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Light availability is a major forcing factor for spring ecosystem productivity and 

sustainability. It appears that water clarity has decreased in many springs in Florida, 

which could have had an effect on the quantity and quality of light available for primary 

producers in springs and spring-runs. Factors controlling the loss of water clarity and 

light availability are poorly defined in spring systems. To understand the causes of 

increased light attenuation in these optically complex lotic systems, it is necessary to 

measure the quantity and the quality of light available to primary producers. Optical 

water quality determines the underwater light field that provides the basis for habitat 

suitability, in terms of vegetation abundance, distribution, and survival in springs. 

Studies were conducted to assess the spectral distribution and potential limitation of 

wavelength-specific photosynthetically active radiation [PAR (λ)] by measuring the 

percent blue, green and red light available to primary producer communities in springs. 

Optical properties of the underwater light field were assessed to determine the relative 

magnitude and contribution of key inherent water clarity driving components.  Results 

revealed a spatial optical gradient in both systems studied. Light attenuation of the blue 
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band was dominated by algal pigment and colored dissolved organic matter absorption, 

and the green and red light bands were most strongly attenuated by scattering and 

absorption by particulates. Resulting underwater spectral light field characteristics for 

each spring system were used to develop and calibrate spectrally explicit, site specific 

and general spring system, empirical optical models to predict historical water clarity 

conditions. Optical modeling results indicate that both spring systems studied have not 

significantly changed since the early 2000s, aside from a few trends where particulate 

scattering and absorption properties have increased in one system and decreased in 

the other. The lower portions of each river studied had low levels of blue light available 

in the benthic zone throughout the time series. Finally, linkages were established 

among light availability, benthic community composition, distribution, and ecosystem 

primary productivity. The results from a synoptic field survey of spectral light availability 

and submerged aquatic vegetation biomass identified a minimum blue light requirement 

threshold range of 38-45%, below which may not be sufficient to support the growth and 

production of Sagittaria kurziana, an important primary producer in most spring 

systems. 
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CHAPTER 1 
INTRODUCTION 

 
Spring ecosystems in Florida are well known for their exceptional water quality 

and water clarity and are an important aquatic resource as they provide a unique habitat 

for aquatic flora and fauna while also providing extensive recreational and economic 

opportunities for human use. North central Florida has an extensive area with a highly 

permeable karst geology that provides numerous locations and multiple pathways by 

which nutrient (specifically nitrate) enriched groundwater can be transported to surface 

water discharged through spring vents from the aquifer systems (Notestein et al. 2003; 

De Brabandere et al. 2007; Heffernan et al. 2010a; Heffernan et al. 2010b).  

Unfortunately, many spring ecosystems are experiencing a gradual decline in 

both water quality and water clarity due to anthropogenic activities within their karst 

springsheds (Jones et al. 1996; Scott et al. 2004). The main water source for Florida 

springs is groundwater that contains relatively high levels of nitrate and other 

constituents which determine the water quality available to the spring ecosystem (Knight 

and Notestein in Brown et al. 2008; WSI 2010).  

Nitrate concentrations have nearly doubled in Rainbow Springs within the last 30 

years, which is coincident with a 20% decline in the percent coverage of the dominant 

native submerged aquatic vegetation (SAV, specifically rooted macrophytes) species 

Sagittaria kurziana (Atkins 2012). In Weeki Wachee Springs, nitrate concentrations 

have also increased from 0.07 to 0.52 mg/L (Frazer et al. 2006) from 1970 to 2000, and 

have doubled in the last 14 years to above 1 mg/L. The increase in nutrients paralleled 

a major decline in SAV biomass (75%) from 2000 to 2005 (Frazer et al. 2006). It is 
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unknown to what extent nutrients or other factors have contributed to the ecological 

decline in Rainbow and Weeki Wachee Rivers.  

Efforts have been made to increase protection of spring ecosystems; however 

land use changes within the watershed and springshed have inevitably led to altered 

surface and groundwater water chemistry, which considerably increased nutrient 

loading to the springs (Munch et al. 2006). The decline of aquifer water quality from land 

use activities in an unconfined karst geological setting has been documented by many 

(Notestein et al. 2003; Cohen 2007; Quinlan et al. 2008).  

Some of the land uses of concern that are putting pressure on spring water 

quality are residential (septic use), commercial, and agriculture, especially horse farms 

and cattle operations in the western and central springs of the state (Jones et al. 1996). 

Other issues that most springs have experienced are reduced wetlands in the 

watershed, hardened shorelines, introduction of non-native invasive flora and fauna, 

increased disturbances related to recreational activities, and natural sediment regimes 

have been disturbed in spring ecosystems such as Rainbow River from historic 

phosphate mining (SWFWMD 2004).  

Other apparent anthropogenic stressors that could potentially alter Florida 

springs are related to spring discharge. Spring discharge has been reduced by rainfall 

deficits due to prolonged droughts and groundwater withdrawal (Knight and Notestein in 

Brown et al. 2008). All of the factors mentioned could potentially have negative 

consequences on spring ecosystem health and sustainability. Abiotic and biotic factors 

and their interactions need to be investigated to provide a better understanding of how 
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to restore these spring systems so that they function efficiently and continue to provide 

the ecological services that are valued by society.  

To maintain or restore a viable spring ecosystem, it is necessary to understand 

the forcing functions that drive healthy ecosystem form and function (Odum 1957b; 

Knight and Notestein in Brown et al. 2008). There are many biotic and abiotic factors 

that impact the health and ecological integrity of a spring. These factors include 

sunlight, groundwater flow (with associated nutrients and other chemical constituents), 

flora and fauna (productivity, herbivory and other trophic interactions), atmospheric 

inputs (wind, rain, storms with associated water and nutrients), economic drivers 

(tourism, markets), and exports from the spring ecosystem (Odum 1957b; Knight and 

Notestein in Brown et al. 2008). The effects of the interaction among these factors and 

processes may be more critical than their singular effects (Rosemond 1993), and each 

of these factors interact in a complex fashion to influence a spring‟s ecology.  

The various factors that control primary production in spring and other aquatic 

ecosytems have been studied and described by many (Leconte 1861; Yount 1956; 

Canfield and Hoyer 1988; Frazer et al. 2001b, Notestein et al. 2003; Kemp and Boynton 

2004; De Brabandere et al. 2007; Hauxwell et al. 2007; Quinlan et al. 2008; Brown et al. 

2008; Heffernan et al. 2010a; Heffernan and Cohen 2010; King 2012). However, 

perhaps the most comprehensive scientific works concerning productivity in springs and 

the factors controlling primary productivity were those by H.T. Odum. Odum studied the 

productivity, trophic structure, and energy flow in many springs in Florida, with an 

intensive investigation in Silver Springs (Odum 1957a, 1957b; Quinlan et al. 2008). As a 

result of his studies, Odum determined that springs are unique chemostatic and 



 

24 

temporally stable environments  (Odum 1956, 1957a, 1957b; Knight and Notestein in 

Brown et al. 2008), and are considered steady-state systems (Whitford 1956) with 

constant temperature, gas and mineral content, and discharge (Knight and Notestein in 

Brown et al. 2008). The concept of springs in a steady-state provides for an ideal 

opportunity for the identification of environmental factors that control the biological 

structure and productivity of spring ecosystems (Duarte and Canfield 1990; Knight and 

Notestein in Brown et al. 2008).  

The SAV, epiphytes (attached algae) and benthic algal communities are the key 

primary producers of many of Florida‟s spring ecosystems (Odum 1957a). In Silver 

Springs, researchers determined that there has been a significant shift in primary 

producers with a rise in prominence of epiphytic and benthic algal mats in the system 

since Odum‟s intensive survey of the vegetation in the 1950s (Quinlan et al. 2008). 

Quinlan et al. (2008) attributed high variability of the spatial distribution of epiphytes to 

levels of flow discharge in Silver River, with the highest epiphyte biomass occurring in 

regions of low flow. In another Florida spring, King (2012) found that reduced flow 

velocities can increase filamentous algae growth and production rates. Further, flow 

velocity controls the drag force and resultant export rates of algae.  As filamentous algal 

mats proliferate due to more suitable habitat and hydrologic conditions, light availability 

for SAV is reduced with negative consequences for their growth and production 

(Hauxwell et al. 2007). 

Previous literature offers insight into the interaction between primary producers 

such as algal and SAV communities in aquatic ecosystems and the role that forcing 

factors play in system metabolism. As mentioned previously, nitrate concentrations 
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have increased in many springs over the last 60 to 100 years. This increase in nitrate 

has been associated with an increase in nuisance algal communities. However, results 

from recent studies do not support a quantitative relationship with nitrate concentrations 

and algal biomass or distribution in springs (Hoyer et al. 2004; Stevenson et al. 2007; 

Albertin 2009; Pinowska et al. 2009). 

In a study on the Rainbow River in Florida, Cowell and Dawes (2005) determined 

that the source of chlorophyll measured in the Rainbow River water column was 

phytoplankton. Chlorophyll-producing organisms were found to be more abundant two 

kilometers downstream of the headsprings. This trend corresponded to the decrease in 

nitrate along the downstream gradient suggestive of an inverse correlation between 

chlorophyll and nitrate (Cowell and Dawes 2005), however recognizing that this 

correlation is different than causation. Conversely, in a follow-up lab experiment by 

Cowell and Dawes (2007), the effect of increased nutrients on phytoplankton growth 

was investigated, which showed little to no response. An increase in phosphorus and 

nitrate showed no significant (p>0.05) increase in phytoplankton biovolumes, and 

interestingly the addition of trace metals to the nutrients caused significant (p<0.001) 

phytoplankton growth (Cowell and Dawes 2007). Therefore, the lack of a direct 

relationship of algae and nutrients alone suggests that other factors such as light, 

disturbance, grazing, sediment characteristics, flow velocity, and the presence of SAV 

can influence the accumulation of phytoplankton and benthic algal biomass (Hoyer et al. 

2004; Doyle and Smart 1998; Albertin 2009; Pinowska et al. 2009; Heffernen et al. 

2010b; King 2012; Liebowitz 2013).   
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In several spring studies, researchers have found that light primarily controls 

primary producer‟s growth (Odum 1957), abundance and distribution while nutrient 

availability (and other factors) secondarily affects primary producers (Canfield and 

Hoyer 1988; Hoyer et al. 2004; Knight and Notestein in Brown et al. 2008). Based on 

their study, Canfield and Hoyer (1988) suggested that light availability is the chief factor 

limiting growth of SAV in Florida streams, although substrate type, water depth, and 

current velocity can also be limiting. Nutrient enrichment can result in an increase in 

algal biomass in some sunlit (not shaded) streams, which suggests the potential of co-

limitation of primary production by nutrients and light (Rosemond 1993). In a study 

characterizing influential factors of SAV distribution and abundance in three coastal 

spring-fed rivers in Florida, it was found that the percent of incident light reaching the 

substrate and salinity concentrations had the greatest impact on SAV biomass, while 

nutrient loads and concentrations did not have a direct influence on the abundance and 

distribution of SAV (Hoyer et al. 2004). Interactions among these and other abiotic and 

biotic factors can constrain an ecosystem‟s productivity and distribution of primary 

producer biomass.  

As demonstrated by previous investigations into the factors that influence 

ecosystem function and structure, the overall productivity and diversity of floral and 

faunal assemblages in springs are highly dependent on light availability and water 

clarity, which are both controlled by the underwater light environment (Odum 1957a; 

Duarte and Canfield 1990). In several Florida spring runs, declines in water clarity have 

been observed in overall systems, and on spatial scales where water transparency 

(surrogate measure of clarity) rapidly declines with distance from the headsprings. The 
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basis for the decline in transparency is not yet well understood, although it is 

hypothesized that longitudinal decline of water clarity has always been a naturally 

occurring phenomenon. However, changes in water quality as a result of anthropogenic 

influences may have accelerated the loss of water clarity. The lack of robust water 

clarity or light attenuation data in springs make it difficult to determine if overall water 

clarity and light availability has significantly declined over time.  

The underwater light environment (optical environment) characterizes light 

availability that provides the basis for community metabolism. Characteristics that 

contribute to the underwater light environment directly influence water clarity (Duarte 

and Canfield 1990; Gallegos 1993; Kirk 1994; Anastasiou 2009). Light availability is 

often a limiting factor for vegetation communities in many aquatic ecosystems (Canfield 

and Hoyer 1988; Kirk 1994; Biber et al. 2008). In clear waters such as spring systems, 

light attenuation is strongly influenced by background attenuation due to water itself and 

scattering by particles in the water column, while less clear waters may have other 

factors attenuating light such as colored dissolved organic matter (CDOM), 

phytoplankton, and inorganic particles or detritus (Effler 1985; Kirk 1994; Krause-

Jensen and Sand-Jensen 1998). The relative fraction and magnitude of these factors 

contributing to light attenuation can significantly impact the amount of light available for 

photosynthesis by SAV and other primary producers (Kirk 1994; Krause-Jensen and 

Sand-Jensen 1998; Gallegos 1994).   

With regard to spring ecosystems, few studies have considered the optical 

properties of the underwater environment (Leconte 1861; Duarte and Canfield 1990; 

Frazer et al. 2001a). And to date, no studies have investigated the effects of a variable 
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underwater light environment on photosynthesis in springs. However, a great deal of 

work has been conducted to characterize the underwater light environment in marine 

and lentic, and to a much lesser extent, lotic ecosystems. It has been recognized that 

the light environments of clear blue waters of marine systems are similar to the 

headsprings of clear spring-fed rivers in Florida (Duarte and Canfield 1990). The 

similarity between the underwater light environments of marine and spring systems 

provides a basis for the application of methods used to characterize the underwater light 

environments in marine, estuarine and freshwater lakes. Similar approaches and 

methods can also be applied to derive optical models relating inherent optical properties 

(IOPs) with factors contributing to light attenuation in springs, and extending that 

relationship to determine habitat suitability for SAV as it has been done for seagrasses 

(Gallegos 1993, 1994; Gallegos and Kenworthy 1996; Biber et al. 2008). 

My research aimed at increasing the base of knowledge of spring ecology and 

ecosystem function by looking at whole biological communities and selected 

assemblages of the biological community. The overall objective of my research was to 

assess the abiotic and biotic factors contributing to light attenuation and the effect that 

light availability has on primary producer community distribution and resultant primary 

production in Florida springs and spring runs.  

My research was composed of three separate, but interrelated studies. The first 

study (Chapter 2) determined the relative contributions and magnitude of environmental 

factors that contribute to light attenuation on a spatial and temporal scale in two Florida 

spring systems. As part of the first study, I measured the spectral quantity and quality of 

light reaching the benthic surface, and characterized the relative contribution and 
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magnitude of light attenuating constituents. In my second study (Chapter 3), I developed 

spectrally explicit empirically derived optical models that related optical water quality 

(OWQ) parameters and IOPs to the light attenuation coefficient (Kd) in spring 

ecosystems, and I used regression models to predict historical light attenuation from 

historically available water quality data for Florida springs. Finally, in the third study 

(Chapter 4), I evaluated the effects of the underwater optical environment and other 

environmental factors on primary producer biomass, distribution, and metabolism.



 

30 

CHAPTER 2 
CAUSES OF LIGHT ATTENUATION IN FLORIDA SPRING ECOSYSTEMS 

Introduction  

Submerged aquatic vegetation (SAV, specifically rooted macrophytes) requires 

light for photosynthesis in all aquatic environments. In Florida spring and other clear 

lotic ecosystems, SAV assemblages are a vital component of the overall primary 

producer community and depend on abiotic factors such as a suitable light environment, 

i.e. water clarity, and other habitat suitability factors such as flow velocity and sediment 

quality (Biggs 1996). Water resource managers have aimed at preserving and restoring 

SAV by improving water quality and water clarity in springs and spring-fed rivers. Kirk 

(1988) refers to “water quality” as being suitable for specific purposes, while “optical 

water quality” is described as “the suitability of water for its functional role in the 

biosphere or the human environment is determined by its optical properties”.  

In estuarine ecosystems, light is generally considered the most important factor 

controlling the distribution and biomass of seagrasses (Dennison et al. 1993; Gallegos 

et al. 2009). Seagrass communities have declined worldwide, likely caused by a 

decrease in water clarity brought on by a reduction in water quality. Seagrasses, like 

many SAV, have a high light requirement (Dennison et al. 1993; Duarte 1995; Gallegos 

et al. 2009), and freshwater SAV, like seagrasses, have also experienced a decline in 

many spring ecosystems (Quinlan et al. 2008). Therefore, it is necessary to characterize 

light in aquatic environments to determine if habitats are suitable for SAV growth prior to 

restoration efforts. Optical properties not only control the amount of light available for 

photosynthesis by primary producers, they are also important for aesthetic appeal and 

recreational value of aquatic resources (Kirk 1988). For these reasons, a consideration 
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must be made to better understand which optical properties have the greatest influence 

on penetration of solar radiation through the water column. 

Photosynthetically active radiation (PAR) is a broadband quantity of light that is 

measured in units of µmol photons m-2 s-1 and is integrated across the visible spectrum 

of 400-700 nm wavelengths. PAR is also referred to as the visible light spectrum and is 

used in photosynthesis by primary producers (Kirk 1994; Kelble et al. 2005). PAR is 

used as an indicator of light quantity through the water column; however, photons of 

different PAR wavelengths are not equally absorbed by light absorbing pigments such 

as chlorophyll or other accessory pigments (Kirk 1994; Anastasiou 2009). 

Photosynthesis is a function of PAR intensity in the underwater light field (Duarte 1991; 

Kenworthy and Fonseca 1996). More importantly, it is a function of how well the spectral 

distribution of PAR corresponds to the absorption spectrum of a given species of SAV 

or algae (Enriquez et al. 1994; Kirk 1994; Kenworthy and Fonseca 1996; Zimmerman 

2003; Drake et al. 2003; Gallegos 2009). Certain wavelengths of light, such as the blue 

(400-500 nm) and red (600-700 nm) bands are more readily absorbed by plants, which 

increases the efficiency of photosynthesis (Kirk 1994; Gallegos et al. 2009).  

The spectral composition of the underwater light field is an important determinant 

of SAV community composition and distribution (Zimmerman 2003; Anastasiou 2009; 

Gallegos et al. 2009; Dixon et al. 2010). However, the spectral properties of the light 

field are not taken into account with only broadband PAR measurements, which 

provides a basis to express PAR in spectral terms and is given the symbol PAR (λ) to 

classify PAR “at wavelength” (Anastasiou 2009). To manage water resources 

effectively, it is imperative to recognize the importance of knowing not only the quantity 
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of light (PAR), but also the quality of light [PAR (λ)] reaching the benthic zone of aquatic 

systems. A need to understand the causes of light loss, or loss of water clarity, is also 

crucial for resource management, which should include measurements of the spectral 

properties of the aquatic medium (Zimmerman 2003; Anastasiou 2009; Gallegos et al. 

2009; Dixon et al. 2010).  

As light passes through water it is subject to both absorption and scattering 

processes, resulting in the attenuation of light. The attenuation coefficient Kd and PAR 

are considered apparent optical properties (AOPs) and are very difficult to measure 

properly (Kirk 1984; Dixon et al. 2010). AOPs can be affected by the ambient light field, 

including solar angle, cloud cover, shade from water vessels and canopy, water depth, 

as well as constituents in the water column and accurate measures can be difficult to 

obtain (Kirk 1984).  

The attenuation of light in aquatic ecosystems is the direct result of inherent 

optical properties (IOPs) that include the absorption (a), scattering (b) and beam 

attenuation (c) coefficients in the water column, and are affected only by the dissolved 

and suspended particles in the water that cause absorption and scatter of light 

(Gallegos et al. 1990; Durako et al. 2010). The third IOP, the beam attenuation 

coefficient (c) can be calculated by summing a + b = c (Kirk 1988). Light scattering is a 

relevant parameter that should be measured as part of the inherent optical properties 

necessary to characterize the underwater light environment. Scattering, unlike 

absorption, does not remove light. Scattering simply causes a photon of light to follow a 

zig-zag path as it ricochet‟s from one particle to the next, nevertheless causing an 

increase in light attenuation (Kirk 1994). However, given the complex local hydraulic 
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dynamics in spring-fed rivers, where flow velocities are relatively rapid and variable 

throughout the water column and in the benthic zone (King 2012), scattering could play 

a greater role on controlling total attenuation in the water column than absorption.  

Essentially, all of the light absorption in aquatic systems is carried out by four 

main components and are described by absorption coefficients (a), with units m-1: water 

itself (aw), colored dissolved organic matter (CDOM) (ag), algal pigment (aph), and 

detrital material (ad) suspended in the water column (Kirk 1980, 1994; Gallegos 2005; 

Gallegos et al. 2009; Durako et al. 2010). It is important to determine the individual and 

total contribution of spectral IOPs on light attenuation of the aquatic medium (Gallegos 

et al. 2005, 2009). Each of the different spectral absorption coefficients are measured, 

and then the total absorption (at) spectra (per wavelength or integrated for each blue, 

green and red color band) can be calculated by summing the individual coefficients at 

particular wavelengths (Kirk 1994) as in Equation 2-1:  

at (λ) = aw (λ) + ag (λ) + aph (λ ) + ad (λ)               Equation (2-1) 

The contribution of each of these components is different for each wavelength; the 

absorption of water, aw (λ), is treated as a constant due to its dependence on molecular 

properties of pure water, and it absorbs primarily in the red band (above 550 nm); the 

absorption of CDOM, ag (λ), and detrital material, ad (λ), contribute to absorption in the 

blue band; while algal pigments, aph (λ), contribute to both the blue and red bands (Kirk 

1994). 

The absorption spectrum of the aquatic medium determines the relative rates of 

light attenuation through the water column in the different wavelengths and wavebands 

of PAR (Kirk 1994). The attenuation of light in the photosynthetic waveband occurs at 
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different rates in different parts of the visible spectrum, and as a result, the spectral 

composition of the downwelling flux of photons changes appreciably with increasing 

depth (Kirk 1994). There are two commonly used methods to measure water clarity and 

light penetration in water. Secchi disks (m) are used to measure transparency, and the 

diffuse attenuation coefficient (Kd, m
-1) is calculated for downwelling irradiance from 

measurements of PAR with quantum irradiance sensors (Kirk 1994). Light is attenuated 

in an exponential fashion with depth, and can be calculated as the light attenuation (also 

called extinction) coefficient Kd, derived from the Beer-Lambert attenuation function 

(Kirk 1994):  

Kd = ln (IO/IZ) / z                 Equation (2-2) 

where:  
IO = Irradiance of light just below the surface of the water 
IZ = Irradiance of light at depth z 
Z = depth in water 
 

In many spring sampling programs in Florida, optical quality monitoring has been 

limited to using Secchi disks to measure transparency, although a few studies have 

incorporated PAR (broadband) measurements (Canfield and Hoyer 1988). In spring 

systems, good visual clarity causes the water column to exceed the limits of the vertical 

Secchi disk technique. Therefore, for many of the long-term monitoring programs, the 

conventional method of measuring transparency with a vertical Secchi disk was 

modified to approximate Secchi depths beyond the total depth of the sampling site in 

the spring or spring-fed river. To account for Secchi distances greater than the total 

depth, water clarity can be measured using a horizontal Secchi disk (Davies-Colley 

1988; Davies-Colley and Smith 1995; Montes-Hugo et al. 2003) to measure horizontal 

Secchi distance (HSD).  
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There are many sources of variability that reduce the reliability of general Secchi 

measurements. Errors that produce great variability include measurement errors, which 

consist of several factors such as inconsistency in data recording (observer dependent), 

a high sensitivity of Secchi distance to ambient light conditions where cloud cover, angle 

of the sun, roughness of the water surface or strong currents could skew Secchi 

readings (Effler 1985; Preisendorfer 1986). In contrast, the measurement of Kd is less 

sensitive to these issues when appropriate methods are used to account for changes in 

ambient light conditions, such as adjustments for on-deck (above water surface) air 

readings to limit inconsistency of cloud cover, and for solar elevation (zenith angle), 

which requires additional data such as date and time along with the latitude/longitude of 

sample location (Kirk 1994). It has been found that the processes of absorption and 

scattering affect Secchi and Kd measurements differently, which does not support the 

concept that Kd is proportional to 1/SD, a commonly used relationship to calculate Kd 

when only Secchi values are available (Effler 1985).  

Furthermore, light is attenuated and reduced (with depth) through the water 

column in a vertical direction in an exponential manner that can be predicted if the 

absorption and scattering of light by water and its contents are known (Kirk 1994). 

Accordingly, horizontal Secchi measurements cannot account for the vertical 

attenuation of light, but can be used as a simple approximation of water transparency, 

or visibility, that provides some useful information when more robust methods are 

unavailable. Effler (1985) demonstrated that there is uncertainty of the product of Kd • 

SD when the relative contributions of scattering and absorption are not constant and 

uniform. This issue is particularly pertinent because the scatter to absorption ratio (b:a) 
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varies within and among spring rivers and other lotic systems. For these reasons, 

Secchi disk transparency is not considered to be a reliable predictor of light attenuation 

for ecological modeling efforts and actual measurements of Kd (or spectral Kd, λ) if 

equipment is available) should be conducted (Effler 1985). However, as mentioned 

previously, accurate measurements of Kd (or spectral Kd) are difficult to conduct and 

OWQ and IOP data could be used to conduct spectrally specific light attenuation 

modeling to reduce inherent error introduced from changing atmospheric conditions. 

Modeling can also provide a greater spatial distribution of light attenuation data that can 

then be used to determine if sufficient light is available for SAV (Gallegos 2005; 

Gallegos et al. 2009). 

The purpose of this study was to advance the understanding of the underwater 

light environment in selected spring ecosystems in Florida.  One objective was to 

evaluate the spectral distribution of PAR (λ), the spectral downwelling attenuation (Kd, 

λ), and to determine the relative importance of detritus, CDOM, and algal pigments to 

light attenuation. Information obtained from the data analysis of this study was used in 

the development of empirical optical models, with results presented in Chapter 3. 

Methods 

Study Area 

Two spring-fed river systems, Rainbow River and Weeki Wachee River, were 

assessed for the quantity and quality of light and causes of light attenuation. Both of the 

spring-fed river‟s flow is dominated by groundwater with minimal contributions from 

surface runoff. The rivers were chosen to cover a range of optical type, riparian shading, 

and hydrogeomorphic characteristics.  
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Rainbow River (RR), located in Marion County in northern Florida, USA, is fed by 

a complex of several large spring vents and numerous smaller springs that occur within 

the first mile of the river. It is a relatively large, minimally sinuous (Figure 2-1), relatively 

clear river with minimal riparian cover that extends over the wide river channel. Weeki 

Wachee River (WW) is relatively small and is located in Hernando County Florida, USA. 

It is primarily fed by one large spring vent, with a few smaller springs that contribute 

minimally to river flow within the first river mile. Weeki Wachee is a moderately sinuous 

(Figure 2-2), relatively clear river with a moderate to heavy riparian corridor composed 

of mixed hardwood wetland forest shading large sections of the river channel and 

providing considerable tannins to the river during and after heavy storm events. Station 

locations were based on existing water quality monitoring stations [Southwest Florida 

Water Management District (SWFWMD) Monitoring Program, Brooksville, FL, USA]. 

Station locations for RR and WW are shown in Figures 2-1 and 2-2, respectively.  

Optical Properties and Water Chemistry 

On a quarterly basis in 2011 (January, April, July and October), surface water 

samples (0.2 to 0.3 m depth) were collected for measurements of IOPsat the twelve 

spring river stations concurrently with ongoing routine water chemistry (turbidity, 

chlorophyll a, color) and horizontal Secchi distance (HSD) samples. The IOP samples 

were analyzed at the SWFWMD Laboratory on a bench-top dual beam UV/VIS 

spectrophotometer (Perkin-Elmer Lamda 40) for algal pigment (aph), and detrital (ad) 

absorption coefficients. CDOM (ag) absorption was analyzed at the University of South 

Florida Spectroscopy Laboratory (St. Petersburg, FL, USA) on a bench-top dual beam 

UV/VIS spectrophotometer (Hitachi U3900U, Hitachi High-Technologies Corporation). 

Spectral absorption coefficients for the IOPs were determined at 1 nm intervals from 
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200 to 800 nm following methods as described in the Ocean Optics Field 

Measurements and Data Analysis Protocols for inherent optical properties (NASA 

2003).  

The total particulate absorption coefficient (ap) is the sum of ad and aph. Spectral 

absorbance of the particulate fraction (ap) was determined by the quantitative filter pad 

technique (Kishino et al. 1985). Absorbance of the river sample was measured relative 

to a blank wetted with Milli-Q water glass fiber filter placed in front of the sensor end of 

the instument beam to minimize light scattering. The volume of river water filtered was 

dependent on particle load on the filter. Absorbances were converted to absorption 

coefficients (m-1) by multiplying the measured absorbance by 2.303 [i.e., ln(10)], and by 

the geometric pathlength, which is found by dividing the area of the filter by the volume 

of water filtered and then correcting for the path length amplification factor (Tzortziou et 

al. 2006). The absorption at 750 nm was assumed to be the residual scattering in the 

filter caused by either non-uniformity in filter wetness or stray light and was subtracted 

from the absorbance values at all other wavelengths to calculate ap (Bricaud and 

Stramski 1990). The spectral absorption of detritus (ad), or the unpigmented fraction, 

was determined by cold methanol extraction of pigments from the filters (Kishino et. 

al1984). The absorption coefficient of algal pigments (aph) was obtained by subtracting 

ad from ap.  

The absorption coefficient for CDOM (ag) was measured spectrophotometrically 

at 1 nm intervals on samples that were filtered in the field immediately after sample 

collection through a 0.22 um Nucleopore filter into pre-combusted, acid-cleaned amber 

glass bottles and stored at 4°C until laboratory analysis. The spectral absorption of 
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CDOM was measured in 10 cm pathlength quartz cuvettes against a Milli-Q water 

blank. Very low CDOM absorption was encountered at most of the spring-fed river 

sample stations therefore a 1 cm cuvette was not sufficient for accurate measurement 

of ag.  

CDOM absorption spectra were also corrected by subtracting the absorbance at 

750 nm from each wavelength and then absorbance values were converted similarly as 

for particulate absorption coefficients by multiplying by 2.303 and dividing by the 0.1 m 

pathlength. The method of employing an exponential function of absorption at 440 nm 

(ag440) and spectral slope (Sg) (Bricaud et al.1981) was examined to estimate the CDOM 

absorption spectra but was not used because ag440 (m-1) for most of this study‟s 

stations were below equipment detection levels, hence measured ag values were used. 

The spectral slope (Sg) of the regression between CDOM and wavelengths in the 200-

500 nm region (S200-500), and the ratio of slopes calculated between ag and wavelengths 

in the 275 to 295 nm range and 350 to 450 nm range (SR275-295:350-450) were used to 

evaluate the source and quality of CDOM in both systems. The spectral slope for ag 

describes the exponential decrease in CDOM absorption with increasing wavelengths 

and was determined by applying a regression fit to log-transformed ag for wavelengths 

in the 200 to 500 nm spectral range. Knowledge of the spectral slope and slope ratios 

are useful metrics that can be used to further characterize CDOM into ranges of 

molecular weights and differentiating between fulvic and humic acids (Laurion et al. 

2000; Helms et al. 2008).  

Scattering is a direct function of turbidity rather than suspended solids (Gallegos 

1994), therefore scattering was not measured directly and was calculated from turbidity 
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concentrations obtained from water chemistry samples. Scattering due to water itself is 

negligible and was not included. Scattering (b) due to particulates (algal pigment and 

detrital matter) is dependent on particle size, refractive index, algal species composition, 

particle mineralogy, and detrital composition (Coble 2007; Anastasiou 2009). Scattering 

was calculated by Equation 2-3. 

b (λ) = [Turbidity] * (555/ λ)               Equation (2-3) 

Where, b (λ) is scattering at a specific wavelength, m-1; [Turbidity] is the turbidity 

concentration measured in the water column, NTU. The beam attenuation coefficient (c, 

at a specific wavelength, λ, or integrated for color band or PAR) was calculated as the 

sum of total absorption (a) and scattering (b), c (λ) = a (λ) + b (λ).   

Horizontal Secchi distance (HSD) was measured in situ usually within 10 minutes 

of PAR measurements. The black and white quartered Secchi disk (19.5 cm diameter) 

was placed approximately 0.5 m under water, in a horizontal direction, and a snorkeler 

in the water swam away from the disk until it was no longer visible. The distance where 

the disk disappeared was recorded along with the distance where the disk reappeared 

and those two distances were averaged for the HSD.  

There is a high potential to introduce measurement error in light measurements, 

which could be due to several issues such as boat hull reflection, bottom reflectance 

from sediments, insufficient integration time, and insufficient depth (<0.5 m) for stable 

readings. To reduce the effect of angular distribution of light due to low sun horizons 

during early morning and late afternoon that may contain greater proportions of diffuse 

light, light data were collected between the hours of 10:00 and 14:00 hours Eastern 

Standard Time. Avoiding these issues minimized the effect of measurement error on 



 

41 

estimation of Kd. Broadband PAR (integrated over 400-700 nm) data was collected 

above the water surface (deck-PAR readings) and underwater PAR was measured at 

0.5 m incremental depths down to 0.2 m above the river bed or top of vegetation with 

dual LI-COR® (model LI192, Lincoln, NE) 2π underwater quantum sensors interfaced 

with a LI-COR® (model LI-1400, Lincoln, NE) datalogger.  

Profiles of spectral scans of downwelling spectral irradiance were collected with a 

planar irradiance cosine collector (Hobi Labs, Inc., Bellevue, WA) which was mounted 

onto a PVC measuring rod. The cosine collector was connected via a fiber optic cable to 

a portable spectrometer (model HR2000, Ocean Optics, Dunedin, FL). A field laptop PC 

(Panasonic Toughbook, Panasonic Corporation, New York, NY), was used to store 

collected data and run the Ocean Optics program OOI Base32. For each discrete depth, 

three consecutive scans were recorded one second apart and averaged to create a 

composite scan to reduce noise in the light profiles resulting from light focusing from 

water turbulence (Pfannkuche 2002). Initial scans were taken in the air just above the 

water surface followed by surface water reading approximately 0.05 m below the water 

surface. Following the surface water reading, scans were taken at 0.25 m intervals until 

0.2 m above the bottom was reached. Corrections to light attenuation calculations were 

made to account for cloud cover and sun elevation angle with each corresponding deck-

PAR reading.  

The light attenuation coefficient, Kd, was calculated in two ways, by Equation 2-2, 

the transmission method, which only takes the top (Io) and bottom (Iz) depths into 

account. The second method, the slope method, was found to be more robust since the 

entire depth profile of PAR was utilized in the calculation of Kd, where PAR was air-
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normalized and was plotted on a logarithmic scale as a function of depth below the 

surface, and was inclusive of all depths of the profile. The slope method was the best 

estimation of Kd when concurrent air PAR measurements were made to correct for 

changes in incident light from changing weather, or shade conditions, and was the 

method chosen to report Kd for this study.  

So that diffuse light attenuation values were based on vertical incidence of light, 

Kd values were adjusted to correct for differences in solar elevation (zenith angle of the 

sun) that were due to day of year, solar declination, latitude, longitude and time of day. 

For light measurements that were made while solar zenith angles were other than 0° 

(sun directly overhead), the potential for scattering and absorption was increased due to 

the lengthened path length that is traveled by a direct beam of photons through the 

water. Kd values were adjusted to a zenith angle of 0° (vertical zenith angle) to remove 

the effect of the longer path length, thereby allowing for comparisons of measurements 

across seasons and stations and reducing diurnal and regional variation in Kd (Kirk 

1994). The zenith angle adjusted Kd was selected to evaluate functional relationships 

between water column attenuators such as IOPs and water chemistry parameters, and 

was calculated by multiplying measured Kd by the cosine of the zenith angle of water 

(Kirk 1994).  

Statistical Data Analysis 

All statistical analyses of the data were performed using MINITAB statistical 

software. Normality tests were conducted prior to statistical analysis to meet the 

assumptions of normality and homogeneity of variance was evaluated by reviewing 

residual plots. Data transformations or nonparametric alternatives were used if data 

distributions were non-normal or variance was heterogeneous. Relationships between 
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inherent and apparent optical properties, and physical and chemical characteristics of 

each spring system were assessed at the disaggregated individual sample level with 

Pearson correlation analyses and simple linear regressions. All correlation and 

regression coefficients were considered significant when p values were less than 0.05.   

Results 

Physical Characteristics 

In quiescent aquatic systems such as coastal waterbodies and lakes, light 

availability is controlled by water column attenuators, mainly dissolved and particulate 

absorption and scattering in the water column. However, in rivers and streams, in 

addition to water column attenuators, physical characteristics such as hydrology, 

canopy cover, sediment type, and channel geometry can also contribute to increased 

variability in the light regime. Over the one year study period, Rainbow River (RR) 

spring and resultant river discharge did not vary seasonally, although discharge varied 

spatially and increased almost four-fold with distance from the headsprings area (RR1) 

to the most downstream station, RR8, along with a steady spatial increase in standard 

deviation (Table 2-1). Weeki Wachee River (WW) discharge remained relatively 

constant temporally and had minimal variation along the longitudinal gradient.  

Flow velocity was highly variable in both RR and WW without a clear spatial trend in 

either system, but mean overall WW flow velocity was almost twice as high as in RR, 

even though RR overall mean discharge was 2.5-fold greater than in WW. 

Rainbow River had an overall water surface width of 44.4 ± 14.2 m (mean ± 

standard deviation) and possessed a longitudinal pattern typical of many lotic systems 

(Allen and Castillo 2007). Weeki Wachee River was much narrower and less variable 

than RR with an average width of 15 ± 2.1 m. Water depths ranged from 1.3 to 2.6 m 
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(mean of 1.9 m) at RR stations, and from 0.9 to 1.3 m (mean of 1.2 m) at WW stations 

with no consistent spatial trend in either system (Table 2-1). Shading due to riparian 

canopy cover was determined at each station on two occasions (July and October) with 

a forest canopy densitometer and was found to be considerably lower in RR, ranging 

from 0 to 13% closed canopy (mean of 5%), as compared to a range of 8 to 85% 

canopy cover (mean of 25%) in WW. The difference in canopy cover was likely due to a 

lesser channel width and a more variable channel orientation in WW as a result of its 

greater sinuosity, unlike RR that was wider and had a mostly linear channel with 

minimal sinuosity along the entire river reach.  

Sediment type, size and composition can introduce variability into absorption and 

scattering in the water column. Qualitative analysis of sediment type resulted in 

relatively consistent patterns in both systems, where sand dominated in the upper part 

of the rivers and different variations of sand/silty sand were more prevalent in the lower 

river reaches. It should be noted that limestone rock was prevalent near a few stations 

in RR where velocity was rapid, but those areas were outside of the sampling regions 

used for this study. Only one station, RR8 was considered to be siltier than the other 

stations due to a greater amount of fine grain sizes (silt) in the sediment (Table 2-1). 

Optical Properties and Water Chemistry 

Water chemistry parameters relevant to light attenuation, i.e. color, turbidity, and 

chlorophyll a, increased with distance from the headsprings in both RR and WW (Table 

2-2). A significant temporal trend was not found for all parameters, however July had 

the highest color values in the 5 most downstream stations in Rainbow River (RR3 to 

RR8). The highest chlorophyll a values occurred in April for the upstream stations RR1 

to RR3, and in July for the downstream stations RR4 to RR8. In Weeki Wachee, color 
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was highest in October for all stations, and turbidity was highest in July for all but the 

most downstream station (WW5). No discernible temporal trend was found in WW for 

Chlorophyll a. All three OWQ parameters: color, turbidity, and chlorophyll a overall 

means were greater in WW than in RR by 57%, 36%, and 42%, respectively. 

Mean (and standard deviation) apparent optical property (AOP) data are 

summarized in Table 2-3 for both RR and WW Rivers. In both systems, horizontal 

Secchi distance (HSD), and benthic PAR (normalized for near high noon PAR and 

corrected for shade) both decreased significantly with distance from the headspring 

(Tables 2-3, 2-5 and 2-6). Benthic PAR and HSD values were temporally variable with 

no significant pattern for either system. Light attenuation coefficient (Kd) data measured 

at three reference wavelengths for the blue, green, and red bands, respectively, and for 

the PAR spectra are shown in Table 2-3. In Rainbow River, all reported Kd coefficients 

(KdPAR, Kd440, Kd550, and Kd660) were positively correlated with distance from the 

headspring, which corresponded to the negative correlation of distance with each of the 

reference benthic PAR values (data not shown; PAR: R2 = 0.30, p = 0.003; PAR440: R
2 = 

0.37, p = 0.001; PAR550: R
2 = 0.28, p = 0.004; PAR660: R

2 = 0.15, p = 0.044). Negative 

correlations of distance with benthic PAR were considerably stronger in Weeki Wachee 

River (data not shown; PAR: R2 = 0.86, p = 0.000; PAR440: R
2 = 0.81, p = 0.000; 

PAR550: R
2 = 0.83, p = 0.000; PAR660: R

2 = 0.82, p = 0.000) than in Rainbow River.  

All light attenuation coefficients except for Kd660 (red band) were significantly, 

however more weakly correlated with distance in Weeki Wachee than in Rainbow River 

(Tables 2-5 and 2-6). Mean Kd660 values were higher in magnitude when compared to 

Kd440, and Kd550 for all stations except for the most downstream station in Weeki Wachee 
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River (WW5; Table 2-3). The higher Kd660 values for all but WW5 were likely due to 

greater depths and little to no color inputs that would affect Kd440. On the other hand, the 

highest light attenuation occurred at the 440 nm wavelength for WW5, due to adjacent 

riverine swamps that contributed relatively large amounts of CDOM to the river during 

and after storm events.  

Mean spectral diffuse attenuation coefficients at each wavelength over the PAR 

spectrum, Kd (λ), for Rainbow and Weeki Wachee Rivers at each station are shown in 

Figures 2-3 and 2-4, respectively, which also include interpolated literature values for 

pure water attenuation coefficients (Pope and Fry 1997) for comparison. It appears that 

there are distinct optical regimes in both rivers due to the separation in the data across 

PAR. There are four breaks in the RR data, which represent an attenuation regime for 

each break. The most upstream stations (RR1, RR2 and RR3) fall into the most 

optically clear category, followed by stations RR4 and RR5 in the middle part of the river 

as the second clearest category. The third break in the data occurs at RR8, which is 

actually the most downstream station and has less attenuation than station RR7, which 

is approximately 1 km upstream of RR8. This is likely due to the contribution of 

phytoplankton from adjacent phosphate mine borrow pits that are hydraulically 

connected to the lower part of the river just above station RR7. Weeki Wachee River 

stations seemed to only have two distinct optical regimes, although it could be argued 

that three regimes may exist. The four most upstream stations (WW0, WW0.5, WW1, 

and WW3) were in the most optically clear regime, with WW0.5 having the lowest 

attenuation across the PAR spectra and could be considered its own category. The 
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second distinct regime had the highest light attenuation, especially in the blue band 

(400-500 nm), and occurred at the most downstream station, WW5 (Figure 2-4).  

Figure 2-5 shows a comparison of overall average spectral light attenuation 

coefficients in RR and WW, and in pure water. Mean Kd (λ) values were over an order of 

magnitude higher in both RR and WW than in pure water within the blue and blue-green 

regions. Maximum light attenuation occurred in the red band (600-700 nm) in the rivers 

and in pure water, but Kd values in pure water were approximately 50% of those in RR 

and WW. Weeki Wachee River had higher mean overall light attenuation than Rainbow 

River across the PAR spectra, with the difference being most pronounced in the blue 

range. 

The calculated mean and standard deviation for inherent optical properties (PAR 

spectra) obtained at each station are given in Table 2-4. Total absorption coefficient 

(atPAR) values included the contribution of absorption due to water itself (aw PAR). 

Similar to how overall Kd values were lower in RR than in WW, all IOP parameters 

measured in this study were greater in WW than in RR. This was evident from the 

absorption coefficient profiles shown in Figures 2-16 and 2-17 where overall system 

mean absorption coefficients, total and partial, were plotted for the full spectrum of PAR. 

Figure 2-16 included the contribution of water and showed absorption due to water 

itself. Figure 2-17 omitted aw so that the contribution of the other partial absorbing 

components can be compared on an appropriate scale. Overall mean RR atPAR was 

only 21% lower than in WW even though overall mean WW agPAR, adPAR, and aphPAR 

were 67%, 74%, and 60% higher than in RR. Scattering (bPAR) and beam attenuation 
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(cPAR) coefficients were also higher in WW than in RR by 37% and 31%, respectively 

(Table 2-4).  

Temporal patterns were evident for agPAR, adPAR, aphPAR, bPAR, and cPAR in 

Weeki Wachee River for the upstream four stations, where each of these parameters 

were highest in July and April, in order of magnitude. Of significance, adPAR was two 

orders of magnitude greater in July (20.9 m-1) than in January (0.2 m-1) or October (0.5 

m-1) in the most upstream station (WW0), which may be due to very high recreational 

activity at a public water park, coupled with high filamentous benthic algae production 

and export during the peak growing season in the headsprings area just upstream of the 

WW0 station contributing to detrital and algal pigment absorption and scattering.  

Unlike the other four upstream stations, WW5 had maximum detrital and algal 

absorption, scattering and beam attenuation coefficients in January. Rainbow River was 

more variable and no significant temporal pattern for any of the IOP coefficients was 

found, although adPAR was consistently higher in July for all stations, similar to Weeki 

Wachee River. Absorption by detrital and algal pigments increased significantly along 

the river continuum for all PAR and specific reference wavelengths with the exception of 

aph 550 in Rainbow River, and ad660, aph 440 and aph 550 in Weeki Wachee River (Table 2-5 

and Table 2-6). Scattering and CDOM absorption coefficients were not significantly 

related to distance from the headsprings in Rainbow River, but they were significantly 

correlated in Weeki Wachee River (Table 2-6).  

Water chemistry parameters were correlated to AOPs and IOPs (Tables 2-5 and 

2-6). In Rainbow River, of the beam attenuation, light attenuation and absorption 

coefficients (not including scattering since bPAR is calculated from turbidity 
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concentrations), turbidity was most strongly correlated to beam attenuation at 550 nm 

(c550, Figure 2-19), Kd440 and ag340 (Tables 2-5 and 2-6), respectively. As expected, 

chlorophyll a concentrations were most strongly correlated with algal pigment 

absorption for PAR and at 440 and 660 nm in RR, and less strongly correlated to c660 

(Figure 2-19).  

In contrast, none of the light attenuation coefficients were significantly correlated 

with turbidity in WW, and ad440 was most strongly correlated amongst the IOPs with 

turbidity (Table 2-6), although c550 was highly correlated (Figure 2-19). Chlorophyll a 

and color were weakly correlated with c440 and c660, respectively (Figure 2-19) and 

turbidity and chlorophyll a concentrations were only weakly significantly correlated with 

aph660, but not aph440, which suggests that the algal species composition in the water 

column and their optical properties in Weeki Wachee River differed from that in 

Rainbow River. This could be attributed to absorption by accessory pigments in addition 

to chlorophyll in the blue band. ag 440 was not significantly correlated to any water 

chemistry parameter because of the low magnitude of CDOM absorption at that 

wavelength in RR, but was correlated with chlorophyll a and color in WW. However, 

CDOM absorption at 340 nm was positively correlated with turbidity, chlorophyll a, and 

as expected, most strongly correlated with color in RR (Table 2-5). Color was also 

significantly, but moderately related to c440 (Figure 2-19). In WW, ag340 was also most 

strongly correlated with color, and was weakly correlated with chlorophyll a (Table 2-6). 

Out of the light attenuation coefficients, color was most strongly (although still weakly) 

correlated with KdPAR in WW and Kd440 in RR.  
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Horizontal Secchi distance was negatively correlated with turbidity and 

chlorophyll a in WW and with chlorophyll a and color in RR. When comparing correlation 

strength between HSD and Kd across systems, HSD was only slightly less correlated 

than the various Kd values against the water chemistry parameters in RR. However, in 

WW, HSD was more strongly correlated with turbidity and chlorophyll a than Kd, but not 

with color (Tables 2-5 and 2-6). Percent open canopy was also evaluated for 

correlations with light attenuation, absorption and scattering coefficients in both 

systems, data were not shown since none were significant in RR. However, percent 

open canopy was significantly negatively related in WW with all Kd values, and all 

absorption coefficients except for aph PAR, aph 440 and aph 550 (Table 2-6). 

Correlation results between AOPs and IOPs measured at reference wavelengths 

and for the PAR spectra are shown in Tables 2-7 and 2-8 for Rainbow and Weeki 

Wachee Rivers, respectively. Correlation results only included bPAR for the scattering 

parameter because the correlation statistics were the same for all reference 

wavelengths and bPAR for all correlation results shown in Tables 2-5, 2-6, 2-7 and 2-8.  

It was surprising how many non-significant correlations were found for both systems, 

especially for WW. In RR, correlation coefficients between AOPs and IOPs were 

stronger than in WW overall. There were only a handful of significant albeit weak 

correlations in WW, which occurred between KdPAR, Kd440 and at440, at550, ag340, 

adPAR, ad440, and ad660. Kd550 was correlated with at440, adPAR, ad440, at550, and 

ag340. Beam attenuation (cPAR) and light attenuation (KdPAR) were not significantly 

correlated in WW (Figure 2-21), which was due to the strong influence of high color and 

low turbidity at WW5 in the third quarter sample. Of note is the significant but weak 
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correlation between Kd660 and ag340. This suggests that light attenuation could largely 

be attributed to CDOM and detrital absorption, but not due to direct algal pigment 

absorption or particulate scattering in WW (Table 2-7).   

KdPAR was weakly related to cPAR (Figure 2-21), and most strongly correlated 

with at660 in Rainbow River. Out of the partial absorption coefficients, the Kd values 

listed in Table 2-7 were not significantly related with only two absorption coefficients, 

ag440, and aph550. Kd550 and Kd660 were also not correlated with scattering, which 

was an unexpected result as scattering is usually most strongly correlated with activity 

associated with detrital and algal material that absorb and scatter in the green and red 

region. The strongest correlations between partial absorption coefficients and Kd440, 

Kd550, and Kd660 were with ad660, aphPAR, and aphPAR, respectively. This is atypical 

of most light attenuation relationships where the absorption coefficient of a specific 

wavelength is usually most strongly related to the corresponding light attenuation 

coefficient and suggests a more complex optical environment than in clear lotic 

systems.  

Similar to the correlation with water chemistry parameters, HSD was correlated 

with many absorption coefficients at nearly the same strength as the light attenuation 

coefficients for both systems, with it being slightly stronger in certain correlations and 

weaker in others. However, HSD was not correlated with CDOM absorption or 

scattering in RR, and it was also not correlated to ad660, aph440 or aph550 in WW 

(Tables 2-7 and 2-8, respectively). Regardless of the few non-significant relationships, 

HSD may have utility as a valid AOP in clear, uncolored systems.   
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Figures 2-6 through 2-13 present the mean relative percent contribution of partial 

absorption coefficients for PAR and three reference wavelengths (440, 550 and 660 nm) 

to total absorption comparing each with (at) and without (at-w) the contribution of 

absorption due to water itself at each station in both systems. When absorption due to 

water was removed (at-w) from the calculation of at, ag, ad, and aph remained. In Rainbow 

River, when water was included in the calculation of total absorption, aw contributed the 

largest fraction to atPAR, at550 and at660 (Figures 2-6, 2-8 and 2-9). This was in 

contrast to at440, where aw440 contributed the least among the four coefficients with 

ag340 contributing the largest percentage (ca. 40-60%) across all sites in RR except for 

station RR5 (Figure 2-7, bottom panel). Detrital absorption dominated at-w for PAR and 

at 550 nm, but algal pigments contributed more to total absorption at 660 nm. The 

statistically significant correlations between individual reference absorption coefficients 

and total absorption (minus water) are shown in Figure 2-18 with the strongest 

relationship with ad550, and then in order of decreasing strength aph440, aph660 and 

ag340.  

Weeki Wachee River had a similar trend as Rainbow River where absorption due 

to water dominated most of the upstream sites in all absorption coefficients except for at 

440 nm (Figures 2-10, 2-12 and 2-13). However, at 440 nm, total absorption (with and 

without water) was due to a more equal contribution from CDOM and detrital absorption 

(Figure 2-11). Again, detrital absorption is responsible for the majority of at-w for PAR 

and at 550 nm, but detrital and algal pigment absorption were relatively equal at 660 nm 

(Figure 2-13).  In Weeki Wachee, the strongest predictor of total absorption (minus 

water contribution) was with ad550, followed by aph660 and finally with ag340, aph440 
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was not found to be significantly related to total absorption over the PAR spectra (Figure 

2-18).  

The relationship between total absorption (atPAR) and scattering (bPAR) was 

examined along the river with distance downstream for both systems (Figure 2-14). 

atPAR increased steadily in Rainbow River, but the more variable bPAR peaked 

approximately midway down the river and was considerably higher in magnitude than 

absorption until the lowest reach of the river where absorption exceeded scattering. The 

peak mid-river could be due to maximal measured velocities in this area due to 

shallower depths (Table 2-1) or could also be due to disturbance of bottom sediments 

from recreational motor boats or tubers causing resuspension of particulates into the 

water column (Mumma et al. 1996). Weeki Wachee River had increasing trends in both 

atPAR and bPAR with distance from the headspring but the magnitude of absorption 

was larger than scattering overall (Figure 2-14).        

The scattering to absorption ratio (b:aPAR) was calculated to assess how these 

optical properties changed together in relation to distance from the headspring and to 

compare the two systems (Figure 2-15). For the most part, Weeki Wachee and Rainbow 

Rivers both had greater scattering than absorption (i.e., b:aPAR>1) along the river 

continuum. In Weeki Wachee, b:aPAR generally increased with distance, suggesting 

that scattering was a larger contributor to overall beam attenuation (c). In Rainbow 

River, b:aPAR began balanced, and then increased and decreased at different points in 

the river. Correlations of absorption and scattering with beam attenuation are shown in 

Figure 20. Scattering explains 57% and 39% more beam attenuation variability than 
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absorption in Rainbow and Weeki Wachee Rivers, respectively. The results support that 

scattering overpowers beam attenuation overall.    

Discussion 

Because apparent (HSD and Kd) and inherent (a,b, and c) optical properties 

characterize optical water quality (Kirk 1988), it is important to establish optical water 

quality sampling programs to further the understanding of underwater light environment 

in Florida springs. This was the first study to assess optical water quality and to 

evaluate the effect of the magnitude and relative contribution of spectrally specific 

optical properties and other physical factors on light availability in Florida springs. 

Spatial and temporal patterns were examined to determine what controlled the 

variability of the underwater light environment in springs.  

Temporal variability (on the inter-annual scale) of inherent optical properties due 

to storm events leading to high flow discharge was not evident in this study as was 

suggested by others (Duarte and Canfield 1990; Davies-Colley and Nagels  2008, 

Julian et al. 2008a, 2008b), but was consistent with the notion that Florida springs do 

not vary considerably on the seasonal scale (Odum 1957a) and are functioning in a 

steady-state (Duarte et al. 2010). However, the majority of optical properties that were 

examined spatially in the two spring-fed rivers in this study displayed a spatial optical 

gradient within each system. Longitudinal patterns are typical for many river processes 

and sometimes partition the longitudinal profile of a river into three zones that include 

the erosion zone, the transfer zone and the sediment deposition zone (Allen and 

Castillo 2007). Rainbow River‟s physical and optical data fall into this pattern more so 

than Weeki Wachee and provides a basis for understanding the optical gradient in these 
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two spring-fed rivers. The strong covariation with distance across many other IOPs 

provides compelling evidence for longitudinal accrual processes.  

CDOM absorption and scattering coefficients did not have a similar longitudinal 

pattern as the other IOPs in Rainbow River, however these two variables were 

positively significantly related (R2 = 0.52, p = 0.000). Along these same lines, chlorophyll 

a (R2 = 0.24, p = 0.008) and turbidity (R2 = 0.52, p = 0.000) concentrations were also 

significantly related to CDOM absorption (340 nm) and, by extension, suggests that 

scattering due to turbidity and chlorophyll a could be the result of biodegrading 

autotrophic material, likely from senescence and sloughing of epiphytic algal diatoms in 

rapidly flowing areas and also from SAV. The non-significant relationship of CDOM with 

distance downstream in Rainbow River is inconsistent with results from another study 

that found DOC (proxy for CDOM) rapidly increasing longitudinally from the headsprings 

down to the river‟s confluence due to autochthonous sources attributed mainly to SAV 

(Duarte et al. 2010), although the finding did correspond to results from Weeki Wachee 

River from this study.  

The consistent accrual/depletion pattern of ag340 that was found in the upper 

reaches of both spring systems could be due to several biogeochemical factors. In-situ 

autotrophic biomass production driven by abundant nutrient and irradiance conditions 

(Matheson et al. 2012), and allochthonous inputs determine the magnitude and quality 

of CDOM accrual (Laurion et al. 2000; Yamashita et al. 2013). The supply of CDOM is 

then acted upon by biogeochemical processes that biodegrade CDOM or 

photochemically induce shifts in molecular weight of CDOM during photobleaching 

(Laurion et al. 2000; Margager and Vincent, 2000; Helms et al. 2008; Yamashita et al. 
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2013) that occurs under high-light (i.e. open canopy areas, low light attenuation 

conditions) and also when CDOM is used in the denitrification process by denitrifying 

bacteria.  

Photoautotrophs such as algae and SAV provide an important labile source of 

carbon and abundant growth of these autotrophs at high irradiances can encourage the 

development of enhanced heterotrophic biomass and metabolism (Heffernan and 

Cohen 2010; Heffernan et al. 2010b; Matheson et al. 2012). In addition to these 

processes, accrual of CDOM is also due to contributions from allochthonous sources 

such as riverine floodplain wetlands that surround the Weeki Wachee River basin. The 

inference that Weeki Wachee River is more CDOM rich than the CDOM-poor Rainbow 

River can be explained by greater canopy cover, thereby reducing the potential for 

photobleaching and direct influence from connectivity with adjacent wetlands.  

The spectral slope (S) of the regression between CDOM and wavelengths in the 

200-500 nm region (S200-500) and the slope ratios (SR275-295:350-450) were used to evaluate 

the source and quality of CDOM in both systems. The inference that lower molecular 

weight CDOM is due to autotrophic material such as algae and SAV in Rainbow River is 

supported by the significant relationships between S200-500  and chlorophyll a (R2 = 0.21, 

p = 0.015,) and turbidity and (R2 = 0.19, p = 0.019), which is highly correlated with 

chlorophyll a. Albeit weak, but otherwise important, these relationships are slightly 

stronger than the relationship with color (R2 = 0.17, p = 0.03) and the relationship is non-

significant with ag440 (R2 = 0.007, p =0.67), which provides more evidence that the 

CDOM source consists of lower molecular weight CDOM in Rainbow River.  
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On the contrary to Rainbow River, Weeki Wachee River S200-500 was most 

strongly related to color (R2 = 0.38, p = 0.003) and ag440 (R2 = 0.40, p = 0.003) and not 

significantly related to chlorophyll a (R2 = 0.16, p = 0.08) or turbidity (R2 = 0.05, p = 

0.35,) supporting the assertion that Weeki Wachee River CDOM sources are dominated 

mostly by terrestrial inputs and not entirely derived from within the spring system as was 

the case in Rainbow River. The spectral slope ratio, SR275-295:350-450,was not significantly 

related to any of the before mentioned variables (data not shown), although the values 

were similar in magnitude that have been reported by other studies in very clear ocean 

waters and mountain lakes that do not receive terrestrially sourced CDOM-rich inputs 

(Laurion et al. 2000; Helms et al. 2008).  

There is a great deal of research that has focused on absorption and scattering 

characteristics in marine, estuarine and lake systems (Kirk 1980, 1981, 1984, 1991, 

1994; Gallegos 1993, 1994, 2001, 2005; Gallegos and Kenworthy 1996; Biber et al. 

2008, Gallegos et al. 1990; Gallegos et al. 2005; Gallegos et al. 2009; Perez et al., 

2010). Riverine optical water quality constituents (IOPs and AOPs) were quantified in 

two Midwestern USA rivers (Julian et al. 2008a) and in over a hundred optically diverse 

rivers in New Zealand (Davies-Colley and Close 1990; Davies-Colley and Nagels 2008). 

In the Midwestern USA rivers, large fluctuations in water chemistry was attributed to 

major tributary inputs and impoundments along the river continuum, along with highly 

irregular scattering to absorption ratios (b:a) caused by changes in composition of 

suspended particulate matter (Julian et al. 2008a). The variable b:a values in the 

Midwestern USA rivers corresponded to the variable b:a pattern in Rainbow River in this 

study. However, the source and transformation of the suspended particulate matter was 
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not contributed by external inputs into Rainbow River, rather from within the river itself. 

The global trend of particulates dominating beam attenuation found in the Midwestern 

USA and New Zealand river studies were corroborated by results from the spring-fed 

rivers in this study. However, the temporal trends due to fluctuation in the hydrologic 

regime in the other studies was not observed in this study, since the hydrologic regime 

did not vary temporally in the spring-fed rivers (Davies-Colley and Nagels 2008; Julian 

et al. 2008a).    

In springs, only one other study measured total light absorption coefficients at the 

spring boils of 17 Florida spring systems that is available for comparison to results of 

this study (Duarte and Canfield 1990). Duarte and Canfield‟s light absorption 

coefficients ranged from 0.038 (Weeki Wachee Springs) to 1.144 m-1 (Old Town 

Springs), and Rainbow Springs averaged 0.066 m-1 for two sites, but most of the 

springs had absorption coefficients less than 0.3 m-1 (1990).   

Duarte and Canfield (1990) did not determine the relative importance of each of 

the absorbing components (ag, aph, ad) on light attenuation in their springs study. 

Unfortunately they did not provide the details regarding the scale of absorption 

coefficient, meaning that it is not entirely clear if they were reporting total absorption 

(minus the contribution due to water) integrated for PAR, average absorption over PAR, 

or at one particular wavelength. However, based on the magnitude of the data values 

provided in Table 1 of their study, it was assumed that they were reporting total 

absorption averaged for PAR (Duarte and Canfield 1990). Using the assumption that 

they were reporting PAR averaged total absorption to compare against this study‟s 

results, Weeki Wachee and Rainbow River‟s total absorption may have increased by 
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83% and 62%, respectively. However, if they were reporting total absorption at 440 nm, 

then Weeki Wachee and Rainbow River‟s total absorption may have increased by 77% 

and 16%, respectively. Either way, at least part of the increase in absorption may be 

attributed to increased recreation and other human disturbances in both systems. 

Depending on the method used to calculate total absorption, the previous study 

provided a rough baseline estimate of total absorption and shows that both spring 

systems have likely degraded in terms of absorption coefficients.  

As a point of reference, the absorption coefficients of pure water range from 

0.007 to 0.020 m-1 within the 400 to 500 nm (blue) region of the absorption spectra 

(Pope and Fry 1997; Kirk 1994). In contrast, the total absorption of a blackwater river, 

Lower St. Johns River, on the east coast of Florida was estimated at 30 m-1, with ag 440 

being the dominant contributor to the total absorption coefficient, and among the highest 

values reported for natural waters (Gallegos 2005). 

Light attenuation coefficients, Kd were correlated with in-situ Horizontal Secchi 

Distance (HSD) measurements and laboratory-measured optical properties of the water 

samples. Light attenuation coefficients are typically more strongly correlated to IOPs in 

the literature, and results from this study suggest that springs systems must contain 

other factors that affect the light environment in addition to the IOPs that control the 

optical environment. The other factors that could be causing a reduction in predictive 

power between AOPs and IOPs are likely due to scattering of light caused by 

turbulence in the upper part of the water column and backscatter due to reflectance 

from sand, SAV or some other type of differences in sediment albedo that influence 

optical properties (Boss and Zaneveld 2003) and are an artifact of the method to 
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measure a light attenuation profile and independent of the method to collect IOPs by 

collecting surface water samples well above the bottom substrate.  

In contrast to the trend where visual clarity (measured by HSD) was greatest in 

the most upstream station near the headsprings area in both systems, light attenuation 

was actually lowest in the second most upstream stations (RR2 and WW0.5) and more 

closely approximated the pure water attenuation spectra. For a point of reference, each 

of these stations was approximately 800 m downstream of the headspring areas. This 

disagreement in AOP results could be attributed to the complexity of the absorption and 

scattering properties of suspended particles such as backscattering and bottom 

reflectance effects and the limitation of the HSD method to detect changes in light 

regions outside of the peak sensitivity of the human eye, which is around 550 nm in the 

green band of the PAR spectrum (Davies-Colley 1995). Furthermore, mean turbidity 

was lower at RR2 than at RR1, and could explain the slight disagreement in AOP 

results, but this was not the case in WW.  

Researchers in Waikoropupu („Pupu‟) Springs, New Zealand, determined an 

average 63 m horizontal black body visibility distance, which translates to 72 m for a 

vertical black and white visibility distance, for an average of 67 m for both methods 

(Davies-Colley and Smith 1995). They argued that the spring‟s visual clarity ranks 

among the very clearest in the world and is virtually indistinguishable from pure water, 

which has a theoretical visibility between 74 and 80 m for the horizontal black body and 

vertical black and white body distances, respectively, for an average of 77 m (Davies-

Colley and Smith 1995).  
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Even though visual clarity methodologies differed slightly between methods used 

in „Pupu‟ Springs and in this study, average visual clarity in „Pupu‟ Springs was not 

different from visual clarity measured in Rainbow Springs (Station RR1, this study), 

where the average measured HSD for RR1 was also 67 m. This would suggest that 

visual clarity in Rainbow Springs rivals the clearest waters of the world, with the caveat 

that visual clarity can best estimate only the green band (i.e. 550 nm) of the PAR 

spectra. In contrast, when average beam attenuation coefficients (c) at 493 and 528 nm 

wavelengths were compared for „Pupu‟ Springs (0.022 and 0.075 m-1, respectively) and 

Rainbow Springs (this study: 0.207 and 0.065 m-1, respectively), the c(493) value in 

Rainbow Springs was an order of magnitude higher than in „Pupu‟ Springs, however, 

the c(528) value in Rainbow Springs was only 13% higher than in „Pupu‟ Springs. These 

inconsistencies are likely due to differences in suspended particulates that contribute 

variability to absorption and scattering for the selected wavelengths (1995). 

These results highlight the necessity of evaluating light regimes and how they 

have changed in spring systems over a period of time longer than one year. Also, since 

light availability is a major control on primary productivity in springs, an evaluation of 

functional relationships between primary productivity and the light available to primary 

producers is also needed. Results from this study will be used later to determine the 

effect of light availability on the composition, distribution and productivity of the primary 

producer communities in springs (Chapter 4). 
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Figure 2-1.  Rainbow River study reaches.  

Note: Direction of flow is indicated on the figure. Sampling stations are in bold and are 
denoted by circles with an X inside. Sampling segments are in italics and denoted with a 
bi-directional arrow. The confluence with the Withlacoochee River is denoted by a star 
symbol.  
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Figure 2-2.  Weeki Wachee River study reaches.  

Note: The river flows in a westerly fashion and ultimately empties into the Gulf of 
Mexico. Direction of flow is indicated on the figure. Sampling stations are in bold and 
are denoted by circles with an X inside. Sampling segments are in italics and denoted 
with a bi-directional arrow. 
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Figure 2-3.  Mean spectral diffuse attenuation coefficients, Kd (λ), of Rainbow 
River (RR) stations obtained January to November 2011.  

Note: The Kd (λ) values for pure water derived by Pope and Fry (1997) are shown for 
comparison with river stations. 
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Figure 2-4.  Mean spectral diffuse attenuation coefficients, Kd (λ), of Weeki 
Wachee River (WW) stations obtained January to November 2011.  

Note: The Kd (λ) values for pure water derived by Pope and Fry (1997) are shown for 
comparison with river stations. 
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Figure 2-5.  Overall river average spectral diffuse attenuation coefficients, Kd 
(λ), of Rainbow (RR) and Weeki Wachee (WW) Rivers obtained January to 
November 2011.  

Note: The Kd (λ) values for pure water derived by Pope and Fry (1997) are shown for 
comparison with river stations. 
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Figure 2-6.  Mean relative % contribution of absorption coefficients (PAR) to total 

absorption (PAR), with (top panel) and without (bottom panel) absorption due 
to water itself in Rainbow River (RR).    
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Figure 2-7.  Mean relative % contribution of absorption coefficients (440 nm) to total 

absorption (440 nm), with (top panel) and without (bottom panel) absorption 
due to water itself in Rainbow River (RR).    
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Figure 2-8.  Mean relative % contribution of absorption coefficients (550 nm) to total 

absorption (550 nm), with (top panel) and without (bottom panel) absorption 
due to water itself in Rainbow River (RR).    
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Figure 2-9.  Mean relative % contribution of absorption coefficients (660 nm) to total 

absorption (660 nm), with (top panel) and without (bottom panel) absorption 
due to water itself in Rainbow River (RR).    
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Figure 2-10.  Mean relative % contribution of absorption coefficients (PAR) to total 

absorption (PAR), with (top panel) and without (bottom panel) absorption due 
to water itself in Weeki Wachee River (WW).    
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Figure 2-11.  Mean relative % contribution of absorption coefficients (440) to total 

absorption (440), with (top panel) and without (bottom panel) absorption due 
to water itself in Weeki Wachee River (WW).    
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Figure 2-12.  Mean relative % contribution of absorption coefficients (550) to total 

absorption (550), with (top panel) and without (bottom panel) absorption due 
to water itself in Weeki Wachee River (WW).    
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Figure 2-13.  Mean relative % contribution of absorption coefficients (660) to total 

absorption (660), with (top panel) and without (bottom panel) absorption due 
to water itself in Weeki Wachee River (WW).    
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Figure 2-14.  Average scattering (bPAR) and absorption (atPAR) coefficients in relation 

to distance from the headsprings in A) Rainbow and B) Weeki Wachee 
Rivers. 
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Figure 2-15.  Ratio of scattering and absorption coefficients (b:a PAR) over the PAR 

spectrum in relation to distance from the headspring in Weeki Wachee and 
Rainbow Rivers. 
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Figure 2-16.  Absorption profiles of total (ap), detrital (ad) and algal particulates (aph); 

CDOM (ag), water (aw), and total absorption with (at) and without (at-w) water.  

Rainbow River 

Weeki Wachee River 
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Figure 2-17.  Absorption profiles of total (ap), detrial (ad) and algal particulates (aph); 

CDOM (ag), water (aw), and total absorption without (at-w) water.  

Rainbow River 

Weeki Wachee River 
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Figure 2-18.  Correlations among individual absorption coefficients at reference 

wavelengths and total absorption for A) Rainbow and B) Weeki Wachee 
Rivers.  
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Figure 2-19.  Correlations between water chemistry concentrations and beam 

attenuation (c) coefficients in A) Rainbow and B) Weeki Wachee Rivers, (p< 
0.05 for all). 
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Figure 2-20.  Correlations between absorption (a), scatter (b) and beam attenuation (c) 

coefficients in A) Rainbow and B) Weeki Wachee Rivers. 
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Figure 2-21.  Correlations between attenuation (Kd), and beam attenuation (c) 

coefficients in A) Weeki Wachee and B) Rainbow Rivers.  
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Table 2-1.  Summary of mean physical characteristics recorded during sampling events at Rainbow (RR) and Weeki 
Wachee Rivers (WW). 

 

Station 

Distance 
From 

Headspring 
(m) 

Depth  
(m) 

Channel 
width 
(m) 

Canopy 
% 

Cover Sediment Type 

Mean 
Annual 

Discharge 
(m3/s)* 

Flow 
Velocity 
(cm/s) * 

RR1 85 2.6 51.43 6 Sand/Silty Sand 3.59±0.19 12.10±0.00 

RR2 785 1.5 31.55 1 Sand 6.80±0.36 16.27±0.00 

RR3 1535 1.9 23.50 3 Sand 8.67±0.46 18.33±0.00 

RR4 4030 1.3 44.02 13 Sand 12.67±0.67 26.80±0.00 

RR5 6840 2.1 45.51 6 Silty Sand 14.08±0.75 18.17±0.00 

RR7 7720 1.8 46.90 7 Silty Sand 14.46±0.77 19.91±0.00 

RR8 8570 2.1 67.80 0 Silt 13.57±0.72 14.30±0.00 

WW0 136 0.9 18.51 9 Sand 4.13±0.47 38.02±10.51 

WW0.5 850 1.2 13.63 8 Sand 4.13±0.47 31.15±2.46 

WW1 1720 1.2 13.42 13 Sand/Silty Sand 4.13±0.47 35.83±8.61 

WW3 4885 1.3 14.11 11 Sand/Silty Sand 4.19±0.55 34.19±8.61 

WW5 8160 1.2 15.14 85 Silty Sand 4.24±0.65 23.74±7.41 

 
Note: *Mean daily flow discharge data for the water quality sampling dates was acquired from the United States 
Geological Survey (USGS) website for one station on each river. A fraction coefficient was calculated based on actual 
flow measurements at each station and at the USGS gaging station. The fraction coefficient was applied to the flow data 
to estimate flow and velocity at each station as related to the flow at the USGS gaging station. These data were averaged 
for the year for an annual average. 
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Table 2-2.  Mean (±SD) of water chemistry parameter concentrations collected in January, April, July and October 2011. 
 

Station Color (PCU) Turbidity (NTU) Chlorophyll a (µg L-1) 

RR1 0.13 ± 0.05 0.16 ± 0.11 0.10 ± 0.03 

RR2 0.28 ± 0.13 0.13 ± 0.02 0.18 ± 0.03 

RR3 0.38 ± 0.15 0.17 ± 0.04 0.26 ± 0.04 

RR4 0.90 ± 0.87 0.35 ± 0.15 0.40 ± 0.13 

RR5 0.65 ± 0.17 0.17 ± 0.12 0.39 ± 0.10 

RR7 0.80 ± 0.27 0.26 ± 0.20 0.93 ± 0.57 

RR8 0.90 ± 0.27 0.30 ± 0.19 0.86 ± 0.41 

WW0 0.28 ± 0.05 0.21 ± 0.28 0.22 ± 0.18 

WW0.5 0.95 ± 1.11 0.31 ± 0.18 0.97 ± 0.50 

WW1 0.70 ± 0.41 0.30 ± 0.21 0.73 ± 0.21 

WW3 1.23 ± 0.83 0.29 ± 0.20 0.61 ± 0.33 

WW5 3.65 ± 2.66 0.62 ± 0.30 1.31 ± 0.17 
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Table 2-3.  Mean values (±SD) of apparent optical properties (AOPs).   
 

Station HSD (m) 
Benthic PAR                 
(µmol m-2 s-1) Kd PAR (m-1) Kd440 (m-1) Kd550 (m-1) Kd660 (m-1) 

RR1 66.83 ± 10.12 1021.45 ± 301.09 0.28 ± 0.08 0.16 ± 0.12 0.19 ± 0.08 0.49 ± 0.10 

RR2 34.64 ± 9.25 1001.56 ± 121.02 0.26 ± 0.03 0.15 ± 0.01 0.16 ± 0.03 0.50 ± 0.05 

RR3 24.27 ± 3.60 1038.64 ± 215.97 0.30 ± 0.11 0.20 ± 0.12 0.19 ± 0.10 0.51 ± 0.12 

RR4 20.39 ± 4.17 1074.61 ± 210.03 0.37 ± 0.10 0.30 ± 0.14 0.25 ± 0.09 0.57 ± 0.09 

RR5 17.85 ± 5.05 750.49 ± 172.27 0.37 ± 0.06 0.29 ± 0.10 0.25 ± 0.06 0.57 ± 0.06 

RR7 13.59 ± 6.21 634.00 ± 201.12 0.54 ± 0.08 0.47 ± 0.13 0.42 ± 0.07 0.75 ± 0.07 

RR8 11.21 ± 5.10 734.13 ± 368.96 0.46 ± 0.02 0.37 ± 0.03 0.35 ± 0.02 0.68 ± 0.03 

WW0 39.97 ± 16.72 1503.62 ± 117.29 0.34 ± 0.09 0.24 ± 0.10 0.24 ± 0.07 0.56 ± 0.11 

WW0.5 14.09 ± 4.01 1453.66 ± 101.08 0.29 ± 0.05 0.16 ± 0.12 0.19 ± 0.03 0.52 ± 0.09 

WW1 13.49 ± 2.86 1343.32 ± 266.18 0.41 ± 0.13 0.30 ± 0.17 0.30 ± 0.10 0.64 ± 0.13 

WW3 11.65 ± 2.81 1015.95 ± 264.97 0.41 ± 0.09 0.39 ± 0.15 0.28 ± 0.09 0.58 ± 0.07 

WW5 7.90 ± 2.64 187.99 ± 69.82 0.76 ± 0.38 1.04 ± 0.75 0.56 ± 0.27 0.74 ± 0.25 

 
Note: HSD, horizontal secchi distance; benthic PAR was normalized for high noon PAR and corrected shade to allow for 
comparison among stations and varying ambient light conditions; Kd, downwelling diffuse attenuation coefficients at 
different wavelengths (PAR, 440, 550, 660 nm); data was recorded within 10 minutes of water quality samples shown in 
Table 2-2. 
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Table 2-4.  Mean values (±SD) of inherent optical properties (IOPs). 
 

Station at PAR (m-1)  ag PAR (m-1)  ad PAR (m-1)  aph PAR (m-1)  b PAR (m-1)  c PAR (m-1) 

RR1 47.46 ± 0.38 0.37 ± 0.45 0.89 ± 0.70 0.74 ± 0.30 49.65 ± 33.88 97.19 ± 33.79 

RR2 47.99 ± 0.99 0.13 ± 0.00 1.36 ± 0.83 0.73 ± 0.24 39.15 ± 5.27 87.14 ± 4.97 

RR3 49.95 ± 0.96 0.68 ± 0.52 2.77 ± 0.26 1.00 ± 0.51 51.81 ± 13.67 101.76 ± 13.20 

RR4 51.23 ± 2.32 0.54 ± 0.70 2.79 ± 1.44 2.41 ± 1.84 106.87 ± 46.04 158.10 ± 47.05 

RR5 54.17 ± 2.27 0.60 ± 0.43 6.42 ± 1.96 1.65 ± 0.95 51.66 ± 38.03 105.83 ± 38.52 

RR7 55.67 ± 5.58 0.81 ± 0.80 4.79 ± 3.33 4.58 ± 1.81 80.77 ± 61.10 136.44 ± 66.64 

RR8 55.13 ± 4.64 0.74 ± 0.51 4.85 ± 2.62 4.04 ± 2.08 92.66 ± 57.62 147.79 ± 61.80 

WW0 55.28 ± 9.99 0.22 ± 0.45 7.62 ± 9.72 1.90 ± 0.25 65.63 ± 87.31 120.91 ± 96.12 

WW0.5 61.49 ± 6.22 2.42 ± 4.21 9.54 ± 5.00 3.99 ± 0.92 95.13 ± 54.73 156.62 ± 55.05 

WW1 59.22 ± 0.96 0.59 ± 0.56 8.36 ± 2.24 4.73 ± 1.83 93.90 ± 65.76 153.11 ± 66.11 

WW3 68.21 ± 8.36 1.27 ± 1.07 13.31 ± 7.74 8.11 ± 2.27 90.65 ± 61.35 158.87 ± 65.43 

WW5 83.28 ± 8.82 3.88 ± 2.59 25.97 ± 5.70 7.90 ± 6.56 189.95 ± 93.03 273.24 ± 101.22 

 
Note: at PAR, total absorption coefficient; ag PAR, colored dissolved organic matter (CDOM) absorption coefficient; ad 
PAR, detrital non-algal particulate absorption coefficient;  aph PAR, algal pigment absorption coefficient; b PAR, scattering 
coefficient;  c PAR, beam attenuation coefficient; IOP samples were collected concurrently with water chemistry samples 
shown in Table 2-2. 
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Table 2-5.  Pearson correlation results between water chemistry parameters (Turbidity, Chlorophyll a and Color), %Open 
Canopy, Distance from Spring and AOPs and IOPs for Rainbow River sites.  

 

  
Turbidity (NTU) Chl a (µg L-1) Color (PCU) Distance (m) 

    R p-value R p-value R p-value R p-value 

AOPs Kd PAR 0.397 0.036 0.699 0.000 0.645 0.000 0.737 0.000 

 
Kd 440 0.485 0.009 0.703 0.000 0.720 0.000 0.699 0.000 

 
Kd 550 0.344 0.073 0.675 0.000 0.597 0.001 0.733 0.000 

 
Kd 660 0.299 0.122 0.631 0.000 0.533 0.004 0.706 0.000 

  HSD -0.354 0.065 -0.633 0.000 -0.555 0.002 -0.757 0.000 

IOPs at PAR 0.612 0.001 0.897 0.000 0.578 0.001 0.753 0.000 

 
at 440 0.715 0.000 0.730 0.000 0.798 0.000 0.613 0.001 

 
at 550  0.492 0.008 0.763 0.000 0.589 0.001 0.800 0.000 

 
at 660  0.638 0.000 0.867 0.000 0.681 0.000 0.783 0.000 

 
ag 340  0.718 0.000 0.491 0.008 0.836 0.000 0.304 0.116 

 
ag 440 0.045 0.822 0.074 0.709 0.001 0.997 0.174 0.377 

 
ad PAR  0.490 0.008 0.711 0.000 0.587 0.001 0.676 0.000 

 
ad 440 0.433 0.021 0.630 0.000 0.576 0.001 0.574 0.001 

 
ad 550  0.427 0.024 0.676 0.000 0.548 0.003 0.688 0.000 

 
ad 660 0.531 0.004 0.619 0.000 0.583 0.001 0.463 0.013 

 
aph PAR  0.539 0.003 0.881 0.000 0.347 0.070 0.687 0.000 

 
aph 440  0.511 0.005 0.793 0.000 0.393 0.038 0.730 0.000 

 
aph 550 0.206 0.292 0.296 0.126 0.179 0.361 0.348 0.069 

 
aph 660 0.506 0.006 0.771 0.000 0.548 0.003 0.770 0.000 

  b PAR  1.000 * 0.645 0.000 0.677 0.000 0.327 0.090 
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Table 2-6.  Pearson correlation results between water chemistry parameters (Turbidity, Chlorophyll a and Color), %Open 
Canopy, Distance from Spring and AOPs and IOPs for Weeki Wachee River sites.  

 

  
Turbidity (NTU) Chl a (µg L-1) Color (PCU) %Open Canopy Distance (m) 

    R p -value R p -value R p -value R p -value R p -value 

AOPs Kd PAR (m
-1

) 0.168 0.480 0.416 0.068 0.537 0.015 -0.685 0.001 0.640 0.002 

 
Kd 440 (m

-1
) 0.134 0.574 0.394 0.085 0.495 0.027 -0.700 0.001 0.662 0.001 

 
Kd 550 (m

-1
) 0.212 0.370 0.389 0.085 0.519 0.019 -0.698 0.001 0.637 0.003 

 
Kd 660 (m

-1
) 0.167 0.482 0.391 0.088 0.510 0.022 -0.459 0.042 0.418 0.067 

  HSD (m) -0.540 0.014 -0.604 0.005 -0.382 0.096 0.372 0.106 -0.562 0.010 

IOPs at PAR (m
-1

) 0.725 0.000 0.671 0.001 0.510 0.012 -0.755 0.000 0.809 0.000 

 
at 440 (m

-1
) 0.645 0.002 0.667 0.001 0.869 0.000 -0.836 0.001 0.827 0.000 

 
at 550 (m

-1
) 0.605 0.005 0.717 0.000 0.531 0.016 -0.773 0.001 0.760 0.000 

 
at 660 (m

-1
) 0.628 0.003 0.690 0.001 0.331 0.153 -0.459 0.042 0.634 0.003 

 
ag 340 (m

-1
) 0.331 0.153 0.558 0.011 0.995 0.000 -0.653 0.002 0.619 0.004 

 
ag 440 (m

-1
) 0.266 0.258 0.473 0.035 0.915 0.000 -0.464 0.039 0.467 0.038 

 
ad PAR (m

-1
) 0.729 0.000 0.610 0.004 0.390 0.089 -0.734 0.000 0.728 0.038 

 
ad 440(m

-1
) 0.771 0.000 0.596 0.006 0.435 0.055 -0.724 0.000 0.726 0.000 

 
ad 550 (m

-1
) 0.690 0.001 0.564 0.010 0.345 0.136 -0.693 0.001 0.714 0.000 

 
ad 660 (m

-1
) 0.563 0.010 0.564 0.015 0.277 0.238 -0.540 0.014 0.431 0.058 

 
aph PAR (m

-1
) 0.482 0.032 0.367 0.112 0.294 0.208 -0.364 0.114 0.583 0.007 

 
aph 440 (m

-1
) 0.225 0.340 0.072 0.764 0.021 0.931 -0.216 0.361 0.255 0.277 

 
aph 550 (m

-1
) -0.105 0.659 0.196 0.408 0.152 0.522 -0.087 0.716 0.238 0.312 

 
aph 660 (m

-1
) 0.480 0.032 0.542 0.014 0.199 0.401 -0.504 0.023 0.655 0.002 

  b PAR (m
-1

) 1 * 0.559 0.010 0.352 0.128 -0.540 0.014 0.485 0.030 
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Table 2-7.  Pearson correlation results between AOPs and IOPs for Rainbow River sites.   
 

  Apparent Optical Property (AOP) 

 
Kd PAR Kd 440 Kd 550 Kd 660 HSD 

IOP R P-value R P-value R P-value R P-value R P-value 

at PAR 0.627 0.000 0.666 0.000 0.590 0.001 0.533 0.004 -0.695 0.000 

at 440 0.589 0.001 0.699 0.000 0.534 0.003 0.438 0.020 -0.564 0.002 

at 550  0.616 0.000 0.644 0.000 0.579 0.001 0.540 0.003 -0.742 0.000 

at 660  0.663 0.000 0.698 0.000 0.625 0.000 0.575 0.001 -0.682 0.000 

ag 340  0.461 0.014 0.577 0.001 0.405 0.033 0.320 0.097 -0.323 0.094 

ag 440 -0.032 0.871 -0.011 0.957 -0.048 0.807 -0.047 0.811 -0.116 0.555 

ad PAR  0.534 0.003 0.602 0.001 0.484 0.009 0.432 0.022 -0.655 0.000 

ad 440 0.467 0.012 0.555 0.002 0.419 0.026 0.351 0.067 -0.572 0.001 

ad 550  0.550 0.002 0.596 0.001 0.501 0.007 0.472 0.011 -0.638 0.000 

ad 660 0.558 0.002 0.638 0.000 0.499 0.007 0.440 0.019 -0.470 0.012 

aph PAR  0.578 0.001 0.538 0.003 0.576 0.001 0.552 0.002 -0.555 0.002 

aph 440  0.540 0.003 0.585 0.001 0.517 0.005 0.445 0.018 -0.570 0.002 

aph 550 0.229 0.240 0.203 0.300 0.247 0.205 0.221 0.259 -0.323 0.094 

aph 660 0.563 0.002 0.550 0.002 0.550 0.002 0.525 0.004 -0.624 0.000 

b PAR  0.397 0.036 0.485 0.009 0.344 0.073 0.299 0.122 -0.354 0.065 

 
Note: AOP units: Kd, m

-1; Horizontal Secchi Distance (HSD), m. IOP units: m-1.  Non-significant correlations (p>0.05) are 
shown in italics. 
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Table 2-8.  Pearson correlation results between AOPs and IOPs for Weeki Wachee River sites.   
 

  Apparent Optical Properties 

 
Kd PAR Kd 440 Kd 550 Kd 660 HSD 

IOP R p-value R p-value R p-value R p-value R p-value 

at PAR 0.422 0.064 0.439 0.053 0.419 0.066 0.257 0.274 -0.565 0.009 

at 440 0.489 0.029 0.479 0.033 0.481 0.032 0.387 0.092 -0.507 0.022 

at 550  0.486 0.030 0.518 0.019 0.454 0.044 0.290 0.215 -0.533 0.016 

at 660  0.287 0.219 0.342 0.140 0.248 0.291 0.117 0.622 -0.463 0.040 

ag 340  0.489 0.029 0.440 0.052 0.483 0.031 0.484 0.031 -0.361 0.118 

ag 440 0.373 0.105 0.332 0.153 0.345 0.136 0.401 0.080 -0.321 0.167 

ad PAR  0.532 0.016 0.539 0.014 0.529 0.017 0.365 0.114 -0.480 0.032 

ad 440 0.554 0.011 0.539 0.014 0.574 0.008 0.422 0.064 -0.457 0.043 

ad 550  0.419 0.066 0.440 0.052 0.411 0.072 0.258 0.272 -0.452 0.045 

ad 660 0.447 0.048 0.459 0.042 0.387 0.092 0.355 0.124 -0.213 0.367 

aph PAR  -0.165 0.486 -0.129 0.588 -0.143 0.549 -0.256 0.277 -0.481 0.032 

aph 440  -0.282 0.228 -0.193 0.415 -0.323 0.165 -0.404 0.078 -0.181 0.446 

aph 550 -0.242 0.303 -0.224 0.342 -0.219 0.354 -0.287 0.221 -0.369 0.109 

aph 660 0.075 0.754 0.125 0.598 0.095 0.690 -0.091 0.702 -0.484 0.030 

b PAR  0.168 0.480 0.134 0.574 0.212 0.370 0.167 0.482 -0.537 0.015 

 
Note: AOP units: Kd, m

-1; Horizontal Secchi Distance (HSD), m. IOP units: m-1.  Non-significant correlations (p>0.05) are 
shown in italics. 
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CHAPTER 3 
DEVELOPMENT AND APPLICATION OF EMPIRICALLY DERIVED SPECTRALLY 
EXPLICIT AND BROADBAND OPTICAL MODELS OF LIGHT ATTENUATION IN 

FLORIDA SPRINGS  

Introduction 

Light penetration is of fundamental importance to aquatic ecosystems and it 

greatly influences the capacity of primary production, biomass, and spatial distribution of 

submerged aquatic vegetation (SAV) and algal communities (Canfield and Hoyer 1988; 

Biber et al. 2005). The primary factors which influence light availability in aquatic 

systems include chlorophyll biomass, detrital suspended solids, and color dissolved 

organic matter (CDOM, Kirk 1994). These factors influence optical property magnitude 

and distribution in the water column, which can significantly impact penetration of solar 

radiation to the substrate.  

Optical properties can be described by two types, inherent optical properties 

(IOPs), and apparent optical properties (AOPs, Kirk 1988, 1994). The IOPs are 

properties that belong to the water, and they include constituents that are both dissolved 

and suspended particles (Kirk 1988). The nature of the ambient light field does not 

impact the IOPs magnitude or distribution. Absorption (a, units m-1) and scattering (b, 

units m-1) coefficients are measured across the visible light spectrum (Kirk 1988). The 

third IOP, the beam attenuation coefficient (c) can be calculated by summing a + b = c 

(Kirk 1988). The four main components that absorb light are described by these 

absorption coefficients, with units m-1: water itself (aw), CDOM (ag), algal pigments (aph), 

and detrital material (ad) suspended in the water column (Kirk 1980, 1994). The four 

components are summed for a total absorption coefficient, at (λ).    
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The AOPs are the properties of the light field that can be acted upon by factors 

other than just constituents in the water, and the most commonly measured properties 

are Secchi depth (SD), vertical diffuse attenuation coefficient for downward irradiance, 

(Kd, units m-1), and broadband (integrated over the 400-700 nm portion of the spectrum) 

photosynthetically active radiation (PAR, units µmol m-2 s-1, Kirk 1988, 1994). 

Advancements in technology allowed for the progression of light measurements over 

time. Secchi depth measurements, which are a simple visual index of water clarity 

(Preisendorfer 1986) have given rise to broadband PAR measurements (measure of 

photons, quantity of light), in turn have allowed for the quality light, spectral distribution 

of PAR (λ), to take a step forward in light measurements (Carruthers et al. in Short and 

Cole 2001).  

The latter two AOPs are more meaningful in terms of quality of light availability 

when spectral composition is considered. The wavelength specificity of light attenuation 

has more implications for SAV absorption, in respect to photosynthesis (Gallegos et al. 

2009). Therefore, it is more useful to determine the amount of each AOP in respect to 

wavelength, thereby measuring spectral vertical attenuation coefficient for downward 

irradiance, Kd (λ), and spectral PAR (λ) (Anastasiou 2009; Gallegos et al. 2009).  

Although PAR is used as an indicator of light quantity through the water column, 

photons of different PAR wavelengths are not equally absorbed by light absorbing 

pigments such as chlorophyll or other accessory pigments. Chlorophyll absorption and 

photosynthetic output are more efficient in the blue (400 to 500 nm) and red (600 to 700 

nm) regions of the PAR spectrum and much less efficient in the green wavelengths (500 

to 600 nm, Anastasiou 2009; Gallegos et al. 2009). The concept that autotrophs absorb 
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light more efficiently from specific regions of the PAR spectrum has been defined as 

photosynthetically usable radiation (PUR), which is the integral of the quantum 

spectrum (400 to 700 nm) weighted by the relative absorption spectrum (AL) of the SAV 

of interest (Morel 1978; Gallegos 1994; Gallegos et al. 2009).  

PAR adequately quantifies the amount of light available for photosynthesis, 

however it is less adequate for developing optical models that are used to determine the 

dominating factors contributing to light attenuation and loss of clarity (Gallegos 1994). 

Hence, an understanding of the spectral distribution of PAR should be central to optical 

modeling, ecological studies and SAV restoration efforts (Kirk 1994). In addition, 

developing a linkage between AOPs and IOPs (Mobley 1994) and relating water quality 

concentrations to SAV restoration targets are important goals in the field of hydrologic 

optics (Gallegos 2001). 

Neither Secchi depth nor the attenuation coefficient disclose any information 

about the components of water quality that cause light attenuation. It is nearly 

impossible to use these measurements to set management goals for specific 

substances to achieve a desired water quality to protect SAV, and to provide a suitable 

habitat for restoration of SAV (Gallegos 1994; Biber et al. 2008). Accurate 

measurements of Kd (or spectral Kd) are difficult to obtain and optical water quality 

(OWQ) and IOP data have been collected synoptically by several researchers to 

develop empirical light attenuation models or to calibrate previously developed 

spectrally specific light attenuation models to reduce inherent error that is introduced by 

changing field conditions (Gallegos et al. 2009; Dixon et al. 2010). This brings to light 

the reason for measuring IOPs. Optical models have been developed based on the 
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absorption and scattering coefficients for many coastal waters and lakes and are used 

to predict habitat suitability in terms of OWQ and light availability for seagrass and other 

SAV. (Gallegos 1994, 2001; Gallegos and Kenworthy 1996; Biber et al. 2008).  

Radiative transfer modeling provides the linkage between IOPs and AOPs, as 

well as optical water quality concentrations that are considered “quasi” inherent optical 

properties (Biber et al. 2008; Anastasiou 2009). Turbidity is a useful predictor of the 

absorption coefficient for detrital material (ad), while color is used to predict the 

absorption coefficient for CDOM (ag), and chlorophyll a concentration is used as an 

estimate for the absorption coefficient for algal pigments (aph, Gallegos and Kenworthy 

1996; Biber et al. 2008). Several recent studies have used similar modeling methods to 

determine the relative importance of each light absorbing component. 

A study by Kelble et al. (2005) illustrates the importance of understanding the 

light environment in Florida Bay and found that tripton (detritus) was the dominant factor 

controlling light attenuation. They used a statistical model to estimate the light 

attenuation coefficient across the entire bay. Chlorophyll a and CDOM fluorescence and 

beam transmission (c) data were each regressed against measured concentrations of 

chlorophyll a, CDOM, and tripton (detritus), respectively, to develop a relationship with 

water quality concentrations and light attenuation based on fluorescence and beam 

transmission. 

A study by McPherson and Miller (1994) determined partial attenuation 

coefficients for color and chlorophyll a by derivation using stepwise multiple regression 

analysis. Coefficients derived from the regressions were then multiplied by 

concentrations to yield the contributions of each component to light attenuation. The 
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natural logarithm of the ratio of simultaneous in-air and in-water PAR was plotted versus 

depth, followed by a least squares fit to determine the attenuation coefficient.  

A recent, more technologically progressive study was conducted using a 

continuous flow-through deck-mounted system, which was modified to characterize the 

optical light environment (Anastasiou 2009). The researcher modeled absorption 

coefficients using chlorophyll and CDOM fluorescence relationships, which are site-

specific and must be calibrated to a specific area. The relative magnitude and 

contributions of each of the components were determined for Tampa Bay, Florida 

across each wavelength in the visible spectrum. Minimum light targets for seagrass 

were determined by looking at percent subsurface irradiance (%PAR) at the deepest 

location that seagrass were found, which is also known as the seagrass deep edge 

(Anastasiou 2009). 

Riverine OWQ is highly variable and difficult to characterize (Davies-Colley et al. 

2003, Davies-Colley and Nagels 2008, Julian et al. 2008a, 2008b), and particulates 

typically dominate light attenuation in rivers, which is understandable that most optically 

related studies have previously focused on turbidity to characterize riverine OWQ and 

optical regime (Davies-Colley et al. 2003, Davies-Colley and Nagels 2008). Given that, 

Julian et al. (2008b) characterized the light regime in rivers as optically complex 

(Davies-Colley and Nagels 2008) and suggested that modeling light in rivers should 

consider five hydrogeomorphic controls: 1) topography, 2) riparian vegetation, 3) 

channel geometry, 4) OWQ, 5) hydrologic regime. They developed an empirical model 

to predict spatial and temporal variability of PAR reaching the riverbed (benthic PAR). 

The model was used to quantify and generalize hydrogeomorphic controls in optically 
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diverse rivers, with the finding that discharge was a temporal control and water depth 

was the spatial control in the larger river. The smaller river‟s benthic PAR was mostly 

affected by above-canopy shading temporally and spatially (Julian et al. 2008b).  

Kirk (1981, 1984, 1991, and 1994) presented an empirically derived spectrally 

explicit optical model that established the relationship between the diffuse attenuation 

coefficient, and the total absorption and particulate scattering coefficient, which after 

several iterations of the model eventually took the form of Equation 3-1:  

Kd (λ) = 1/µ0 [at
2 + (g1 µ0 - g2) at b]1/2              Equation (3-1) 

where:  
Kd (m

-1) = vertical diffuse light attenuation coefficient at a specific wavelength (λ) 
at (m

-1) = the total absorption coefficient at a specific wavelength  
b (m-1) = the scattering coefficient at a specific wavelength 
µ0 = the cosine of the zenith angle of the direct solar beam refracted at the air- 

water interface 
g1 and g2 = coefficients that depend on the scattering phase function of the water  

column, on the optical depth of interest, and were empirically determined 
for the midpoint of the euphotic zone 

 
This model has proven to be a useful resource management tool in mostly tidal 

river and estuarine applications where it is difficult and labor intensive to collect 

accurate light attenuation measurements (Gallegos 1994, 2001, 2005; Gallegos and 

Kenworthy 1996; Biber et al. 2008). The model has been validated against Monte Carlo 

procedures modeling radiative transfer equations to determine the sources of error in 

predictions of Kd by simulating random errors in model coefficients and water quality 

parameters. The model is reliable in predicting the relevant amounts of light received by 

SAV over varying seasons, depths, water quality conditions and geographic regions 

from OWQ data, which is much less intensive than measuring spectral Kd over large 

areas. With proper calibration, the model‟s applicability and usefulness for predicting 
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light attenuation and determining the main constituents causing the loss of water clarity 

can be optimized for optically complex and unique systems such as spring-fed rivers. 

The objective of this study was to develop new and calibrate existing spectral 

and broadband optical models using functional relationships between IOPs and AOPs 

and routinely measured OWQ variables on a site-specific and on a generalized scale. 

The rationale for developing and using optical models to predict spectral light 

attenuation is based on the practical significance of reducing time in the field and to 

reduce potential error that can be introduced from varying conditions in the field. 

Historical light regimes were modeled and the model predictions were used to test the 

hypothesis that light attenuation has significantly increased, and benthic light 

availability, especially in the blue band (i.e. 440 nm) has decreased over time in two 

spring-fed rivers in question, Rainbow and Weeki Wachee Rivers in Florida, USA. Site-

specific relationships were developed between historical optical water quality data, IOPs 

and light attenuation data to determine benthic habitat suitability based on the 

sufficiency of wavelength-specific light available for SAV growth and survival. The 

modeling approach used the combined datasets from Rainbow and Weeki Wachee 

Rivers, which provided a framework and resource management tool to predict spectrally 

specific light at depth (measure of water clarity) as a function of OWQ parameters and 

to evaluate the quantity and quality of light available to SAV and other primary 

producers in other spring systems, which had not existed until now.   

Methods 

Study Area 

An optical study was conducted that measured optical water quality (OWQ) 

concentrations (turbidity, chlorophyll a and color), inherent (absorption and scattering 
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coefficients) and apparent (diffuse vertical light attenuation coefficient) optical properties 

in Rainbow (7 stations) and Weeki Wachee (5 stations) Rivers, both spring-fed rivers 

near the west coast of Florida, USA. Figures of the study areas are shown in Figures 2-

1 and 2-2, and descriptions of the two systems can be found in the Methods section in 

Chapter 2. Measurements were conducted quarterly (January, April, July, and October) 

in 2011.  

Model Development 

Chapter 2 details methods used to collect and analyze OWQ, IOP and AOP 

samples. Data obtained from the optical study (color, chlorophyll a, turbidity, at440, 

at550, at660, ad440, ag340, aph440, ad550, aph550, ad660, aph660, Kd440, Kd550, and 

Kd660) in Rainbow (n=28), Weeki Wachee (n=20) and combined systems (n=48, the 

datasets from both systems were combined to develop optical model equations that can 

be used generally in other systems) were used to develop new and calibrate existing 

empirical optical models for the two spring systems. Measured Kd values were adjusted 

to a zenith angle of 0° (vertical zenith angle) to remove the effect of the longer path 

length, thereby allowing for comparisons of modeled Kd values calculated using a direct 

solar beam. The zenith angle adjusted Kd was calculated by multiplying measured Kd by 

the cosine of the zenith angle of water (Kirk 1994).  

Four previously developed spectral and broadband optical models were obtained 

from the literature (Models 1, 2a, 2b, 3, Table 3-1) and were applied to this study‟s 

datasets to compare to the optical models modified or developed as part of this study 

(Models 2c, 2d, 4, 5, Table 3-1). To develop the site-specific broadband optical models 

(Models 4 and 5, Table 3-1), and the combined springs total absorption and light 

attenuation models (Models 12 to 15, Table 3-3), multiple linear regression analyses 
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were conducted using OWQ concentrations to achieve the most accurate models with 

the greatest predictive power. Model evaluation and comparison involved calculation of 

a vast set of model precision metrics (Tables 3-4 and 3-5) for selection of the most 

robust and accurate spectral and broadband models. Models were selected based on 

the lowest level of error, and the selected site-specific models were used to hind-cast a 

historical light environment using historical OWQ data for both systems.  

Spectral Model Calibration 

To obtain input for the spectral models (Models 1, 2a, 2b, 2c, 2d, Table 3-1), 

scattering coefficients at reference wavelengths (440, 550, 660 nm) were calculated 

from turbidity by Equation 2-3, and total absorption (at) was partitioned as shown in 

Equation 2-1. Model calibration was dependent on the linear relationships between 

each measured partial absorption coefficient and its respective measured OWQ 

concentration. Absorption coefficient values due to water (aw) itself were obtained from 

the literature (Pope and Fry 1997). 

Optical water quality concentrations were used to predict the partial absorption 

coefficients at reference wavelengths (ad440, ag340, aph440, ad550, aph550, ad660, 

aph660). The best subsets model builder tool in the MINITAB statistical software 

package was used to determine which individual or group of OWQ variables would best 

predict each partial absorption coefficient. Mallows Cp fitting parameter and the 

adjusted coefficient of determination (adj R2) were evaluated together to avoid over 

fitting the models. Only statistically significant models (p<0.05) were included in the total 

absorption summation of partial absorption coefficients.  

Models 2a and 2b contained scattering phase coefficients (g1 and g2) that were 

drawn directly from the literature (Kirk 1984, 1994, Table 3-1). These coefficients were 
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empirically derived for aquatic systems that greatly differed from freshwater fluvial 

systems, especially spring–fed rivers. Therefore, to further calibrate Model 2b and 

develop Model 2c, adjustments were made to the g1 and g2 coefficients. The Excel © 

Solver Analysis Tool was used to find the optimal (minimal) value of the root mean 

square error (RMSE) by adjusting the g1 and g2 coefficients in the model. This 

procedure was conducted for each system individually, and was also for the combined 

datasets. One final adjustment was made to the algorithm of Model 2c to develop Model 

2d. In Chapter 2 Results, canopy cover (OC) was found to be significantly correlated to 

light attenuation. As a result, OC was included as an additional explanatory variable to 

Model 2d in an attempt to improve the model.  

Model Application 

Historical OWQ data (color, chlorophyll a, turbidity concentrations) obtained from 

SWFWMD for the years 2002 to 2011for Rainbow River and from 2005 to 2011 for 

Weeki Wachee River were used for both modeling approaches. The selected spectral 

and broadband optical models (Model 2c and 4, respectively, Table 3-1) were applied to 

predict historical light attenuation coefficients from historical OWQ concentration data. 

Using Models 6a to 11b (Table 3-2), historical OWQ data were used to predict each 

individual partial absorption coefficient for input into spectral optical Model 2c to hind-

cast historical light attenuation coefficients (Kdλ).  

To allow for a comparison of predicted Kdλ for the period of record, spectral Kd 

values were predicted for solar noon on Julian day 152 of each year to assume a 

vertical beam of radiation with maximum light penetration at each site, irrespective of 

canopy cover. The location (latitude and longitude) of the headspring area in each 

spring system (Rainbow and Weeki Rivers) was used to calculate the solar noon 
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(12:00PM EST) zenith angle of water (overall mean solar elevation of 83°) for all hind-

cast predictions of spectral light attenuation following methods described by Kirk (1994).  

Benthic light availability was estimated by the percent spectral and broadband 

subsurface irradiance [% PAR (λ)] calculated by Equation 3-2:  

%PAR (λ) = 100 
K

d
(λ) D               Equation (3-2) 

where Kdλ is the diffuse vertical light attenuation coefficient (m-1) and D is the total depth 

(m). Temporal trend analyses were conducted on measured OWQ concentrations, 

predicted IOPs, and predicted AOPs using simple linear regression with time (year) as 

the explanatory variable to determine if the OWQ, AOPs, and IOPs have increased or 

decreased significantly over time. A statistically significant trend was evident if p < 0.05.  

Results 

Model Calibration and Development 

Rainbow River IOP, AOP and OWQ Relationships.  Detrital, algal pigment and 

CDOM absorption coefficients were all significant predictors and were used to predict 

total absorption at 440 nm wavelength (at440) as shown in Figure 3-1. Table 3-2 shows 

the shows the probability of statistical significance (p-value) adjusted coefficient of 

determination (adj R2), standard error (s) and models developed for partial absorption 

coefficient regression models using OWQ concentrations as predictors. When modeling 

the partial absorption coefficients using OWQ concentrations, detrital absorption (440 

nm) was best predicted when both color and chlorophyll a were used to model ad440, 

without any indication of multi-collinearity, rather than using just one of the two water 

quality parameters alone (Figure 3-2). CDOM absorption (ag340) was predicted best by 
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color alone.  Algal pigment absorption at 440 nm was significantly related to chlorophyll 

a and was used to solely predict aph440 (Figure 3-2).  

Detrital and algal pigment absorption (550 nm) were both significantly related to 

at550 and at660 (Figures 3-3 and 3-4). Chlorophyll a was the only significant predictor 

for ad550, ad660 and aph660 (Figure 3-5). Figure 3-6 shows the initial univariate 

correlations that were used to develop the broadband optical multivariate regression 

model that predicted KdPAR directly from all three OWQ concentrations, color, turbidity 

and chlorophyll a (Table 3-1).   

Weeki Wachee River IOP, AOP and OWQ Relationships. For at440, algal 

pigment absorption was not a significant predictor, but both detrital and CDOM 

absorption (440 nm) were significantly related and were used to in the model to predict 

total absorption at 440 nm (Figure 3-1). Total absorption at 550 was only correlated with 

ad550, and at660 was correlated with both ad660 and aph660 (Figures 3-3 and 3-4). 

Table 3-2 provides the partial absorption coefficient regression models and fitting 

parameters using OWQ concentrations as predictors. 

Figure 3-7 shows the OWQ concentrations that were significantly correlated with 

the partial absorption coefficients. Similar to Rainbow River, only color correlated with 

ag340 and chlorophyll a with aph660. Turbidity was significantly related to ad550 and was 

solely used to predict at550 since CDOM and algal pigment absorption were not 

significant predictors of total absorption at 550 nm. Turbidity and chlorophyll a were 

significantly related to ad660 and aph660, respectively (Figure 3-7). Figure 3-6 shows the 

individual correlations used to develop the multiple linear regression KdPAR model 

(Table 3-1). 
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Combined Dataset IOP, AOP and OWQ Relationships.  Table 3-3 shows the 

p-values, adj R2, s, spectral total absorption (atλ) and broadband light attenuation 

(KdPAR) multi-linear regression models that were developed using OWQ concentrations 

from the combined datasets (Weeki Wachee and Rainbow Rivers). Total absorption at 

440 nm was best predicted by color and turbidity. Color, chlorophyll a and turbidity 

provided the best fit model for at550, and chlorophyll a and turbidity explained the 

greatest amount of variation for at660. KdPAR was only significantly related to color and 

chlorophyll a (Table 3-3).  

The combined dataset allowed for the empirical determination of spectral slope 

for the partial absorption CDOM coefficients (ag) as a function of color that was best 

described by a quadratic equation that is shown in Figure 3-8. The spectral slope (Sg) 

for color above 2 PCU appeared to reach an asymptotic value near -0.018. The majority 

of data points for the combined dataset clustered below color concentration of 2 PCU, 

with only 5 data points above that value, which may have led to the low coefficient of 

determination (R2 = 0.37).    

Model Evaluation 

In many cases during spectral light attenuation and absorption, and broadband 

light attenuation model development,  best subset model analysis indicated that a model 

with more variables had higher explanatory power (R2) than a model with less variables, 

which occurred for Models 6c, 7, 9a, 10, 11a, 12, and 15. To prevent over fitting, models 

were first selected based on the lowest Mallows Cp scores (determines degree of 

potential multi-collinearity) and second, the highest R2 values (data not shown). 

However, when conducting the multi-linear regressions, variables were removed from 

the models that did not substantially improve the explanatory power of the overall 
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model, which usually meant that the predictor variable did not have a significant effect 

on the response variable (p > 0.05). In general, only significant variables were used in 

the multi-linear regression modeling efforts to avoid issues such as multi-collinearity 

from over fitting the model that contained too many variables. This was a common 

occurrence and the resultant models used to predict partial and total absorption and 

diffuse light attenuation coefficients are shown in Tables 3-1, 3-2 and 3-3.  

All system specific spectral and broadband vertical diffuse light attenuation 

regression model equations, descriptions of model variables, scattering phase 

coefficients (Models 2a to 2d only) and source of model (i.e. obtained and/or modified 

from a literature source or developed as part of this study) for Rainbow and Weeki 

Wachee Rivers are given in Table 3-1. Spectrally specific and broadband Kds were 

calculated as described in model equations 1 to 2d (spectral) and 3 to 5 (broadband) 

and graphical comparisons of modeled output against measured Kd values for all 

models are shown in Figures 3-9 and 3-10 for Rainbow and Weeki Wachee Rivers, 

respectively. 

Spectral Optical Models (SOM). Table 3-1 shows the five variations of the 

spectral optical model: Model 1 included only absorption (at) and scattering (b) 

coefficients;  Model 2a incorporated the scattering phase function coefficients (g1 and 

g2); Model 2b extended Model 1 to include the cosine of the zenith angle (µ0) using 

literature g1 and g2 values; Model 2c and 2d used modified g1 and g2 coefficients derived 

by model optimization using this study‟s data; Model 2d also evaluated the inclusion of 

an additional variable, %open canopy. The spectral optical models were compared 

using seven model precision metrics to determine which model was the most precise 
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and robust and then that model was selected for use in historical hind-casting and future 

modeling of spectral light attenuation. 

Rainbow River SOM. The best model was Model 2c* and the agreement 

between modeled versus measured Kd values are shown in Figures 3-9 (in respect to all 

other models) and 3-11. Model precision metrics are shown in Table 3-4 for Rainbow 

River spectral models of diffuse light attenuation. Model 2c* and had the highest 

accuracy overall, with the lowest error values for almost all precision metrics: sum 

square error (1.33 m-1), mean square error (0.016 m-1), root mean square error (RMSE, 

0.126 m-1), and %RMSE of the mean (33.8%) and max (15.2%) Kd. However, all the 

models had very similar R2 values, ranging from 0.670 to 0.701, which did not give any 

indication as to which was the most robust model. Model 2a performed the worst out of 

all spectral models, with very poor accuracy that greatly underestimated Kds. Although 

Model 2c measured versus modeled Kd values had generally good agreement (Figure 

3-11), the model underestimated the lower measured Kd values (Kd < 0.4 m-1) and 

tended to overestimate higher measured Kd values (Kd>0.4 m-1).  

Weeki Wachee River SOM. Similar to the case of Rainbow River, Model 2c** 

was also the most robust and precise in terms of model error when compared to the 

other spectral models with a RMSE of 0.157 m-1, which is 36.7% and 12.3% of the 

mean and max Kd, respectively (Table 3-4, Figures 3-10 and 3-11). However, Model 

2d** also performed well in comparison and only had slightly higher error values for all 

model precision metrics except for the coefficient of determination (R2 = 0.678) which 

was slightly better than Model 2c**‟s R2 (0.604). Nevertheless, Model 2c** was selected 

for further modeling efforts due to overall lower error and to simplify the number of 
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variables contained in the model. Even though the added variable in Model 2d**, 

%Open canopy (OC), was significantly related to Kd (at 440, 550 and 660 nm) as was 

shown in Chapter 2 (Table 2-6), modifying the spectral equation (Model 2c**) to include 

OC did not improve model performance as expected. Model 2a performed the worst out 

of all spectral models, with poor accuracy that generally underestimated spectral Kds. 

The model agreement seen previously in Rainbow River corresponded to the 

agreement in Weeki Wachee River between measured and modeled values where 

Model 2c** predictions were slightly biased low for the lower measured Kd values 

(Kd<0.4 m-1) and were slightly biased high for the higher measured Kd values (Kd>0.4 m-

1, Figure 3-11). 

Combined General Springs SOM.  Rainbow and Weeki Wachee River datasets 

were combined to calibrate the scattering phase coefficients (g1 and g2) for spring 

systems as seen in Model 2c*** (Table 3-1). However, if IOP and AOP data were made 

available for another spring system, calibrating Model 2b using the same approach used 

to develop the site-specific Model 2c by adjusting the scattering phase coefficients (g1 

and g2) to maximize model precision on a system specific basis would be ideal. 

Moreover, since actual partial absorption coefficient data were unavailable for 

spring systems other than Rainbow and Weeki Wachee Rivers, a simplified approach to 

determine total absorption at the reference wavelengths (440, 550, 660 nm) was used 

by developing multivariate prediction models to predict total absorption directly from 

OWQ concentrations with equations (Model 12 to 14) shown in Table 3-3. This 

approach saved an extra procedural step that did not appear to reduce model accuracy, 

with relatively low standard error (s) ranging from 0.010 to 0.038 and R2 values that 
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were higher on average (mean R2 = 0.67 for Models 12 to 14; Table 3-3) than the 

overall mean R2 for the partial absorption coefficient models (mean of R2 = 0.52 for 

Models 6a to 11b; Table 3-2) for both systems. The spectrally specific total absorption 

model (Models 12 to 14) output data are to be used as input data into the combine 

springs spectral optical Model 2c*** to predict spectral light attenuation for other spring 

systems.  

Broadband Optical Models (BOM). Three variations of broadband optical 

models were evaluated to predict vertical diffuse light attenuation for PAR (KdPAR). 

Table 3-1 shows the broadband models, Model 3, 4 and 5 for Rainbow (denoted with * 

in the table) and Weeki Wachee (denoted with ** in the table) Rivers. Model 3, 

empirically derived by McPherson and Miller (1994), was applied to the data collected 

for this study. Model 5 followed the same approach of McPherson and Miller (1994); 

however site specific model coefficients were obtained by developing simple 

regressions with each IOP and its corresponding OWQ concentration to develop partial 

attenuation coefficients and then summing the partial attenuation coefficients to 

estimate KdPAR.  

Development of Model 4 began with an initial correlation analysis for each 

individual system and for the combined datasets that resulted in several significant 

correlations with KdPAR and each of the OWQ concentrations that were considered for 

inclusion into each BOM. For each system and combined dataset the following 

parameters: color, chlorophyll a, turbidity and %canopy cover were considered during 

multiple linear regression analyses that determined the minimum number of variables 

necessary to provide the greatest explanatory power without over fitting the model. 
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Rainbow River BOM.  Out of the three broadband optical models evaluated 

(Model 3, 4, and 5), Model 4 was by far the most robust in terms of model predictive 

power and uncertainty when compared to the other broadband models with an R2 of 

0.697, RMSE of 0.064 m-1, which is only 9.9% and 17.3% of the mean and max Kd, 

respectively (Table 3-4, Figures 3-9 and 3-11). All three OWQ variables, color, 

chlorophyll a and turbidity were determined to be significantly related with KdPAR and 

did not over fit the multi-linear regression model (Figure 3-6, Table 3-1). Model 3 was 

the least accurate with orders of magnitude greater error than Model 4. Model 4 

provided good agreement between measured versus modeled values (Figure 3-11), 

therefore Model 4 was selected for further modeling efforts.  

Weeki Wachee River BOM. The most robust model was Model 4 and was in 

similar form as the BOM for Rainbow River. When conducting univariate regressions, 

only color and turbidity were significantly related to KdPAR, and chlorophyll a was not (p 

= 0.07, Figure 3-6). However the multi-variate regression model (Model 4) was 

statistically significant overall (p = 0.048) when all three OWQ variables were included in 

the model. Furthermore, with the addition of OC as a fourth variable, the model‟s overall 

predictive power was improved considerably by increasing the model‟s overall R2 value 

from 0.381 (without OC in the model) to 0.633, nearly doubling the explanatory power of 

the model. The strength of the overall significance of the model was also greatly 

improved with the inclusion of OC, where the p-value decreased from 0.048 (without 

OC) to 0.003 (with OC). Based on the model precision metric evaluation of the three 

broadband optical models (Table 3-4), Model 4 was the most accurate and was chosen 

for further modeling efforts.  
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Combined General Springs BOM.  The resultant broadband light attenuation 

(KdPAR) model developed using the combined datasets is shown in Table 3-3. Only 

color and chlorophyll a concentrations were statistically significant predictors of KdPAR. 

Turbidity and OC were not significant predictors in either univariate or multivariate 

regressions, and were not included in the model. Although highly significant (p = 0.000) 

the model was only able to explain 36% of the variation in KdPAR, which may be due to 

the spatial variability of particulate absorption and scattering and discrete differences in 

CDOM absorption across the two systems used to develop the regression model.  

Model Application: Hind-casting Historical Optical Properties and Water Clarity 
Regime 

Measured OWQ concentrations (color, chlorophyll a, and turbidity), and predicted 

inherent (spectrally specific partial and total absorption and scattering coefficients 

predicted by Models 6a to 11b, Table 3-1) and apparent (spectrally specific and 

broadband vertical light attenuation and percent subsurface irradiance predicted by 

Models 2c and 4, Table 3-1) optical properties were examined to determine if detectable 

temporal trends were evident in the two spring systems Rainbow and Weeki Wachee 

Rivers for the measured OWQ period of record (POR). A total of 204 simple linear 

regressions were conducted to analyze for statistically significant increasing or 

decreasing trends for 18 variables for all stations in Rainbow (POR 2002 to 2011) and 

Weeki Wachee (POR 2005 to 2011) Rivers. Overall, very few significant (p<0.05) 

relationships indicating a temporal trend were found, only 6 out of 204 or 3% of all 

regressions, with 4 occurring in Rainbow and 2 in Weeki Wachee River as shown in 

Table 3-6.  
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Temporal Trends of Measured OWQ Concentrations. Graphical 

representations of temporally variable measured annual average color, turbidity and 

chlorophyll a (chla) concentrations are shown in Figures 3-12 and 3-13 for Rainbow and 

Weeki Wachee Rivers, respectively. Only 2 significant temporal trends were found 

where color in WW5 increased and chla decreased in RR8 over each river‟s respective 

POR (Table 3-6). Spatial variation was relatively high in Rainbow River stations for color 

and chla (Figure 3-12), but seemed to have a consistent spatial pattern for turbidity, with 

RR7 or RR8 having higher values for all three parameters than the other stations. All 

three parameters were spatially variable in Weeki Wachee River, with WW5 having 

higher color and chla concentrations for all years and WW3 having higher turbidity 

values for most years (Figure 3-13).  

Temporal Trends of Predicted Inherent Optical Properties. Only two 

predicted IOPs (absorption and scattering coefficients), at660 in RR8 (decreasing trend) 

and at440 in WW5 (increasing trend) were found to have a statistically significant 

temporal trend for both spatially variable systems (Figures 3-14, 3-15, and Table 3-6).  

The most downstream stations in both systems (RR7, RR8, WW3 and WW5) had the 

highest IOP values in comparison to the other stations in each system (Figures 3-14 to 

3-17). The scattering coefficient patterns (Figures 3-16 and 3-17) resembled patterns 

shown for turbidity in Figures 3-12 and 3-13 over the POR for both systems.  

Predicted partial absorption coefficients (ad, ag, aph, and aw) at reference 

wavelengths (440, 550 and 660 nm) were evaluated to determine which absorption 

coefficients contributed the greatest to total absorption at each respective wavelength 

over the POR. Figures 3-18 through 3-32 show the relative percent contribution of each 
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predicted partial absorption coefficient to the total absorption at each station in both 

systems over the POR. In Rainbow River, aw440 was a minor absorbing component for 

most stations and it did not vary much over the POR. ag340 was variable and 

contributed the most to total absorption with the highest values in 2002, 2006 and 2007 

in the upper river stations (Figure 3-18). In the middle and lower Rainbow River stations, 

(Figures 3-19 and 3-20) aph440 and ag340 both contributed approximately equally 

although a slight pattern was seen where as aph440 decreased, ag340 increased over 

time.  

In all Rainbow River stations, aw550 dominated at550, with no discernable 

temporal trends found for either aw550 or the only other absorbing component ad550 

(Figure 3-21, 3-22 and 3-23). Total absorption at 660 nm was entirely dominated by 

water itself for all stations in Rainbow River. Relative percent contribution was nearly 

negligible (<5% for upper and middle stations, Figures 3-24 and 3-25, and <10% for 

lower stations, Figure 3-26) for aph660 and even less so for ad660, which did not change 

substantially with time over the POR.  

In all stations in Weeki Wachee River, aw440 contributed minimally to at440, and 

aph440 did not contribute at all to total absorption (Figures 3-27, 3-28 and 3-29). In the 

upper river stations, ag340 contributed more than ad440 in 2006, 2007, and 2009, but 

ad440 contribution was higher than ag340 in 2005, 2008 and 2011. Though ag340 and 

ad440 appeared to have opposite temporal trends in WW3 and WW5 lower river 

stations where detrital absorption dominated total absorption for most years in WW3, 

and CDOM absorption seemed to increase over the POR and dominated at440 during 

most years (except 2005) in WW5 (Figures 3-28). The upper Weeki Wachee River 
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stations and WW5 had similar spatial trends as Rainbow River where at550 was 

dominated by aw550, with minor contributions from ad550 and no apparent temporal 

trend over the POR (Figures 3-29 and 3-30). However, WW3 in the lower river tended to 

have higher detrital absorption for all years except 2011 (Figure 3-30). The same 

pattern of total absorption at 660 nm was seen in all Weeki Wachee River stations 

similar to Rainbow River where absorption due to water itself entirely dominated total 

absorption, with very minor contributions of ad660 and aph660, also with no distinct 

temporal trend (Figure 3-31 and 3-32). 

Temporal Trends of Predicted Apparent Optical Properties. Spectral (Kdλ) 

and broadband (KdPAR) vertical diffuse light attenuation coefficients and percent 

spectral (% PAR λ) and broadband (%PAR) subsurface irradiance were estimated with 

the selected SOM and BOMs (Models 2c and 4, Table 3-1). For the AOPs, only %PAR 

550 had statistically significant (increasing) trends in RR7 and RR8, while none of the 

light attenuation coefficients at reference wavelengths (Kd440, Kd550 and Kd660) and 

for PAR at any station in either system had statistically significant temporal trends 

(Table 3-6). However, Kd440 had apparent decreasing trends in RR7 and RR8 and 

increasing trends in WW1 and WW5 over the POR (Figures 3-33 and 3-34), which was 

mirrored in the opposite direction with %PAR at each reference wavelength and for PAR 

(Figures 3-35 and 3-36), meaning that when Kd appeared to be decreasing then %PAR 

corresponded with an apparent increasing trend. The decreasing apparent trend for 

KdPAR was mirrored by the increasing trend for %PAR in WW0, WW0.5 and WW1 

(Figures 3-34 and 3-36).  
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Over the predicted period of record for %PAR 440, %PAR 550, %PAR 660 and 

%PAR, minimum values of ca. 40% (in 2003), 50% (in 2003), 20% (in 2002 and 2009), 

and 20% (in 2002 and 2009), respectively, were found in the most downstream 

Rainbow River station RR8 (Figures 3-35 and 3-37). In 2003, Weeki Wachee River 

station WW3 reached minimal values of 20%, 40%, and 20% for %PAR 440, %PAR 

550, and % PAR 660, respectively (Figure 3-36). However, for %PAR (broadband) 

WW5 had the lowest values with ca. 40% PAR (Figure 3-38). 

Discussion 

Model Applicability 

Lotic systems are known to have high levels of spatial and temporal variability 

that have presented difficulties for others while assessing optically complex light 

regimes in rivers (Gallegos 2005; Davies-Colley and Nagels 2008; Julian et al. 2008b). 

This complexity justified the case for expanding upon previous spectral optical modeling 

efforts (Model 2b, Table 3-1) to predict vertical diffuse light attenuation from inherent 

optical properties and optical water quality variables and adapts the approach to the two 

spring-fed systems, Rainbow and Weeki Wachee Rivers. Using the data to calibrate the 

most robust spectral model (Model 2c, Table 3-1) available at this time provided site-

specificity that reduced uncertainty, increased accuracy by almost 30%, and showed 

generally good agreement between observed and predicted light attenuation values. 

The calibration techniques employed here, adjustment of the scattering phase 

coefficients (g1 and g2) and calibration of the model using relationships derived from 

measured optical water quality and absorptions coefficients, were a viable approach to 

optimize the spectral model that has been developed and used by others in a variety of 

aquatic systems (Kirk 1984, 1994; Gallegos 1993, 1994, 2001, 2005). 
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Broadband empirical modeling using multi-linear regression analyses provided a 

simplified and accurate approach to predict vertical diffuse light attenuation in the 

spring-fed rivers evaluated for this study (Model 4, Table 3-1). However, applying an 

empirical model (Model 3, Table 3-1) that was developed for a distinctly different water 

body type (e.g. estuaries) to rivers did not provide successful results.  Also, using the 

same approach taken by McPherson and Miller (1994) to partition the light attenuation 

coefficient into a set of partial attenuation coefficients in a pseudo-mechanistic manner 

using data from my study did not prove to be useful.  The partial attenuation coefficients 

include scatter and are not strictly linear functions of water properties or constituent 

concentrations, which provide only a rough approximation of total light attenuation (Kirk 

1983; McPherson and Miller 1994).  

Davies-Colley and Nagels (2008) developed three multiple linear regression 

equations (see Table 3 in Davies-Colley and Nagels 2008) for predicting light 

attenuation using beam attenuation coefficient at 550 nm (c550), turbidity concentration, 

and CDOM absorption coefficient at 340 nm (ag340) data measured in 17 optically 

diverse rivers in New Zealand. Their models performed satisfactorily when tested in 

their rivers. However, their models performed poorly when the models were applied to 

my two spring systems, with R2 values averaging 0.1 and 0.17 for Rainbow and Weeki 

Wachee, respectively, when comparing measured and modeled values. They did caveat 

that they did not recommend extrapolating their models to predict light attenuation into 

waters clearer than their clearest river, the Mouteka River (Davies-Colley and Nagels 

2008), which in fact, was the case for most sites in Rainbow and Weeki Wachee Rivers.  
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Again, site-specific optical model development is ideal, and quite often a 

necessity to reduce uncertainty, especially when the system in question contains 

constituent levels outside of typically measured values, i.e. extremely clear water or the 

converse. Even when site-specific optical models are developed, there is an inherent 

measurement error that could be lessened through collection of optical water quality 

samples as a vertical profile composite so the data would reflect the vertical profile of 

light attenuation measurements. Especially in rivers, the potential to introduce 

measurement error from other aspects of light and optical water quality sampling as was 

discussed in Chapter 2, is relatively high and likely dominates model uncertainty.  

However, when light attenuation data are not available to develop site-specific 

models, and when accuracy must be relinquished for the sake of simplicity, then the 

combined broadband optical model (Model 15) that was developed as part of this study 

can be used for other systems displaying similar optical characteristics to Rainbow and 

Weeki Wachee Rivers. The datasets used to develop the regression models were 

somewhat diverse in terms of dominant controls on river dynamics such as river size, 

hydrology, geomorphology, canopy cover, channel orientation, and aquatic macrophyte 

coverage (Julian et al. 2008b). Therefore, applicability of the models developed here to 

other similar spring systems is reasonable.  

The broadband combined optical model (Model 15, Table 3-3) developed for this 

study with the combined dataset is one of the simplest light attenuation models 

available. The model only requires two easily measured variables, color and chlorophyll 

a concentration data to predict light attenuation. However, the broadband multi-linear 
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regression combined springs model is considerably less accurate than using the 

combined springs spectrally-specific optical model (Model 2c***, Table 3-1).  

Model 2c*** was calibrated using both datasets and incorporates estimation of 

total absorption using the regression equations (Models 12 to 14, Table 3-3) developed 

here to obtain an accurate input for the spectral model. The reduction in accuracy in the 

broadband model may be due to spatial variability of particulate absorption and 

scattering and discrete differences in CDOM absorption across the two systems used to 

develop the combined regression model. Furthermore, accuracy for both modeling 

approaches is affected by the presence of vertical gradients due to varying depths on 

attenuating constituents that are not represented by the OWQ concentration sample 

data.  

As often seen in other aquatic systems, scattering (b) had a stronger effect on 

measured and modeled light attenuation than absorption (a, Kirk 1994; Swift et al. 2006) 

in the blue, green and red bands of the PAR spectrum (440, 550, 660 nm wavelengths). 

Correlations between modeled b (λ) and Kd (λ) were more than twice as strong (mean of 

b550 and b660 nm, R2 = 0.98, p = 0.000) as the correlations between at (λ) and Kd (λ) 

(mean of at 550 and at 660, R2 = 0.45, p = 0.000) in Rainbow River, suggesting that 

scattering was the most dominant attenuator of light in Rainbow River. In contrast, 

scattering was not found to be the dominant attenuator in Weeki Wachee River due to 

similar correlation strength (mean of b440, b550 and b660 nm, R2 = 0.90, p = 0.000) 

with light attenuation as absorption for all three wavebands (mean of at 440, at 550 and 

at 660, R2 = 0.88, p = 0.000).  
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The utility of the spectral modeling approach for the management of SAV in 

spring systems is the ability to determine which optical water quality constituent is 

driving light attenuation and potentially limiting SAV growth and distribution. Further 

insight into the factors contributing to absorption and scattering properties would aid in 

the understanding of how light attenuating constituents contribute to the reduction in 

water clarity and light availability. Knowledge of the particle size distribution of 

particulates, and partitioning of the inorganic and organic fractions of the detrital 

particulate material would provide more information on the character of turbidity and 

would enhance the ability to quantify the relative effect of organic and suspended 

mineral sediments on light attenuating constituents (Swift et al. 2006; Julian et al. 

2008a).   

Algal community structure and cell physiology dictate the variability of algal 

pigment absorption and scattering that lead to contributions of organic materials in the 

detrital and dissolved organic fractions. Chlorophyll a concentration data cannot provide 

an indication to the cause of variability from changing algal community composition and 

their associated optical properties that can uniquely affect light absorption and 

scattering properties. The complex relationship between scattering and absorption as 

influenced by differing water column entrained algal communities and varying 

contributions from mineral inorganic and organic particles warrants further investigation 

in spring systems.  

Modeling Historical Optical Regimes 

As with most empirical optical modeling efforts, there is an intrinsic degree of 

variability that can be influenced by functions of season, location, local recent 

meteorological events, and ephemeral lighting conditions (Preisendorfer 1986). 
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However, the empirically derived spectral and broadband optical models developed and 

applied here were meant to provide an approximation of the historical underwater light 

field, with the caveat that equations determined from statistical regression should not be 

used widely on other aquatic systems, but are meant to be used as a site-specific 

application for the spring systems they were developed for and for other spring systems 

that produce similar optical characteristics.   

The apparent decline over time (<20 years) in the native submerged aquatic 

vegetation (SAV) communities and visual water clarity in Rainbow (Atkins 2012) and 

Weeki Wachee and other spring systems provided the basis for my study‟s hypothesis 

that empirical optical modeling results would provide evidence that light attenuation has 

significantly increased leading to a decline in benthic light availability, especially in the 

blue band (i.e. 440 nm). The predicted results from the historical optical modeling 

afforded by the development of site-specific optical models offered additional insight as 

to the estimated historical light attenuation and subsequent light field conditions in the 

two spring systems studied.  

Contrary to expectations, light attenuation did not increase in either system. In 

fact, benthic light availability in the green band (%PAR 550) increased significantly in 

the lower Rainbow River and is assumed to be increasing in the blue and red 

wavelengths (440 and 660 nm) as well. These results corroborated Frazer et al. (2006) 

results in regard to KdPAR in Weeki Wachee River, where KdPAR did not change 

significantly between two sampling periods (1998-2000 vs. 2003-2005).  

In effect, the upper portion of Rainbow River is behaving at least optically, as H. 

T. Odum (1957a and 1957b) had described spring systems to behave in a steady-state, 
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with temporally stable physico-chemical characteristics. However, based on results from 

this study, the lower Rainbow appears to be changing on a positive note where it is 

improving in respect to optical water quality and water clarity. On the other hand, Weeki 

Wachee is more dynamic spatially and temporally and appears to be moving in the 

other direction with degrading optical water quality and spectral light attenuation. In 

spite of the spectrally specific decline of historical optical conditions, overall broadband 

benthic light availability (%PAR) appears to be slightly increasing in response to the 

apparent decrease in KdPAR in the upper portions of Weeki Wachee River. 

The increase in spectral %PAR in Rainbow River corresponds to the downward 

trend in chlorophyll a, and turbidity, and consequently lower absorption in the green and 

red bands that are most affected by those optical water quality parameters. Although 

spectral %PAR is increasing over time in some instances, minimum values for predicted 

%PAR 440, %PAR 660 and %PAR reached 20% on a few occasions during the POR in 

the lower Rainbow (at ca. 2 m depth) and Weeki Wachee (at ca. 1.5 m depth) Rivers. 

Values nearing 20%PAR (λ) are approaching minimal light requirements established for 

SAV that are necessary for plant growth and survival (Dennison et al. 1993; Gallegos 

and Kenworthy 1996; Kenworthy and Fonseca 1996; Gallegos et al. 2009), suggesting 

potential optical water quality and water clarity impairments in these two spring systems. 

 The significant increase in color concentrations in the lower Weeki Wachee 

River explains the significant increase in total absorption in the blue band (440 nm). 

However, this relationship was not extended to result in a significant increase in light 

attenuation in the blue band.  Although an apparent increase in light attenuation at 440 
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nm was seen, and this was matched with an assumed decrease in benthic light 

availability at 440 nm.  

The increase in color and CDOM absorption may be due to these two factors or a 

combination of both, 1) increased algal growth and autotrophic productivity upstream 

and resulting biomass decomposition that contributed to overall dissolved organic 

matter (DOM) in the water column (Duarte et al. 2010, Heffernan et al. 2010b), and/or 2) 

increased connectivity to riparian wetlands that may be providing further allochthonous 

inputs of CDOM into the river downstream. The second scenario may be attributed to 

canals that flow through wetland areas that are connected to downstream Weeki 

Wachee River.  

Measurements of optical properties such as CDOM absorption can be used to 

examine changes in DOM composition, quality and lability, which have been shown in 

previous studies (Laurion et al. 2000; Helms et al. 2008; Spencer et al. 2010). In this 

study, I developed a regression model to predict CDOM absorption slopes (Sg) from 

color concentration data so that the historical sources of DOM may be estimated in the 

two spring systems. Based on the range of predicted Sg values (-0.031 to -0.015 nm-1, 

data not shown) over the period of record for both systems, it can be speculated that 

DOM consists of younger, more labile and more photoreactive low molecular weight 

materials that were created within the system. However further information regarding 

DOM quality such as lignin biomarkers are required to make a valid assumption 

(Spencer et al. 2010).  

It is important to determine how temporal and spatial variations in DOM quality 

can impact the role that DOM plays in the river‟s and also in the receiving water body‟s 
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(i.e. estuary) ability to process and cycle nutrients. There is potential for future work 

regarding biogeochemical and nutrient cycling to evaluate DOM sources, quality, and 

fate as it DOM is processed microbially throughout the river continuum. Fluvial 

ecologists should be compelled to include investigations to understand how spatial and 

temporal variability can lead to changes in allochthonous inputs from sources such as 

riparian wetlands, and how light availability plays a role in DOM molecular weight by 

influencing photodegradation and transformations.   

Summary 

This is the first study that has developed empirical regression relationships to 

model optical regimes in Florida spring-fed rivers. This study calibrated empirically 

derived spectrally-specific optical models to provide greater precision and reduce 

uncertainty of model predictability of light attenuation in spring ecosystems. The 

predictive understanding derived from the empirical optical modeling approach 

employed here improves the ability to evaluate how future changes in optical water 

quality will affect light availability for primary producers in springs.  

The ultimate goal of this study was to provide a resource management 

framework for predicting light attenuation and a means of estimating the primary factors 

that are impacting the quality and quantity of light available for benthic biota that greatly 

depend on it. The modeling results and products from this work can be used to develop 

site-specific light requirements for spring systems, particularly relating historical light 

regimes to a minimum water clarity threshold linking SAV to light availability. Modeling 

results can be used to determine direct causes of water clarity impairments on a 

spectral scale, which could aid and provide momentum in optical water quality and 

ecological restoration efforts. 
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Figure 3-1.  Relationships among partial absorption coefficients (ad440, 
ag440, and aph440) and total absorption at 440 nm (at440) for A) Rainbow 
and B) Weeki Wachee River; aph440 was not significantly related to at440 
(p>0.05) and was not shown in B). 
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Figure 3-2.  Relationships shown in A) ad440 as a function of color and chlorophyll a 

(Chla), and B) ag340 as a function of color, and aph440 as a function of Chla 
in Rainbow River.  
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Figure 3-3.  Correlations among partial absorption coefficients (ad550 and/or 
aph550) and total absorption at 550 nm (at550) for A) Rainbow and B) Weeki 
Wachee Rivers; aph660 was not significantly related (p>0.05) to at550, 
therefore was not shown in B).  
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Figure 3-4.  Correlations among partial absorption coefficients (ad660 and aph660) and 

total absorption at 660 nm (at660) for A) Rainbow and B) Weeki Wachee 
Rivers. 
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Figure 3-5.  Relationships shown in A) ad550 as a function of chlorophyll a (Chla), and 

B) ad660 as a function of Chla, and aph660 as a function of Chla in Rainbow 
River.  
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Figure 3-6.  Correlations between optical water quality concentrations and attenuation 

(KdPAR) coefficients in A) Rainbow and B) Weeki Wachee Rivers.  
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Figure 3-7.  Relationships shown in A) ad440 as a function of turbidity and ag340 as a 

function of color, and B) ad550 and ad660 as a function of turbidity and ad660 
as a function of Chla in Weeki Wachee River.  
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Figure 3-8.  Quadratic relationship used to best fit the combined dataset 
(Weeki Wachee and Rainbow River data combined) is shown for Sg (spectral 
slope of CDOM absorption) as a function of color.   
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Figure 3-9.  Spectral and broadband model outputs showing measured Kd 
compared with modeled Kd for all eight model output results for Rainbow 
River.  

Note: Measured and modeled spectral Kds include data at three wavelengths, 440, 550, 
and 660 nm.  
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Figure 3-10.  Spectral and broadband model outputs showing measured Kd 
compared with modeled Kd for all eight model output results for Weeki 
Wachee River.  

Note: Measured and modeled spectral Kds include data at three wavelengths, 440, 550, 
and 660 nm.  
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Figure 3-11.  Measured Kd compared with modeled Kd for the selected (most 
robust) spectral (2c) and broadband (4) model output results for Rainbow 
River shown in A) and Weeki Wachee River shown in B).  

Note: Measured and modeled spectral Kds include data at three wavelengths, 440, 550, 
and 660 nm.  
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Figure 3-12.  Mean annual color, chlorophyll a (Chla) and turbidity 
concentration data shown for the period of record (2002-2011) measured by 
the SWFWMD in each Rainbow River station.  

Note: These data were used as inputs to predict annual average partial absorption, 
scattering and attenuation coefficients in the spectral optical and broadband models 
during the same period of record. 
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Figure 3-13.  Mean annual color, chlorophyll a (Chla) and turbidity 
concentration data shown for the period of record (2005-2011) measured by 
the SWFWMD in each Weeki Wachee River station.  

Note: These data were used as inputs to predict annual average partial absorption, 
scattering and attenuation coefficients in the spectral optical and broadband models 
during the same period of record. 
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Figure 3-14.  Mean annual predicted total absorption coefficients at 440, 550, 
and 660 nm wavelengths shown for the period of record (2002-2011) in each 
Rainbow River station. 
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Figure 3-15.  Mean annual predicted total absorption coefficients at 440, 550, 
and 660 nm wavelengths shown for the period of record (2005-2011) in each 
Weeki Wachee River station. 
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Figure 3-16.  Mean annual predicted scattering coefficients at 440, 550, and 
660 nm wavelengths shown for the period of record (2002-2011) in each 
Rainbow River station. 
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Figure 3-17.  Mean annual predicted scattering coefficients at 440, 550, and 
660 nm wavelengths shown for the period of record (2005-2011) in each 
Weeki Wachee River station. 
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Figure 3-18.  Percent contribution of each predicted partial absorption coefficient 

(ad440, ag340 and aph440), and aw440 to the total absorption coefficient 
(at440) for the upper Rainbow River stations (RR1, RR2, and RR3). 
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Figure 3-19.  Percent contribution of each predicted partial absorption coefficient 

(ad440, ag340 and aph440), and aw440 to the total absorption coefficient 
(at440) for the middle Rainbow River stations (RR4 and RR5). 
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Figure 3-20.  Percent contribution of each predicted partial absorption coefficient 

(ad440, ag340 and aph440), and aw440 to the total absorption coefficient 
(at440) for the lower Rainbow River stations (RR7 and RR8). 
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Figure 3-21.  Percent contribution of each predicted partial absorption coefficient 

(ad550, ag550 and aph550), and aw550 to the total absorption coefficient 
(at550) for the upper Rainbow River stations (RR1, RR2, and RR3). 
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Figure 3-22.  Percent contribution of each predicted partial absorption coefficient 

(ad550, ag550 and aph550), and aw550 to the total absorption coefficient 
(at550) for the middle Rainbow River stations (RR4 and RR5). 
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Figure 3-23.  Percent contribution of each predicted partial absorption coefficient 

(ad550, ag550 and aph550), and aw550 to the total absorption coefficient 
(at550) for the lower Rainbow River stations (RR7 and RR8). 



 

145 
 

 
Figure 3-24.  Percent contribution of each predicted partial absorption coefficient 

(ad660, ag660 and aph660), and aw660 to the total absorption coefficient 
(at660) for the upper Rainbow River stations (RR1, RR2, and RR3). 
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Figure 3-25.  Percent contribution of each predicted partial absorption coefficient 

(ad660, ag660 and aph660), and aw660 to the total absorption coefficient 
(at660) for the middle Rainbow River stations (RR4 and RR5). 
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Figure 3-26.  Percent contribution of each predicted partial absorption coefficient 

(ad660, ag660 and aph660), and aw660 to the total absorption coefficient 
(at660) for the lower Rainbow River stations (RR7 and RR8). 
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Figure 3-27.  Percent contribution of each predicted partial absorption coefficient 

(ad440, ag340 and aph440), and aw440 to the total absorption coefficient 
(at440) for the upper Weeki Wachee River stations (WW0, WW0.5, and 
WW1). 
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Figure 3-28.  Percent contribution of each predicted partial absorption coefficient 

(ad440, ag340 and aph440), and aw440 to the total absorption coefficient 
(at440) for the lower Weeki Wachee River stations (WW3 and WW5). 
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Figure 3-29.  Percent contribution of each predicted partial absorption coefficient 

(ad550, ag550 and aph550), and aw550 to the total absorption coefficient 
(at550) for the upper Weeki Wachee River stations (WW0, WW0.5, and 
WW1). 
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Figure 3-30.  Percent contribution of each predicted partial absorption coefficient 

(ad550, ag550 and aph550), and aw550 to the total absorption coefficient 
(at550) for the lower Weeki Wachee River stations (WW3 and WW5). 
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Figure 3-31.  Percent contribution of each predicted partial absorption coefficient 

(ad660, ag660 and aph660), and aw660 to the total absorption coefficient 
(at660) for the upper Weeki Wachee River stations (WW0, WW0.5, and 
WW1). 
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Figure 3-32.  Percent contribution of each predicted partial absorption coefficient 

(ad660, ag660 and aph660), and aw660 to the total absorption coefficient 
(at660) for the lower Weeki Wachee River stations (WW3 and WW5). 
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Figure 3-33.  Mean annual predicted diffuse attenuation coefficients (Kd) at 
440, 550, and 660 nm wavelengths shown for the period of record (2002-
2011) in each Rainbow River station. 
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Figure 3-34.  Mean annual predicted diffuse attenuation coefficients (Kd) at 
440, 550, and 660 nm wavelengths shown for the period of record (2005-
2011) in each Weeki Wachee River station. 
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Figure 3-35.  Mean annual predicted percent subsurface spectral irradiance 
(%PAR) at 440, 550, and 660 nm wavelengths shown for the period of record 
(2002-2011) in each Rainbow River station. 
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Figure 3-36.  Mean annual predicted diffuse subsurface spectral irradiance (%PAR) at 

440, 550, and 660 nm wavelengths shown for the period of record (2005-
2011) in each Weeki Wachee River station. 
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Figure 3-37.  Mean annual predicted broadband diffuse attenuation 
coefficients (Kd) for PAR and %PAR shown for the period of record (2002-
2011) in each Rainbow River station.  
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Figure 3-38.  Mean annual predicted broadband diffuse attenuation 
coefficients (Kd) for PAR and %PAR shown for the period of record (2005-
2011) in each Weeki Wachee River station. 
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Table 3-1.  Spectral and broadband empirical models of diffuse light attenuation in Rainbow and Weeki Wachee Rivers. 
   

Model Equation n* n** g1 g2 Source of Model 

       

1 Kd (λ) = (at
2 + 0.2743 at b)1/2 84 60 NA NA Kirk 1981 

2a Kd (λ) = (at
2 + (g1 - g2) at b)1/2 84 60 0.425 0.190 Kirk 1984 

2b Kd (λ) = 1/µ0 [at
2 + (g1 µ0 - g2) at b]1/2 84 60 0.473 0.218 Kirk 1994 

2c Kd (λ) = 1/µ0 [at2 + (g1 µ0 - g2) at b]1/2 84 60 6.114*    
9.126** 

3.921*   
6.718** 

Modified from 
Kirk 1994 

2d Kd ( λ) = (1/µ0 [at2 + (g1 µ0 - g2) at b]1/2)*1/OC 84 60 6.114*    
9.126** 

3.921*   
6.718** 

Modified from 
Kirk 1994 

3 Kd PAR = 0.014 [Color] + 0.062 [Turbidity] + 0.049 [Chla] 28 20 NA NA McPherson and 
Miller 1994 

4* Kd PAR = 0.2652 + 0.1636 [Color] - 0.3885 [Turbidity] + 0.2097 
[Chla] 

28 NA NA NA This study 

5* Kd PAR =  0.0.168 + 0.0417 [Color] + 1.0242 [Turbidity] +  0.0144 
[Chla] 

28 NA NA NA Modified from 
McPherson and 
Miller 1994 

4** Kd PAR = 0.9258 + 0.0109 [Color] - 0.2946 [Turbidity] + 0.0491 
[Chla] - 0.5819 OC 

NA 20 NA NA This study 

5** Kd PAR = 0.0211 + 0.049 [Color] + 0.071 [Turbidity] + 0.015 [Chla]  NA 20 NA NA Modified from 
McPherson and 
Miller 1994 

 
Notes: „n‟ denotes the number of samples used to develop or calibrate the model. „Source of Model‟ indicates whether the 
model was obtained from the cited literature or modified using data from this study; or if the model was derived solely from 
data collected as part of this study. „*‟ denotes that the item only applies to the Rainbow River. „**‟ denotes that the item 
only applies to the Weeki Wachee River.  „***‟ denotes that the item only applies the combined dataset. „NA’ indicates that 
it is not applicable for that item.  
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Table 3-1.  Notes Continued.   Model variable definitions and units: Kd (m
-1) is the vertical diffuse light attenuation 

coefficient at a specific wavelength (λ) or for PAR, at (m
-1) is total absorption coefficient at a specific wavelength (λ), b (m-

1) is the scattering coefficient at a specific wavelength (λ),  µ0 is the cosine of the zenith angle of the direct solar beam 
refracted at the air-water interface, g1 and g2 are coefficients that depend on the scattering phase function of the water 
column and on the optical depth of interest and were empirically determined for the midpoint of the euphotic zone (Kirk 
1991 and 1994), OC is %Open Canopy, [Color] is color concentration (PCU), [Turbidity] is turbidity concentration (NTU), 
[Chla] is chlorophyll a concentration (mg m-3). 
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Table 3-2.  Partial absorption coefficient models for detrital, (ad), CDOM (ag), and algal pigment (aph) at index wavelengths 
(440, 550, and 660 nm) in Rainbow (RR) and Weeki Wachee (WW) Rivers as shown in Models 6a to 11b.  

 

System Model Equation n p adj R2 s 

RR 6a ad 440 =  0.0025 + 0.0127 [Color] + 0.0190 [Chla]  28 0.000 0.45 0.012 

RR 6b ag 340 = 0.0097 + 0.0417 [Color] 28 0.000 0.59 0.012 

RR 6c aph 440 =  0.0024 + 0.0378 [Chla] 28 0.000 0.62 0.110 

RR 7 ad 550 = 0.0039 + 0.0139 [Chla] 28 0.000 0.44 0.006 

RR 8a ad 660 = 0.0008 + 0.0070 [Chla] 28 0.000 0.36 0.004 

RR 8b aph 660 = 0.0022 + 0.0144 [Chla] 28 0.000 0.58 0.005 

WW 9a ad 440 =  0.0086 + 0.1734 [Turbidity] 20 0.000 0.57 0.038 

WW 9b ag 340 =  0.0048 + 0.0489 [Color] 20 0.000 0.99 0.009 

WW 10 ad 550 =  0.0141 + 0.0710 [Turbidity] 20 0.000 0.45 0.019 

WW 11a ad 660 = 0.0065 + 0.0274 [Turbidity] 20 0.001 0.38 0.011 

WW 11b aph 660 =  0.0022 + 0.015 [Chla] 20 0.014 0.26 0.011 

        
Notes: See Table 3-1 Notes for equation definitions and table notations. 
 „p’ denotes the significance level (p<0.05 is statistically significant), „adj R2‟ is the adjusted coefficient of determination, 
and „s‟ is the standard error of the regressions. 
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Table 3-3.  Total absorption coefficient (at three wavelengths 440, 550 and 660 nm) and vertical diffuse light attenuation 

(PAR) coefficients combined dataset models 12 to 15.  
 

System Model Equation n 
p 

adj 
R2 s 

Combined 12 at 440 =  0.0149 + 0.0574 [Color]  + 0.1856 [Turbidity]  48 0.000 0.86 0.038 

Combined 13 at 550 =  0.0574 + 0.0060 [Color] + 0.0329 [Turbidity] +0.0243 [Chla] 48 0.000 0.55 0.023 

Combined 14 at 660 =  0.4224 + 0.0185 [Chla] + 0.0239 [Turbidity] 48 0.000 0.60 0.010 

Combined 15 Kd PAR  =  0.3353 [Color] + 0.1606 [Chla] - 0.1361 48 0.000 0.36 0.145 

 
Note: Model equations (12-14) for the combined springs dataset to predict total absorption at reference wavelengths (440, 
550, and 660 nm) directly from optical water quality concentration data to be used in the spectral optical models are 
shown. Model equation 15 shows the equation for the combined springs dataset to predict vertical diffuse attenuation 
coefficients for broadband PAR directly from optical water quality concentration data. See Tables 3-1 and 3-2 Notes for 
equation definitions and table notations. 
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Table 3-4.  Evaluation of model precision metrics for spectral and broadband empirical optical models of diffuse light 

attenuation (Kd) in Rainbow River.  
 

Rainbow River Model  

Model Precision Metric 1 2a 2b 2c 2d 3 4 5 

Mean Difference (Measured-Modeled)  0.150 0.153 0.129 0.030 0.008 0.324 0.000 0.097 

Sum Square Error (SSE) 2.851 10.866 2.567 1.330 2.859 3.209 0.113 0.877 

Mean Square Error (MSE) 0.034 0.129 0.031 0.016 0.034 0.115 0.004 0.031 

Root Mean Square Error (RMSE) 0.184 0.360 0.175 0.126 0.183 0.339 0.064 0.177 

% RMSE of Mean Kd 49.5% 96.6% 47.0% 33.8% 49.3% 92.1% 17.3% 48.1% 

% RMSE of Max Kd 22.3% 43.6% 21.2% 15.2% 22.2% 52.9% 9.9% 27.7% 

R2 0.694 0.692 0.670 0.701 0.701 0.489 0.697 0.206 

 
Note: Model precision metrics were calculated based on measured versus modeled Kd data. The unit for mean difference, 
SSE, MSE and RMSE is m-1. 
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Table 3-5.  Evaluation of model precision metrics for spectral and broadband empirical optical models of Kd in Weeki 

Wachee River.  
 

Weeki Wachee River Model  

Model Precision Metrics 1 2a 2b 2c 2d 3 4 5 

Mean Difference (Measured-Modeled)  0.145 0.151 0.117 -0.004 -0.077 0.364 0.000 -0.028 

Sum Square Error (SSE) 3.012 3.103 2.806 1.476 1.889 3.572 0.505 2.178 

Mean Square Error (MSE) 0.050 0.052 0.047 0.025 0.031 0.179 0.025 0.109 

Root Mean Square Error (RMSE) 0.224 0.227 0.216 0.157 0.177 0.423 0.159 0.330 

% RMSE of Mean Kd 52.4% 53.2% 50.6% 36.7% 41.5% 95.5% 35.9% 74.6% 

% RMSE of Max Kd 17.6% 17.9% 17.0% 12.3% 13.9% 36.0% 13.5% 28.1% 

R2 0.494 0.496 0.448 0.604 0.678 0.233 0.539 0.087 

 
Note: Model precision metrics were calculated based on measured versus modeled Kd data. The unit for mean difference, 
SSE, MSE and RMSE is m-1. 
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Table 3-6a.  Evaluation of statistically significant temporal trends using simple linear regressions for measured optical 

water quality concentrations (color, chla, turbidity), and predicted inherent (at λ, b λ) optical properties for 
Rainbow (RR, 2002-2011 period of record) and Weeki Wachee (WW, 2005-2011 period of record) River 
stations. 

 

Station Color (PCU) 
Chla (mg m-

3) 
Turbidity 
(NTU) 

at440 (m-

1)  
at550 (m-

1)  
at660 (m-

1)  
b440 (m-

1)  
b550 (m-

1)  
b 660 
(m-1) 

RR1 # #  # # #  #  # # # 

RR2 # # # # # # # # # 

RR3 # # # #  #  #  # # # 

RR4 # #  # #  #  #  # # # 

RR5 # #  #  # #  #  # # # 

RR7 # #  #  # #  #  #  #  #  

RR8 # * - #  # * - * - # # # 

WW0 # # #  # #  # #  #  #  

WW0.5 # # # # # # # # # 

WW1 # # #  # #  # #  #  #  

WW3 # # # # # # # # # 

WW5 * + # #  * + #  #  #  #  #  

 
Note: Notations for statistical significance for Tables 3-6a and 3-6b: 
(#) indicates no statistically significant or apparent temporal trend (p>0.05) 
(* +) indicates an increasing significant temporal trend, (p < 0.05) 
(* -) indicates a decreasing significant temporal trend, (p < 0.05) 
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Table 3-6b.  Evaluation of temporal trends using simple linear regressions for predicted apparent (Kd λ and for PAR, and 

%PAR λ and for PAR) optical properties.  
 

Station Kd440 (m-1) Kd550 (m-1) Kd660 (m-1) 
KdPAR (m-

1) 
%PAR 
440 

%PAR 
550 

%PAR 
660 %PAR 

RR1 # # # # # #  # # 

RR2 # # # # # #  # # 

RR3 # # # # # #  # # 

RR4 # # # # # #  # # 

RR5 # #  # # # #  #  # 

RR7 #  #  #  # #  * + #  # 

RR8 #  #  #  # #  * + #  # 

WW0 # #  #  #  # # # #  

WW0.5 # # # #  # # # #  

WW1 #  #  #  #  #  #  # #  

WW3 # # # # # # # # 

WW5 #  #  #  # #  # # # 

 
Note: Notations for statistical significance for Tables 3-6a and 3-6b: 
(#) indicates no statistically significant or apparent temporal trend (p>0.05) 
(* +) indicates an increasing significant temporal trend, (p < 0.05) 
(* -) indicates a decreasing significant temporal trend, (p < 0.05) 
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CHAPTER 4 
EFFECTS OF THE UNDERWATER SPECTRAL LIGHT ENVIRONMENT ON 

SUBMERGED AQUATIC VEGETATION BIOMASS, PRIMARY PRODUCTIVITY AND 
SPATIAL DISTRIBUTION ALONG AN OPTICAL WATER QUALITY GRADIENT 

Introduction 

Springs and spring runs are highly productive, societally and ecologically 

valuable ecosystems. In many springs, submerged aquatic vegetation (SAV) dominate 

the benthic community and are a keystone species that play a role in the 

trophodynamics, biogeochemical cycling and stability of substrates, as well as many 

other functions (Dennison et al. 1993; Knight and Notestein in Brown et al. 2008). Light 

availability is an important abiotic variable for influencing SAV growth and productivity 

and uptake of nutrients (Odum 1957a; Canfield and Hoyer 1988; Kirk 1994; Hoyer et al. 

2004; Hauxwell et al. 2007; Julian et al. 2008a, b, c; Knight and Notestein in Brown et 

al. 2008; WSI 2010; Matheson et al. 2012). To understand photosynthesis in aquatic 

environments, it is necessary to define the underwater light environment as the quantity 

and wavelength of available photons, their distribution and the direction of the radiation 

(Falkowski and Raven 2007).  

In a study done on Kings Bay, a spring-fed, tidally influenced freshwater 

oligohaline system in Florida, researchers found only one statistically significant 

relationship (out of 64 regressions) where the relative growth rate of Vallinsneria 

americana (wild celery) shoots increased linearly with surface irradiance (Odum 1957a; 

Hauxwell et al. 2007). This relationship substantiates the conjecture that irradiance is 

essential for the growth for SAV; moreover the amount of irradiance reaching the 

vegetation is likely a limiting factor for SAV in aquatic ecosystems.  
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The percent subsurface irradiance (percent of incident light reaching the 

substrate, %PAR), has been determined to have a major impact on distribution and 

abundance of SAV biomass in spring ecosystems (Hoyer et al. 2004). The % PAR is an 

important variable that is used extensively as a minimum light requirement or target for 

maintaining or restoring seagrasses in coastal ecosystems (Dennison et al 1993; 

Gallegos 1994, 2001; Gallegos and Kenworthy 1996; Gallegos et al. 2009; Dixon and 

Kirkpatrick 2010). Along with the %PAR reaching the bottom and the rate at which it is 

attenuated, depth limits of seagrass are also strongly linked to the light field‟s spectral 

quality. Spectral PAR [PAR (λ)] provides better information on the quality and shape of 

the incoming light field than simply measuring the quantity of light or PAR (Anastasiou 

2009; Gallegos et al. 2009). Even though the photons of light (PAR or spectral PAR) are 

available, it is not certain that the available light is actually being absorbed by 

photosynthesis harvesting pigments in the plants (Kirk 1994).   

The distribution of PAR in aquatic systems is of fundamental importance in 

determining the growth and survival of SAV (McPherson and Miller 1994; Miller and 

McPherson 1995; Gallegos et al. 2005). The wavelengths of light used when expressing 

PAR are 400-700 nm, and are measured as photon-flux or quantum irradiance in units 

of µmol m-2 s-1 (Kirk 1994; Knight and Notestein in Brown et al. 2008; Anastasiou 2009). 

The underwater light environment has a spectral composition that is controlled by 

absorption and scatter by water and dissolved and particulate constituents (Kirk 1994). 

The quantity and spectral quality of light affect the potential for photosynthesis and 

spatial distribution of primary producers in aquatic systems (McPherson and Miller 

1994).   
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Kirk (1994) remarks on photosynthesis as a function of light for plants and algae 

in aquatic systems. He expressed that the relationship between incident light 

characteristics and the rate of photosynthesis is not simple and is dependent on the rate 

of capture and efficiency to make use of the absorbed energy to fix carbon dioxide 

(CO2). For that reason, it is necessary to study the effects of light intensity and spectral 

quality of photosynthesis via quantitative methods to determine the photosynthetic rate 

per unit biomass (Falkowski and Raven 2007).  

The spectral distribution of PAR through a water column must correspond to the 

absorption spectrum of a given species of SAV or algae for photosynthesis to occur 

(Kirk 1994). Light harvesting pigments such as carotenoids and chlorophylls in higher 

plants typically absorb light at the blue and red wavelengths, and only red algae, blue-

green algae, and the cryptophytes contain billiproteins that allow them to harvest green 

light (Kirk 1994; Falkowski and Raven 2007; Anastasiou 2009), which indicate that 

higher plants such as SAV absorb the blue and red bands and not the green 

wavelengths. Therefore, it can be deduced that wavelengths of light that are poorly 

absorbed by plants, such as the green wavelengths (500 to 600 nm), are relatively 

inefficient at driving photosynthesis.  

Seagrasses are recognized as “barometers” of estuarine water quality (Dennison 

et al. 1993), where flourishing seagrass communities are used as a signal for a 

productive and diverse coastal ecosystem, and conversely, an absence of seagrasses 

may be an indicator of degradation of estuarine water quality and light availability (Biber 

et al. in Bortone 2005). Seagrasses have very high light requirements, which make 

them sensitive indicators of water quality degradation. Seagrasses (11-37% PAR, 
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subsurface irradiance) have much higher light requirements than macroalgae or benthic 

microalgae (0.05-3%, Dennison et al. 1993; Biber et al. in Bortone 2005; Gallegos et al. 

2009). Rooted macrophytes require more light to supply energy to non-photosynthetic 

tissues to promote re-generation, whereas algal species grow vegetatively most of the 

time and have fewer cells to maintain than more advanced SAV (Sand-Jensen and 

Borum 1991). 

A study in spring-fed streams in Florida found that SAV was restricted to 

locations in the rivers where at least 10% subsurface light reached the substrate (Hoyer 

et al. 2004). This minimum light requirement value falls within the range of literature 

values between 4% and 29% PAR for freshwater SAV (Dennison et al. 1993). Due to 

the high minimal light requirement of both freshwater and marine SAV, good water 

clarity is extremely important for SAV. This fact provides the basis for focusing on light 

attenuation processes to explain the effect of the underwater light field on the 

distribution and productivity of SAV.   

An ecological shift has been documented in several spring ecosystems, where 

macrophyte-dominated communities are declining and algal communities are 

proliferating (Hoyer et al. 2004; Hauxwell et al. 2007; Quinlan et al. 2008; Stevenson et 

al. 2008; Heffernan et al. 2010; King 2012). In Rainbow Springs and River in northern 

Florida, SAV have been important primary producers of the ecosystem. Abundance of 

the dominant native keystone SAV species, Sagittaria kurziana (SAG), has declined 

over time, while filamentous benthic and epiphytic algal abundance has increased 

(Atkins 2012), which may have led to a shift in community metabolism rates.  However, 
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phototrophs such as epiphytes and benthic algal mats are also important members of 

the primary producer community (Odum 1957a).  

This ecological shift could be partly attributed to recreational effects, which have 

increased over time and have caused noticeable damage to vegetation communities in 

spring systems (Dutoit 1979; Mumma et al. 1996; Cichra et al. 2013). Other potential 

factors that have been suggested as causes of changes in primary producer abundance 

and distribution include nutrient enrichment (Odum 1956; Mullholland et al. 2001) 

reduced flow discharge and velocities (McCutchan et al. 2002; King 2012), declines of 

fish and other consumer biomass (Liebowitz 2013), and aquatic plant management 

(Brown et al. 2008; WSI 2010). In a few studies on spring systems, nutrient 

concentrations were not found to be related to benthic filamentous algal or SAV 

abundance or primary productivity rates (Canfield and Hoyer 1988; Duarte and Canfield 

1990; Hoyer et al. 2004), although the combined effect of dissolved oxygen 

concentration and algal grazer abundance were found to be good predictors of algal 

abundance (Heffernan et al. 2010a; Liebowitz 2013). Also, investigations into the effect 

of hydrology on algal abundance demonstrated that flow velocities above 35 cm s-1 

were able to constrain certain benthic filamentous algae (King 2012).   

Benthic algal mats have very high specific rates of photosynthetic and respiratory 

processing, due to the dense packing of chlorophyll, and different spectral absorption 

characteristics (Sand-Jensen and Borum 1991), and these photosynthetic rates can 

exceed SAV rates by more than 100-fold. In Florida, researchers determined that there 

has been a significant shift in primary producers in the Silver Springs (considered to be 

a “sister spring” to Rainbow Springs due to their similarities in structure and function) 
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system over the last 50 years with a rise in prominence of epiphytic and benthic algal 

mats (Quinlan et al. 2008). As epiphytic material and benthic algal mats proliferate and 

spread, light availability is directly limited to the SAV from shading by algae and can 

reduce habitat availability for SAV (Hauxwell et al. 2007), hence indirectly affecting 

primary production. 

Light, and correspondingly photosynthesis, varies in intensity and photoperiod by 

several factors and is a function of depth, riparian canopy shading, time of day, and 

season (Odum 1957b). All of these factors interrelate to provide the basis for the level of 

primary production rate that the community is capable of achieving. Even though light is 

the major driver of photosynthesis (Odum 1956; Kirk 1994; Mullholland et al. 2001; 

Julian et al. 2008c), other factors such as nutrients (Odum 1956; Mullholland et al. 

2001), flow, substrates, organic matter, and temperature (Odum 1956; Biggs et al. 

1999; Julian et al. 2008c), can also control primary productivity. 

Calculating ecological efficiencies (EE) is one such method of linearly relating the 

efficiency of photosynthesis relative to the incoming light in usable wavelengths that is 

reaching the primary producers (Odum 1957b). Therefore, it is possible to compare 

streams spatially or temporally with this method, in which a higher EE in a particular 

stream‟s community structure and function would be considered more proficient at using 

the energy of available sunlight for gross primary production (GPP, WSI 2010). Odum 

1956, 1957a, 1957b) documented that only a small fraction, only 4% of incident 

radiation was used in GPP, which may be artificially low efficiency estimate because he 

used incident light that did not account for light attenuation by the water column and 

was an overestimate of actual benthic light availability. The conversion of incident 



 

174 
 

radiation for primary production is also called photosynthetic efficiency (Knight and 

Notestein in Brown et al. 2008; WSI 2010). 

In some Florida springs and their associated spring runs, the distribution and 

abundance of SAV has been related to light availability in terms of light quantity (Frazer 

et al. 2001a; Hoyer et al. 2004). However, the quality of light (spectral distribution of 

PAR) had not yet been investigated as a potential determinant for growth, productivity 

and spatial distribution. This study quantitatively evaluated the spectral and spatial 

distribution of light and primary producer physiology and morphology of two Florida 

spring ecosystems. Interactions between these characteristics were explored to 

elucidate the causes of ecological shifts and to assess the potential for light limitation in 

these spring systems.  

Methods 

Study Area 

Rainbow and Weeki Wachee Rivers are two spring-fed rivers that are located 

near the west central coast of Florida, USA. Study segments, stations and location 

maps of the study areas are shown in Figures 2-1 and 2-2, and more detailed 

descriptions of the two systems can be found in the Methods section in Chapter 2. Six 

study segments were located on Rainbow (RRS1 to RRS6, n=24), and four segments 

on Weeki Wachee Rivers (WWS1 to WWS4, n=16) for a total of 10 segments (n=40).  

Some analyses required segment averages (i.e. metabolism analyses), which 

were obtained by calculating the mean of two consecutive data points starting with the 

most upstream sampling station to the most downstream station (Figures 2-1 and 2-2). 

For example, station RR1 and RR2 data were averaged to obtain RRS1 data, station 

WW0 and WW0.5 data were averaged for WWS1 data, and so forth. Four quarterly 
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sampling events for all parameters were carried out during a one year study period 

(January to December 2011), which was separated into four seasonal quarters as 

follows, Quarter 1: January to March, Quarter 2: April to June, Quarter 3: July to 

September, and Quarter 4: October to December. The extensive sampling program did 

not allow for concomitant sampling of all parameters. Optical, physico-chemical, benthic 

and primary productivity characteristics were all collected within the same seasonal 

quarter, but were not always collected within the same month.  

Water Column Optical Properties and Physico-chemical Characteristics 

The Methods sections in Chapters 2 and 3 provided the methods that were used 

to collect and analyze the in-stream optical properties (benthic PARλ, Kdλ, KdPAR, 

%PAR, %PARλ, Sg, SR) and canopy coverage (OC). Water chemistry concentration 

data (turbidity, color, chlorophyll a, nitrate, ammonium, and total phosphorus) were 

obtained from SWFWMD‟s Water Management Information System (WMIS) database.  

Discharge and velocity data were obtained from one or two United States 

Geological Survey (USGS) flow gages (Lower Rainbow River: USGS #02313100, upper 

and lower Weeki Wachee River: USGS #02310545 and #02310525, respectively) on 

each river. Flow discharges are not regularly measured at any of the SWFWMD water 

quality monitoring stations on either system. However, manual flow discharge (m3 s-1) 

and velocity (m s-1) measurements were available from SWFWMD for each water 

quality monitoring station (Figure 2-1) in Rainbow River for one occasion.  

Weeki Wachee River is primarily fed by one large spring boil in the headspring 

area. Minor (<10%) additional inputs occur along the river, primarily during high flow 

events, which were assumed to contribute a minimal amount of water flux as compared 

to the total flow emerging from the spring boil. This permitted the direct use of the 
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USGS gage flow data to be applied to each station. USGS #02310545 data was 

assumed to be representative of the upper (WW0, WW0.5, WW1) stations, and USGS 

#02310525 characterized the lower (WW3, WW5) Weeki Wachee River stations 

adequately due to proximity and nominal additional inputs.  

However, several relatively large springs and dozens of smaller inputs (~13-27% 

of total river flow for each group of springs per segment) exist at varying points along 

the upper Rainbow River (RR1 to RR4, Figure 2-1) that contribute an unknown water 

flux to the overall river flow discharge as represented by the USGS gage in the lower 

river. This system was more hydrologically complex than Weeki Wachee River and the 

simple assumption that the USGS gage flow discharge estimates in the lower river 

would be representative of each station was not valid. Additionally, to obtain accurate 

primary production estimates (see below), and to account for groundwater inputs within 

each segment, uniformly accurate and more finely resolved flow discharge estimates for 

each station was required. Thus, the manually measured flow discharge data available 

from SWFWMD for each station were used to determine the fraction of total flow 

discharge at each station with respect to the USGS gage flow discharge estimates. A 

fraction coefficient was calculated for each station and applied to the USGS gage flow 

data to estimate flow discharge at each station during the study period.  

 Stream segment widths (m) and lengths (m) were determined using ArcMap GIS 

software (Environmental Systems Research Institute, Inc., 2011). Bottom depth (m) was 

estimated with a double graduated Keson measuring tape (Model OTR10M300) with a 

vertical Secchi disk attached to the end of the tape to act as a weighting anchor. 

Shading due to riparian canopy cover was determined at each station on two occasions 
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(July and October) with a spherical densiometer (Model–C, Forest Densiometers, Rapid 

City, SD; Lemmon 1957).  

Benthic Sampling 

Benthic sampling included qualitative and quantitative measurements of bottom 

substrates, submerged aquatic vegetation (SAV) and associated epiphytes, and benthic 

filamentous algae (FA). For both systems, benthic sampling occurred in March (quarter 

1), May (quarter 2), August (quarter 3). Quarter 4 sampling was conducted in October 

and December for Weeki Wachee and Rainbow Rivers, respectively. All benthic 

samples were collected from seven and five transects on Rainbow and Weeki Wachee 

Rivers, respectively. Transects were co-located with water quality and optical stations 

(Figures 2-1 and 2-2).  

Sediment type, epiphyte type and load, SAV and algal abundance (percent 

coverage) were assessed by divers at five points along each transect and results were 

averaged. The five sampling points were equally spaced with one in the center of the 

river channel and two to either side of the center point with the transect running from 

bank to bank. The transect was positioned perpendicularly to river flow.  

Sediment type was visually evaluated by assigning sediment type to the following 

categories, sand, silty sand, silt, mud, or rock. The type (e.g. diatom or filamentous) and 

extent of epiphytic cover (load) on SAV was qualitatively (e. g. low, medium, heavy 

cover) described. SAV and FA percent coverage was estimated at each point on the 

transect using at a 1 m2 quadrat. Percent coverage was estimated visually on a percent 

coverage scale (PCS) in 5% increments up to 100% per species observed within each 

quadrat.  
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At each of the transects, an above-sediment biomass sample was collected by 

randomly tossing a 0.25 m2 quadrat and all plant and algal biomass within the quadrat 

was carefully removed and transported to the laboratory for processing (Canfield and 

Hoyer 1988; Hoyer et al. 2004). Each biomass sample underwent several steps of 

laboratory processing that consisted of: 1) separation of vegetation by species 

(Sagittaria kurziana, SAG; Vallisneria americana, VAL; Potamogeton illinioensis, POT; 

Najas guadalupensis, NAJ; Ceratophyllum demersum, CER; Hydrilla verticillata, HYD; 

Utricularia spp., UTR; Ludwigia repens, LUD; Chara spp., CHA; Myriophyllum 

heterophyllum, MYR; filamentous algae, FA were not identified to species and remained 

at the categorical level); 2) careful removal of epiphytic material; 3) blot drying the 

samples for fresh wet weight (FW) determination and drying the samples in the oven for 

~24 h at 100 C to determine a dry weight (DW) and mass per area. 

Additional analyses were conducted for the grass-like SAV species, SAG and 

VAL. Shoot density was determined by counting shoots for all SAG and VAL plants in 

each sample. Leaf blade lengths and widths were measured and counted per shoot, 

and averaged for 3 to 4 typical shoots. 

Light Absorption Properties of Primary Producers 

Absorptance (relative absorption curves) values and pigment contents 

(chlorophylls and carotenoids) were determined for all SAV species and algal 

assemblages encountered at each station in both spring systems including: FA 

(dominated by Lyngbya wolleii and/or Vaucheria spp.), 9 SAV species (SAG, VAL, POT, 

NAJ, CER, HYD, UTR, LUD, AND CHA) and for the epiphytic communities associated 

with SAG and VAL. Light absorption properties were determined on one occasion for 
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freshly collected samples collected in July 2011 in the laboratory on a bench-top dual 

beam UV/VIS spectrophotometer (Perkin-Elmer Lamda 40) for the species listed above.  

Samples were processed and analyzed in the laboratory following Su et al. 2010 

by the following steps: 1) healthy plants were selected and necrotic material removed; 

2) epiphytic material was carefully removed and retained for individual analysis; 3) plant 

samples were cut into pieces between 9-16 mm2; 4) samples were measured for total 

area (to the nearest cm2) and mass (to the nearest mg); 5) plant and algae cells 

underwent physical rupture by the grinding-settling method with 80% acetone to extract 

pigments into solution; 6) ground samples in acetone solution settled in the dark for 24h 

at 4°C; 7) volume was measured pre and post centrifuging to obtain a supernatant 

sample; 8) supernatant was transferred to a 1-cm cuvette; 9) pigment solution 

absorbance values from 350 to 800 nm wavelengths were measured 

spectrophotometrically.  

Absorbance [D (λ)] values were converted to photosynthetic absorptances for 

SAV [AL (λ)] and algal assemblages [AE (λ)] according to Kirk (1994) by Equation 4-1, 

followed by a correction for non-photosynthetic absorptance at 750 nm (Drake et al. 

2003; Durako 2008).  

AL or AE (λ) = 1 -10 –D (λ)      Equation (4-1) 

Equations reported by Lichtenthaler (Acetone, 80% v/v; 1987) were used to 

quantitatively determine chlorophyll a, b and total carotenoids (x+c, xanthophylls and β-

carotene) concentration (µg g-1 fresh weight). 

To compare results with the rigorous laboratory measurements, a simpler field 

method was conducted to measure absorptance on a portable spectrometer (model 
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HR2000, Ocean Optics, Dunedin, FL), connected to a fiber optic cable and black 

mounting bracket on a quarterly basis. Incoming solar irradiance (near solar noon) was 

scanned first (mean of 3 scans) and between each set of leaf scans. Immediately 

following each solar radiation scan, intact SAG and/or VAL leaves (mean of 3 to 4 

leaves) were scanned for absorbance by putting the leaf into contact with the bitter end 

of the fiber optic cable while mounted onto the bracket (Anastasiou 2009). Absorbance 

values were converted to absorptance using Equation 4-1. Photosynthetically useable 

radiation is defined as the fraction of radiant energy that can be absorbed by a given 

plant and was calculated by multiplying PAR (λ) by AL (λ, Morel 1978). 

Broadband and spectrally specific light attenuation due to epiphytic materials that 

included attached epiphytic algae, epifauna, and associated sediment or detritus on 

SAG leaf blades was determined quarterly at each transect in both systems. The 

procedure used here was a slightly modified form of the epiphyte attenuation method 

used by Dixon and Kirkpatrick (1995 and 1999). Shoots that were collected for the 

biomass measurements were used to collect epiphytic samples. All epiphytic material 

was scraped from one shoot from each transect and placed into its respective petri dish 

with a minute amount of deionized (DI) water to evenly suspend the epiphytic material. 

The intent was to match the dish area to a typical shoot area when possible (Dixon and 

Kirkpatrick 1995 and 1999). However, some of the shoots from deeper transects 

occupied more area than the dishes that were available in the laboratory, which 

required an area normalizing calculation.  

The transparent petri dish with the scraped epiphytic sample slurry was placed 

on top of a clear plexi-glass sensor tube that was lined with reflective mylar. The sensor 
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tube housed the cosine spectral PAR sensor that was connected to a portable 

spectrometer by a fiber optic cord (described previously in Chapter 2, Methods). 

Epiphytic light attenuation measurements were conducted under ambient sunlight as 

near to solar noon as possible under a white acrylic diffuser plate. Prior to and following 

each epiphyte attenuation measurement, a spectral blank reading of the irradiance 

passing through clean DI water was recorded (mean of three spectral scans) that was 

immediately followed by spectral readings of the irradiance transmitted through the 

epiphyte sample (mean of three spectral scans).   

The percent reduction of transmitted irradiance (% epiphyte attenuation) per 

wavelength of the epiphytic material per SAG shoot was calculated by dividing the light 

transmitted through the sample by the light transmitted through the blank. The 

attenuation due to epiphytes was represented as spectral light attenuation per shoot 

and was also determined as an area normalized condition. This approach allowed a 

simple and quick method to approximate field absorptance (AE) values without requiring 

the rigor of algae processing for pigment analysis. Absorptance by epiphytic material 

was calculated by converting the raw absorbance values into absorptance using 

Equation 4-1.  

Ecosystem Metabolism 

Whole stream and per segment ecosystem metabolism was estimated using a 

modified open channel two-station method (Odum 1956) to determine gross primary 

production (GPP, g O2 m-2 d-1) and ecosystem respiration (ER, g O2 m-2 d-1). The two-

station rather than the one-station method was chosen because some of the upper river 

segments were relatively heterogeneous with various spring vent inputs, which could 

introduce errors in metabolic rate estimates (McCutchan et al. 2002). All 10 segments 
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(mean = 1650 m and min = 700 m) far exceed the minimum reach length required (ca. 

20 m in shallow streams) to detect a significant change in metabolic rates per segment 

(Riley and Dodds 2013). However, the two systems are relatively deep, thus the length 

scale had to be predicated on specific discharge rates instead. Net ecosystem 

production (NEP, g O2 m-2 d-1) was calculated by subtracting ER from GPP. P:R ratios 

(GPP/ER) were calculated to determine the relative magnitude of primary production to 

respiration (Fellow et al. 2006) and to classify each segment as autotrophic (P:R>1), 

heterotrophic (P:R<1) or balanced (P:R ~1, Odum 1956).  

Dissolved oxygen (DO) concentration and percent saturation were measured at 

an upstream and downstream station of each segment with either an YSI 6600V2 or 

YSI 600XLM in situ multiparameter sonde (Yellow Springs Instruments, Yellow Springs, 

OH) every hour over a 3 to 4 day deployment period. GPP and ER were calculated for 

each day (24h) using the DO rate of change technique (downstream DO – upstream 

DO, accounting for diffusion and accrual; Odum 1956) and then averaged for each 

segment over each quarterly deployment period. 

Changes in DO are due to several factors including metabolism (photosynthesis 

and respiration), reaeration, and lateral inflows from groundwater accrual. These factors 

need to be accurately accounted for and several researchers have made attempts to 

correct metabolism estimates for DO changes that are not due to photosynthesis or 

respiration (Odum 1956; Marzolf et al. 1994; Young and Huryn 1998; McCutchan et al. 

2002; Hall and Tank 2005; Riley and Dodds 2013). The difficulty and cost of directly 

measuring reaeration by using dissolved tracer gases (e.g. propane) has prompted 

some researchers to estimate reaeration rates by using empirical models based on 



 

183 
 

diurnal oxygen curves or hydraulics, which have worked in some streams, but have 

resulted in inaccurate estimates in other streams (sensu Marzolf et. al. 1994; Riley and 

Dodds 2013).  

To calculate a reasonably accurate metabolic rate of DO change, some 

assumptions were necessary to minimize effects on metabolism estimates from 

reaeration (i.e. diffusion) and groundwater accrual (Hall and Tank 2005; Riley and 

Dodds 2013). Oxygen diffusion rates (K, g O2 m
2 hr-1) were estimated by using a linear 

relationship developed using 21 Florida spring systems with similar physical (e.g. low 

relief topography and stream slope) and hydraulic characteristics. The regression 

equation (K = 0.0604 v + 0.0929, R2 = 0.84; Munch et al. 2006) was developed with 

measured (N2-filled floating dome technique; Copeland and Duffer 1964) diffusion rates 

as a function of measured surface velocity rates (v, cm s-1). The rate of diffusion is also 

dependent on the degree of saturation, where under-saturation causes oxygen to 

diffuse into, and super-saturation causes oxygen to diffuse out of the water (Odum 

1956).  

To limit the introduction of bias to metabolism estimates from the influx of oxygen 

due to accrual of groundwater along each segment, accrual was estimated by 

subtracting downstream from upstream flow discharge to obtain groundwater flux into 

the reach (McCutchan et al. 2002; Hall and Tank 2005; Fellows et al. 2006). 

Groundwater flux was coupled with measured available spring vent DO concentration 

data within each reach that was obtained from the SWFWMD WMIS database. This was 

done on a limited basis, and was only necessary for the segments that had obvious 

accrual from spring vents that occurred within segments.  
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Mean hourly broadband solar radiation data (W m-2) were obtained from the 

Florida Automated Weather Network (FAWN, http://fawn.ifas.usf.edu) Oklawaha (#280) 

station located in Marion County, FL. Solar radiation data were converted to surface 

irradiance (PAR, µmol photons m-2 s-1) by using a conversion factor of 4.6 (Duncan 

1990). Raw ecological (photosynthetic) efficiency (EER, % and g O2 mol -1) was 

calculated by dividing daily GPP (mol O2 m
-2) by daily raw PAR (PARR, mol photons m2 

d-1). The raw EER uses the light energy that reaches an un-shaded surface on the 

ground. Depending on canopy coverage and light attenuation within the water column at 

each station, the raw PAR data from the FAWN station may not be entirely 

representative of the light reaching the benthic zone in a stream. Therefore, it was 

useful to correct raw EER based on the light reaching the benthic zone (PARB), which 

was determined by accounting for light attenuation by the water column (%PAR, 

Chapter 2) and shading by canopy cover (OC, Chapter 2). EEB was calculated by 

dividing GPP by the corrected PARB.  

Statistical Data Analysis 

Statistical analyses of the data were performed using MINITAB statistical 

package. Prior to statistical analysis, data were evaluated for assumptions of normality 

and homogeneity of variance. If normality or homogeneity of variance tests failed, then 

data were transformed to fit a normal distribution or non-parametric analyses were 

used. Pearson‟s r and Spearman‟s rho correlation, linear and non-linear regression 

analyses were conducted to determine statistically significant (p < 0.05) relationships 

among optical, physico-chemical, benthic and primary productivity characteristics. 

Statistical differences among various biotic and abiotic variables at different stations and 

in different seasons were analyzed individually using one way ANOVA. The Tukey 
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method was used to determine which groups of quarter or station means were 

significantly different. Statistical significance for all analyses were assessed at p < 0.05. 

Results 

Water Column Apparent Optical Properties and Physico-chemical Characteristics 

Apparent optical properties (AOPs; benthic PAR, PARB in blue, green and red 

bands were all normalized for full solar noon sunlight assuming no cloud cover; %PAR 

in blue, green and red bands), flow, nutrient concentrations (nitrate, NO3
-; ammonium, 

NH4
+; total Kjeldahl nitrogen, TKN; total phosphorus, TP) and chlorophyll a (Chla) were 

evaluated for differences in respect to season and station location in both Rainbow and 

Weeki Wachee Rivers.  

Rainbow River. Table 4-1 shows statistical differences in means of chemical 

parameters among stations in the river. Chla was significantly lower in the upper river, 

intermediate in the middle river and highest in the two most downstream stations. NO3
- 

and TP had significant differences among stations where NO3
- decreased and TP 

increased with distance from the headsprings. TKN and NH4
+ did not differ among sites, 

but NH4
+ was the only chemical parameter that was significantly different among 

seasons where it was higher in the third and fourth quarter than the first and second 

quarters (ANOVA, p = 0.000).  

Apparent optical properties (AOPs) were not found to vary seasonally (ANOVA, p 

> 0.05). Mean %PAR and %PARBlue were significantly different among stations, with 

stations RR1 and RR4 having higher %PAR than RR8, and RR1 to RR4 having 

significantly higher %PARBlue than RR7 and RR8 (Table 4-2). The decline in %PAR for 

broadband, blue and green bands with distance from the headsprings was shown in 
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Figure 4-1. Only PARB in the blue band was statistically different across stations, with 

RR1 to RR4 having higher PARB than RR7 (Table 4-2).  

Weeki Wachee River. Table 4-3 shows statistical differences in means of 

chemical parameters in relation to station location in the river. Chla varied significantly 

across Weeki Wachee River. Chla was significantly higher in the most downstream 

station (WW5) than the furthest upstream station (WW0) and midway down the river 

(WW3), but similar to the other upper two river stations (WW0.5 and WW1). NO3
- 

decreased significantly with distance downstream from the headsprings. No significant 

spatial differences were found for mean TKN or NH4
+. Mean TP was only statistically 

different in WW3, which had the lowest mean TP measured in the river. The only 

chemical parameter that was found to be statistically significant for seasonal variation 

was NH4
+ (ANOVA, p = 0.001, all other chemical parameters: p > 0.05). The first and 

second quarters were significantly lower than quarters 3 and 4, which was the same 

trend as in Rainbow River.  

Flow was significantly different across seasons. The fourth quarter had the 

highest mean daily flow and quarters 1 and 3 had the lowest flow (Figure 4-2). Flow did 

not vary spatially in Weeki Wachee River (ANOVA, p > 0.05).  

No AOPs were found to vary seasonally (ANOVA, p > 0.05). Mean %PAR, 

%PARBlue and %PARGreen declined significantly with distance from the headsprings 

(Figure 4-1), with %PARBlue declining at the fastest rate per meter (-0.004 %PARBlue m
-

1). Although, according to one way ANOVA results shown in Table 4-4, only %PARBlue 

means were significantly different, with station WW0 and WW0.5 higher than WW5. 

Mean broadband PARB and PARB in the blue, green and red bands were statistically 
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different across stations and all decreased along the longitudinal gradient (Table 4-4). 

The most downstream station (WW5) had significantly lower broadband and spectral 

benthic PAR, which is likely due to heavier canopy shading than at the other stations.  

Species Composition and Distribution 

Relative abundance (% coverage) and biomass of SAV and FA were measured 

along a longitudinal gradient to evaluate the spatial and temporal variability of species 

composition and distribution in Rainbow and Weeki Wachee Rivers. Biomass and % 

coverage were significantly correlated for SAG and FA as shown in Figure 4-3. Taxa 

richness (number of taxa) was not significantly variable across stations or seasons for 

either system (ANOVA, p > 0.05).  

Rainbow River Relative Abundance. Relative abundance was measured by 

estimating the percent (%) coverage of SAV species and FA at each transect (Figure 4-

4). Spectral %PAR minima were also shown for each station in Figure 4-4. Nine native 

species, one non-native, and filamentous algae were recorded and are shown in these 

categories in Figure 4-5. POT was dominant in RR1, SAG was dominant in RR2 and 

RR3, and FA was co-dominant in the middle river and dominant in the lower river.   

Weeki Wachee Relative Abundance. Figure 4-6 shows the spatial distribution 

of mean annual % coverage of SAV species. Native taxa richness was 3-fold lower in 

Weeki Wachee than in Rainbow River. Only WW0 had considerable SAG coverage, 

and FA seemed to dominate WW0.5 and WW1, and WW5. Non-native taxa (HYD) 

dominated WW3 (Figure 4-6).  

Rainbow River Biomass. Within Rainbow River spatial variation of dry weight 

(DW) biomass was evident for one SAV species and FA (Table 4-5 and Figure 4-8). 

However, statistically significant temporal variation across seasons (quarters) was not 
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observed for any of the species studied (ANOVA; p >0.05 for all SAV species and FA). 

Similar findings to % coverage were found for biomass where SAG dominated the upper 

river and FA dominated the lower river. Differences among transects were found for 

mean SAG biomass (ranged from 0.0 to 161.1 g m-2). SAG was highest in transect RR3, 

lowest in RR5, and was not found in RR7 or RR8.  

Mean VAL biomass was only found in three transects RR2, RR4, and RR5. Mean 

VAL biomass ranged from 0.0 to 53.6 g m-2 and was not significantly different across 

sites (Table 4-5 and Figure 4-8). Three species were only collected for biomass in one 

transect: POT was only found in the headsprings areas in the RR1, NAJ was only found 

in RR4 in the middle portion of the river, and CER was only found in RR5. Therefore a 

statistical assessment was not appropriate to determine if these species were spatially 

variable (Table 4-5). Mean HYD biomass ranged from 0.0 to 5.4 g m-2, with the highest 

mean biomass in RR7, but was not found to vary significantly between transects. Mean 

FA biomass was found to vary significantly across sites, with RR8 having the highest 

DW biomass of 435.8 g m-2. 

Weeki Wachee River Biomass. Table 4-6 and Figure 4-9 show the spatial 

variation of SAV and FA. SAG co-dominated with FA in WW0, and FA dominated 

WW0.5 and WW1. HYD was only found in WW3, similar to the % coverage results. 

SAG, NAJ and HYD were significantly different among transects (Table 4-6). Overall 

primary producer biomass values were five-fold lower in Weeki Wachee than in 

Rainbow River. Figure 4-10 shows significant relationships between biomass and % 

coverage for SAG and FA for combined system datasets. 
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Species Morphology and Physiology 

Morphological Variation of Sagittaria kurziana. The vegetative structure, 

specifically the above-ground portion of the shoot system of SAG was examined for 

spatial variation. Morphological characteristics such as leaf blade count (per shoot), 

length, width, shoot density (number per m-2), and shoot weight were measured at each 

transect in both systems and summary statistics are given in Table 4-7. Mean shoot 

weight and blade lengths were 6-fold and 1.6-fold larger, respectively, in Rainbow than 

in Weeki Wachee River, which is likely due to overall greater water depths and siltier 

sediments in Rainbow River. The mean number of leaves per shoot was similar for both 

systems. Mean blade widths and shoot density were both two times higher in Weeki 

than in Rainbow River, which is likely due to lower mean water depth in Weeki Wachee 

River. Shoot weight and associated epiphyte weight were significantly positively related 

for the combined datasets for both systems (Figure 4-10).  

Light Absorption Properties of Primary Producers. Physiological 

characteristics such as relative absorptance and pigment content were investigated for 

SAV and FA species in both systems to determine which environmental factors 

influence physiological differences of SAV and algae. Figures 4-11, 4-12 and 4-13 show 

relative absorbance of each species found, spatial variability of relative absorptance of 

SAG (%AL), and absorptance of SAG‟s associated epiphytes (%AE), respectively, in 

Rainbow River. Certain species had similar absorbance scans and were grouped 

together to compare absorbance peaks (Figure 4-11). Distinct groupings were found for 

1) POT, UTR, and SAG, 2) SAG, CER, and VAL, 3) NAJ and LUD, and 4) CHA, HYD 

and FA based on the magnitude and extent or width of peaks in the blue and red 
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regions. The SAG absorbance scan was similar to SAV in both groups 1) and 2), hence 

its inclusion in both groups.  

In terms of absorptance, SAG had a significant broad peak across the blue and a 

second sharper peak in the red band for all stations, with RR3 having the highest 

absorptance (Figure 4-12). Although, inter-site variability was rather low, aside from the 

spread between sites in the green-red region (500 to 650 nm). Each of those peaks 

corresponded to regions associated with chlorophyll and carotenoid pigment light 

absorption. The green region had considerably lower %AL for all absorption spectra.  

Epiphyte absorptance was highly variable, indicating greater inter-site variation 

among epiphyte assemblages (Figure 4-13). High levels of absorptance were seen 

across the PAR spectrum for most of the sites except for RR5. RR5 did not have high 

absorptance in the green band, and clearly consisted of a different epiphyte community 

than the other four sites.  

Pigment content, specifically chlorophyll a (Chla, µg g-1) and total carotenoids 

(x+c, µg g-1) inter-species and inter-site variability is shown in Figure 4-14. Chla content 

ranged from 157.9 to 1790.1 µg g-1, and total caroteoids ranged from 8.1 to 371.1 µg g-

1. No distinct spatial pattern of pigment content could be deduced based on the data. 

However, NAJ, HYD and LYN seemed to contain higher levels of carotenoids across 

transects and rivers.  

Significant (p<0.05) positive relationships are shown in Figure 4-15 between %AL 

and %AE (in the blue, green and red bands) with chlorophyll a content (Chla fresh 

weight) measured in SAG and associated epiphytic assemblages, respectively. The 

strongest relationships were found for epiphytes (i.e. %AE vs Chla of epiphytes), 
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specifically in the green and red bands and the weakest correlation was in the blue 

band. %AL for SAG relationships were lower than epiphytes, likely due to SAG also 

having considerable carotenoid pigments that harvest light in similar wavebands as 

chlorophylls. A significant positive logarithmic relationship was found for epiphyte weight 

per shoot and epiphyte absorptance at reference wavelengths 440, 550, 660 and for 

PAR (Figure 4-16). AE%440 (blue band) was most strongly correlated with epiphyte 

weight per shoot.  

Absorptance by algae entrained in the water column (plankton) was also 

evaluated in Rainbow River (Figure 4-17, note different magnitude on y-axes). RR1 

(uppermost station) had the lowest absorptance. The mid-river station (RR4) had 

relatively low absorptance as well (mean ca. 10%). RR8 (lowermost station) had the 

highest absorptance  (mean ca. 20%) within the main river channel, which was likely 

influenced by the phytoplankton that were being exported from a relic phosphate mine 

pit (Blue Cove) that is adjacent and hydraulically connected to the main channel in the 

lower river.   

Ecosystem Metabolism  

Tables 4-8 (Rainbow River) and 4-9 (Weeki Wachee River) provide mean quarter 

per segment results for the following metabolism characteristics: gross primary 

productivity (GPP), net ecosystem productivity (NEP), ecosystem respiration (ER), and 

GPP to ER ratio (P:R). Rainbow River GPP, NEP, ER, and P:R ranged from 8.75 to 

26.17 g O2 m
-2 d-1, 0 to 22.54 g O2 m

-2 d-1, 0.21 to 25.41 g O2 m
-2 d-1, and 1.0 to 115.7, 

respectively. Weeki Wachee River GPP, NEP, ER, and P:R ranged from 2.39 to 15.62 g 

O2 m
-2 d-1, 0.51 to 12.11 g O2 m

-2 d-1, 0 to 7.05 g O2 m
-2 d-1, and 1.1 to 62.8, 

respectively. Overall means of GPP and ER were 2-fold and 3.5-fold higher, 
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respectively, in Rainbow than in Weeki Wachee River. No statistically significant 

differences were found between seasons (quarters) in either system for GPP, NEP, ER, 

or P:R (ANOVA, p>0.05 for all). 

Tables 4-10 (Rainbow River) and 4-11 (Weeki Wachee River) give mean 

quarterly values for daily raw incident PARR, PARR efficiency (EER), benthic PARB, and 

benthic PARR efficiency (EEB). Overall mean values for Rainbow River PARR, EER (g O2 

mol-1 and %),  PARB, and EEB (g O2 mol-1 and %) values were 42.56 mol m-2 d-1, 0.41 g 

O2 mol-1, 7.87%, 20.86 mol m-2 d-1, 0.92 g O2 mol-1, 17.51%, respectively (Table 4-10). 

Overall mean values for Weeki Wachee River PARR, EER (g O2 mol-1 and %),  PARB, 

and EEB (g O2 mol-1 and %) values were 33.94 mol m-2 d-1, 0.31 g O2 mol-1, 5.84%, 18.4 

mol m-2 d-1, 0.54 g O2 mol-1, 10.4%, respectively (Table 4-11). Raw ecological efficiency 

values were between 3 and 27% (mean of 10%) lower than benthic ecological efficiency 

values in Rainbow River (Table 4-10). Differences between raw and benthic ecological 

efficiency were less in Weeki Wachee River, with EEB values between 1 and 10% 

(mean of 5%) greater than EER values (Table 4-11).  

Significant temporal differences were found for benthic PAR, where the 2nd 

quarter (April) was significantly higher than the other quarters in Rainbow River (Figure 

4-18 and Table 4-10). In Weeki Wachee River, benthic PAR was higher in the 2nd 

quarter (April) than the 1st and 4th quarters (January and October, Figure 4-18 and Table 

4-11). Statistically significant differences between quarter means were also found for 

EEB, where the 3rd quarter mean was higher than quarter 2 in Rainbow River and mean 

values for quarters 1 and 4 were significantly higher than quarter 2 in Weeki Wachee 

River (Figure 4-19).  
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The lower segments in Rainbow and upper segments in Weeki Wachee Rivers 

had more variable GPP values than the upper and lower segments, respectively. 

Significant spatial differences of GPP means were not found in Rainbow River, but were 

found between segments for Weeki Wachee (Figure 4-20), with WWS1 (uppermost 

segment) being significantly higher than WWS3 and WWS4 (lowermost segments).  

Light and GPP relationships were evaluated in a variety of ways. Daily GPP was 

found to be significantly, but weakly positively related to daily PAR above the surface of 

the water and in the benthic zone for the combined Weeki and Rainbow River datasets 

(Figure 4-21). Benthic PAR was slightly better correlated with GPP than irradiance 

above the water surface.  

Relationships between hourly GPP and instantaneous PAR (s-1) above the water 

surface, and in the benthic zone in the uppermost segment in Rainbow River are shown 

in Figure 4-22. The daily course of GPP on an hourly basis, specifically photosynthesis 

and respiration, is depicted by changing dissolved oxygen (DO) concentrations in 

relation to PAR. The periods of increasing and decreasing DO (shown by the arrows in 

Figure 4-22) are likely due to effects from longitudinal dispersion, reaeration, and 

advection rates that caused a distinct time lag (ca. 1-2 h) between peak photosynthesis 

and peak PAR. The lags seemed to lengthen with distance from the headsprings, with 

the lowermost segment experiencing a 5-6 hour lag between GPP and PAR peaks (data 

not shown). The effect of dispersion on light utilization for photosynthesis was similar to 

the effect seen in Heffernan and Cohen‟s (2010) work, where they found lags between 

photosynthesis and nitrogen assimilation in the spring-fed Ichetucknee River in Florida.   
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Sample ecosystem level photosynthesis vs. irradiance curves (P-I curve) in the 

uppermost segment in Rainbow River are shown in Figure 4-23 for PAR above the 

water (Io) and PAR remaining in the benthic zone (Iz) after light was attenuated by the 

water column. GPP values were lagged by two hours behind peak irradiance to match 

peaks within the day to develop the P-I curves shown in Figure 4-23. The P-I curve 

typically has three distinct regions: a light-limited region shown by the regression line 

and denoted α-1 (pertains to Io) and α-2 (pertains to Iz), a light-saturated region, which 

is nominal in Figure 4-23, and a photoinhibited region that is denoted by β-1 (pertains to 

Io) and β-2 (pertains to Iz; Falkowski and Raven 2007). The light saturated region of the 

curve is usually more pronounced, extending for a period before the curve reaches β 

(Falkowski and Raven 2007). However, this deviation could be due to an effect of scale, 

i.e. ecosystem level vs. organism level. 

The P-I curve (Figure 4-23) light compensation point for Io (Co-1) was 700 and Iz 

(Co-2) was 350 µmol m-2 s-1, which equated to 34% and 18% PAR, respectively, for a 

full sun day that peaked at 2050 µmol m-2 s-1. The saturation irradiance (Ek, µmol m-2 s-

1) was the value at the top end of the regression line. Ek was 1150 µmol m-2 s-1 for Io 

and 850 for Iz µmol m-2 s-1. Pmax that occurred at Ek for both Io and Iz was 0.71 g m-2 

hr-1. β-1 (pertains to Io) was 2043 µmol m-2 s-1 and β-2 (pertains to Iz) was 1002 µmol 

m-2 s-1.  Half-saturation was 1250 µmol m-2 s-1 for Io and 600 µmol m-2 s-1 for Iz, which 

equated to 63% and 30% PAR, when using 2050 µmol m-2 s-1 as max PAR. The α-1 

and α-2 were 0.0007 and 0.0014 g O2 µmol-1 m-2 and represent the quantum yield of 

photosynthesis at a specific irradiance (ФE, g O2 µmol-1 m-2).   
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Abiotic and Biotic Relations 

Results from non-parametric (Spearman‟s rho) correlations between Sagittaria 

kurziana (SAG) dry weight biomass and percent subsurface irradiance in the blue, 

green and red bands for both systems are shown in Figure 4-24. The results suggest 

that potential blue light limitation exists between 38 and 45%PARBlue. A linear 

regression relationship also determined a statistically significant positive relationship 

between all data and mean annual data points for %PARBlue and SAG biomass (Figure 

4-25). The annually aggregated data provided a stronger relationship than the full 

dataset. The circled point on the graph shows the estimated point of light limitation, 

which is ca. 38%, the low value in the previously described blue light threshold range 

(Figure 4-25).  

Additionally, broadband %PUR-L (%PAR weighted for %AL) and the blue band 

were significantly related with SAG biomass (rho = 0.47, p = 0.011; rho = 0.56, p = 

0.002, respectively). When epiphytes were considered to determine the effect of light 

available for SAG growth (i.e. %PUR-LE vs. SAG biomass), the strength of the 

significance value of the correlation increased by an order of magnitude for both 

broadband and the blue band (p = 0.003, p = 0.0003, respectively). Table 4-12 

summarizes the minimum light requirement threshold ranges for broadband and blue 

band %PAR, and %PUR (weighted for SAG and epiphytes).   

Figures 4-26 and 4-27 show significant relationships between water column 

chlorophyll a (chla) concentrations and NO3
-, NH4

+, TP, flow discharge, FA biomass, FA 

relative abundance, epiphyte load observed on macrophytes (categorical variable ranks 

of load: 1= clean, 2= light, 3= moderate, 4= heavy), and epiphyte type observed on 

macrophytes (categorical variable ranks of type: 1= diatoms, 2= diatoms and FA mixed, 
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3= FA). Positive relationships were found for all except for NO3
-. However, since flow 

and NO3
- were also highly correlated (p<0.05), residuals from the regression between 

flow and NO3
- were regressed against Chla (data not shown) to determine if a 

relationship remained after the effect of flow was removed from NO3
-. A significant 

relationship was not found between the residuals and Chla, therefore the apparent 

correlation between NO3
- and Chla is likely an artifact of the effect of flow on NO3

- 

driving the negative relationship with Chla.  

Table 4-13 provides statistically significant Pearson correlation results between 

abiotic and biotic parameters. AL% and SAG Chla content decreased and SAG shoot 

weight increased with distance from the headsprings. PAR, PARRed, %PAR, %PARRed, 

velocity, shoot density, blade width, SAG Chla content, and epiphyte Chla content all 

decreased with increasing water depth, and leaf lengths increased with greater water 

depths. Positive relationships were found between velocity and SAG Chla content, 

shoot density, and negative correlations between velocity and %AE and epiphyte:shoot 

weight ratio.  

A positive, and negative correlation was seen between NO3
- and %AE, and with 

SAG Chla content, respectively. TP was positively correlated with SAG biomass, shoot 

weight, %AE, and epiphyte Chla content. A negative relationship was found between TP 

and SAG Chla content, and %AL.  

A negative correlation was found between PAR and %PAR (blue and red bands), 

and shoot weight. There was a positive correlation between PAR and %PAR (blue and 

red bands) and SAG Chla content, epiphyte:shoot ratio, and  blade width. Negative 

relationships were found between %AL and %AE, and epiphyte Chla content. SAG Chla 
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content was also positively correlated with blade width, %AL, and negatively correlated 

with shoot weight, %AE, and epiphyte Chla content. 

SAG biomass was positively correlated with leaves per shoot, and blade length. 

Shoot density was also negatively correlated with shoot weight. FA biomass was not 

significantly correlated with nitrate (Figure 4-28) or %PAR (data not shown). The 

relationship shown in Figure 4-28 between FA biomass and velocity for both systems 

combined datasets did seem to suggest that higher velocities (>35 cm s-1) constrained 

FA biomass, which supports recent work by King (2012). FA percent coverage and 

CDOM slope (Sg) were significantly correlated in Weeki Wachee River (Kendall‟s Tau = 

0.33, p = 0.044). SAG and CHA percent coverage were also correlated with Sg (r = 

0.58, p = 0.008; r = 0.47, p = 0.04, respectively). No significant relationships were found 

for Sg and any SAV species or algal biomass values.  

Table 4-14 provides statistically significant Pearson correlation results between 

GPP and abiotic and biotic parameters. GPP was negatively correlated with color, and 

positively correlated with Sg, percent open canopy, community respiration, flow, daily 

PARB , native biomass, native % coverage, SAG biomass, and SAG % coverage. 

Discussion 

This ecosystem scale study assessed the effects of the spectral underwater light 

climate and other environmental factors on the relative abundance, biomass, optical 

characteristics, productivity and spatial distribution of primary producers along the 

downstream gradient. Correlations were found that suggest spectral light availability 

influences morphological characteristics such as shoot weight, blade width and 

chlorophyll content production in Sagittaria kurziana (SAG), an dominant species in 

many spring systems. In lower blue and red light conditions, plants directed more 
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energy into growing larger shoots and wider blades to allow for efficient light harvesting 

to drive their photosynthetic processes, which is consistent with the results of other 

studies (Abal et al. 1994).  

However, contrary to results from a study where Chla content in marine SAV was 

found to be higher in low light conditions (Abal et al. 1994), Chla content in SAG in this 

study was higher in high light conditions. An explanation of the difference in results 

could be attributed to the other study being carried out as a controlled laboratory growth 

experiment. This study was conducted in the field, which could have been influenced by 

other environmental factors (e.g. sediment, nutrients, grazing pressures, flow velocity) 

and their interactions with light.  

Pigment composition in SAV and algae is dependent on species composition, 

where diatoms and SAV have chlorophyll a, b, c, fucoxanthins, and ziadinoxanthins as 

their major pigments and cyanophytes have chlorophyll a, zeaxanthins, 

phycobiliproteins as their major pigments (Le et al. 2013). Numerous species of algae 

coexist in the same water mass and attached to SAV that can lead to variability in 

pigment content and composition (Falkowski and Raven 2007). Pigment composition 

can also lead to an indication of photoadaptation due to high light conditions where cells 

typically produce more photoprotective carotenoid pigments, whereas in low light 

conditions, cells produce more photosynthetic carotenoids (Abal et al. 1994; Falkowski 

and Raven 2007; Le et al. 2013). Carotenoids were evaluated as part of this study, but 

were not found to be significantly correlated with light availability.   

The negative relationship found between SAG absorptance and associated 

epiphyte absorptance and Chla content implies that epiphytes can impress upon the 
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physiological response of their host plant by controlling the amount of light absorbed for 

photosynthesis and other functions. When the range of epiphyte attenuation (20 to 75%) 

found in this study is factored in, the quantity and quality of light remaining after 

attenuation by the water column and by epiphytes may not be sufficient for SAV growth 

and survival (Sand-Jensen and Borum 1991).  

Sleszynski (2009) studied environmental influences from changes in flow velocity 

and nutrients on the morphology and physiology of Sagittaria kurziana (SAG) and 

epiphytes in the Rainbow River. His estimates of epiphytic algae attenuation in areas of 

good velocities ranged from 27% to 68% PAR, which corresponded to this study‟s 

broadband epiphyte attenuation estimates in both Weeki Wachee and Rainbow River. 

Similar to Sleszynski‟s (2009) conclusions that low velocities supported greater epiphyte 

cover and thus greater light attenuation, the results from this study also found that lower 

velocities may have provided better environmental conditions for epiphyte growth and 

light absorption (%AE). The absorption spectra determined for all of the SAV, FA and 

epiphyte communities found in these spring systems as part of this study provided a 

detailed look into the physiological workings of these photoautotrophs, which evidently 

utilize light differently based on the quality of incoming irradiance.  

When increases in depth and/or light attenuation are factored in, the relationship 

between light availability and plant survival becomes dependent on the ability of SAV to 

morphologically acclimate or adapt by using stored carbohydrate reserves to elongate 

above-ground cells to reach more efficient levels of light in the water column, likely 

resulting in lower below-ground biomass (Middleboe and Markager 1997). The increase 

in above-ground biomass and reduction of below-ground biomass from increased 
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depths could potentially lead to the plant uprooting in unstable sediments. The 

elongation mechanism was evident in this study with the positive correlation between 

mean depth and mean leaf lengths, but leaf lengths were not directly correlated with 

light attenuation. 

Diversity measures such as taxa richness (number of taxa) showed that Rainbow 

River overall had greater diversity than Weeki Wachee River by 3-fold. The upper half 

(ca. 0.2 km-2) of the Rainbow River‟s biomass was dominated by native macrophytes 

(mean 88%), where the lower half (ca. 0.2 km-2) of the river was dominated by 

filamentous algae. SAG dominated the native SAV for the upper half of the river, where 

CER was the dominant native SAV in the lower river.  

SAG, and a similar species, VAL, are meadow-forming species. Other species 

present in the river, such as POT, CER, and HYD are considered canopy-forming. CER 

and HYD were more prominent in the lower portions of the systems studied here. The 

different growth strategies are responsible for different light requirements and the ability 

of the plant to harvest light (Middleboe and Markager 1997) due to self-shading by the 

macrophyte itself in the upper canopy (canopy-forming) and from epiphytes growing on 

the lower (older) leaves that are sloughed off with the leaves approximately every two 

months (Sand-Jensen and Borum 1983). In contrast, epiphytes accumulate on the 

apical (top, older) portion of the leaves of meadow-forming SAV that are closer to the 

water‟s surface, greatly influencing the quality of light reaching the leaf. The growth 

strategies of the canopy-forming macrophytes may be more suitable for lower light 

conditions since epiphytes seem to have a lesser effect on light attenuation.  
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Light was not the only factor evaluated to determine effects on SAV abundance, 

distribution and productivity. Other factors such as nutrients and flow were also 

considered, so that the study could account for interactions between environmental 

factors and provide more understanding of their role in shaping the spring ecosystem 

communities. Nutrients such as nitrate and phosphorus were not found to be correlated 

with SAV or filamentous algae biomass, abundance or GPP. Hoyer et al. (2004) 

assessed factors controlling the abundance and distribution of SAV in three Florida 

spring-fed coastal rivers and similar to this and other studies, and nutrients were not 

found to be a significant driver of SAV biomass (Canfield and Hoyer 1988; Duarte and 

Canfield 1990). However, light availability, salinity and substrate type, as governed by 

flow rates, were found to be the key factors constraining SAV abundance and 

distribution (Hoyer et al. 2004).  

A comprehensive ecosystem level study measured metabolism characteristics in 

twelve springs in Florida, including Rainbow and Weeki Wachee Rivers (WSI 2010), 

which allowed a comparison to this study‟s results. The WSI (2010) study reported 

metabolism values for two stations in both systems, one station in the spring pool and 

the other station in the spring run. Data from the July sampling event from segments 

RRS1 and RRS2 from this study were used to compare metabolism values against 

WSI‟s (2010) Rainbow Springs pool and run stations (collected in June 2009), 

respectively. Likewise, metabolism data from the April sampling event from segments 

WWS1 and WWS2 from this study were used to compare against WSI‟s (2010) Weeki 

Wachee Springs pool and run stations (collected in March 2009), respectively.  
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In Rainbow River, pool (RRS1, this study) and run (RRS2, this study) values for 

GPP, NEP, ER, P:R and EER were relatively similar but slightly lower to values reported 

by WSI (2010). In Weeki Wachee River pool (WWS1, this study) and run (WWS2, this 

study), values for metabolism characteristics did not agree as well as in Rainbow River. 

Values for GPP, NEP, ER, P:R and EER in this study (WWS1) were all considerably 

higher (nearly 2-fold) than the values reported for the pool segment in the WSI report 

(2010). In contrast, most of these values were markedly lower (also 2-fold) in this study 

(WWS2) as compared to WSI‟s (2010) run segment.  

Duarte and Canfield (1990) evaluated the primary abiotic and biotic factors that 

affected SAV biomass and daily maximum primary production (DMP) in 31 spring-runs 

in Florida. Out of a wide array of explanatory variables that included in-stream total 

nitrogen and total phosphorus concentrations, only shading by canopy cover was found 

to be significantly negatively correlated with DMP and with SAV biomass after censoring 

the data by removing sites that had dissolved oxygen concentrations less than 1 mg L-1 

(Duarte and Canfield 1990; Canfield and Hoyer 1988). For that reason, nutrients were 

not considered to be limiting nor the primary driver controlling the abundance of SAV in 

a few dozen Florida streams (Duarte and Canfield 1990; Canfield and Hoyer 1988). 

They attributed the lack of nutrient limitation of SAV biomass to the continuous supply of 

nutrient-rich water, reduction of boundary layer due to in-stream turbulence and that 

SAV can acquire nutrients from the sediment (Duarte and Canfield 1990). 

Similar to results to this study, Duarte and Canfield (1990) also found that DMP 

was positively correlated with SAV biomass and their associated epiphytic biomass. 

However, they did not find any statistical correlations between stream discharge, 
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velocity or depth with SAV biomass or DMP, which was inconsistent to this study‟s 

results where discharge was positively correlated with GPP. Duarte and Canfield (1990) 

stated that chlorophyll a in streams was generally due to pseudoplankton and not 

phytoplankton, which occur due to several reasons: 1) absence of algae in the aquifer, 

2) high hydraulic flushing rates and 3) spring-runs emerge from a single localized point 

instead of the runs arising from an array of low order streams which enhance the 

development of stream algae. This conclusion was corroborated by this study‟s results 

of chlorophyll a concentrations in the water column where light absorption spectra were 

considerably higher in areas of the river that had higher residence times and lower 

velocities. 

However, chlorophyll a concentrations in the water column were positively 

correlated with ammonia and phosphorus. In studies on other spring systems, nutrient 

concentrations were not found to be related to benthic filamentous algal abundance, 

although the combined effect of dissolved oxygen concentration and algal grazer 

abundance were found to be good predictors of algal abundance (Heffernan et al. 

2010a). Also, investigations into the effect of hydrology on filamentous algal abundance 

supported the result of another study that suggested flow velocities above 35 cm/s were 

able to constrain certain benthic filamentous algae (King 2012).   

The photosynthetic rate for an organism or ecosystem is controlled by the 

efficiency of light utilization (Falkowski and Raven 2007). The instantaneous 

photosynthetic rate (PE) can be estimated by multiplying ФE by PUR (obtained by 

multiplying the spectrally integrated percent absorptance by PAR), which is the light 

absorbed in the PAR range by the primary producer in question (Falkowski and Raven 
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2007), assuming that the primary producer was dominant in the reach and was the 

primary contributor to GPP. The spectrally integrated absorbed irradiance (PUR) 

includes absorption by pigments such as chlorophylls, carotenoids, phycobilipigments 

(cyanophytes), and accessory chlorophylls (Falkowski and Raven 2007). The 

photosynthetic rate can be calculated for total irradiance or can be adjusted for specific 

wavebands or wavelengths in the PAR spectrum to determine the photosynthetic rate at 

the desired waveband or wavelength. When %PUR was used to adjust the benthic light 

availability, the slope of the regression line (α and ФE) became steeper (data not 

shown). 

The ecosystem level P-I curves for the uppermost Rainbow River segment 

showed mid-day suppression of GPP for incident PAR above the water (Io) and PAR 

remaining in the benthic zone (Iz) after light was attenuated by the water column. Mid-

day suppression of photosynthesis may be due to photoinhibition in this high light 

environment (Falkowski and Raven 2007). In contrast, a study in a New Zealand river 

did not find ecosystem level photoinhibition or light saturation (Young and Huryn 1996). 

However, the upper river segments of this study had phototrophic communities that 

were adapted to higher light conditions, which meant that more light was required to 

reach maximum photosynthesis levels. 

Correlations between GPP and percent open canopy and daily benthic PAR 

provided support for the relationships developed from the P-I curves to predict the rate 

of photosynthesis, provided that the dominant primary producer‟s absorption spectra is 

known to calculate PUR. Other important correlations that were found between GPP 
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and native SAV and SAG abundance and biomass reinforce the notion that the quality 

of light is critical to support native SAV for efficient GPP.  

The change in composition and decline in SAG were found to be significantly 

correlated to the decline of blue light in the lower portions of these systems. Based on 

the distribution of SAG in relation to percent subsurface irradiance and available benthic 

PAR in the blue band, it appears that the lower Rainbow River is blue light limited. This 

inference provides sufficient evidence to reject the null hypothesis that blue light does 

not control the abundance or distribution of SAG within spring systems.  

Although SAG seems to be controlled by the quality of light available to the 

benthic zone, SAG was not found to be limited by the green or red bands. Moreover, the 

reduction of light by epiphytic algae can further reduce benthic light availability to very 

low levels and needs to be taken into account when considering light limitation of SAV 

in general. This conclusion explicitly incorporates the light attenuation due to epiphytes 

because varying levels of epiphyte coverage were observed at each site where SAG 

biomass was measured. Therefore, it seems that a dichotomy may exist within these 

systems where photoinhibition may be occurring in the upper river and light limitation 

may be taking place in the lower river.  

Several researchers have proposed minimum light requirements (ranging from 4 

to 29% PAR) for certain freshwater SAV species based on controlled laboratory light 

response experiments (Sand-Jensen and Madsen 1991; Dennison et al. 1993). Another 

more recent light response laboratory study determined that SAG became light 

saturated at levels between 6 to 15% (Sleszynski 2009). Sleszynski„s results were 

considerably lower than estimates from this study (ca. 40%). In contract to this field 
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scale study‟s results, Sleszynski„s (2009) laboratory organism scale study results 

suggest that SAG was tolerant to low light levels.  

An important distinction to make is that epiphytes were removed from the leaves 

prior to conducting Sleszynski‟s (2009) light response study, which may have alleviated 

the potential for light limitation since the effects of epiphyte attenuation on light 

absorption by the SAG leaves were not incorporated in the study. Another reason for 

the difference in results could be from the level of scale of the studies. This study was 

conducted at the ecosystem community level, which incorporated various species of 

SAV, benthic microalgae and macroalgae, water column plankton, and consumers, 

which all could affect the overall community level GPP. Sleszynski‟s (2009) study was 

conducted at the organism level, which may have decreased the light saturation level 

due to the difference in scale.   

This brings to light an important management implication of the need to establish 

a blue light requirement for springs. The results from this study suggest that a minimum 

blue light requirement between 38 to 45% in the benthic zone would provide sufficient 

light, while considering epiphyte attenuation, to support establishment and growth of the 

SAG, the sentinel springs species. When spectral subsurface irradiance in the benthic 

zone cannot be determined and only broadband %PAR can be measured, a minimum 

broadband PAR requirement of 36 to 40% can be used as a surrogate that would 

encompass the minim blue light requirement.  

Accordingly, the relationship between SAG biomass and the amount of PUR and 

PUR in the blue band that is weighted for the absorption spectra of SAG (%PUR-L) was 

stronger (considerably lower p values) and explained 11% more of the variability than 
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%PAR. Likewise, the amount of useable light can also be used as a light requirement 

(%PUR-L of 10 to 25% and %PUR-LBlue of 15 to 25%). However, measurements like 

these are more demanding and laborious than simply measuring irradiance in the water 

column to calculate %PAR.  

The relationship between light and photosynthesis has been studied by many in 

different types of aquatic ecosystems, with the majority of the research focusing on 

broadband PAR and spectrally explicit PAR in estuaries, oceans, and lakes. The few 

river ecological studies that have considered the quantity of light did not progress 

beyond the broadband spectrum to assess the quality of light. Knowledge of the 

quantity of light available (PAR) to primary producers can be greatly enhanced by also 

knowing the quality of light that is not only available, but useable [PUR (λ)] by a specific 

SAV community to carry out photosynthesis efficiently.  

Alterations to the underwater light field from changes in optical water quality 

(OWQ) can produce changes in the spectral distribution of light, thereby leading to a 

change in the composition, distribution and photosynthetic efficiency of the primary 

producer community. The lack of spectrally defined ecological studies in flowing waters 

can be attributed to the complexity of conducting spectral light measurements in rivers 

due to the high spatial variation and difficulty of measuring light in turbulence. However, 

high resolution spectrally specific empirical optical modeling methods are now available 

(Chapter 3) for spring-fed rivers that can be applied to lotic systems that exhibit similar 

optical characteristics as the rivers used for model development. The spectrally specific 

optical modeling methods, coupled with the GPP-PARB relationship developed as part of 

this study advances the currently available approaches to predict GPP and to determine 
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if spectral light availability is sufficient for SAV growth and survival. Future work 

abounds that could include investigations into the effects of light intensities and 

phototroph type and biomass on components of the P-I Curve and overall GPP rates.   

The original perception that spring systems are not light limited needs to be 

revisited and more thoroughly examined to support or reject the conclusions suggested 

in this study. The %PAR requirements recommended here for SAG are somewhat 

higher than light requirements suggested by others for other SAV such as seagrasses 

or other freshwater plants mentioned earlier. However, lotic systems function very 

differently in terms of potential hydrologic impacts to sediments, nutrient transport and 

delivery, and other environmental factors that can increase the potential for light 

limitation and the minimum amount of light of more sensitive sentinel species such as 

SAG. To ensure that a suitable benthic habitat is available for healthy SAG growth and 

distribution, other factors such as sediment quality, grazing pressure, flow velocity, 

residence time, and epiphytic cover that all interact with light requirements also need to 

be evaluated when any resource management restoration efforts are considered. 

The expected linkage between the quality of light reaching SAV, in terms of more 

efficient wavelengths such as the blue band of PAR, should invoke a sense of urgency 

in resource managers to determine ways to limit the constituents in the water column 

that are causing attenuation of the limiting wavelengths. A considerable change in light 

availability with respect to wavelengths in the water column can have detrimental effects 

on spring ecosystem health and productivity. It is a fact that there is competition for light 

between nuisance (undesirable) vegetation such as benthic algae, epiphytes and with 
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desirable SAV (Sand-Jensen and Borum 1991). This competition for high quality light is 

a critical factor in the balance among these phototrophic communities.  

In spite of this, the balance may be tipping towards an optical water quality 

habitat that favors phototrophs that can use low quality light wavebands that desired 

SAV cannot use for efficient photosynthesis. If and when aquatic ecosystems 

experience a change in the spectral distribution of the light climate, then a shift in 

vegetation community distribution will likely occur.  In most springs, there is still a 

substantial quantity of light available, however the quality of light is changing and that 

alteration needs to be addressed to provide good optical water quality for a suitable 

habitat for SAV communities to flourish. 
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Figure 4-1.  Linear relationships between mean percent broadband subsurface 

irradiance (%PAR) and %PAR in the blue, green, and red bands (%PARBlue 
%PARGreen, and %PARRed, respectively) and distance from the headsprings in 
A) Rainbow and B) Weeki Wachee Rivers. 
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Figure 4-2.  Weeki Wachee River mean daily flow (m-3 s-1) for synoptic water quality 

sampling dates shown per quarter.  

Note: Data were obtained from USGS website. ANOVA results shown. The Tukey 
method was used to determine which groups of means were significantly different. 
Means that do not share a letter were significantly different if p<0.05. 
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Figure 4-3.  Relationships between measured biomass DW (dry weight, g m-2) of 

filamentous algae (FA) and Sagittaria kurziana (SAG) and relative abundance 
(percent coverage) using data from both spring systems.   
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Figure 4-4.  Spatial distribution of mean annual relative abundance (percent coverage) 
of filamentous algae (FA) and macrophytes in Rainbow River. 

Note: Macrophyte species: Sagittaria kurziana (SAG), Vallisneria americana (VAL), 
Potamogeton illinioensis  (POT), Najas guadalupensis (NAJ), Utricularia spp. (UTR), 
Ludwigia repens (LUD), Ceratophyllum demersum (CER), Myriophyllum heterophyllum 
(MYR), Chara spp. (CHA), Hydrilla verticillata  (HYD). Rainbow River stations are 
shown in brackets on the x-axis. The table above the figure shows %PAR (A), %PAR-
Blue (B), %PAR-Green (C), and %PAR-Red (D) annual minima values above each 
station. 
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Figure 4-5.  Spatial distribution of mean annual relative abundance (percent coverage) 

of filamentous algae (FA), native and non-native macrophyte species at each 
station in Rainbow River.  

Note: Native species include all species listed in Figure 4-4, except for HYD, which is 
the only non-native species. Rainbow River stations are shown in brackets on the x-
axis.  
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Figure 4-6.  Spatial distribution of mean annual relative abundance (percent coverage) 

of filamentous algae (FA) and macrophytes in Weeki Wachee River. 

Note: Macrophyte species: Sagittaria kurziana (SAG), Vallisneria americana (VAL), 
Najas guadalupensis (NAJ), Chara spp. (CHA), Hydrilla verticillata  (HYD). Weeki 
Wachee River stations are shown in brackets on the x-axis. The table above the figure 
shows %PAR (A), %PAR-Blue (B), %PAR-Green (C), and %PAR-Red (D) annual 
minima values above each station.  
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Figure 4-7.  Spatial distribution of mean annual relative abundance (percent coverage) 

of filamentous algae (FA), native and non-native macrophyte species at each 
station in Weeki Wachee River.   

Note: Native species include all species listed in Figure 4-6 except for HYD, which is the 
only non-native species. Weeki Wachee River stations are shown in brackets on the x-
axis.  
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Figure 4-8.  Spatial distribution of mean annual biomass DW (dry weight) of filamentous 

algae (FA) and macrophytes in Rainbow River.  

Note: Macrophyte species: Sagittaria kurziana (SAG), Vallisneria americana (VAL), 
Potamogeton illinioensis  (POT), Najas guadalupensis (NAJ), Ceratophyllum demersum 
(CER), and Hydrilla verticillata  (HYD). Rainbow River stations are shown in brackets on 
the x-axis. 
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Figure 4-9.  Spatial distribution of mean annual biomass DW (dry weight) of filamentous 
algae (FA) and macrophytes in Weeki Wachee River. 

Note: Macrophyte species: Sagittaria kurziana (SAG), Najas guadalupensis (NAJ), 
Chara spp. (CHA), and Hydrilla verticillata (HYD). Weeki Wachee River stations are 
shown in brackets on the x-axis.  
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Figure 4-10.  Relationship between measured dry weight per shoot (wt shoot-1, g) of 
epiphytes and Sagittaria kurziana shoot dry weight using data from both 
spring systems.   
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Figure 4-11.  Comparisons of relative percent absorbance scans or optical density (OD) 
normalized to the maximum OD of filamentous algae (FA) and nine 
macrophyte species found in various locations in Rainbow River.   

Note: Macrophyte species: Sagittaria kurziana (SAG), Vallisneria americana (VAL), 
Potamogeton illinioensis  (POT), Najas guadalupensis (NAJ), Utricularia spp. (UTR), 
Ludwigia repens (LUD), Ceratophyllum demersum (CER), Chara spp. (CHA), Hydrilla 
verticillata  (HYD) 
 

Wavelngth (nm) 
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Figure 4-12.  Spatial variation of percent relative absorptance (%AL) of Sagittaria 

kurziana (SAG) in Rainbow River. The mean %AL is shown for all five 
stations. 
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 Figure 4-13.  Spatial variation of percent relative absorptance (%AE) of epiphytic algae 
scraped from Sagittaria kurziana (SAG) samples in Rainbow River. The mean 
%AE is shown for all five stations.  
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Figure 4-14.  Pigment content in macrophyte or filamentous algae found in Rainbow 
(RR1-RR8) and Weeki Wachee (WW0-WW5) River transects.  

Note: The x-axis labels indicate the transect location and the macrophyte (SAV) or 
filamentous algae (FA) measured: Sagittaria kurziana (SAG), Vallisneria americana 
(VAL), Potamogeton illinioensis  (POT), Najas guadalupensis (NAJ), Utricularia spp. 
(UTR), Ludwigia repens (LUD), Ceratophyllum demersum (CER), Myriophyllum 
heterophyllum (MYR), Chara spp. (CHA), Hydrilla verticillata  (HYD), Lyngbya wollei 
(LYN), and Vaucheria spp. (VAU). The red bars are above the median (indicated by 
black lines) and the grey bars are below the median. Chlorophyll a (Chla, µg g-1) content 
is shown in A), and total carotenoid (x+c, µg g-1) content is shown in B).  
  

A 
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Figure 4-15.  Relationships between A) percent relative absorptance of Sagittaria 
kurziana (SAG, %AL) and chlorophyll a (Chla) FW (fresh weight) content of 
SAG, and B) epiphytic algal absorptance (%AE) and chlorophyll a content of 
epiphytes scraped from SAG samples in Rainbow River.  

 

A 

B 
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Figure 4-16.  Logarithmic relationship between epiphyte absorptance (% AE) per 

reference wavelength as a function of epiphyte biomass per shoot (g) for both 
systems combined. 

.  
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Figure 4-17.  Relative absorptance of plankton entrained in the water column at various 

locations in Rainbow River across the PAR spectrum.  

Note: Left axis is for RR1 (uppermost station near the headsprings), and right axis is for 
RR4 (mid-river, upstream of Blue Cove), Blue Cove (relic phosphate mine pit adjacent 
to main lower river channel) and RR8 (lowermost station downstream of Blue Cove) 
samples.  
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Figure 4-18.  Boxplots showing temporal variability for benthic PAR in relation to quarter 
for A) Rainbow, and B) Weeki Wachee Rivers.  

Note: For statistically significant one way ANOVA, the Tukey method was used to 
determine which groups of means were significantly different. Means that do not share a 
letter were significantly different if p<0.05. 
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Figure 4-19.  Boxplots showing temporal variability for benthic ecological efficiency 

(EEB) in relation to quarter for A) Rainbow, and B) Weeki Wachee Rivers.   

Note: For statistically significant one way ANOVA, the Tukey method was used to 
determine which groups of means were significantly different. Means that do not share a 
letter were significantly different if p<0.05. 
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Figure 4-20.  Boxplots showing spatial and temporal variability for gross primary 

production (GPP) in relation to distance of the midpoint of each segment from 
the headsprings for A) Rainbow, and B) Weeki Wachee Rivers.  

Note: For statistically significant one way ANOVA, the Tukey method was used to 
determine which groups of means were significantly different. Means that do not share a 
letter were significantly different if p<0.05.    
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Figure 4-21.  Relationships between average daily GPP in both system‟s segments (n = 

39) and PAR above the water surface and in the benthic zone.  

Note: Gross primary productivity, GPP; A) average daily photosynthetically active 
radiation (PAR) above the water surface, and B) average daily PAR in the benthic zone 
(river bottom). PAR and GPP were both natural log transformed.  
 
 

A 
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Figure 4-22.  Relationships between hourly GPP and PAR in the uppermost segment in 

Rainbow River. 

Note:  Gross primary productivity, GPP; photosynthetically active radiation, PAR; A) 
above the water surface, and B) in the benthic zone. Arrows indicate direction of change 
during periods of increasing and decreasing dissolved oxygen during photosynthesis 
and respiration.   
 
 

A 

B 



 

232 
 

 
Figure 4-23. Sample photosynthesis vs. irradiance curve (P-I curve) in the uppermost 

segment in Rainbow River. 

Note: The P-I curve shows the mid-day suppression of gross primary productivity (GPP) 
for incident photosynthetically active radiation (PAR) above the water (Io) and PAR 
remaining in the benthic zone (Iz) after light was attenuated by the water column. The 
P-I curve usually has three distinct regions: a light-limited region shown by the 
regression line and denoted α-1 (pertains to Io) and α-2 (pertains to Iz), a light-saturated 
region, and a photoinhibited region that is denoted by β-1 (pertains to Io) and β-2 
(pertains to Iz).  Co-1 and Co-2 are the light compensation points for Io and Iz, 
respectively.  

β-1 
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Figure 4-24.  Relationships between Sagittaria kurziana (SAG) biomass DW (dry 

weight) and percent subsurface irradiance for different bands 

Note: A) the whole PAR spectrum (%PAR); different portions of the PAR spectrum 
reaching the benthic zone: B) blue (400-500 nm, %PARBlue), C) green (500-600 nm, 
%PARGreen) and D) red (600-700 nm, %PARRed). The circles on the data points in B) 
indicate the low and high ranges of potential blue light limitation, 38 and 45%, 
respectively. Non-parametric coefficients (Spearman‟s rho) and significance, p - values 
are shown. Both springs systems‟ datasets were combined (n = 32).  
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Figure 4-25.  Relationships between Sagittaria kurziana (SAG) biomass DW (dry 

weight) and percent subsurface irradiance in the blue band (400-500 nm, 
%PARBlue). 

Note: A) all data points combined for both systems and B) mean annual data for each 
variable. Data was natural log transformed. The circled point shows the estimated point 
of light limitation. 
 
 
 

A 
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Figure 4-26.  Non-linear relationships between water column chlorophyll a (chla) 

concentrations and A) nitrate (NO3
-), B) ammonium (NH4

+), C) total 
phosphorus (TP), and D) flow discharge in Rainbow River.  

Note: None of these relationships were significant (p >0.05) in Weeki Wachee River, 
therefore data were not shown. 
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Figure 4-27.  Relationships between water column concentrations and A) FA biomass, 

B) FA relative abundance (%coverage), C) epiphyte load observed on 
macrophytes, D) epiphyte type observed on macrophytes in Rainbow River. 

Note: Chlorophyll a, chla; filamentous algae, FA; epiphyte load categorical variable 
ranks: 1= clean, 2= light, 3= moderate, 4= heavy; epiphyte type categorical variable 
ranks: 1= diatoms, 2= diatoms and FA mixed, 3= FA. None of these relationships were 
significant (p >0.05) in Weeki Wachee River, therefore data were not shown. 
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Figure 4-28.  Relationships between filamentous algae biomass dry weight (FA BM) and 
A) velocity, and B) nitrate (NO3

-) for the combined dataset.  
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Table 4-1.  Results from one way ANOVA for spatial variability in Rainbow River stations of mean (standard deviation 
given in parentheses) water chemistry parameters.   

 

  RR1 RR2 RR3 RR4 RR5 RR7 RR8 
ANOVA     
(p-value) 

Chla 0.10 0.18 0.26 0.40 0.39 0.93 0.86 
 mg m-3 (0.03) (0.03) (0.04) (0.13) (0.10) (0.57) (0.41) 
 

 
D CD BC B B A A 0.000 

NO3
- 2.07 1.79 1.68 1.55 1.52 1.47 1.46 

 mg L-1 (0.145) (0.03) (0.03) (0.03) (0.03) (0.05) (0.04) 
 

 
A B BC CD D D D 0.000 

TKN 0.080 0.023 0.034 0.063 0.026 0.071 0.051 
 mg L-1 (0.05) (0.02) (0.03) (0.02) (0.02) (0.04) (0.03) 
 

 
A A A A A A A 0.116 

NH4+ 0.009 0.009 0.009 0.009 0.009 0.011 0.011 
 mg L-1 (0.002) (0.002) (0.002) (0.002) (0.002) (0.004) (0.003) 
 

 
A A A A A A A 0.649 

TP 0.029 0.031 0.032 0.031 0.035 0.036 0.036 
 mg L-1 (0.0006) (0.001) (0.0008) (0.002) (0.003) (0.005) (0.003) 
   B AB AB  AB A A A 0.002 

 
Note: Water chemistry parameters: Chlorophyll a, Chla; nitrate, NO3

-; ammonium, NH4
+; total Kjeldahl nitrogen, TKN; and 

total phosphorus, TP. The Tukey method was used to determine which groups of means were significantly different. 
Means that do not share a letter were significantly different if p<0.05. 
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Table 4-2.  Results from one way ANOVA for spatial variability in Rainbow River stations of mean (standard deviation 
given in parentheses) apparent optical properties.  

 

  RR1 RR2 RR3 RR4 RR5 RR7 RR8 
ANOVA     
(p-value) 

PARB  1021.4 1001.6 1038.6 1074.6 750.5 634.0 734.1 
 

µmol m-2 s-1 (301.1) (121.0) (216.0) (210.0) (172.3) (201.1) (367.0) 0.077 

PARB (Blue) 390.1 386.0 384.5 370.2 279.8 228.8 281.3 
 

µmol m-2 s-1 (49.1) (32.4) (48.1) (78.0) (42.9) (87.2) (153.6) 
 

 
A A A A AB B AB 0.039 

PARB (Green) 406.9 395.9 429.3 426.5 315.8 260.7 295.6 
 

µmol m-2 s-1 (115.8) (40.2) (102.1) (85.3) (82.8) (72.1) (142.9) 0.103 

PARB (Red)  224.4 219.7 224.8 277.9 155.0 144.5 157.2 
 

µmol m-2 s-1 (150.8) (60.0) (68.0) (59.0) (55.0) (55.0) (92.0) 0.263 

%PAR  57.1 59.9 55.0 61.0 46.5 37.6 29.7 
 

 
(10.3) (10.0) (12.5) (9.4) (7.2) (14.1) (20.6) 

 

 
AB A AB A AB AB B 0.013 

%PAR (Blue) 69.7 72.0 65.8 66.8 54.0 42.9 43.3 
 

 
(7.7) (10.2) (17.4) (11.9) (10.4) (17.1) (17.8) 

 

 
A A A A AB B AB 0.039 

%PAR (Green) 64.4 67.7 64.0 68.2 55.6 43.5 43.9 
 

 
(11.7) (9.5) (13.6) (9.5) (7.6) (14.8) (20.2) 0.103 

%PAR (Red) 37.4 40.3 35.5 48.2 29.9 26.5 26.0 
   (18.9) (11.1) (7.4) (8.3) (5.2) (11.7) (14.6) 0.141 

 
Note: Benthic PAR, PARB in blue, green and red bands; %PAR in blue, green and red bands. The Tukey method was 
used to determine which groups of means were significantly different. Means that do not share a letter were significantly 
different if p<0.05. 
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Table 4-3.  Results from one way ANOVA for spatial variability in Weeki Wachee River stations of mean (standard 
deviation given in parentheses) water chemistry parameters. 

 

  WW0 WW0.5 WW1 WW3 WW5 
ANOVA     
(p-value) 

Chla 0.22 0.97 0.73 0.61 1.31 
 mg m-3 (0.18) (0.50) (0.21) (0.33) (0.17) 
 

 
A AB ABC BC C 0.002 

NO3
- 0.93 0.89 0.87 0.85 0.81 

 mg L-1 (0.05) (0.04) (0.04) (0.04) (0.03) 
 

 
A A AB AB B 0.006 

TKN 0.020 0.025 0.025 0.034 0.056 
 mg L-1 (0.02) (0.03) (0.01) (0.02) (0.03) 
 

 
A A A A A 0.196 

NH4+ 0.009 0.009 0.009 0.009 0.010 
 mg L-1 (0.002) (0.002) (0.002) (0.002) (0.008) 
 

 
A A A A A 0.597 

TP 0.016 0.010 0.010 0.009 0.010 
 mg L-1 (0.007) (0.001) (0.001) (0.000) (0.001) 
   A AB AB B AB 0.048 

 
Note: Water chemistry parameters: Chlorophyll a, Chla; nitrate, NO3

-; ammonium, NH4
+; total Kjeldahl nitrogen, TKN; and 

total phosphorus, TP. The Tukey method was used to determine which groups of means were significantly different. 
Means that do not share a letter were significantly different if p<0.05. 
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Table 4-4.  Results from one way ANOVA for spatial variability in Weeki Wachee River stations of mean (standard 
deviation given in parentheses) apparent optical properties. See Table 4-2 notes for table notations. 

 

  WW0 WW0.5 WW1 WW3 WW5 
ANOVA     
(p-value) 

PARB  1503.6 1453.7 1343.3 1016.0 188.0 
 

µmol m-2 s-1 (117.3) (101.1) (266.2) (265.0) (69.8) 
 

 
A A AB B C 0.000 

PARB (Blue) 530.2 491.1 466.2 358.6 58.1 
 

µmol m-2 s-1 (93.0) (66.3) (81.4) (104.8) (27.6) 
 

 
A A A A B 0.000 

PARB (Green) 568.6 572.8 520.6 402.5 71.6 
 

µmol m-2 s-1 (67.4) (33.5) (120.7) (99.4) (22.9) 
 

 
A A A A B 0.000 

PARB (Red)  404.8 389.8 356.4 255.0 58.4 
 

µmol m-2 s-1 (62.5) (27.9) (97.7) (76.2) (22.0) 
 

 
A AB AB B C 0.000 

%PAR  74.6 71.8 70.5 58.2 57.5 
 

 
(3.6) (8.1) (5.5) (5.2) (18.3) 0.067 

%PAR (Blue) 81.2 80.7 77.9 61.0 51.8 
 

 
(4.9) (11.7) (3.0) (9.4) (24.2) 

 

 
A A AB AB B 0.017 

%PAR (Green) 79.6 77.9 76.2 66.5 63.6 
 

 
(3.4) (7.8) (6.2) (6.0) (19.3) 0.145 

%PAR (Red) 63.3 57.2 57.4 47.3 57.3 
 

 
(4.6) (5.9) (10.1) (1.8) (13.9) 0.171 
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Table 4-5.  Results from one way ANOVA for spatial variability in Rainbow River transects of mean biomass DW (dry 
weight, g m-2) of filamentous algae (FA) and macrophytes.  

 

  RR1 RR2 RR3 RR4 RR5 RR7 RR8 
ANOVA     
(p-value) 

SAG 83.6 113.0 161.1 123.0 10.6 0.0 0.0 
 

 
(77.4) (49.8) (64.4) (102.9) (12.5) (0.0) (0.0) 

 

 
AB A A A B B B 0.002 

VAL 0.0 11.3 0.0 1.0 53.6 0.0 0.0 
 

 
(0.0) (22.5) (0.0) (2.1) (75.8) (0.0) (0.0) 

 

 
A A A A A A A 0.154 

POT 129.6 0.0 0.0 0.0 0.0 0.0 0.0 
 

 
(259.1) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) 

 

 
* * * * * * * * 

NAJ 0.0 0.0 0.0 14.6 0.0 0.0 0.0 
 

 
(0.0) (0.0) (0.0) (29.22) (0.0) (0.0) (0.0) 

 

 
* * * * * * * * 

CER 0.0 0.0 0.0 0.0 204.4 0.0 0.0 
   (0.0) (0.0) (0.0) (0.0) (369.3) (0.0) (0.0) 
 

 
* * * * * * * * 

HYD 0.0 0.0 2.9 0.0 0.0 5.4 0.2 
 

 
(0.0) (0.0) (5.6) (0.0) (0.0) (6.6) (0.3) 

 

 
B B AB B B A B 0.178 

FA 11.5 7.5 0.2 65.2 53.6 138.7 435.8 
 

 
(14.2) (10.3) (0.3) (60.6) (73) (160.6) (205.9) 

   A A A A A A B 0.000 

 
Note: Sagittaria kurziana (SAG), Vallisneria americana (VAL), Potamogeton illinioensis  (POT), Najas guadalupensis 
(NAJ), Ceratophyllum demersum (CER), Hydrilla verticillata  (HYD). Standard deviation is given in parentheses. The 
Tukey method was used to determine which groups of means were significantly different. Means that do not share a letter 
were significantly different if p<0.05. *denotes this species was only found in one transect. 
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Table 4-6.  Results from one way ANOVA for spatial variability in Weeki Wachee River transects of mean biomass DW 
(dry weight, g m-2) of filamentous algae (FA) and and macrophytes.  

 

  WW0 WW0.5 WW1 WW3 WW5 
ANOVA     
(p-value) 

SAG 29.8 0.0 0.0 0.0 0.0 
 

 
(18.8) (0.0) (0.0) (0.0) (0.0) 

 

 
A B B B B 0.000 

NAJ 0.0 0.0 0.1 11.0 2.8 
 

 
(0.0) (0.0) (0.02) (8.4) (2.5) 

 

 
B B B A AB 0.005 

CHA 8.62 14.76 1.90 0.00 0.04 
 

 
(16.5) (24.46) (2.67) (0.00) (0.07) 

 

 
A A A A A 0.460 

HYD 0.0 0.0 0.0 18.0 0.0 
 

 
(0.0) (0.0) (0.0) 

 
(0.0) 

 

 
B B B A B 0.010 

FA 33.0 56.5 25.0 13.9 0.4 
 

 
(60.5) (85.6) (42.1) (24.5) (0.8) 

   A A A A A 0.625 

 
Note: Sagittaria kurziana (SAG), Najas guadalupensis (NAJ), Chara spp. (CHA), Hydrilla verticillata  (HYD). Standard 
deviation is given in parentheses. The Tukey method was used to determine which groups of means were significantly 
different. Means that do not share a letter were significantly different if p<0.05.  
 
 
 
 
 
 



 

244 
 

Table 4-7.  Summary statistics for Sagittaria kurziana (SAG) shoot system characteristics in Rainbow and Weeki Wachee 
River transects.  

 

Rainbow River   
Dry per 
shoot wt (g)  

Density  
(shoots m-2) 

Leaves 
shoot-1  

Blade Length 
(cm)  

Blade Width  
(cm)  

Mean 
 

1.45 106.70 14.22 41.83 0.57 

Standard Error 
 

0.36 22.01 0.78 4.74 0.04 

Standard Deviation 
 

1.54 98.45 3.30 20.09 0.17 

Minimum 
 

0.16 0.00 9.00 14.05 0.38 

Maximum 
 

6.47 360.00 19.83 84.54 0.89 

Number of Samples 
 

18 20 18 18 18 

       Weeki Wachee River 

      Mean 
 

0.24 238.00 13.00 25.51 1.01 

Standard Error 
 

0.13 56.91 1.15 4.44 0.03 

Standard Deviation 
 

0.26 113.82 2.31 8.89 0.07 

Minimum 
 

0.10 76.00 11.00 13.88 0.95 

Maximum 
 

0.63 336.00 15.00 34.50 1.10 

Number of Samples   4 4 4 4 4 
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Table 4-8.  Mean quarterly per segment results in Rainbow River for metabolism characteristics: gross primary 
productivity (GPP), net ecosystem productivity (NEP), ecosystem respiration (ER), and GPP to ER ratio (P:R).  

 

Segment Quarter  GPP (gO2m
-2d-1) NEP (gO2m

-2d-1) ER (gO2m
-2d-1) P:R  

RRS1 1 25.38 0.00 25.38 1.00 

RRS1 2 17.16 0.41 16.75 1.02 

RRS1 3 16.07 0.00 16.07 1.00 

RRS1 4 19.76 0.00 19.76 1.00 

RRS2 1 18.17 0.09 18.09 1.01 

RRS2 2 19.54 0.26 19.28 1.01 

RRS2 3 15.38 1.60 13.79 1.12 

RRS2 4 21.41 2.58 18.83 1.14 

RRS3 1 15.04 0.87 14.17 1.06 

RRS3 2 16.20 0.00 16.20 1.00 

RRS3 3 13.14 0.00 13.14 1.00 

RRS3 4 16.28 0.00 16.28 1.00 

RRS4 1 18.82 9.69 9.12 2.07 

RRS4 2 15.62 10.49 5.13 3.07 

RRS4 3 11.80 0.25 11.55 1.02 

RRS4 4 10.45 5.54 4.91 2.13 

RRS5 1 14.78 10.98 3.81 3.95 

RRS5 2 22.75 22.54 0.21 115.71 

RRS5 3 18.22 17.09 1.14 16.02 

RRS5 4 8.75 4.92 3.82 2.29 

RRS6 1 11.65 8.61 3.05 3.95 

RRS6 2 16.70 3.53 13.17 1.28 

RRS6 3 26.17 0.76 25.41 1.04 
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Table 4-9.  Mean quarterly per segment results in Weeki Wachee River for metabolism characteristics: gross primary 
productivity (GPP), net ecosystem productivity (NEP), ecosystem respiration (ER), and GPP to ER ratio (P:R).  

 

Segment Quarter  GPP (gO2m
-2d-1) NEP (gO2m

-2d-1) ER (gO2m
-2d-1) P:R  

WWS1 1 6.83 3.61 3.22 2.46 

WWS1 2 11.88 5.86 6.02 1.99 

WWS1 3 15.62 9.44 6.18 2.70 

WWS1 4 12.11 12.11 0.00 - 

WWS2 1 5.58 1.11 4.48 1.40 

WWS2 2 8.37 2.17 6.20 1.35 

WWS2 3 6.51 5.38 1.13 - 

WWS2 4 13.61 6.57 7.05 3.74 

WWS3 1 4.33 0.65 3.68 1.19 

WWS3 2 3.99 0.79 3.20 1.27 

WWS3 3 5.91 1.82 4.09 1.46 

WWS3 4 5.28 2.73 2.55 2.14 

WWS4 1 2.39 0.72 1.68 1.56 

WWS4 2 2.92 2.87 0.05 62.77 

WWS4 3 4.82 0.71 4.11 1.18 

WWS4 4 4.88 0.51 4.36 1.11 
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Table 4-10.  Mean quarterly per segment values in Rainbow River for daily raw incident PARR, PARR efficiency (EER), 
benthic PARB, and benthic PARR efficiency (EEB). 

 

Segment Quarter  PARR (mol m-2d-1) EER (%)  EER (gO2mol-1) PARB (mol m-2d-1) EEB (%) EEB (gO2 mol-1) 

RRS1 1 41.04 11.91 0.62 25.38 19.25 1.01 

RRS1 2 55.08 5.96 0.31 27.01 12.16 0.64 

RRS1 3 30.73 10.04 0.52 17.68 17.45 0.91 

RRS1 4 42.96 8.81 0.46 24.67 15.33 0.80 

RRS2 1 42.82 8.17 0.43 28.38 12.33 0.64 

RRS2 2 55.08 6.78 0.35 32.62 11.46 0.60 

RRS2 3 30.73 9.65 0.50 16.08 18.43 0.96 

RRS2 4 42.96 9.53 0.50 19.34 21.18 1.11 

RRS3 1 41.04 7.07 0.37 22.48 12.90 0.67 

RRS3 2 55.08 5.63 0.29 35.64 8.70 0.45 

RRS3 3 30.73 8.17 0.43 13.72 18.31 0.96 

RRS3 4 42.96 7.25 0.38 21.28 14.65 0.77 

RRS4 1 41.04 8.84 0.46 18.46 19.65 1.03 

RRS4 2 55.08 5.43 0.28 31.92 9.37 0.49 

RRS4 3 30.73 7.36 0.38 12.95 17.45 0.91 

RRS4 4 42.96 4.65 0.24 19.27 10.37 0.54 

RRS5 1 39.98 7.11 0.37 14.11 20.14 1.05 

RRS5 2 55.08 7.90 0.41 27.20 16.00 0.84 

RRS5 3 35.48 10.04 0.52 9.71 36.68 1.92 

RRS5 4 36.97 4.96 0.26 16.62 11.03 0.58 

RRS6 1 42.82 5.25 0.27 8.60 26.13 1.37 

RRS6 2 52.01 6.26 0.33 24.17 13.46 0.70 

RRS6 3 35.48 14.28 0.75 12.58 40.27 2.11 
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Table 4-11.  Mean quarterly per segment values in Weeki Wachee River for daily raw incident PARR, PARR efficiency 
(EER), benthic PARB, and benthic PARR efficiency (EEB). 

 

Segment Quarter  PARR (mol m-2d-1) EER (%)  EER (gO2 mol-1) PARB (mol m-2d-1) EEB (%) EEB (gO2 mol-1) 

WWS1 1 15.41 10.61 0.55 10.17 16.09 0.84 

WWS1 2 58.86 3.88 0.20 38.61 5.92 0.31 

WWS1 3 38.58 9.36 0.49 27.25 13.25 0.69 

WWS1 4 22.90 11.96 0.63 14.93 18.34 0.96 

WWS2 1 15.41 8.98 0.47 9.19 15.07 0.79 

WWS2 2 58.86 2.73 0.14 36.38 4.42 0.23 

WWS2 3 38.58 3.97 0.21 25.84 5.93 0.31 

WWS2 4 22.90 13.24 0.69 17.57 17.26 0.90 

WWS3 1 15.41 6.92 0.36 8.74 12.20 0.64 

WWS3 2 58.86 1.30 0.07 33.59 2.28 0.12 

WWS3 3 38.58 3.52 0.18 20.13 6.74 0.35 

WWS3 4 22.90 4.82 0.25 13.72 8.05 0.42 

WWS4 1 15.41 3.65 0.19 5.70 9.85 0.51 

WWS4 2 58.86 0.95 0.05 16.58 3.39 0.18 

WWS4 3 38.58 2.94 0.15 8.72 12.99 0.68 

WWS4 4 22.90 4.69 0.25 7.33 14.65 0.77 
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Table 4-12.  Summary of MLR ranges, non-parametric correlation coefficients (rho) and significance values (p-value) for 
various levels of subsurface irradiance.  

 

    SAG Biomass (g m-2)     SAG % Coverage     

Broadband   MLR Range (%) Rho p-value   MLR Range (%) Rho p-value 

 
%PAR 36 - 40 0.33 0.067 

 
36 - 40 0.45 0.01 

         

 
%PUR-L 10 - 25 0.47 0.011 

 
10 - 14 0.4 0.022 

         

 
%PUR-LE 9 - 12 0.54 0.003 

 
9 - 12 0.44 0.011 

         Spectral   
       

 
%PARBlue 38 - 45  0.37 0.035 

 
39 - 45  0.51 0.003 

         

 
%PUR-LBlue 15 - 25 0.56 0.002 

 
15 - 24 0.43 0.015 

         

 
%PUR-LEBlue 12 - 20 0.64 0.0003 

 
12 - 20 0.47 0.006 

 
Note: Minimum light requirement (MLR %, percent subsurface irradiance at benthic zone) 
Subsurface irradiance included: broadband and spectral (blue band of PAR spectrum) percent subsurface irradiance 
(%PAR), %PAR weighted for light absorption by Sagittaria kurziana (SAG, %PUR-L), and %PUR-L weighted for epiphyte 
light absorption (%PUR-LE). Both Rainbow and Weeki Wachee River datasets were used to develop MLR ranges.  
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Table 4-13. Pearson correlation results between abiotic and biotic parameters for combined datasets of Rainbow and 

Weeki Wachee Rivers.  
 

  Distance Depth Velocity Nitrate TP 
%PAR-
Blue 

%PAR-
Red PAR %AL 

SAG 
Chla 
content  

SAG 
Biomass 

SAG Biomass 
    

0.46* 
      SAG Chla Content -0.51* -0.61** 0.64** -0.76*** -0.83*** 0.63** 0.63** 0.63** 

   Epiphyte Chla Content 
 

-0.81*** 
  

0.53** 
   

-0.81*** -0.71*** 
 SAG Shoot Weight 0.61** -0.55** 

  
0.75*** -0.62** -0.62** -0.62** 

 
-0.58** 

 SAG Shoot Density 
  

0.51* 
        SAG Blade Width 

 
-0.71*** 

   
0.51** 0.51** 0.51** 

 
0.57** 

 SAG Blade Length 
 

0.81*** 
        

0.44* 

SAG Leaves per Shoot 
          

0.53* 

Epiphyte:Shoot Weight 
  

-0.57** 
  

0.52** 0.52** 0.52** 
   %AL -0.44* 

   
-0.51* 

    
0.78*** 

 %AE 
  

-0.58** 0.71*** 0.50* 
   

-0.61** -0.69*** 
 PAR 

 
-0.47* 

         PAR-Red 
 

-0.52* 
         %PAR 

 
-0.49* 

         %PAR-Red 
 

-0.58** 
         Velocity   -0.78***                   

 
Note: Numbers indicate Pearson‟s r coefficient value, (*) indicates (0.05>p>0.01), (**) indicates (0.01>p>0.001), (***) 
indicates (p<0.001) 
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Table 4-14. Pearson correlation results between gross primary productivity (GPP), and abiotic and biotic parameters for 
combined datasets of Rainbow and Weeki Wachee Rivers.  

 

  GPP (g O2 m
-2 d-1) 

Color (PCU) -0.39* 

Sg (m
-1) 0.38* 

% Open Canopy 0.64*** 

Community respiration (g O2 m
-2 d-1) 0.72*** 

Flow (m3 d-1) 0.49** 

Daily PARB (umol m-2 s-1) 0.41** 
Native Biomass (g m-2) 0.43** 
Native % Coverage 0.59*** 
SAG Biomass (g m-2) 0.39** 

SAG % Coverage 0.57*** 

 
Note: Numbers indicate Pearson‟s r coefficient value, (*) indicates (0.05>p>0.01), (**) indicates (0.01>p>0.001), (***) 
indicates (p<0.001)
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CHAPTER 5 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Summary 

The objectives of my research were to gain an understanding of the factors 

contributing to loss in water clarity and light availability and how these factors influence 

primary producer distribution and abundance in two Florida springs. Optical water 

quality data was coupled with light attenuation and inherent optical property data to 

determine the factors governing light availability in springs. Several research questions 

were asked regarding spatial and temporal specificity and the relative contribution and 

magnitude of contributing light attenuators such as water column constituents and 

epiphytes. A fundamental question, with regard to the sufficiency of the quantity and 

quality of light available for submerged aquatic vegetation (SAV), was asked to evaluate 

the potential for light limitation in these springs.  

Underwater light regimes were characterized for Rainbow and Weeki Wachee 

spring systems. As expected, particulate matter was found to be the over arching water 

column attenuating factor that controlled light availability via absorption and scattering 

processes in the two spring systems. Epiphytic attenuation was also assessed to 

determine the extent of direct light attenuation caused by the attached algal 

assemblages associated with beneficial SAV. Spectrally explicit empirical optical 

models were developed from synoptic inherent and apparent optical properties, and 

optical water quality data to assess historical light attenuation conditions in springs.  

Primary producer (SAV and algae) were assessed in both Rainbow and Weeki 

Wachee Rivers that included a comprehensive assessment of species composition 

(biomass and abundance), distribution, morphology (shoot system characteristics) and 
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physiology (relative absorptance and pigment content). A high resolution ecosystem 

metabolism evaluation was conducted for both systems that evaluated gross primary 

productivity (GPP), community respiration (CR), net ecosystem productivity (NEP), and 

the effects of light and other factors on metabolism estimates on varying spatial and 

temporal scales. Environmental effects of abiotic and biotic factors on SAV and algae 

were evaluated to determine if functional relationships existed that could provide an 

explanation of ecological decline in the two systems. 

Conclusions 

My research demonstrated that Florida spring-fed rivers are complex optical 

environments that varied significantly within and among spring systems. A significant 

longitudinal decline in spectral light availability was found in both systems. Inter-annual 

seasonal and predicted long term temporal variability in optical water quality and light 

attenuation was not found in these systems. Spatially variant water column light 

attenuators were mostly dominated by particulate absorption and scattering (dominated 

by non-algal detrital particulates), and less so by absorption by color dissolved organic 

matter (CDOM).  

Water column light attenuation (broadband PAR) ranged from 20 to 90%, which 

translated to a range of 10 to 80%PAR (i.e. percent sub-surface irradiance remaining 

following water column attenuation) for both springs systems. Epiphytic attenuation 

further reduced light availability for SAV by 20 to 75%. As a result, when high levels of 

epiphytic and water column attenuation were encountered, insufficient light was found to 

reach the leaves of SAV in several of the downstream cases.  

The broadband optical models developed from optical water quality and light 

attenuation data were simplistic, but useful. Calibrated pseudo-mechanistic spectral 
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models were 30% more accurate than un-calibrated spectral models. Site specific multi-

linear regression models outperformed and provided nearly 2-fold greater accuracy in 

optical model output in comparison to calibrated pseudo-mechanistic optical models.  

CDOM slope analysis found that CDOM consisted primarily of low molecular 

weight (LMW) material that was likely sourced from autochthonous material or reduced 

to a lower form by photobleaching in the Rainbow River. Weeki Wachee River had 

lower CDOM slopes, which indicated a more recalcitrant allochthonous source of 

CDOM. The more labile LMW material was attributed to higher nutrient removal rates in 

Rainbow, with lower rates in Weeki Wachee River. The direct relationships that were 

found between SAV abundance, biomass and primary productivity with CDOM quality 

and light availability influences the degree of nutrient removal, which presents 

management implications for the receiving waters such as nutrient limited estuaries.  

Mean GPP estimates did not vary spatially in Rainbow, but declined significantly 

in Weeki Wachee River. Light was directly significantly related to GPP for both systems. 

Other positive correlations were found between GPP and native SAV and Sagittaria 

kurziana abundance and biomass, flow, and CDOM slope. Color was found to be 

negatively correlated with GPP.  

Nutrient concentrations (total phosphorus and nitrate) were not found to be 

correlated with GPP or with filamentous algae. However, total phosphorus (TP) was 

positively correlated with S. kurziana biomass and shoot weight, leading to greater bio-

volumes of SAV due to increased TP concentrations. Both TP and nitrate 

concentrations were negatively correlated with S. kurziana chlorophyll a pigment 

content. This suggests that higher nutrient concentrations may be causing a reduction in 
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chlorophyll a production in S. kurziana, which may affect overall GPP and ecosystem 

metabolism. The positive relationships that were found between nutrient concentrations  

and epiphytic absorptance suggested that nutrients may be inducing greater absorption 

of light by attached algae, therefore reducing the amount of light available for beneficial 

SAV.  

The dominant macrophyte species, S. kurziana, was found to be adapted to high 

light conditions from photosynthesis-irradiance (P-I) curves, suggesting photoinhibition 

in the clear upper portions of the two spring systems. On the contrary, S. kurziana was 

found to be light limited in the poor water clarity portions of both lower Rainbow and 

lower Weeki Wachee Rivers due to considerably reduced blue light availability. A 

minimum blue light requirement (MBLR) of 38 to 45% was concluded from field synoptic 

surveys of spectral light availability and biomass measurements. Accordingly, 

management implications regarding the effects of nutrients on beneficial SAV 

morphology and epiphytic physiology must also consider the potential impacts of light 

limitation due to increased light attenuation in spring systems. This conclusion supports 

the contention that spectral knowledge of light availability is imperative to meet 

management goals for future restoration.  

Recommendations 

As mentioned previously, optical water quality coupled with inherent and 

apparent optical property data can greatly inform which factors are driving water clarity 

declines in aquatic resources. Only two first-magnitude springs were comprehensively 

evaluated for spectral distribution and optical water quality as part of this study. 

Opportunity abounds for synoptic investigations into the spectral quality and quantity of 

light in more than 30 other first magnitude springs in Florida. Hundreds of other smaller 
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springs in the state would also greatly benefit from this type of work that would lead to 

the development and calibration of site-specific spectral models.   

Additional data collection in Rainbow and Weeki Wachee Rivers could also 

improve the modeling component of this study for re-calibration and validation of the 

spectral models to enhance robustness and reduce uncertainty of model output results. 

Site-specificity is key in obtaining highly accurate model output, and should be a major 

consideration when developing and utilizing optical models.  Additionally, further 

information regarding the character of turbidity such as the particle size distribution and 

composition of mineral and organic fractions of particulate matter, along with knowledge 

of the epiphytic community composition could strengthen optical model input and 

interpretation of light attenuation assessment results.  

Future studies regarding biogeochemical and nutrient cycling should include a 

focused evaluation of CDOM source and quality. This can be carried out through 

measurement of lignin fluxes, CDOM molecular weight, and how these factors may be 

affected by hydrologic dynamics that lead to changes in inputs from allochthonous 

sources such as riparian weltands. An in-depth evaluation of CDOM quality in relation to 

in-situ nutrient removal would provide resource managers the ability to plan in-system 

nutrient removal action plans to reduce nutrients in downstream receiving water bodies.   

The spectrally specific optical modeling methods, coupled with the GPP-PARB 

relationship developed as part of this study advances the currently available 

approaches to predict GPP and to determine if spectral light availability is sufficient for 

SAV growth and survival. Future work abounds that could include investigations into the 
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effects of light intensities and phototroph type and biomass on components of the P-I 

curve and overall GPP rates.   

The MBLR was recommended to allow sufficient useable light in the blue range 

of the PAR spectrum that should support the growth and survival of S. kurziana. This 

light requirement accounts for variable levels of environmental conditions or stressors 

such as varying epiphyte coverage, sediment quality, velocity rates, nutrient fluxes, 

grazers or other disturbances that were encountered by S. kurziana during this study. 

The results from this field-scale synoptic study warrant an experiment to confirm the 

suggested MBLR. However, the results from this study provide sufficient evidence that 

should compel resource managers to consider the spectral quality of light, specifically 

the MBLR, in future springs restoration activities where S. kurziana is the target species 

for restoration. 
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