 1988, 1998, and 2006 studies, as well as changes between 

studies. Larger maps for individual years and changes between years can be found in the 

Appendix (Figures A-1 through A-41). In general, spatial structure tended to be moderate to 

weak, with stronger Q scores being seen for individual years (mean structure 38%) than for maps 

of changes between surveys (mean structure 20%).  

A notable exception to this was mud depth. The mud sediments were deepest in the central 

pelagic region of the lake in all three surveys, and stretch out towards the eastern shore and 

northwards towards the Kissimmee River in a tongue of material (Figure 2-3). A noteworthy 

aspect of the maps is the change in strength of spatial structure between the first two surveys and 

the one from 2006.  For 1988 and 1998, there was strong spatial structure in the mud distribution 

pattern, with sharp gradients in mud depth with distance from the center of the lake. In 2006, 

however, the mud was found to be much less deep (maximum depth 51 cm, compared to broad 

areas with >50 cm depth in 88/98), and the spatial structure much weaker (by >30%). The mud 

appears to be more evenly distributed in the north/northeast part of the lake than before, and the 
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gradient in mud depth greatly reduced. The reduction of mud depth was corroborated by the t-

tests, which indicated that there were statistically significant decreases between 88/98, 98/06, 

and 88/06 (Table 2-2). The changes in mud depth between 1988 and 1998 (Figure 2-16) had 

essentially no spatial structure according to the geostatistical value  (Q = 0%), while the 1998–

2006 change map, exhibited moderate spatial structure (Q = 46%) suggestive of systematic 

drivers of change, and not just measurement uncertainty or local heterogeneity as is the case for 

1988 to 1998. Change is dominated by decreases in mud depth, especially in the center of lake 

where the deepest deposits are, though increased depths are seen in the north, west-central, and 

south.  

Fe concentrations were higher in the central and eastern parts of the lake (Figure 2-6), 

especially in the area near the central eastern shore, and consistent with prior observations 

(Moore and Reddy 1994) seem to be associated to some degree with mud.  Large concentrations 

of Ca were seen in the south-central area of the lake, and exposure of the underlying limestone 

bedrock in this area may be the reason for this. Ca spatial structure (Figure 2-5) saw a 

pronounced increase in Q value from 47% to 71% between 1998 and 2006. TN (Figure 2-12) 

saw a marked decrease in spatial structure between 1988 and 1998, though no statistically 

significant changes in concentration between any of the studies. Little spatial structure was seen 

for TC (Figure 2-14) across studies, perhaps because of generally high organic inputs into all 

sediments resulting from high productivity in the lake. 

Discussion 

Changes seen in mud distribution support the hypotheses about mud depth/area and the 

magnitude of the changes between surveys, though they did not support the hypothesis that total 

volume would increase with time. Between 1998 and 2006, the depth was significantly shallower 

and the areal extent of mud increased by 18%. Given the annual rates of sediment accumulation 
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in the mud zone reported by Brezonik and Engstrom (1998) of ~600 g m-2 and the conventional 

wisdom that it has been constantly accumulating since anthropogenic eutrophication began, the 

apparent large decline in total mud volume is somewhat surprising. Resuspension due to intense 

wind action could move fine-grained material into the water column, potentially leading to an 

increase in export of total suspended solids and acting as a possible explanation for loss of mud. 

Resuspension of deeper mud sediments could also expose organic matter typically residing in 

anaerobic conditions to aerobic ones, potentially resulting in oxidation and loss of material. 

Another possibility is compaction of the mud sediments, as this could decrease the volume while 

maintaining (or even increasing) the total mass. The density profile of the entire mud column at 

each site would be required to determine whether there has been a net loss of mud mass over 

time, however. 

The elongated formation of mud seen extending northwards in all maps is an interesting 

feature, since two major hydrologic inputs enter the lake in this area: the Kissimmee River and 

Taylor Creek. The mud material has been described as resulting from the settling of organic 

biomass from the increasingly eutrophic water column (Brezonik and Engstrom 1998). The 

presence of a large amount of settled-out fine and flocculent material extending towards a part of 

the lake expected to have relatively high water flow heading in the opposite direction seem 

counterintuitive. Harris et al. (2007) put forth the possibility of an allochthonous origin of the 

mud, perhaps carried in from Hawthorn Formation sediments entrained and transported by the 

Kissimmee River.  As such, the tongue of mud could be interpreted as a result of differential 

settling of heavier fractions of mud material that drop out of the water column closer to their 

source, and this could perhaps be tested by comparison of mud particle size or bulk density along 

a north/south transect. The fact that mud does not seem to be further accumulating with time and 
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that the spatial distribution was stable prior to the period between 1998 and 2006 might suggest 

that mud accumulation has not been as continuous a phenomenon as previously thought 

(Brezonik and Engstrom 1998). The potential contribution of human activity to transport of 

suspended solids into Lake Okeechobee, perhaps from projects such as the channelization of the 

Kissimmee River in the 1960s, merits further investigation.  

There appears to have been significant movement of mud northwards in the period 

between 1998 and 2006, resulting in shallower but larger expanses of mud coverage. There was a 

corresponding northwards migration of higher sediment chemical concentration levels, and this 

may represent more chemically-inert sand sediments being covered by the finer, more 

chemically rich and complex mud. In spite of some paleolimnological studies that suggest that 

significant sediment mixing either does not occur in Okeechobee or is relatively rare (i.e. 

Shottler and Engstrom 2006; Engstrom et al. 2006; Brezonik and Engstrom 1998), it seems that 

sediment redistribution should be considered as a possible explanation for the recent change in 

spatial distribution of mud material. 

The years before the study saw hurricanes Jean, Frances, and Wilma pass over the lake, 

and these kinds of large storms have been shown to cause large seiches along the north-south 

transect of the lake (Chimney 2005). It was found that the largest changes in water level over the 

course of the events occurred along transects in a north/south alignment, with a maximum 

difference in water depth of 3.06 m during Hurricane Frances, and 4.91 m during Hurricane 

Jeanne; east/west movement of water was less significant. Chimney (2005) reported that damage 

to the levee and the uprooting and piling up of aquatic vegetation was observed after these 

storms, and attributed at least in part to the scouring action of wind set-up water. This could 

potentially be responsible for the movement of mud; lack of any reciprocal observed southern 
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expansion due to this “sloshing” effect might be explained by interception of sediment or 

impediment of water flow by the rocky outcropping immediately south of the lake center. 

Every hypothesis regarding sediment chemistry change over time was rejected. The 

analytes expected to remain unchanged (Fe, Mg, and Ca) all increased between 1988 and 2006, 

and the ones predicted to increase either remained the same (TP and porewater SRP) or didn’t 

change (TN and TC). HCl-P decreased between 1998 and 2006, and data was not available for 

the 88/98 period. It is expected that it would have been in line with the other P variables and 

increased during this time, also resulting in no clear change in the longer term.   

The spatial structure hypotheses were likewise largely rejected. It was expected, in the 

presence of both strong sediment physico-chemical differences and clear boundaries between 

substrates, that spatial structure of chemical conditions would be strong; this was not the case. 

Few sediment properties were even in higher moderate levels of spatial structure, as defined by 

Cambardella et al. (1994). There are multiple ways of interpreting this; it may be that the 

relationship between sediment chemistry and substrate type is weaker than was predicted, or it is 

possible that the density of spatial sampling and effectiveness of the kriging models used for 

interpolation was deficient. Maps of differences between surveys were generated to see if change 

was occurring in certain regions or following particular patterns (e.g., radial expansion as in 

mud), which may have highlighted substrate differences or point sources of substances; change 

maps, with few exceptions, possessed low lower spatial structure, suggesting that change drivers 

were either highly local processes or uniform across the lake.  

The evidence supports an argument that useful information can still be gleaned from 

mapping, and perhaps from the Q statistic, in Lake Okeechobee even in the absence of strong 

spatial structure in concentration or change maps.  For example, P seemed to be associated with 
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mud sediments, though hotspots were located in the far east and also in the southwest marsh 

area. Mg change map spatial structure tracked that of mud depth, with very low structure existing 

between 88/98 and and large increase between 98/06, largely due to changes occurring in the 

central region of the lake. Consistent increases in Mg concentration have been seen in the 

southeast part of the lake, and a notable increase occurred in the northern area between 98/06, 

concurrent with increase mud depth in that area. Fe also increased markedly in the northern 

“tongue” area between 98/06. High N and C values were associated most with the peat sediments 

of the southern lakebed. C was also higher in the central mud area, and increased concentrations 

of it in the north correspond with mud movement in that area. Southerly increases in TC content 

could be a relic of overzealous interpolation of the gradient of largely inorganic mud to high C 

content peat, or perhaps represent real increases due to ongoing carbon sequestration due to SAV 

growth, such as the macro-alga Chara that was reported by Havens et al. (2001) to have 

colonized this area during a low lake stage.  

A fundamental question is whether the current sampling regime is spatially and temporally 

sufficient to characterize the properties of interest in the lake and detect changes in their status. 

To what extent are current efforts able to detect changes in attributes that we expect to change? 

Phosphorus was an example of the sampling regime being fine enough to capture fluctuations in 

concentration, as statistically significant increases and decreases were detected over the time 

span monitored. In the case of P, an 18 year sampling period would have been temporally 

insufficient to detect these changes, while sampling at the 8-10 year range appears to have 

detected decadal changes in the sediment TP pool. Of course, the amount of effort and resources 

available to expend will be a factor in the determination of sampling density as well. 
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Greater spatial structure was expected in the sediment chemistry properties, as the 

sediment types (mud, sand, peat, marl) are physically and chemically distinct from each other, 

and have been depicted as occurring in more or less discreet zones (Reddy et al. 2002). Whether 

the lack of observed spatial structure was due to heterogeneity in substrate distribution, 

homogeneity in sediment chemistry, or spatially insufficient sampling density is unclear. The 

change maps tended to have even less spatial coherence than the distribution maps, and again 

this could be because changes are occurring more or less uniformly in the lake sediments, or 

because they are occurring totally randomly, or because spatial and temporal aspects of the 

sampling regime are not insufficient to observe and properly model these changes.  

 The fact that some properties changed in one direction between 1988/1998 and then 

reversed between 1998/2006, resulting in no significant change between 1988 and 2006 (as with 

TP and porewater SRP), is an encouraging indicator that at least some variability is being picked 

up at the near-decadal time scale, and which might otherwise be missed at lower temporal 

resolutions. It is not clear from these three studies whether the increases and decreases are part of 

natural cycles, were in response to specific external parameters, or are purely random in nature.  

One clear inference from this analysis is that long-term sampling and monitoring should 

seek to keep the sampling and analytical protocols the same between studies. The lack of 

contintuity in chemical properties measured, how they were tested, and even how the cores were 

sampled (by boat and piston corer in 2006 and by SCUBA diver in 1998, for example) 

introduces possible error and lack of compatibility. The manipulations and work-arounds 

sometimes required to address these issues can be less than ideal and may confound our ability to 

detect changes in the system by introducing error and uncertainty due to methodological 

changes.  
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Conclusion 

The mud sediments of Lake Okeechobee have increased in area while decreasing in depth and 
volume since 1988.  

Sediment P concentrations increased between 1988 and 1998, then decreased through 2006. 
Significant changes were also seen in Ca, Mg, Fe, and porewater SRP; TC and TN did not 
change between any of the surveys.  

Spatial structure of most analyte maps was in the weak or moderate range, with spatial structure 
of change maps between surveys tending to be even lower.  
 

Continued monitoring programs are vital for tracking the condition of the lake and not 

repeating the mistakes of the past, which have left important gaps in our knowledge of Lake 

Okeechobee and so introduced uncertainty regarding efforts to manage and protect this important 

resource. The failure to monitor and track changes before the lake was impacted by human 

activities has led to uncertainty in what restoration goals ought to be. In order to appropriately 

plan for the future, a better understanding of how the lake is changing, and how to best monitor 

these changes, is required. 
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Table 2-1.  Mud area and volume for surveys in 1988, 1998, and 2006. 

  
Mud Area 
(ha) 

Mud Volume 
(million m3)

1988 80,000 205 
1998 79,000 192 
2006 93,000 141 
 
Table 2-2.  The p values for dependent t-tests by analyte, and summary of direction of change.  
Unchanged 88-98 98-06 88-06  All 88-98 98-06 88-06 
TP 0.0465 0.0270 0.5568  TP 0.2010 0.1536 0.4817 
TN 0.4686 0.2563 0.2797  TN 0.8434 0.6161 0.7294 
TC   0.1263    TC   0.4271   
Mud 
Depth        

Mud 
Depth 0.0073 0.0017 0.0000 

Ca 0.0557 0.7214 0.0465  Ca 0.0838 0.9555 0.0412 
Mg 0.4572 0.0000 0.0000  Mg 0.6478 0.0000 0.0000 
Fe 0.0548 0.0000 0.0000  Fe 0.0033 0.0000 0.0000 
HCl-P   0.0009    HCl-P   0.0598   
PW SRP 0.0000 0.0001 0.4027  PW SRP 0.0000 0.0000 0.1027 
         
Unchanged 88-98 98-06 88-06  All 88-98 98-06 88-06 
TP Increase Decrease None  TP None None None 
TN None None None  TN None None None 
TC   None    TC   None   
Mud 
Depth        

Mud 
Depth Decrease Decrease Decrease

Ca None None Increase  Ca None None Increase 
Mg None Increase Increase  Mg None Increase Increase 
Fe None Increase Increase  Fe Decrease Increase Increase 
HCl-P   Decrease    HCl-P   None   
PW SRP Increase Decrease None  PW SRP Increase Decrease None 
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Table 2-3.  Geostatistics for each year and each pair of years. 
Analyte Nugget Range Partial Sill Q (%) RMSE 
1988_TP  107381 9172 26666 20 366.8 
1998_TP 121742 9950 43770 26 393.6 
2006_TP 110003 21148 37251 25 375.5 
98-88_TP 94613 5701 12209 11 343.3 
06-98_TP 172968 34737 13417 7 451.3 
      
1988_Mud_Depth 26 11756 193 88 8.033 
1998_Mud_Depth 27 11535 216 89 8.182 
2006_Mud_Depth 45 10853 58 56 8.149 
98_88_Mud 40 33285 0 0 6.443 
06_98_Mud 72 9443 61 46 9.666 
      
1998_1M_HCLP 57624 7537 20977 27 277 
2006_1_M_HCLP 54109 28843 19147 26 265.4 
06_98_1MHCLP 99879 33285 0 0 330.5 
      
1988_TKN 119 34737 92 44 14.06 
1998_TN 80 34737 14 15 9.376 
2006_TN 51 34737 14 22 7.818 
98-88_TN 1.23E+08 34737 1.02E+08 45 15.93 
06_98_TN 61 34737 13 18 8.524 
      
1998_TC 11792 34737 2534 18 114.5 
2006_TC 8951 34737 2558 22 103.3 
06_98_TC 8374 34737 1909 19 101.5 
      
1988_Ca 7.79E+08 10488 5.99E+08 43 34110 
1998_Ca 1.96E+09 14402 1.75E+09 47 57370 
2006_Ca 8.16E+08 15327 1.98E+09 71 43310 
98_88_Ca 1.89E+09 13302 5.07E+08 21 49790 
06_98_Ca 1.59E+09 12251 9.65E+08 38 50210 
      
1988_Mg 3.92E+07 8073 4.60E+07 54 8494 
1998_Mg 7.09E+07 10244 7.51E+07 51 12090 
2006_Mg 7.70E+07 13171 8.83E+07 53 11780 
98_88_Mg 5.00E+07 5701 5.10E+06 9 7331 
06_98_Mg 3.11E+07 10610 3.89E+07 56 7701 
      
1988_Fe 1.90E+06 10384 8.82E+05 32 1530 
1998_Fe 1.45E+06 11357 8.58E+05 37 1414 
2006_Fe 3.04E+06 11672 2.34E+06 44 2115 
98_88_Fe 1.12E+06 10585 2.15E+05 16 1165 
06_98_Fe 3.67E+06 16908 5.34E+05 13 2163 
      
1988_PW_SRP 0.124 33285 0 0 0.3657 
1998_PW_SRP 0.126 13573 0 16 0.3975 
2006_PW_SRP 0.077 34737 0 29 0.3867 
98_88_PW_SRP 0.186 22160 0 4 0.463 
06_98_PW_SRP 0.205 34737 0 21 0.5615 
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Figure 2-1.  Map of lake and sample sites, with sediment types from 1988 and 1998. 
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Figure 2-2.  Principal components analysis results for the 3 major substrate classifications. 
Separation between classes indicates that the classification scheme has validity. 
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Figure 2-3.  Interpolations of mud depth from 1988, 1998, and 2006 studies. All units in cm. 

 
 

  1988_Mud 1998_Mud 2006_Mud 
Nugget 25.8 26.7 45.1 
Range 11755 11534 10853 
Partial 
Sill 193 216 58.0 
Q (%) 88 89 56 
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Figure 2-4.  Interpolations of TP from 1988, 1998, and 2006 studies. All units in mg kg-1. 

 

  1988_TP 1998_TP 2006_TP 
Nugget 107381 121741 110003 
Range 9171 9949 21147 
Partial 
Sill 26665 43769 37251 
Q (%) 20 26 25 
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Figure 2-5.  Interpolations of Ca from 1988, 1998, and 2006 studies. All units in mg kg-1. 

 
 
 

  1988_Ca 1998_Ca 2006_Ca 
Nugget 7.79E+08 1.96E+09 8.16E+08 
Range 10488 14402 15326 
Partial 
Sill 5.99E+08 1.75E+09 1.98E+09 
Q (%) 43 47 71 
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Figure 2-6.  Interpolations of Fe from 1988, 1998, and 2006 studies. All units in mg kg-1. 

 

  1988_Fe 1998_Fe 2006_Fe 
Nugget 1897563 1454217 3037058 
Range 10384 11356 11672 
Partial 
Sill 882158 858288 2341050 
Q (%) 32 37 44 
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Figure 2-7.  Interpolations of Fe change between 1988-1998 and 1998-2006 studies. All units in 

mg kg-1.

  98_88_Fe 06_98_Fe 
Nugget 1122726 3671386 
Range 10584 16907 
Partial 
Sill 214853 534198 
Q (%) 16 13 
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Figure 2-8.  Interpolations of Mg from 1988, 1998, and 2006 studies. All units in mg kg-1. 

 
 
 
 
 

  1988_Mg 1998_Mg 2006_Mg 
Nugget 39184445 70940552 76957131 
Range 8072 10244 13171 
Partial 
Sill 46022175 75056754 88264732 
Q (%) 54 51 53 
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Figure 2-9.  Interpolations of porewater SRP from 1988, 1998, and 2006 studies. All units in mg 

L-1. 

 
 
 

  88_PW_SRP 98_PW_SRP 06_PW_SRP 
Nugget 0.124 0.125 0.076 
Range 33284 13572 34736 
Partial 
Sill 0 0.024 0.031 
Q (%) 0 16 29 
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Figure 2-10.  Interpolations of Ca change between 1988-1998 and 1998-2006 studies. All units in 

mg kg-1.

  98_88_Ca 06_98_Ca 
Nugget 1.89E+09 1.59E+09 
Range 13301 12250 
Partial 
Sill 5.07E+08 9.65E+08 
Q (%) 21 38 
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Figure 2-11.  Interpolations of Mg change between 1988-1998 and 1998-2006 studies. All units 
in mg kg-1.

  98_88_Mg 06_98_Mg 
Nugget 50011341 31102165 
Range 5701 10610 
Partial 
Sill 5097496 38863276 
Q (%) 9 56 
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Figure 2-12.  Interpolations of TN from 1988, 1998, and 2006 studies. All units in g kg-1.

  1988_TKN 1998_TN 2006_TN 
Nugget 119 79.8 50.8 
Range 34736 34736 34736 
Partial 
Sill 92.4 14.4 14.1 
Q (%) 44 15 22 
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Figure 2-13.  Interpolations of HCl-P in 1998 and 2006, and change between those years. All 

units in mg kg-1. 

 

  1998_HCl-P 2006_HCl-P 
Nugget 57623 54109 
Range 7537 28842 
Partial 
Sill 20976 19146 
Q (%) 27 26 

  06_98_HCl-P 
Nugget 99879 
Range 33284 
Partial 
Sill 0 
Q (%) 0 
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Figure 2-14.  Interpolations of TC in 1998 and 2006, and changes between those studies. All 

units in g kg-1. 

 
 
 
 
 

  1998_TC 2006_TC 
Nugget 11791 8951 
Range 34736 34736 
Partial 
Sill 2533 2557 
Q (%) 18 22 

  06_98_TC 
Nugget 8373 
Range 34736 
Partial 
Sill 1908 
Q (%) 19 
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Figure 2-15.  Interpolations of porewater SRP change between 1988-1998 and 1998-2006 

studies. All units in mg L-1.

  98_88_PW_SRP 06_98_PW_SRP 
Nugget 0.186 0.205 
Range 22160 34736 
Partial 
Sill 0.007 0.054 
Q 4 21 
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Figure 2-16.  Interpolations of mud depth change between 1988-1998 and 1998-2006 studies. All 

units in cm. 

 

  98_88_Mud 06_98_Mud 
Nugget 39.9 72.1 
Range 33284 9442 
Partial 
Sill 0 60.9 
Q (%) 0 46 
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  98-88_TP 06-98_TP 
Nugget 94612 172968 
Range 5701 34736 
Partial 
Sill 12208 13416 
Q (%) 11 7 

 
 
 
 
 
 
 
 
Figure 2-17.  Interpolations of TP change between 1988-1998 and 1998-2006 studies. All units 
in mg kg-1.
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  98-88_TN 06_98_TN 
Nugget 1.23E+08 61 
Range 34736 34736 
Partial 
Sill 1.02E+08 13 
Q (%) 45 18 

 
Figure 2-18.  Interpolations of TN change between 1988-1998 and 1998-2006 studies. All units 
in g kg-1. 
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CHAPTER 3 
SPECTRAL DETERMINATION OF SEDIMENT PROPERTIES 

Introduction 

Lake Okeechobee is a large (area ~1730 km2) shallow (mean depth 2.7 m), heavily 

managed and monitored lake in South Florida. Water quality in the Lake has been determined to 

be impaired due to excessive nutrient loading, and its sediments are an important component of 

phosphorus cycling in the lake, since they act as a sink for particulate P and a large internal load 

of soluble reactive P (Moore et al. 1998). The size of Lake Okeechobee limits the density of 

sampling in space and time due to high costs associated with collecting, processing, and 

analyzing large numbers of samples. In particular, traditional chemical analysis of soil/sediment 

samples is expensive and labor intensive, and is often the limiting factor affecting spatial and 

temporal detail during project planning.  Increased sampling frequency or density, which is 

widely viewed as a constraint on effective large-area monitoring and assessment, requires 

decreasing the costs associated with sample analysis while maintaining reasonable analytical 

accuracy. 

One tool that has been investigated for use in large-area environmental surveillance 

(Shepherd and Walsh 2002) is visible/near-infrared (VNIR) diffuse reflectance spectroscopy, 

wherein patterns of electromagnetic radiation absorbed in the visible (350-750 nm) and near-

infrared (750-2500 nm) regions are used to predict to the physical and chemical characteristics of 

a substance through the use of multivariate statistical models called chemometrics. Different 

materials absorb and reflect different wavelengths of light, depending on their physical 

composition (elemental composition, amorphous vs crystalline structure, etc). Whether through 

the detection of overtones of longer wavelength emissions of certain compounds, or indirect 

association with materials reflecting in the visible/near-infrared part of the electromagnetic 
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spectrum, statistical correlations between the spectral signatures of substance and their physical 

and chemical properties have successfully been determined for sediments and soils. This 

technique, which gained favor with the emergence of low cost spectroradiometric equipment, has 

been successfully applied over a range of terrestrial, aquatic, and wetland systems. Model 

performance is commonly measured through several metrics, including the coefficient of 

determination (R2) between predicted and observed values, the RPD statistic (defined as the ratio 

of the standard deviation of the population to the RMSE of the model), and the RMSE (Change 

et al 2001, Dunn et al. 2002). Good model performance is indicated by high R2 and RPD scores, 

and low RMSE values. 

Malley and Williams (1997) used VNIR to predict concentrations of various heavy metals 

in the sediments of an oligotrophic freshwater lake in Canada.  They found that metal 

concentrations were linked to sample organic matter content, and that this could be predicted 

effectively using NIR analysis.  Nilsson et al. (1996) investigated using spectral reflectance of 

lake sediments to infer properties of the overlying water column. Looking at a number of lakes in 

Sweden, they found that NIR-derived models could detect 83% of the variability of total 

phosphorus, 68% for total organic carbon, and 85% for pH.  

Similar work has been done on soils. Chang et al. (2001) were able to predict total C, total 

N, cation exchange capacity (CEC), moisture content, sand and silt fractions, and extractable Ca 

of soils collected from around the U.S. Dunn et al. (2002) were able to predict CEC, 

exchangeable Ca and Mg, and pH in both topsoil and subsoil samples. Shepherd and Walsh 

(2002) successfully predicted pH, CEC, Ca, Mg, organic C, and soil texture; Brown et al. 2006 

were able to predict total clay content, clay fractionation (kaolinite vs montmorillonite), and 

CEC, and Lee et al. (2003) found that some soil nutrients could be predicted in a study across 
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several soil orders found in Florida. Though terrestrial soils are different in many respects from 

lake sediments, some of the properties successfully modeled in them, such as Ca, Mg, C, and N 

are important in Lake Okeechobee and are currently monitored there. The lake also has a large 

littoral marsh, where the substrate is more like wetland soils than lake sediment. Cohen et al 

(2005) determined that spectroscopy can be used to predict a variety of chemical characteristics 

from wetland riparian soils, including P, which is the key nutrient of interest in Okeechobee’s 

sediments. In other P-related VNIR work, Bogrecki and Lee (2005b) have showed that 

phosphate minerals associated with Fe, Al, Mg, and Ca could be spectrally detected in pure sand 

samples. The same authors investigated the effects of particle size on spectral testing of soil P 

and found that particle size could be accurately detected using spectral methods, and that 

correcting for particle size in the models could improve the accuracy of the tests for phosphorus 

(2005a). Whether or not P concentrations and spatial trends can be spectrally predicted in Lake 

Okeechobee’s sediments is an important question in the larger framework of testing the 

applicability of spectroscopy in this system. 

Spectral analysis offers significant cost benefits over traditional wet chemistry, in part 

because multiple sample characteristics can be predicted using spectra. For systems like 

Okeechobee, whose size limits the spatial and temporal density of sampling, using spectral 

predictions as a component of monitoring efforts could increase the attainable resolution by 

offering a low-cost alternative to traditional analyses. Samples are usually brought back to the 

laboratory and undergo preparation (drying, grinding, sieving) before being scanned (Nilson et 

al. 1996, Malley and Williams 1997).  Howeover, field-portable models spectroradiometers are 

now widely available and could be used to collect sediment spectra on site. If scans of 

unprocessed material obtained in the field were usable for spectral modeling then the time, cost, 
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and effort associated with sample collection and processing could be diminished or avoided once 

an initial spectral library was created. A principal constraint that has limited field application of 

spectral prediction has been that moisture content strongly affects spectra (Kooistra et al. 2003); 

in environments where moisture contents vary (e.g., terrestrial soils), this may introduce 

variability that renders field scanning impractical.  However, lake sediments are generally 

saturated, minimizing the effects of variable moisture content.  As such, this study had two 

objectives: 1) to determine whether spectral modeling could be used to predict sediment 

characteristics (including spatial pattern) in Lake Okeechobee, and 2) to investigate the viability 

of prediction from saturated sediment samples. 

The following research questions were posed: 

1. Are chemometric methods useful for characterizing sediment properties in Lake 
Okeechobee? 

2. Are predictions of sediment properties from wet spectra sufficiently accurate to replace dry 
spectral prediction? 

3. Are spectral predictions of key sediment properties sufficient to predict spatial pattern in the 
lake? 

Hypothesis 1: Statistical analysis of reflectance spectra from dry sediments will be 

able to predict physical and chemical characteristics to a usable degree. Previous success at 

statistical prediction in soils and sediments from a wide variety of environmental settings 

suggests that effective prediction in Lake Okeechobee’s sediments using conventional 

chemometric methods should be tenable.  

Hypothesis 2: Sediment reflectance spectra from wet sediment samples will have 

lower predictive power than spectra from dried samples, but will still be utilizable for 

accurate spectral modeling. Reflectance spectra from soils change with soil moisture content, 

even while certain chemical parameters remain the same (Bogrekci and Lee 2005b), so drying is 
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commonly used to reduce the effect of this potentially confounding variable. Lake sediments by 

their nature are under constant saturation, however, and so, while total water content may still 

vary according to the physical characteristics of the sediment, the environment is presumably 

more homogenous and stable with respect to saturation and its effects on substrate chemistry. 

Thus, lake sediments may be a good medium in which to attempt to extract viable scans from 

saturated samples. 

Hypothesis 3:  Spectral modeling will be able to predict spatial trends in sediment 

chemical properties. VNIR spectroscopy has demonstrated utility for creating predictive models 

for soils and lake sediments. The next step would be to use spectrally predicted values to 

augment mapping schemes. If predicted values are of sufficient accuracy, it would be expected 

that spatial interpolations based off of those values would be similar to those based off of values 

derived from traditional wet chemistry measurements. 

Methods 

Sample Procurement and Preparation 

Cores were taken at 156 stations on the lake (Figure 3-1). Duplicate cores were taken at 19 

randomly chosen sites. Intact cores were taken either by piston corer (in deep water) or by 

pushing the core tube into the substrate by hand (in shallow water). Cores were taken to the point 

of refusal. A minimum of 10 cm of site water was left standing above the surface of each core, 

and each was capped and kept on ice during transport to the lab, where it was refrigerated at 4 

°C.  The cores were extruded inside of an N2-purged hood to maintain anaerobic conditions, and 

the surface sediment (0-10 cm) was sectioned for chemical and spectral analysis.  Porewater was 

extracted by centrifugation in airtight containers at 10,000 RPM for 10 minutes; syringes were 

inserted through a rubber stopper in the cap of the tube in order to remove the porewater without 

exposing it to air. 
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Following porewater separation, subsamples of sediments were dried in an oven at 70 °C 

for 3 days to determine moisture content and bulk density. These subsamples were then ground 

in a mortar and pestle and ball-milled until fine enough to pass through a 20 μm size sieve.  Part 

of the sample was used for spectroscopy, and the rest was analyzed for a suite of physical and 

chemical properties according to standard methods: total P (EPA 365.1), total C and N with a 

Carlo Erba NA-1500 CNS analyzer, bulk density, HCl-P (EPA 365.1), HCl-extractable Ca, Mg, 

Fe, and Al (EPA 200.7), KCl-P (EPA 365.1), KCl-NH4-N (Mulvaney 1996), and NaHCO3-P 

(EPA 365.1).  Porewater was analyzed for total P (EPA 365.1), soluble reactive P (EPA 365.1), 

total Kjeldahl N (EPA 351.2), NH4-N (Mulvaney 1996), pH (EPA 150.1), conductivity (EPA 

120.1), as well as Ca, Mg, Fe, and Al (EPA 200.7).   

Dried and milled samples were scanned using a using a FieldSpec Pro spectroradiometer 

(Analytical Spectral Devices, Boulder CO). This device measures diffuse spectral reflectance in 

the visible (350-750 nm) and near-infrared (750-2500 nm) in 1-nm bands using Spectralon 

(Labsphere, Hutton, NH) as a white reference.  Samples were scanned from below through 

borosilicate glass dishes (Shepherd et al. 2003). Spectra were resampled at 10 nm increments in 

order to reduce data set dimensionality prior to statistical analysis.  Raw spectra were derivative 

transformed (Fearn 2000) to highlight spectral response patterns, reduce albedo effects and 

control for minor differences between batches in light source intensity and effects of differential 

sample grinding. 

To compare prediction accuracy between wet and dry spectra, scans were taken of the 

sediment under both conditions. Samples were collected as part of a larger study on Lake 

Okeechobee’s sediments, so it was not feasible to conduct scanning of the samples under field-

wet conditions; instead, after being dried and ground samples were rewetted to saturation using 
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distilled de-ionized water, mixed to a homogeneous consistency, then scanned wet after standing 

for approximately 20 minutes to ensure adequate saturation and equilibration. 

Data Analysis 

Partial least squares (PLS) regression was used to develop statistical predictions of 

sediment and pore-water chemistry spectral data (Lee et al. 2003). PLS is a multivariate 

technique that is useful when there are a large number of highly co-linear factors and the goal is 

to create a useful predictive model of a phenomenon rather than to fully understand how each 

individual factor affects its behavior (Tobias 1996). Spectral data, which often consist of 

measurements of many wavelengths whose values tend to be strongly spectrally autocorrelated, 

is an ideal candidate for PLS, and the primary analytical tool used for chemometric development 

in the literature (Nilsson et al. 1996, Dunn et al. 2002, Lee et al. 2003, Bogrekci and Lee 2005b). 

The software package Statistica v. 8.0 (StatSoft Inc., Tulsa OK) was used to perform the analysis 

and construct predictive models for the various analytes.  Sites were randomly divided into 

calibration and validation sets such that 67% of the available data was used to create the 

statistical model and the 33% used for validation (Dunn et al. 2002). Separately randomized sets 

for calibration/validation were used for the wet and dry spectral experiments. Any negative 

values predicted by the models were assumed to be equal to zero. 

Outlier removal and natural log transformation were used with some analytes in order to 

control for non-normal distributions. Removal of outliers from the sediment TP for the wet scans 

significantly improved the performance of the model, while removal of the same outliers from 

the dry scan worsened it, highlighting the confounding effect that these anomalous values can 

have, especially in smaller data sets. The distribution of the outliers in the calibration/validation 

sets was different between wet and dry due to the way that the sets were randomly chosen; in the 

dry scan, both outlier sites were in the calibration set, while in the wet scan one each was in each 
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of the sets; this demonstrates that the composition of the sets can also have an effect on the 

apparent success of the model. 

Model performance was evaluated using multiple metrics, including the coefficient of 

determination (R2) derived from a linear regression between observed and predicted values; the 

root-mean-squared error (RMSE) of the predicted values; and the RPD statistic, which is a 

unitless ratio of the population standard deviation to the RMSE (Chang et al. 2001). Model 

efficiency is inferred from high R2 and RPD, and low RMSE.  While no published 

accuracy/usability thresholds exist for R2 or RMSE, there are relatively standardized thresholds 

for RPD that have been widely reported; RPDs <1.5 are generally considered unsuitable for 

analytic use, between 1.5 and 2.0 are moderately useful, particularly for mapping efforts, and 

>2.0 are considered very good (Chang et al. 2001, Cohen et al. 2005, Dunn et al. 2002).  Janik et 

al. (1998) and Cohen et al. (2007) used RPD for both spectral and wet chemistry applications to 

conclude that spectroscopy predictions could reasonably replace wet chemistry for a subset of 

analytes.If RPDs >1.5 are observed, then hypotheses 1 and 2 will be tentatively accepted. 

To test the utility of spectral modeling for use in GIS mapping and trend/hotspot detection, 

separate calibration and validation sets were created for the sediment properties total phosphorus 

(TP), total nitrogen (TN), loss on ignition (LOI), and total Ca and Mg. These validation sets were 

chosen on a spatial rather than random basis, and were selected in locations in the lake where 

spatial features such as gradients or hotspots were observed to occur. Different areas of the lake 

were chosen for different analytes, and were of large enough size to accommodate a spectral 

validation set of roughly one third (~40 sites) of the total observations (see Figures A-42 through 

A-46 in Appendix). Sample observations outside the target locations were used to calibrate the 

model. After spectrally predicted values were obtained for the validation sites, they were 
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interpolated using an ordinary kriging model in ArcGIS v9.3 (ESRI Inc., Redlands CA) 

following second order trend removal and otherwise all default settings in the geostatistical 

wizard. The wet chemistry values for the same sites were interpolated using the same ordinary 

kriging parameters over the same area; only sites from the validation set were used for the 

interpolations. Interpolated maps of the error in prediction were also created. 

Results 

Summary statistics for the laboratory measurements of sediment and porewater analytes 

are shown in Table 3-1.  Summary statistics for the PLS results of the dry and wet scans for 

sediment characteristics are shown in Tables 3-2 and 3-3, and results for the porewater 

predictions are shown in Tables 3-4 and 3-5.  In general properties of the sediment materials 

were able to be modeled with some degree of accuracy (with RPD of 1.5 or greater) under both 

dry and wet conditions, while porewater properties were predicted poorly. 

Sediment Ca, Mg, C, and N were generally effectively predicted, with RPD values over or 

near 2, as did loss on ignition, bulk density, and moisture content (Table 3-2).  Predictions for Fe, 

Al and total P were less effective, falling in the usable but application-dependent region (1.5 < 

RPD < 2.0). Scatter plots of observed vs predicted values are shown for TP and TN in Figures 3-

2 through 3-7.  Sediment soluble reactive phosphorus (SRP) was poorly predicted by all spectral 

models. Porewater properties were not well predicted by spectral methods, with generally low 

coefficients of determination and RPDs < 1.5 (Tables 3-4 and 3-5).  

The interpolation maps for the observed and predicted values for TP, TN, LOI, Ca, and Mg 

are shown in Figures 3-8 through 3-12, and the statistics for model performance in Table 3-6. 

Discussion 

VNIR spectroscopy shows promise for use as a fast and relatively inexpensive means of 

predicting the physical and chemical characteristics of Lake Okeechobee’s sediments.  Most key 



 

71 

sediment properties had statistical metrics in the range that suggests either excellent or adequate 

prediction.  However, phosphorus, the nutrient of major concern to lake managers and the 

pollutant held responsible for the eutrophication of the lake (Florida Department of 

Environmental Protection, 2001) was on the low end of spectral modeling utility. Nilsson et al 

(1996) were able to derive a model that explained 83% of the variance in lake water P from 

spectroscopic analysis of surface sediments, and Cohen et al. (2005) observed high RPD (2.40) 

for wetland soil P, while Dunn et al. (2002) experienced low RPD (1.1) for soil P in their work. 

Our P models, which exhibit RPD values around 1.5, correspond closely to results of Lee et al. 

(2003) who saw coefficients of determination (R2) for TP prediction in the range of 0.52 - 0.66. 

It is unclear whether this is a function of the calibration set size being small, the spectral 

signature in the VNIR range not being closely related to P concentrations, or some other factor. 

Determination of porewater properties was uniformly poor for both wet and dry scans. 

Low validation and calibration R2 values, as well as low RPD scores suggest that VNIR 

spectroscopy is not well-suited for predicting porewater chemistry in Lake Okeechobee. This 

could be due to the transient nature of porewater chemistry, which is susceptible to 

environmental factors such as temperature, dissolved oxygen levels, and redox status, and not 

just the composition of the parent substrate matrix in which they reside.  Moreover, porewater 

chemistry is dominated by labile fractions of sediment nutrients, and not by bulk fractions.  The 

observation that the  

Dry RPD scores for sediment predictions were on average 7% higher than those of those 

from wet scans. Figure 3-13 shows a comparison between dry and wet spectral modeling 

effectiveness as measured by RPD. The fact that saturated samples did very nearly as well as 

dried ones shows promise for field determination of sediment properties, which could save 



 

72 

substantial time and effort and further cut costs associated with sampling. Further research is 

needed to determine if accuracy levels can be maintained with wet spectra obtained under field 

sampling and scanning conditions. 

Mapping using VNIR. Mapping the spatial distribution of sediment properties is an 

important component of ongoing monitoring activities in Lake Okeechobee. It seemed a natural 

progression to turn spectroscopy to this application, though when attempting to use our spectral 

models to create such maps with our small data set we were initially caught between having too 

few validation sites to properly spatially characterize a lake the size of Okeechobee and 

overstating the predictive powers of the spectrally-derived model by including points from the 

calibration set, which are expected to have unrealistically better concordance between the 

predicted and observed values. This led to choosing a validation set based on spatial subsetting 

rather than random subsetting in order to meaningfully test whether interpolations based on 

spectral predictions captured the same spatial trends in sediment properties observed in 

interpolations based on traditional methods.  

All spectral maps compare favorably to maps derived from laboratory values, both in broad 

trends and hotspot detection; in particular, the Ca map was nearly identical. This is not entirely 

surprising for analytes where the prediction utility of the models was judged to be good; 

however, the concordance between spectral and raw data interpolations for total P despite lower 

predictive utility (i.e., low RPD) of chemometrics for TP is encouraging and demonstrates that 

the “application dependent” proviso for models with intermediate levels of RPD should be taken 

at face value. That is, analytes for which RPD values are comparatively low should not be 

written off as lacking spectral prediction utility. The utility of VNIR spectroscopy for lake 

sediment mapping would likely lie more in either fine-scale boundary detection and delineation, 
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or detection of short spatial range extreme values within an undersampled and otherwise uniform 

matrix, i.e. cases where larger-scale differences in chemical properties exist, rather than in 

detecting smaller changes in relatively homogeneous areas.  

For all analytes the mean error (bias) was larger for the spectral models than for the kriging 

models derived from the lake-wide observations, while the RMSE was lower for all spectral 

models. This means that while the kriging models were more evenhanded in whether they over- 

or under-predicted a value at a given observation point, the spectral models were more accurate, 

suggesting that denser spatial sampling utilizing spectral methods would benefit the spatial 

characterization of these sediment properties. 

It should be noted that a relatively small data set was used to calibrate and test the spectral 

models. One would ideally have as large a calibration set as possible in order to better capture 

variation in spectral reflectance and other properties. Calibration libraries need not be of infinite 

size, however - at some point one will see diminishing returns in adding calibration points, as the 

spectral models will approach maximum effectiveness and explain as much of the variance in the 

phenomenon as they are capable of doing. A future research priority will be determining where 

this point lies with Lake Okeechobee’s sediments; it is probably beyond the number of samples 

currently available (between 105-126, depending on analyte). Once a suitably-sized spectral 

library is constructed, the process by which sediment properties can be monitored will become 

cheaper and streamlined (Figure 3-14). 

The decision whether to employ VNIR methods for lake assessment should weigh the 

predictive limitations of the method against the savings in both cost and effort, which can be 

substantial. Considering only the 5 analytes mapped using spectral methods, field sampling 

constitutes the largest fraction of costs (Figure 3-15) and would be present regardless of the 
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method used, but processing and analytical costs could be greatly reduced using VNIR in lieu of 

wet chemistry. In addition to reducing the cost by ~25%, there would also be a significant 

reduction in time and effort involved in obtaining the data, especially if samples were scanned 

and discarded in the field. Because one spectrum can be used to determine multiple 

characteristics of a sample, the savings in cost can increase if spectral methods are used to 

determine additional analytes of interest. 

Conclusions 

Results suggest that spectroscopy may be useful for lake sediment monitoring and 

assessment in some settings, particularly where the costs of analysis have constrained the 

temporal and spatial data density of monitoring.  For detection of gradients and hotspots, VNIR 

spectroscopy can provide a valuable analytical tool that allows for greater spatial and temporal 

monitoring for far less cost and effort. Conversely, where high accuracy observations are 

required (e.g., for testing of specific legal criteria or close scrutiny of localized management 

goals), VNIR technology may not be sufficiently accurate to be a primary analytical tool, and 

traditional wet chemistry is preferred.  Because of the large size of the lake and resulting expense 

and effort associated with high spatial and temporal resolution sampling, use of VNIR 

technology could allow for more detailed mapping and monitoring of the system, particularly 

where a small subset of samples are returned to the laboratory for wet chemistry verification of 

the spectral predictions. 

 Wet scanning produced models that were somewhat less accurate than dry scanning, but 

which were still in the usable range. The considerable savings in cost and effort that would 

accompany field scanning justify accepting slightly lower predictive power, and further 

investigations of these methods are recommended. 
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The present study was conducted using a smaller data set than would be ideal for 

construction of spectral models; it would be beneficial for future efforts to use VNIR prediction 

if additional samples were added to the spectral library for Okeechobee’s sediments by scanning 

samples that will be undergoing traditional analysis anyway. By increasing the size of the 

spectral library, it is expected that the statistical models will increase in power, increasing the 

utility and generality of the technique. This relatively inexpensive investment would have long 

term benefits for lake system surveillance.  
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Table 3-1.  Sediment and porewater properties based on standard methods of analysis (USEPA, 
1993). 

Analyte Mean Standard deviation Range  
Total P [sediment] (mg/kg) 593.2 490 16.6 to 2859 
Total C [sediment] (g/kg) 140.2 127 1.1 to 490 
Total N [sediment] (g/kg) 9.06 8.87 0.07 to 41 
Total Ca [sediment] (mg/kg) 64652.8 65919  113 to 347789 
Total Mg [sediment] (mg/kg) 13066.0 15538 36.1 to 91451.3 
Total Fe [sediment] (mg/kg) 3480.3 2991 39.1 to 10748 
Total Al [sediment] (mg/kg) 797.5 602 0 to 2299 
Bulk Density  (g/cm^3) 0.61 0.68 0.04 to 2.06 
Site Moisture Content (%) 62.68 27.2 6.3 to 95 
KCl-P (mg/kg) [residual] (mg/kg) 0.66 1.31 0.08 to 12.6 
KCl-NH4-N (mg/kg) [residual] (mg/kg) 20.32 43.1 0.05 to 428 
NaHCO3-SRP  (mg/kg) [residual] (mg/kg) 13.36 9.97 1 to 37.2 
NaHCO3-TP (mg/kg) [residual] (mg/kg) 14.18 11.0 1 to 58.6 
Loss-on-Ignition [sediment] (%) 27.41 24.3 0.5 to 92.7 
HCl-Extractable P [sediment] (mg/kg) 410.3 372.1 2.1 to 2357 
pH [Porewater]  7.64 0.42 4.9 to 8.3 
Conductivity [Porewater] (uS/cm) 477.6 220.0 178 to 1656 
Total P [Porewater] (mg/L) 0.24 0.41 0.02 to 4.1 
Soluble Reactive P [Porewater] (mg/L) 0.20 0.40 0.001 to 3.9 
Total Kjeldahl N [Porewater] (mg/L) 4.39 4.04 0.9 to 38 
Ammonium (NH4-N) [Porewater] (mg/L) 2.25 3.55 0.007 to 34.5 
Total Ca [Porewater] (mg/L) 74.84 29.7 19.3 to 243 
Total Mg [Porewater] (mg/L) 18.24 7.33 3.8 to 53.1 
Total Fe [Porewater] (mg/L) 1.20 11.5 0 to 136 
Total Al [Porewater] (mg/L) 0.01 0.07 0 to 0.5 
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Table 3-2.  Sediment attribute spectral results using scans of dry samples. 
Dry Scan        

Sediment attribute 
Calibration 
efficiency  Sample 

Validation 
efficiency Sample RPD RMSE 

ME 
(bias) 

Ca (mg/kg) 0.93 126 0.88 46 3.08 20978  -5868 
KCl-NH4-N (mg/kg) 0.57 115 0.59 40 2.35 17.4 -8.37 
Loss-on-ignition (%) 0.82 126 0.84 46 2.34 10.23 1.59 
Bulk Density (g/cm3) 0.46 117 0.62 42 2.28 0.30 -0.13 
Total C (g/kg) 0.82 126 0.83 46 2.24 56.1 12.0 
Moisture content (%) 0.82 117 0.76 43 2.23 12.32 2.53 
Mg (mg/kg) 0.85 126 0.76 46 2.15 7020 290 
Total N (g/kg) 0.74 126 0.86 46 1.98 4.41 0.76 
Fe (mg/kg) 0.91 126 0.67 46 1.70 1726 120 
Al (mg/kg) 0.82 126 0.65 46 1.68 348 -9.09 
TP (mg/kg) 0.65 126 0.51 46 1.53 316 -59.5 
NaHCO3-TP (mg/kg) 0.48 115 0.33 40 1.53 7.84 -0.80 
HCl-P (mg/kg) 0.36 126 0.54 46 1.52 242 -37.8 
NaHCO3-SRP (mg/kg) 0.43 115 0.31 40 1.38 7.92 -0.74 
Total P (mg/kg) OL* 0.72 124 0.40 46 1.26 341 -34.9 
* Outlier(s) removed 
from set        

 

Table 3-3.  Sediment attribute spectral results using scans of wet samples.. 
Wet scan        

Sediment attribute 
Calibration 
efficiency Sample 

Validation 
efficiency Sample RPD RMSE 

ME 
(bias) 

Mg (mg/kg) 0.91 116 0.70 58 2.39 6311 -1381 
Ca (mg/kg) 0.97 116 0.80 58 2.28 28266 -2286 
Total N (g/kg) 0.88 116 0.83 58 2.09 4.23 -0.35 
KCl-NH4-N (mg/kg) 0.67 105 0.61 52 2.08 20.2 -2.35 
Moisture content (%) 0.89 108 0.73 54 2.08 13.1 -1.31 
Loss-on-ignition (%) 0.84 116 0.80 58 2.07 11.7 -1.74 
Total C (g/kg) 0.87 116 0.79 58 2.05 62.6 -1.62 
Bulk density (g/cm3)* 0.86 107 0.66 53 1.86 0.30 -0.05 
Al (mg/kg) 0.83 116 0.69 58 1.74 338 -18.60 
Fe (mg/kg) 0.84 116 0.57 58 1.55 1894 -317.2 
Total P (mg/kg)* 0.85 115 0.57 57 1.54 280 -37.3 
HCl-P (mg/kg)* 0.71 115 0.56 57 1.51 214 -28.3 
KCl-P (mg/kg) 0.89 105 0.42 52 1.51 0.82 0.01 
NaHCO3-SRP (mg/kg) 0.28 105 0.31 52 1.26 8.69 -0.76 
NaHCO3-TP (mg/kg) 0.59 105 0.29 52 1.13 10.6 -1.15 
* Outlier(s) removed 
from set        
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Table 1-4.  Porewater attribute spectral results using scans of dry samples. 
Dry scan        

Porewater attribute 
Calibration 
efficiency Sample 

Validation 
efficiency Sample RPD RMSE 

ME 
(bias) 

Fe (mg/L)*† 0.41 112 0.27 38 1.26 1.11 -0.35 
Total P (mg/L)*† 0.33 114 0.22 40 1.38 0.70 -0.19 
Soluble reactive P 
(mg/L)*† 0.54 114 0.24 40 1.17 1.35 -0.32 
NH4-N (mg/L)*† 0.28 114 0.27 40 1.14 1.09 -0.28 
KCl-P (mg/kg)† 0.75 115 0.05 40 1.11 0.74 0.00 
TKN (mg/L) 0.64 115 0.46 40 1.93 2.03 -1.20 
pH 0.23 114 0.13 40 1.59 0.25 0.05 
Ca (mg/L) 0.48 115 0.14 40 1.01 29.8 4.47 
Mg (mg/L) 0.40 115 0.10 40 1.01 6.52 0.32 
Conductivity (uS) 0.30 114 0.07 40 0.89 236 33.9 
* Outlier(s) removed 
from set        
† Natural log transformation 
performed on variable       

 

Table 3-5.  Porewater attribute spectral results using scans of wet samples. 
Wet scan        

Porewater attribute 
Calibration 
efficiency Sample 

Validation 
efficieny Sample RPD RMSE 

ME 
(bias) 

Soluble reactive P 
(mg/L)* 0.02 105 0.00 51 1.07 0.22 0.02 
TKN (mg/L) 0.55 105 0.68 52 1.05 3.77 0.53 
NH4-N (mg/L) 0.64 105 0.66 52 1.00 3.52 0.34 
Total P (mg/L)* 0.42 105 0.27 51 0.91 0.27 0.00 
pH 0.29 104 0.22 52 0.90 0.44 -0.03 
Al (mg/L)* 0.14 104 0.03 52 0.82 0.08 0.00 
Mg (mg/L) 0.12 105 0.12 52 0.74 9.58 1.57 
Conductivity (uS) 0.01 104 0.01 52 0.73 303 59.4 
Ca (mg/L) 0.34 105 0.01 52 0.72 42.6 4.73 
Fe (mg/L)* 0.10 105 0.02 51 0.61 1.26 0.12 
* Outlier(s) removed 
from set        
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Table 3-6.  Spectral results for 5 analytes based on spatial selection of the validation set. 

Sediment 
attribute 

Calibration 
efficiency Sample 

Validation 
efficieny Sample RPD RMSE ME (bias) 

TP (mg/kg) 0.69 134 0.74 40 2.02 239 -79.6 
Mg (mg/kg) 0.98 132 0.72 42 1.54 9785 -1521 
TN (g/kg) 0.94 134 0.74 40 1.52 5.81 -1.80 
LOI (%) 0.92 132 0.84 42 1.98 12.2 -6.62 
Ca (mg/kg) 0.93 135 0.83 39 2.45 26324 3285 

 

 
Figure 3-1.  Map of sampling sites from 2006 sampling effort used in study 
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Figure 3-2.  Spectrally predicted vs. observed total P for hold out validation samples (outliers 

removed) based on spectra from dry samples. All units expressed as mg kg-1. 
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Figure 3-3.  Spectrally predicted vs. observed total P for hold out validation samples (outliers 

removed) based on spectra from wet samples. All units expressed as mg kg-1. 
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Figure 3-4.  Spectral TP scatterplot of predicted vs. observed values from wet scans, including 

outliers. All units expressed as mg kg-1. 
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Figure 3-5.  Spectral TP scatterplot of predicted vs observed values from dry scans, including 

outliers. All units expressed as mg kg-1. 

 
 



 

83 

y = 1.4956x - 3.8118
R2 = 0.8557

0
5

10
15
20
25
30
35
40
45

0 10 20 30 40

Predicted TN (mg/kg)

O
bs

er
ve

d 
TN

 (m
g/

kg
)

 
Figure 3-6.  Spectral TN scatterplot of predicted vs observed values from dry scans. All units 

expressed as g kg-1. 
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Figure 3-7.  Spectral TN scatterplot of predicted vs observed values from wet scans. All units 

expressed as g kg-1. 
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Figure 3-13.  Comparison of dry vs wet scan RPD for sediment spectral results. All units in %; 

anything above 100% indicates that dry scanning performed better than wet scanning. 
Anything below 100% indicates that wet scanning performed better. 
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Figure 3-14.  Flowchart of methodology for chemometrics. 
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Figure 3-15.  Comparison of cost for different analysis methods. All units in dollars. 
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Figure 3-8.  Maps of observed Ca, predicted Ca, error between predicted and observed, and the standard error of prediction for the 
same spatial region based on the lakewide wet chemistry-derived values. All units in mg kg-1. 
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Figure 3-9.  Maps of observed LOI, predicted LOI, error between predicted and observed, and the standard error of prediction map for 

the same spatial region based on the lakewide traditionally-derived values. All units in %. 
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Figure 3-10.  Maps of observed TP, predicted TP, error between predicted and observed, and the standard error of prediction map for 

the same spatial region based on the lakewide wet chemistry-derived values. All units in mg kg-1. 
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Figure 3-11.  Maps of observed TN, predicted TN, error between predicted and observed, and the standard error of prediction map for 

the same spatial region based on the lakewide wet chemistry-derived values. All units in g kg-1. 
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Figure 3-12.  Maps of observed Mg, predicted Mg, error between predicted and observed, and the standard error of prediction map for 
the same spatial region based on the lakewide wet chemistry-derived values. All units in mg kg-1. 
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CHAPTER 4 
PROJECT REVIEW AND SYNTHESIS 

Lake Okeechobee has been subjected to elevated P loads in its recent history, impairing its 

water quality and presenting management challenges. It is a system whose economic and 

ecological services merit protection, whose degradation is a cause for concern and action, and 

whose size makes implementing plans and monitoring their results labor intensive and 

expensive. Lake sediments act as a sink for P, and the biogeochemical conditions in them control 

the forms in which P is stored and the potential under which it can be released to the water 

column. The purpose of this study was to: 

i) quantify spatial and temporal changes in sediment distribution and sediment 

chemistry parameters, and 

ii) investigate the application of spectroscopy to monitoring and mapping efforts in 

the lake 

The results of this study suggest that mud substrate in the lake is decreasing in depth and 

increasing in area, while losing total volume. This finding suggests that hurricane activity could 

be responsible for mass export of entrained mud sediments.  While sampling methodologies were 

different between the study years, which could introduce significant error in the estimation of 

mud sediment volume, it is unlikely that this difference in sampling could explain the magnitude 

of difference in mud sediments determined in this study.  Spatial structure was found to be low to 

moderate for most sediment properties, and this did not change appreciably with time. Spatial 

structure of temporal change was generally weak. These results suggest that for most analytes 

there is no strong spatial distribution pattern in the lake sediments, in spite of physically- and 

chemically-distinct sediment types occurring in different areas of the lake. Continuity of 

substrate type proved to have an effect on the ability to statistically detect significant change in 
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chemical concentrations between sampling years. Differences were clearer when considering 

only those sites whose substrate remained unchanged between samplings. This suggests that 

basic differences in substrate characteristics are large enough to mask systematic changes 

occurring in the lake. Sediment chemistry changes were variable in behavior – for example, P 

increased between 88/98 and then decreased between 98/06, resulting in no net change over the 

entire 18 year period while Fe decreased between 88/98 and then increased enough between 

98/06 to be significantly higher than in both ’98 and ‘88. Other analytes experienced no change 

(TC, TN) , and some only changed over one or the other periods. The current temporal sampling 

regime seems sufficient to pick up at least some changes occurring in the sediments of Lake 

Okeechobee. It is unclear whether the more ambiguous results concerning spatial coherence of 

change and distribution are a result of spatial sampling deficiencies or natural noise in the 

system. Perhaps the sediment “zones” described in the past are just more mottled and 

heterogeneous than might have been expected. 

Many sediment properties were predictable using chemometric methods; porewater 

properties, however, were not. Dry spectroscopy RPDs for sediment properties outperformed wet 

ones by 7% on average. These results indicate that while moisture does have a deleterious effect 

on spectral modeling, at least for Okeechobee sediments the magnitude of this effect is 

reasonably small and does not drive the quality of the models to an unusable level. Interpolation 

maps created using spectral results were shown to be comparable to maps derived from 

traditional wet chemistry methods. The results suggest that spectral methods performed on wet 

samples in the field could be used as a cost-effective way to increase the density of spatial and 

temporal sampling of sediments, potentially leading to more accurate mapping of chemical 

gradients and hotspots in the lake. 
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Finally, the data collected for this study will be used for comparison against future data to 

see how the lake continues to evolve in the face of ongoing anthropogenic pressures and 

restoration efforts, contributing to ongoing efforts to understand change in this large system. The 

use of spectroscopy may improve our ability to detect spatial and temporal changes in the lake 

sediments by providing a lower-cost and lower-effort means by which to sample and collect data. 
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APPENDIX 

 
Figure A-1.  1988 Ca distribution. Units in mg kg-1. 
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Figure A-2.  1998 Ca distribution. Units in mg kg-1. 
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Figure A-3.  2006 Ca distribution. Units in mg kg-1. 
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Figure A-4.  Change in Ca distribution between 1988 and 1998. Units in mg kg-1. 
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Figure A-5.  Change in Ca distribution between 1998 and 2006. Units in mg kg-1. 
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Figure A-6.  1988 Fe distribution. Units in mg kg-1. 
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Figure A-7.  1998 Fe distribution. Units in mg kg-1. 
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Figure A-8.  2006 Fe distribution. Units in mg kg-1. 
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Figure A-9.  Change in Fe distribution between 1988 and 1998. Units in mg kg-1. 
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Figure A-10.  Change in Fe distribution between 1998 and 2006. Units in mg kg-1. 
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Figure A-11.  1998 HCl-P distribution. Units in mg kg-1. 
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Figure A-12.  2006 HCl-P distribution. Units in mg kg-1. 



 

107 

 
Figure A-13.  Change in HCl-P distribution between 1998 and 2006. Units in mg kg-1. 



 

108 

 
Figure A-14.  1988 Mg distribution. Units in mg kg-1. 



 

109 

 
Figure A-15.  1998 Mg distribution. Units in mg kg-1. 
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Figure A-16. 2006 Mg distribution. Units in mg kg-1. 
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Figure A-17.  Change in Mg distribution between 1998 and 2006. Units in mg kg-1. 
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Figure A-18.  Change in Mg distribution between 1998 and 2006. Units in mg kg-1. 
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Figure A-19.  1988 Mud depth. Units in cm. 
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Figure A-20.  1998 Mud depth. Units in cm. 
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Figure A-21.  2006 Mud depth. Units in cm. 
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Figure A-22.  Change in mud depth between 1988 and 2006. Units in cm. 
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Figure A-23.  Change in mud depth between 1998 and 2006. Units in cm. 
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Figure A-24.  1988 porewater SRP distribution. Units in mg L-1. 
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Figure A-25.  1998 porewater SRP distribution. Units in mg L-1. 
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Figure A-26.  2006 porewater SRP distribution. Units in mg L-1. 
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Figure A-27.  Change in porewater SRP distribution between 1988 and 1998. Units in mg L-1. 
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Figure A-28.  Change in porewater SRP distribution between 1998 and 2006. Units in mg L-1. 
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Figure A-29.  1998 TC distribution. Units in g kg-1. 
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Figure A-30.  2006 TC distribution. Units in g kg-1. 
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Figure A-31.  Change in TC distribution between 1998 and 2006. Units in g kg-1. 
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Figure A-32.  1988 TKN distribution. Units in g kg-1. 
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Figure A-33.  1998 TN distribution. Units in g kg-1. 
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Figure A-34.  2006 TN distribution. Units in g kg-1. 



 

129 

 
Figure A-35.  Change in TKN/TN distribution between 1988 and 1998. Units in g kg-1. 
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Figure A-36.  Change in TN distribution between 1998 and 2006. Units in g kg-1. 
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Figure A-37.  1988 TP distribution. Units in mg kg-1. 
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Figure A-38.  1998 TP distribution. Units in mg kg-1. 
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Figure A-39.  2006 TP distribution. Units in mg kg-1. 
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Figure A-40.  Change in TP distribution between 1988 and 1998. Units in mg kg-1. 
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Figure A-41.  Change in TP distribution between 1998 and 2006. Units in mg kg-1. 
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Figure A-42.  Location of spectral/kriging mapping area for TP. 
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Figure A-43.  Location of spectral/kriging mapping area for Ca. 
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Figure A-44.  Location of spectral/kriging mapping area for LOI. 
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Figure A-45.  Location of spectral/kriging mapping area for Mg. 
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Figure A-46.  Location of spectral/kriging mapping area for TN. 
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