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The importance of maintaining and enhancing ecosystem services is a vital basis 

for delivering benefits to human well-being. There are still several research gaps in 

linking biophysical and socio-economic characteristics, quantifying natural assets, and 

valuing services. The objective of this dissertation was to assess climate regulation, 

carbon sequestration, and nutrient cycling ecosystem services from the biophysical, 

ecological, and socio-economic perspectives. Findings suggest that top soils have acted 

as a carbon sink over the past decades in the Suwannee River Basin, Florida. The 

results coincided with an increase in total organic carbon (TOC) loads in surface waters 

of the Suwannee River, that were less pronounced than increases in total nitrogen (TN) 

and total phosphorus (TP) loads of which only a few of the drainage areas showed 

impairment by TN and TP. The net mineralization of TN and TP in soils and surface 

waters pinpointed to potential risks for nutrient enrichment in aquatic and terrestrial 

ecosystems. Biotic, soil, parent material, topographic, and water-related factors played 

crucial roles in predicting soil organic carbon (SOC) storage, whereas climatic factors 

were of much less importance. The model derived from simulated annealing and 
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random forest estimating actual and attainable terrestrial carbon suggested the 

limitation of carbon enhancement in some areas (e.g., wetlands), while others showed 

potential to sequester more carbon (e.g., under row/field crops). The beliefs and 

perspectives of local residents identified nutrient cycling as the most important service, 

and climate regulation and carbon sequestration as the least important services, which 

somewhat contradicted the scientific-based knowledge from the empirical assessments. 

The willingness of the residents to pay for ecosystem services was extremely low 

(<$2/household/year). The socio-ecological outcomes from this study and secondary 

data from the literature and expert knowledge were then integrated in the Bayesian 

Belief Network (BBN) model under four distinct scenarios. Besides the natural 

processes and services, awareness, and adaptation through management were 

identified as key factors in manipulating these benefits. This dissertation took a big step 

forward in developing an ecosystem service concept from theory to a novel 

implementation that engaged pedogenic, hydrologic, biotic, atmospheric, and 

anthropogenic domains together. 
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CHAPTER 1 
INTRODUCTION 

This dissertation is focused on understanding, analyzing, and synthesizing the 

interaction among selected ecosystem services and the benefits people derive from 

ecosystems. Since ecosystem services involve multiple domains, assorted challenges 

are inevitable. Ecosystem services go beyond the sole assessment of the physical 

characteristics of ecosystems and include the human component. This study engaged 

four interconnected ecosystem domains: pedogenic, hydrologic, atmospheric, and 

anthropogenic. These domains are interconnected and cannot be separated when 

assessing multiple ecosystem services, adding complexity to the study, and thus 

leading to the need for an interdisciplinary approach. This research focused on multiple 

ecosystem services: climate regulation, carbon sequestration, and nutrient cycling. 

The concept of ecosystem services is a promising path for fostering 

sustainability. Ignoring or devaluing the importance of the services and being unaware 

of how to use the services wisely could result in adverse impacts to human well-being in 

the future. In contrast, improved management of ecosystems could promote better well-

being of societies in the long run.  

There are still substantial research gaps in the assessment of the services 

ecosystems provide that will be addressed in this dissertation research. For example, 

many ecosystem service studies often look at either the biophysical assessment of 

ecosystem properties and/or processes or the socio-economic valuation, but not both 

concomitantly. A better connection between these domains is required. Effective 

frameworks for bundling ecosystem services to derive their combined effects are still in 

their infancy. To optimize one service may degrade another service, and vice versa. In 
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addition, interactions among multiple services are still poorly understood and are 

confounded by geographic constraints. These identified gaps are the motivation for this 

research study. The following specific objectives were pursued in a large basin in the 

southeastern United States: 

1. To conduct a spatially and temporally explicit assessment of carbon and nutrients 
from a biophysical perspective 

2. To develop a novel approach that assesses actual and attainable ‘carbon capital’ 
states 

3. To assess human perception and valuation of selected ecosystem services and 
derive the ‘human perceived benefits’ 

4. To develop a framework to bundle and harmonize ‘biophysical’ and ‘human 
perceived benefits’, specifically to synthesize interactions between ecosystem 
services 

Dissertation Outline 

Chapter 1 provides the overarching objectives and summarizes the relevant 

literature regarding ecosystem services. It includes general concepts, definitions, and 

approaches employed in the valuation of ecosystem services.  

Chapter 2 describes the important biophysical and socio-economic 

characteristics of the study area, the Suwannee River Basin.  

Chapter 3 focuses on the biophysical assessment of selected ecosystem 

services, namely climate regulation, carbon sequestration, and nutrient cycling 

ecosystem services. This chapter investigates spatio-temporal interactions between 

carbon, nitrogen, and phosphorus stocks in soils and loads in surface water.  

Chapter 4 elucidates on the major terrestrial carbon pools along the spectrum of 

actual and attainable carbon, the latter ranging from the minimum to maximum carbon 

that can be stored in the terrestrial ecosystem. The attainable carbon reflects the 
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realizations that can be achieved through a variety of envisioned human management 

activities providing a pluralistic perspective on the carbon regulation ecosystem service. 

The ratio of attainable carbon relative to actual carbon provides critical information on 

the type of management intervention that allows the optimization of the carbon 

sequestration ecosystem service.  

Chapter 5 investigates the perception, preferences, and valuation of a variety of 

ecosystem services provided by residents in the study area. The chapter shows socio-

economic factors that influence different degrees of perception. An in-depth analysis of 

how people value and rank different services is provided.  

Chapter 6 presents a synthesis model that links correlative and probabilistic 

relationships among environmental and socio-economic variables. Various scenarios, 

including ‘business as usual’, are simulated to assess possible outcomes in terms of 

ecosystem services. The networks and findings from Chapter 3,4, and 5 are 

harmonized and synthesized.  

Defining Ecosystem Services 

Various definitions of ecosystem services have been provided to clarify what they 

are and how they are classified based on scale of analysis, system dynamics, and the 

author’s perspectives (de Groot et al., 2002; National Research Council (NRC), 2004). 

Because ecosystem services often are confused with ecosystem function and/or 

structure, the fundamental differences are discussed. According to the NRC (2004), 

ecosystem structure signifies the composition and the physical and biological 

organization of an ecosystem. The structure defines how those parts are organized. 

Ecosystem function exposes a process that occurs in an ecosystem as a result of the 

interactions of plants, animals, and other organisms in the ecosystem with each other or 
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within their environment. Ecosystem function is conceived as a process that control 

subset the ecological structure; it naturally influences the ecosystem itself to provide 

services and goods for living and non-living things that are critical to human survival 

(Kremen, 2005). 

Although ecosystem services have been identified in economics since the 1980s 

(Fisher and Turner, 2008; Fisher et al., 2009), there is still no consistent definition. 

There are three distinct definitions of ecosystem services: 

1. The conditions and process through which natural ecosystems, and the species 
within the ecosystem, sustain and fulfill human life (Daily, 1997) 

2. The benefits human populations derive, directly or indirectly, from ecosystem 
functions (Costanza et al., 1997) 

3. The benefits people obtain from ecosystems (Millennium Ecosystem Assessment 
(MA), 2005a) 

An additional three definitions have been proposed recently: 

1. Services that are derived from natural elements of ecosystems (Wallace, 2007) 

2. Components of nature directly enjoyed, consumed, or used to yield human well-
being (Boyd and Banzhaf, 2007) 

3. The aspects of ecosystems utilized (actively or passively) to produce human 
well-being (Fisher and Turner, 2008; Fisher et al., 2009)  

These definitions disagree on some points: (i) functions/processes are (not) 

services, (ii) services are (not) benefits, and (iii) services are direct (indirect) uses. Boyd 

and Banzhaf (2007) referred to services as ecological components (i.e., things that are 

countable); therefore, functions or processes are not services.  The reason that 

functions and processes are not services is that they are not end-products; functions 

and processes are intermediate to the production of final services.  This viewpoint is in 

direct opposition to that of other researchers (Costanza et al., 1997; Daily et al., 2000; 
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Fisher et al., 2009; MA, 2005a, 2005b; Wallace, 2007) who defined functions or 

processes in the ecosystems as services associated with human welfare beneficiaries. 

Costanza et al. (1997), MA (2005a, 2005b), and Wallace (2007) determined services 

are benefits since multi-functional ecosystems that perform a variety of ecosystem 

services are interconnected. Boyd and Banzhaf (2007) and Fisher et al. (2009) were 

concerned about the mix between ends and means that often leads to confusion and 

double value of the services; thus, they viewed services as separate from benefits.  

Wallace (2007) and Boyd and Banzhaf (2007) argued that only the direct endpoints are 

ecosystem services, while Daily (1997), Costanza et al. (1997), MA (2005a, 2005b), and 

Fisher et al. (2009) argued that ecosystem services can be utilized directly or indirectly 

as long as they affect net human benefits. 

Because ecosystems are complex and diverse, it is important to clarify the 

meaning of ecosystem services and to identify the appropriate classification schemes 

for implementation.  There is broad agreement on the general idea of ecosystem 

services, but no one classification scheme is adequate for the many contexts in which 

ecosystem service studies may be implemented (Fisher et al., 2009). 

In this study, while we adopted the ideas outlined in the MA (2005b) framework 

for the biophysical assessment and ecosystem characteristics, we used the guidelines 

by Fisher et al. (2009) for the socio-economic valuation. 

From an ethical ecosystem perspective, human domination of the biosphere has 

led to rapid alterations in the composition, structure, and function of ecosystems.  On 

the other hand, modern ecology and other contemporary ecological movements in the 

late 1990s view humans as an integral part of ecosystems/biospheres where only a 
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synergistic functioning is achieved if humans and other organisms live in harmony with 

nature (Christensen et al., 1996; Grumbine, 1994; Harwell et al., 1996; Mangel et al., 

1996).  Destroying the biosphere (e.g., by maximizing human benefits) would be 

detrimental from a contemporary ecological perspective because it destroys the 

physiological settings (e.g., soils and water) and biosphere on which human survival 

depends.   

Kidd (1992) outlined six ethical models that have emerged in response to 

ecological phenomena as the interrelationships among rates of population growth, 

resource use, and pressure on the environment. The models are (i) ecological carrying 

capacity, (ii) resource/environment, (iii) biosphere-stewardship, (iv) critique of 

technology, (v) no growth/slow growth, and (vi) eco-development. Contemporary 

ecological worldviews stress a holistic ethics that is rooted in sustainability concepts; 

spiritual connection to nature (deep ecology); and radical views, such as ecofeminism, 

environmental justice, and value ethics (Schmidtz and Willott, 2012), as well as integral 

ecology (Esbjörn-Hargens and Zimmerman, 2009). Common to all these contemporary 

environmental ethical worldviews is the idea that Earth and human dimensions are 

inseparable. This underpins the needs for ecosystem service assessments. Thus, it is 

essential to incorporate ‘human values’ in the decision making of the ecosystem 

management framework (Endter-Wada et al., 1998; Grumbine, 1994).  The diagram in 

Figure 1-1 illustrates how human actions affect the structure, functions, goods, and 

services of ecosystems.  These impacts do not occur only from the intentional, direct 

use of the ecosystem, but also from the unintentional, indirect impacts of other activities 

(NRC, 2004; Pascual et al., 2010). 
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According to the MA (2005a, 2005b), four categories of ecosystem services are 

distinguished: (i) provisioning services (such as food, water, timber, and fiber), (ii) 

regulating services (affecting climate, floods, diseases, wastes, and water quality), (iii) 

cultural services (providing recreational, aesthetic, and spiritual benefits), and (iv) 

supporting services (such as soil formation, photosynthesis, and nutrient cycling).  This 

study focuses on the assessment of climate regulation, carbon sequestration, and 

nutrient cycling, which are related to various environmental components and functions.   

To assess ecosystem services, ecosystem components and values cannot be 

separated. If the ecosystem is solely taken and simulated without taking human well-

being into account, the valuation of ecosystem services is not fully accomplished. In 

such a case, it would be considered an ecosystem or biophysical assessment. Besides 

quantifying the carbon and nutrient amount of services, it is also necessary to 

understand how humans perceive and value ecosystem services as benefits. Thus, 

underlying this research is the integration of quantification, valuation, and simulation of 

selected ecosystem services.  

Figure 1-2 illustrates the ecosystem services considered, the relevant ecological 

processes, indicators used, and benefits. Climate regulation and carbon sequestration 

influence ecosystems through the terrestrial system that interacts with the climatic 

system. In this research, we identify atmospheric GHG emissions, organic carbon 

stocks, and sequestration rate in soil and terrestrial environment as indicators that 

influence climate regulation and soil quality. Nutrient storage in soils and nutrient 

loading in surface water (total nitrogen (TN) and total phosphorus (TP)) are indicators 

for nutrient cycling, which identify clean water provision benefits. The ratio of carbon to 
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nutrients indicates the balance of nutrient cycling across different types of ecosystems.  

The anthropogenic domain investigates the perception and beliefs of people and their 

valuation based on economic metrics pertaining to all three.  

Quantification of Ecosystem Services 

The world’s ecosystems are capital assets and they yield on-going life-sustaining 

services if properly managed.  These beneficial services include the production of 

goods (such as seafood and timber), life support processes (such as pollination and 

water purification), and life-fulfilling conditions (such as beauty and serenity). However, 

ecosystems are rarely understood, compared to the other types of capital, and often are 

appreciated only upon their loss (Daily et al., 2000). Due to limited understanding of the 

consequences of ecosystem change for human well-being and the scientific knowledge 

for taking action to enhance the sustainability, the MA was initiated in 2001 to provide 

information on the global scale. Although inspiring, it created concerns on how to apply 

the MA findings to national, regional, and local scales where most management 

decisions are made (Tallis and Polasky, 2009; Water Resources Institute (WRI), 2008).  

Aided by U.S. government policy, the demand for more integrative and comprehensive 

analyses of ecological and socioeconomic aspects has grown tremendously (Council on 

Environmental Quality (CEQ), 2013; President’s Council of Advisors on Science and 

Technology (PCAST), 2011). As of 2014, there is no single method that is hailed 

adequate for ecosystem services quantification.  The tools that have been developed by 

numerous groups of researchers in both the public and private sectors vary greatly 

(Bagstad et al., 2013). Some tools are generalized and can be applied to other areas, 

while others are specifically created for fine-scale applications.  They also differ in terms 

of spatial, temporal, and economic valuation approaches (Bagstad et al., 2013).  
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According to Layke (2009), ecosystem service output can be defined as 

ecosystem service capacity measured in stocks and flows. The stock delivers a service, 

while the flow delivers a benefit to humans. It is often difficult to model or measure many 

of the ecosystem services (for instance, soil carbon sequestration and nutrient cycling 

services), thus proxy indicators are used for assessing changes in these services 

(Plummer, 2009). Policy decision makers and practitioners, therefore, should be 

cautious in the use of these indicators (Vira and Adams, 2009). 

Ecosystem services can be viewed and quantified at different spatial and 

temporal scales with respect to important area parameters and data availability. For 

example, a European assessment of the provision of ecosystem services (Maes et al., 

2011) dealt with different spatial resolutions and scales of services related to soils (at 

resolutions < 1 km), atmosphere (at resolutions > 1 km), water (calculated on the basin 

and sub-basin levels), and cultural context (a provincial level). Compromising between 

different spatial units was therefore a critical step in order to convey meaningful 

information of ecosystem services and economic valuation. The spatial studies in 

ecosystem services are increasing because it is easier to acquire spatial data than 

temporal data and the outcome allows scientists to connect ecosystem services to 

human-well-being demand across space (Carpenter et al., 2009; Jaarsveld et al., 2005).  

Temporal studies are more limited because they require historical data that are 

available through models, records, or local experts.  

A comparison between studies is difficult because numerous approaches can be 

taken to quantify ecosystem services. Remote sensing-based techniques were 

recommended for quantification ecosystem services (Dale and Polasky, 2007; Seidl and 
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Moraes, 2000; Verstraete et al., 1996) with comparatively low cost and frequent 

monitoring.  Between 1990 and 2012, the remote sensing approaches were used to 

quantify food and timber production, carbon storage, air quality regulation, erosion 

prevention, water purification, storm and flood regulation, mass flow protection, 

maintenance of soil, and pest control (Ayanu et al., 2012).  In the same fashion, 

Raudsepp-Hearne et al. (2010) utilized remote sensing data and heavily relied on the 

use of a geographic information system (GIS) with numerous statistical tests to bundle 

services.  Along those lines, there have been attempts to develop built-in ecosystem 

service tools.  Among those models, the Integrated Valuation of Ecosystem Services 

and Tradeoffs (InVEST) (Kareiva et al., 2011; Tallis et al., 2013) has been more 

extensively accepted in the peer-reviewed process and may be more suitable when the 

ecological context in that area is well understood (Bagstad et al., 2013). The Artificial 

Intelligence for Ecosystem Services (ARIES) (Bagstad et al., 2011; Villa et al., 2011) is 

an open source modeling framework to map ecosystem services that is available in 

many western U.S. states.  The ARIES developers are currently working to extend this 

tool on a global scale.  Other quantification tools, such as Ecosystem Services Review 

(ESR) (WRI, 2012), LUCI (Jackson et al., 2013), EcoServ (Feng et al., 2011), Social 

Values for Ecosystem Services (SolVES) (Sherrouse et al., 2011), and Ecosystem 

Portfolio Model (EPM) (Labiosa et al., 2013), have been used to quantify various 

services. Each model has advantages and disadvantages, depending upon the usage. 

A detailed description of these ecosystem service tools can be found in Bagstad et al. 

(2013).  Despite having different quantifiable approaches across ecosystem service 

disciplines, the MA study (2005c) pointed out that the improvement of ecosystem 
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services management may be more imperative for researchers to consider within a 

social-ecological context rather than across studies.  

Studies of mapping and quantifying trade-offs among ecosystem services have 

been conducted using different approaches and at different scales (Egoh et al., 2008; 

Nelson et al., 2009; Raudsepp-Hearne et al., 2010; Swallow et al., 2009), but there are 

still relatively few studies that analytically quantify multiple services across space and 

time based on both empirical and ancillary data.  

Valuation of Ecosystem Services 

Although ‘biophysical benefits’ are deductible using quantitative metrics, humans 

may perceive and value climate, carbon, and nutrients in ecosystems differently.  Thus, 

‘human perceived benefits to people’ may or may not coincide with the ‘biophysical 

benefits’.  

Humans may value ecosystem services based on the scale of perception. More 

than just a way of passively representing the intrinsic physical situation of ecosystems, 

this perception can be inherently active and exploratory (Braund, 2008). For example, 

nutrient enrichment and drinking water degradation close to home may be more highly 

valued than a fertilizer spill in another part of the world far away. Furthermore, 

ecosystem services provided at local, regional, and global scales may be perceived 

differently because of their immediate direct effect (Boissiere et al., 2013; Howe et al., 

2013). For example, drinking water quality as an immediate physical environmental risk 

is easier to comprehend than global climate change or carbon cycling which occurs over 

a longer period of time with questionable consequences (Carlton and Jacobson, 2013). 

Regional, federal, or international regulated environmental services (e.g., nutrient and 

contamination standards by the federal Environmental Protection Agency) may be 
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perceived as more important by people compared to non-regulated services associated 

with higher uncertainties (e.g., climate change) for the simple fact that they are 

government regulated.  In such case the scale of governance matters for ecosystem 

service management and valuation (Costanza and Liu, 2014). Moreover, valuation of 

humans may differ by gender, education level (Peixer et al., 2011) or socio-cultural 

background (Andersen et al., 2012).   

Despite a controversy on whether non-use values are appropriately 

commensurable in monetary measurement (Carson et al., 2001; Martinez-Alier et al., 

1998), as pointed out by Costanza et al. (1997), ecosystem services should be valued, 

as valuation is useful to convey important information in terms of both the benefits that 

humans perceive from the ecosystem and the impacts that occur from changes in 

ecosystem services. Since the time that the MA advanced the concept of ecosystem 

services, economic valuation has become a core component of the ecosystem services 

science to assess the values of services and therefore is important (Hrabanski et al., 

2013).  

In general, there are two types of values under the concept of total economic 

value (TEV). One is ‘use value’ and the other is ‘non-use value’ (Freeman, 1993; 

Randall, 1991). Use values are used by humans for consumption or production 

purposes (MA, 2003). Tangible and intangible services that are being used or have the 

potential to provide future use are grouped into this category. On the other hand, when 

humans do not make use of ecosystem services, but know that the resources exist and 

wish to see them preserved, these values are called non-use values, also known as 

existence values, passive values, or conservation values (Bishop and Welsh, 1992; 



 

29 

Smith, 1987).  Climate regulation, carbon sequestration, and nutrient cycling are 

considered both use and non-use values (NRC, 2004; Pascual et al., 2010). The 

methods of nonmarket valuation vary depending on types of services; nonetheless, 

stated preference approaches have been used to widely estimate non-use values of 

provisioning, regulating, and supporting services (Dutton et al., 2010; Takatsuka et al., 

2009; Uchida et al., 2007).  Besides having the ability to measure non-use values, the 

stated preference approaches are also flexible.  Since the stated preferences use 

hypothetical data to estimate ex-ante (before the event) willingness to pay, these 

approaches allow ecologists, economists, and policy makers to construct realistic policy 

scenarios for most new policies (Whitehead et al., 2005).  However, the major 

weakness is their hypothetical nature in which respondents may be unfamiliar with 

situations (Whitehead et al., 2005).  Details of stated preference techniques and the 

method used in this study are discussed in Chapter 5. 

Stressors that Change Ecosystem Services 

According to the MA (2005c), spatial scales are important to classify the drivers 

predominantly operating at five different scales (local, sub-national, national, regional, 

and global).  Examples are provided for drivers at the local and global scales. 

Local-scale drivers most frequently mentioned are direct drivers, such as land 

use and land cover change, which can be classified as endogenous and appear to be 

related to management activities within local domain boundaries (e.g., watersheds).  

The local-scale driver (which is more direct than indirect) can be controlled by changes 

in decision-makers’ choices on how to manage local ecosystems and their services 

(MA, 2003). 
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Global-scale drivers are considered exogenous given that they were largely 

beyond the control of individual decision-makers for a particular region (MA, 2005c). For 

example, global climate change and sea-level rise are global-scale drivers that may 

alter ecosystem services more than do local operations.   

Despite the scale dissimilarity, global and local scales are coupled in social-

ecological systems.  In Carpenter et al.’s study (2009), global biophysical and social 

stressors introduce impacts on regional systems through faster variables (e.g., animal 

behavior, soluble nutrients, floods, community income, migration, and access to 

resources) and slower variables (e.g., soils, sediments, disturbance regime, property 

and use rights, wealth and infrastructure, and cultural ties to land).  They further 

explained that it is unusual to find a linear relationship from changes in stressors  

biodiversity  ecosystem functions/processes  ecosystem services  human well-

being  social responses feedbacks to stressors (Carpenter et al., 2009).When 

interactions among components of a system are not directly proportional, the system is 

considered ‘nonlinear’.  In most cases, an ecosystem change gradually increases until it 

reaches a threshold, and then shifts into a new state rapidly (MA, 2005a). The 

Intergovernmental Panel on Climate Change (IPCC) (2013) attributed extreme floods in 

the past five centuries in some regions (i.e., northern and central Europe, western 

Mediterranean, and eastern Asia) and the occurrence of extreme droughts (greater 

magnitude and longer duration) in many regions since 1900s to climate change.  

Disturbance is one form of nonlinear ecosystem dynamics that is commonly 

anticipated, accommodated in planning, and even employed in assessment of 

ecosystem structure and management of ecosystem services (Burkett et al., 2005).  
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Climate-related disturbances may have already altered ecosystems and resulted in 

several species extinctions (Alan Pounds et al., 2006; Malcolm et al., 2006). 

Regardless of environmental drivers, humans are part of the climate change 

equation and are anticipated to reach 9.6 billion in population by 2050 (United Nations 

(UN), 2013). Challenges to connect climate, people, and ecosystems into the ecological 

management strategy are inevitable. Although understanding the stressors of changes 

in ecosystem services is a major task for analyzing gains and losses from ecosystem 

change, we often lack the basic knowledge to understand the social context relevant to 

the stressors that change ecosystem services. Thus, there is a need to understand the 

factors and how drivers might cause nonlinear changes in ecosystem service regulation.  
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Figure 1-1. Connection between ecosystem structure and function, services, policies, 

and values [Adapted from the National Research Council, 2004. Valuing 
Ecosystem Services: Toward Better Environmental Decision-Making. The 
National Academies Press, Washington, DC]. 
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Figure 1-2.  A framework of the ecosystem domains considered in this research study, 

including indicators, services, and benefits. 
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CHAPTER 2 
STUDY AREA  

Characteristics of the Suwannee River Basin 

The Suwannee River, a major river in the state of Florida, was designated an 

Outstanding Florida Water (OFW) by the Florida Legislature in 1979. The OFW signifies 

unique characteristics of both ecological and cultural values that the river provides to 

the state of Florida. This section describes the important characteristics of geography, 

geology, hydrology, biology, and climate of the Suwannee River Basin. The physical 

features influence the ways people live and benefit from the basin.  

Location  

The Suwannee River Basin extends over the Coastal Plain of Georgia, including 

the Okefenokee Swamp, and the lower drainage basin in north-central Florida before 

draining into the Gulf of Mexico. The basin consists of the Alapaha, Withlacoochee, 

Aucilla, Coastal (Econfina Steinhatchee), Santa Fe, Upper Suwannee, Lower 

Suwannee, and Waccasassa River sub-basins (Figure 2-1). The entire basin covers an 

area of approximately 32,914 km2. Part of the basin is regulated by the Suwannee River 

Water Management District (SRWMD), which was established to administer flood 

protection programs and develop water management plans in the north-central Florida 

region. As part of its administration, the SRWMD encompasses all or parts of fifteen 

counties (Alachua, Baker, Bradford, Columbia, Dixie, Gilchrist, Hamilton, Jefferson, 

Levy, Lafayette, Madison, Putnam, Suwannee, Taylor, and Union), an area measuring 

approximately 19,665 km2 in size (Figure 2-3). Throughout this study, the entire 

Suwannee River basin is referred to as “SRB” and the portion in Florida is called “FL-

SRB” based on the SRWMD boundaries.  
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Topography/Physiography 

Topographic relief and elevation in the entire SRB decrease with proximity to the 

Gulf of Mexico.  The highest elevation is at the most upstream point of the Alapaha sub-

basin in Georgia, where elevations range up to 146 meters (m) above mean sea level 

(U.S. Geological Survey (USGS), 2009). The lowest elevation and least relief is along 

the Gulf of Mexico coastal line, where elevations are equal to the mean sea level 

(USGS, 2009) (Figure 2-2).  

The FL-SRB lies in the Coastal Plain that consists of two major physiographic 

regions: the Northern Highlands and Gulf Coastal Lowlands (Florida Department of 

Environmental Protection (FDEP), 2001; Grubbs, 1998; Puri and Vernon, 1964; White, 

1970). The Northern Highlands region is generally characterized by altitude and thick, 

clayey strata. Overlying the Floridan aquifer system, the Northern Highlands includes 

gently rolling topography, with elevations ranging from 100 feet (30.5 m) to 230 feet 

(70.1 m) above mean sea level, msl (Hornsby and Ceryak, 1999; White, 1970). 

Separating the Northern Highlands and the Gulf Coastal Lowlands regions is an 

escarpment known as the Cody Scarp that constitutes the most prominent topographic 

break in the state of Florida (FDEP, 2001; Puri and Vernon, 1964). The Gulf Coastal 

Lowlands region has a low topographic relief with elevations ranging from sea level to 

about 100 feet (30.5 m) msl. The lowlands consist of carbonate rocks which make up 

the karst, sinkhole, and limestone natural springs topography in the area (Hornsby and 

Ceryak, 1999; White, 1970) (Figure 2-3).  

The Cody Scarp is a very significant physiographical feature as it relates to the 

hydrological system in the FL-SRB. Except for the Suwannee River, all streams and 

rivers that originate in the Northern Highlands vanish underground when they cross the 
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escarpment. The remaining streams in the Gulf Coastal Lowlands move downward into 

the upper Floridan aquifer and interconnect the unconfined areas in the upper Floridan 

aquifer (Hornsby and Ceryak, 1999; White, 1970).  

Geology 

The strata of carbonate-rock platform or limestone as thick as 5,000 feet (1,524 

m) in the subsurface of the basin are primarily Tertiary in age (Miller, 1986). The 

Floridan geological structure found within these strata are similar to the strata found in 

Georgia.  The geologic unit consists of the Pliocene, Miocene, Oligocene, Eocene, and 

Pleistocene/Holocene (Scott et al., 2001).  

The Pliocene and Pleistocene/Holocene (Quaternary-aged) materials in most of 

the FL-SRB area, are surficial sand deposits, which include undifferentiated formations. 

These deposits originated from marine terrace deposition and erosion, and chemical 

weathering.  The sediments included in these deposits are most often quartz sands, 

shell, and clay beds (Farrell et al., 2005; Fernald and Purdum, 1998). The Miocene 

Series, in the northern and northeastern areas of the FL-SRB, mainly consists of the 

Hawthorn group formation.  As a result of unusual depositional conditions during the 

Miocene epoch, the Hawthorn formation has an abundance of phosphate, palygorskite, 

opaline cherts, and other uncommon minerals, as well as an abundance of dolomite, 

which generally includes interbedded clay, sand, and carbonate strata (Scott, 1988). 

These minerals affect groundwater quality during the weathering process in the 

uppermost portion of the Floridan aquifer system or portions of the intermediate aquifer 

system (Fernald and Purdum, 1998).  The Oligocene Series with carbonate sediments 

is present in the western portion of the FL-SRB and northern portion of the Suwannee 

River.  These sediments form a large portion of the Floridan aquifer system. Suwannee 
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Limestone, which is the predominant formation, consists primarily of muddy carbonate 

limestone (Fernald and Purdum, 1998).  While Miocene and Plio-Pleistocene strata are 

mainly composed of siliciclastic materials, the Eocene Series is predominantly 

composed of limestone and/or dolostone. The carbonate sediments in the Eocene 

Series form portions of the Floridan aquifer system. The predominant formations include 

Ocala Limestone, Avon Park Limestone, and Oldsmar Limestone.  Figure 2-4 displays 

the geological series and Table 2-1 illustrates the generalized geological units and 

hydrogeologic units in North Florida. 

Hydrology 

The Suwannee River is the second largest river in the state of Florida in terms of 

water flow. The annual average discharge is approximately 10,000 cubic feet per 

second (283.17 cubic meters per second) (Light et al., 2002). The extent of the 

Hydrologic Unit Areas (identified by eight-digit numbers) that make up the entire SRB is 

as follows: Waccasassa (03110101), Coastal River (03110102), Aucilla (03110103), 

Upper Suwannee (03110201), Alapaha (03110202), Withlacoochee (03110203), 

Suwannee River (03110205), and Santa Fe River (03110206). The major streams east 

of the Suwannee River include the Alapaha, Santa Fe, and Withlacoochee Rivers, and 

the major streams west of the Suwannee River include the Aucilla, Econfina, 

Fenholloway, and Steinhatchee Rivers. All drain into the Gulf of Mexico.  

The hydrogeological system in and nearby the FL-SRB areas is divided into three 

principal units: the surficial, intermediate, and Floridan aquifer systems. The surficial 

aquifer system is unconfined and is located throughout the Northern Highlands region 

and some parts of the Gulf Coastal Lowlands. The average water table depth varies 

from 15 feet (4.5 m) along the Suwannee River and the coastal zone to greater than 
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100 feet (30.5 m) in the high topographic elevation of the areas (Denizman and 

Randazzo, 2000).  The intermediate aquifer structure is confined and lies beneath the 

surficial aquifer system in the Northern Highlands (Planert, 2007). In some areas, the 

intermediate aquifer obstructs water exchanges between the surficial and Upper 

Floridan aquifers. The Floridan aquifer system, which is formed by the carbonate rocks 

from the Paleocene to early Miocene age, is subdivided into the Upper and Lower 

Floridan aquifer systems (Miller, 1986). The Lower Floridan aquifer is present in the 

northern part of the FL-SRB from Jefferson County east to Columbia County and south 

through Levy County (Miller, 1986). The Upper Floridan aquifer is present in the 

northeastern FL-SRB, mostly in the Gulf Coastal Lowlands at or near the land surface. 

The Upper Floridan aquifer is extremely permeable for transmitting a large amount of 

water volume. The high porosity of limestone allows the development of numerous karst 

features to take place (Planert, 2007).  The artesian spring flow from the Upper Floridan 

aquifer supplies the base flow to the Gulf Coastal Lowland streams (Pittman et al., 

1997).  

The hydrology system in this region is predominantly influenced by the ground 

water system. The subsurface drainage sustains the flow of rivers, streams, and springs 

(Planert, 2007). The water recharge of the Floridan aquifer system comes from 

precipitation and discharge comes from seepage from streams and wetlands (Hornsby 

and Ceryak, 1999).  The surface water in the Northern Highlands region reflects the 

water table level of the surficial aquifer system, while surface water in the Gulf Coastal 

Lowlands typically represents the water table within the Upper Floridan aquifer 

(Schneider et al., 2008).  
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The FDEP reported in the 2004 State Water Quality Assessment 305(b) that the 

water quality of the Suwannee River is generally “good”, but portions of the lower river 

and most of the estuary are designated “impaired” and are considered for the Total 

Maximum Daily Load (TMDL) establishment. Some portions of the upper Suwannee 

and Santa Fe River sub-basins are designated “potentially impaired” largely due to low 

dissolved oxygen, high nutrients, and/or high levels of fecal coliform (FDEP, 2004a).   

To comply with the legislation enacted in 1993 that was mandated to protect the 

functions of ecosystems in the state of Florida, the Suwannee River Partnership (SRP) 

was established in 1999 through a Memorandum of Understanding (Lubell, 2004). The 

partnership was formed as a coalition of federal, state, and regional agencies; local 

governments; and private associations working together to limit increases in nitrate 

levels and to restore the water quality comparable at the time the river were designated 

as Outstanding Water Bodies in 1979 (SRP, 2002).   

Soils 

While most soils in Florida are hyperthermic, northern Florida soils typically have 

a thermic temperature regime. The soil temperature regimes in the north-central Florida 

FL-SRB are mixed; 86% of the area’s soil is thermic and 14% of the area’s (southern 

portion) soil is hyperthemic (Natural Resources Conservation Service (NRCS), 2006a). 

Generally, soils in the FL-SRB are loamy and sandy. They are poorly drained to very 

poorly drained in most of the area, except soils in the Lower Suwannee River Basin and 

some adjacent portions of the Santa Fe River Basin which are well drained to 

excessively drained (NRCS, 2006a). 

While Spodosols are widely distributed in a statewide areal coverage, followed by 

Entisols and Ultisols (Grunwald, 2008; Stone et al., 1993), the predominant soil orders 
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found in the FL-SRB are Ultisols (33%), Spodosols (23%), Entisols (18%) (Figure 2-5) 

(NRCS, 2006a).  Soil suborders of Ultisols in the study area are made up by Udults 

(humid) and Aquults (wet); Spodosols are made up by Aquods (wet) and Orthods 

(typical); Entisols are made up by Psamments (sandy) and Aquents (wet). Other 

suborders include Aqualfs, Saprists, Udalfs, Aquepts, Aquolls, and other (Brady and 

Weil, 2008; NRCS, 2006a) (Figure 2-6). Alaquods formed in sandy marine sediments on 

flats and in depressions, whereas Paleudults formed in marine sediments on uplands. 

Quartzipsamments formed in mixed sandy eolian and marine sediments on uplands. 

Paleaquults formed in marine and fluvial sediments on terraces ( NRCS, 2006b). In 

general, Entisols are among the most agriculturally productive soils in the world, while 

Spodosols and Ultisols are not naturally fertile. The latter two soils require fertilization to 

be productive (Brady and Weil, 2008). However, Florida’s Entisols also require 

fertilization due to the sandy parent material in which most soils in Florida are formed. 

Poorly and very poorly drained soils predominate in the FL-SRB (Figure 2-7). 

The sandy soils in this area tend to have medium to high potential for nutrient and 

agrichemical leaching to groundwater as shown in Figure 2-8.  Figure 2-8 shows the 

spatial distribution of leaching potential levels in the study area.  High-leaching Ultisols 

(excessively drained to well drained) are Apopka (loamy, siliceous, subactive, 

hyperthermic Grossarenic Paleudults) and Valdosta (siliceous, thermic, Psammentic 

Paleudults). High-leaching Inceptisols (excessively drained to well drained) include Fort 

Meade (siliceous, thermic Humic Psammentic Dystrudepts); Fort Meade (siliceous, 

hyperthermic Humic Psammentic Dystrudepts); and Orlando (sandy, siliceous, 

hyperthemic Humic Psammentic Dystrudepts). High-leaching Entisols (excessively 
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drained to well drained) are Alaga (thermic, coated Typic Quartzipsamments); Alaga 

(thermic, coated Lamellic Quartizipsamments); Arents (thermic Arents); Arents 

(hyperthermic Arents); Astatula (hyperthermic, uncoated Typic Quartzipsamments); 

Bigbee (thermic, coated Typic Quartzipsamments); Candler (hyperthermic, uncoated 

Lamellic Quartzipsamments); Gainesville (hyperthermic, coated Typic 

Quartzipsamments); Kershaw (thermic, uncoated Typic Quartzipsamments); Kureb 

(thermic, uncoated Spodic Quartzipsamments); Lake (hyperthermic, coated Typic 

Quartzipsamments); Lakeland (thermic, coated Typic Quartzipsamments); Paola 

(hyperthermic, uncoated Spodic Quartzipsamments); Penney (thermic, uncoated 

Lamellic Quartzipsamments); Quartzipsamments (thermic, uncoated 

Quartzipsamments); and Quartzipsamments (hyperthermic, uncoated 

Quartzipsamments) ( NRCS, 2006a; Soil Survey Staff, 2010). 

Land cover/Land use 

The FL-SRB area is within the Southern Coastal Plain, North-Central Florida 

Ridge, Eastern Gulf Coast Flatwoods, and Atlantic Coast Flatwoods Major Land 

Resource Areas (MLRA) (Figure 2-9) (NRCS, 2006b). Various kinds of land use are 

utilized within different MLRAs, yet the forests provide major coverage.  Four land 

cover/land use (LC/LU) maps (1989, 1995, 2004, and 2008) of the study area are 

shown in Figures 2-10 and 2-11, respectively (ERDAS Inc., 1989; FDEP, 2009, 2004; 

SRWMD, 1995).  The predominant LC/LUs in 2008 are as follows: upland forest 

(46.4%), wetland (29.0%), agriculture (14.3%), urban and built-up (5.9%); rangeland 

(2.4%); water (1.0%); transportation, communication, and utilities (0.7%); and barren 

land (0.3%).  
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Between 1989 and 2008, the predominant LC/LU in the FL-SRB was upland 

forest, followed by wetland and agriculture, while barren land occupied the least portion 

of the area.  In comparing different upland forest categories, tree plantations formed the 

majority. Interestingly, Kautz et al. (2007) pointed out that while most wetlands in Florida 

experienced a decline, the FL-SRB stream corridors and larger wetlands remained 

relatively stable and have actually increased since 2000. The major wetland type is 

vegetated non-forest (i.e., sawgrass, cattail, and broadleaved aquatic plants) (FDEP, 

2009).  

The scattered urban and built-up areas have been observed to be markedly 

greater in the eastern area than in the western area of the main Suwannee River region. 

This LC/LU category showed a noticeable increase (about 4.3%) between 1989 and 

2008. On the other hand, agriculture is the only LC/LU class that presented a negative 

pattern, perhaps due to a shift towards intensive agricultural production (Figure 2-12). 

Agriculture activities in the FL-SRB are diverse entailing pasture (55% improved, 

unimproved, and woodland pastures), hay fields (24%), field crops (2%), and dairies 

and horse farms (1%) (FDEP, 2009). In terms of the number of farms, Alachua, 

Suwannee, Levy, Columbia, and Madison Counties were highest among the counties in 

the FL-SRB (U.S. Department of Agriculture (USDA), 2007).  

Climate 

The climate of the Suwannee River region can be described as hypothermic and 

temperate (NRCS, 2006a) with a mixture of warm temperate and subtropical conditions 

(Katz et al., 1998). According to the Parameter-elevation Relationships on Independent 

Slopes Model (PRISM) climate group, the 30-year normal mean annual temperature of 

the entire SRB from 1981 to 2010 was 20oC. The average annual maximum and 
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minimum temperatures were 26.5oC and 13.4oC, respectively. The average monthly 

precipitation was approximately 1,288 mm (PRISM Climate Group, 2012). Figure 2-13 

(a to c) shows average monthly maximum/minimum temperatures and precipitation 

between 1981 and 2010 within the entire Suwannee River Basin.  

While an overall warming climate trend has occurred globally since the mid-

twentieth century (Intergovernmental Panel on Climate Change (IPCC), 2007), the 

historical records of temperature and precipitation across the southeastern United 

States (includes the SRB) (PRISM Climate Group, 2012), have not shown an explicit 

trend in surface temperature in the 20th century (IPCC, 2007). According to Konrad et al. 

(2013) temperatures in Florida have steadily increased since the 1970s due to 

increasing daily minimum temperatures from urbanization and irrigation (Christy et al., 

2006). Precipitation related to sea breeze circulation has increased  along the Florida 

Panhandle and the northern Florida Gulf Coast (Keim et al., 2011; Misra et al., 2011).   

Model simulations for climate scenarios in the southeastern United States have 

shown contrasting results of both increases and decreases of future precipitation 

patterns across the region. According to Konrad et al. (2013), who focused on climate 

projections in the southeastern U.S., the mean annual precipitation is expected to 

decrease and temperature to increase through the first half of the 21st century. The 

Hadley climate model projected an increase in average annual precipitation of up to 

nearly 25% for the twenty-first century (Burkett et al., 2001). In contrast, Konrad et al. 

(2013) projected proneness to drought in the southeast region with relatively short 

durations but high in magnitude (Konrad et al., 2013). Future precipitation based on the 

IPCC AR4’s scenarios (A2 and B1) is anticipated to increase across most of the 
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southeastern U.S. region, except during summer when a decreasing trend is expected 

in parts of Arkansas, Louisiana, and South Florida (Konrad et al., 2013). The greatest 

changes are expected during summer months. Increases in the length of growing 

season, the number of cooling degree days, the number of consecutive hot days, and 

interannual temperature variability are projected through the end of the 21st century 

(Konrad et al., 2013).  

The IPCC model projected increases in precipitation by up to about 6 percent in 

North Carolina and Virginia, and decreases by 2 to 4 percent in Louisiana and South 

Florida by the middle of the twenty-first century (IPCC, 2007). In addition, Burkett et al. 

(2001) projected the southeast regional maximum temperature to increase by 

approximately 1.3oC in summer and 0.6oC in winter by 2030 and the mean annual 

temperature to increase by 1.0oC by 2030 and by 2.3oC by 2100. A recent study 

conducted by Song et al. (2013) revealed that the precipitation and temperature have 

been projected to change dramatically in the sourtheast region during 2000-2099. 

According to three storylines, A1B, A2, and B1 scenarios from IPCC, Song et al. 

predicted the overall increase in temperature for all scenarios with the largest increase 

under the A2 climate scenario, followed by the A1B, and the B1. Whereas the projected 

precipitation has insignificant trend with very high variations for all three scenarios 

(Song et al., 2013). It should be noted that through the middle of the twenty-first century, 

the range of temperature variability over a short time period of each model is quite large 

and contributes to high uncertainties (Hawkins and Sutton, 2011). Therefore, instead of 

precise prediction numbers, climate trends should be interpreted as broadly indicative 

projections (Konrad et al., 2013).  
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Socio-Economy 

The FL-SRB includes nine counties (i.e., Columbia, Dixie, Gilchrist, Hamilton, 

Lafayette, Madison, Suwannee, Taylor, and Union) and portions of six counties (i.e., 

Alachua, Baker, Bradford, Jefferson, Levy, and Putnam). It should be noted that the 

reported data in this section represent information on a county basis. The population of 

the fifteen counties was 656,338 in 2010 with nearly 40 percent of the total in Alachua 

County (U.S. Census Bureau, 2010a). The most rapid population change between 2000 

and 2010 occurred in Lafayette (26.4%) and Baker (21.8%) Counties, while Madison 

and Putnam Counties had the least population growth with 2.7 and 5.6 percent, 

respectively.  The total number of households in 2010 in the fifteen counties was 

246,707, with a median household income of $37,613 and per capita income of $18,649 

(U.S. Census Bureau, 2010b) (Table 2-2).  The percentage of individuals living below 

the poverty level was 21 percent between 2008 and 2012 (U.S. Census Bureau, 2014).  

In 2012, about 54 percent of residents were males, 63 percent of residents were middle 

aged (45-64 years), and 17 percent were 65 years and over. Twenty-one percent of 

residents within 15 counties had less than a high school diploma or General Education 

al Development (GED) (U.S. Census Bureau, 2014).  
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Table 2-1.  Generalized geological and hydrogeologic units in the Suwannee River 
Basin, Florida. 

System Series Formation Aquifer system 

Quaternary Pleistocene/Holocene Undifferentiated 
deposits 

Surficial  

Tertiary Pliocene Undifferentiated 
deposits 

Surficial 

 Miocene Hawthorne Group 
St. Mark’s Formation 

Intermediate 
aquifer system 
and confining 
beds 

 Oligocene Suwannee Limestone Upper Floridan 
aquifer 

 Eocene Ocala Limestone 
Avon Park Limestone 
Oldsmar Limestone 

Upper Floridan 
aquifer 

[Adapted from Farrell et al. 2005. Technical Report: MFL Establishment for the Lower 
Suwannee River and Estuary Little Fanning, Fanning and Manatee Springs. Suwannee 
River Water Management District in associate with Water Resource Associates, Inc. 
and SDII Global Corporation]. 
 
Table 2-2.  Population and income in the 15 counties of the Suwannee River Basin, 

Florida.  

County 
Population 

(2010) 

% change in 
population 
(2000-2010) 

Number of 
households 
(2010) 

Per capita 
income 
(2006-2010) 

Median household 
income  

     (2006-2010) 

Alachua 247,336 20.0 100,516 $24,741 $40,644 
Baker   27,115 20.4     8,772 $19,593 $47,276 
Bradford   28,520 15.9     9,479 $16,997 $41,126 
Columbia   67,531 32.6   24,941 $19,366 $38,214 
Dixie   16,422 30.6     6,316 $17,066 $32,312 
Gilchrist   16,939 49.3     6,121 $19,309 $37,039 
Hamilton   14,799 21.9     4,617 $15,794 $37,613 
Jefferson   14,761 14.2     5,646 $19,647 $41,359 
Lafayette     8,870 25.9     2,580 $18,069 $46,445 
Levy   40,801 33.0   16,404 $18,703 $35,737 
Madison   19,224 13.1     6,985 $16,346 $37,459 
Putnam   74,364   8.2   29,409 $18,402 $34,645 
Suwannee    41,551 30.1   15,953 $18,782 $36,352 
Taylor   22,570 12.5     7,920 $18,649 $37,408 
Union   15,535 31.1     1,048 $13,657 $41,794 
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Figure 2-1. The Suwannee River Basin and sub-basins in Georgia and Florida. [Sub-

basin boundary adapted from National Hydrography Dataset (NHD). 1994. 
National Hydrography Dataset. Map scale 1:250,000. Accessible through 
http://datagateway.nrcs.usda.gov/GDGOrder.aspx; Florida state adapted from 
Florida Department of Florida Protection. 1999. TIGER State and County 
Shapefiles. Map scale 1:24,000. Accessible through 
https://www.census.gov/geo/maps-data/data/tiger-line.html; Streams 
computed from a digital elevation model and topographic attributes]. 

  

http://datagateway.nrcs.usda.gov/GDGOrder.aspx
https://www.census.gov/geo/maps-data/data/tiger-line.html
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Figure 2-2. Digital Elevation Model (DEM) and sub-basins – Suwannee River Basin. 

[Sub-basin boundary adapted from National Hydrography Dataset (NHD). 
1994. National Hydrography Dataset. Map scale 1:250,000. Accessible 
through http://datagateway.nrcs.usda.gov/GDGOrder.aspx; Elevation adapted 
from National Elevation Dataset (NED). 2009. Map scale 1:250,000. 
Accessible through http://ned.usgs.gov/]. 

  

http://datagateway.nrcs.usda.gov/GDGOrder.aspx
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Figure 2-3. Counties and major physiographic regions within the Suwannee River Water 

Management District. [Adapted from Puri, H.S. and Vemon, R.O., 1964. 
Summary of the Geology of Florida and a Guidebook to the Classic 
Exposures (Florida Geological Survey: Special publication, #5). Florida 
Geological Survey, Tallahassee, FL; White, W.A., 1970. The Geomorphology 
of the Florida Peninsula, Published for Bereau of Geology, Division of Interior 
Resources, Florida Department of Natural Resources. Designers Press, 
Orlando; Study area boundary adapted from the Suwannee River Water 
Management District (SRWMD), 1999. SRWMD boundary. Map scale 
1:24,000. Accessible through 
http://www.srwmd.state.fl.us/index.aspx?NID=319]. 
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Figure 2-4. Geological units by series in the Suwannee River Basin, Florida. [Adapted 

from Scott et al., 2001. Geological Map of the State of Florida, Florida 
Geological Survey Map Series 146]. 
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Figure 2-5.  Spatial distribution of soil orders in the Suwannee River Basin, Florida, 

derived from Natural Resources Conservation Service/Soil Survey 
Geographic Database. [Adapted from Natural Resources Conservation 
Service (NRCS), 2006. Soil Survey Geographic Database (SSURGO). United 
States Department of Agriculture (USDA). Map scale 1:24,000. Accessible 
through http://datagateway.nrcs.usda.gov/GDGOrder.aspx]. 

  



 

52 

 
Figure 2-6.  Map of soil suborder for the extent of the Suwannee River Basin, Florida. 

[Adapted from Natural Resources Conservation (NRCS), 2006. Soil Survey 
Geographic Database (SSURGO). United States Department of Agriculture 
(USDA). Map scale 1:24,000. Accessible through 
http://datagateway.nrcs.usda.gov/GDGOrder.aspx]. 

  

http://datagateway.nrcs.usda.gov/GDGOrder.aspx
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Figure 2-7.  Soil drainage class distribution in the Suwannee River Basin, Florida.  
[Adapted from Natural Resources Conservation (NRCS), 2006. Soil Survey 
Geographic Database (SSURGO). United States Department of Agriculture 
(USDA). Map scale 1:24,000. Accessible through 
http://datagateway.nrcs.usda.gov/GDGOrder.aspx]. 

 

  

http://datagateway.nrcs.usda.gov/GDGOrder.aspx
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Figure 2-8.  Soil leaching potential in the Suwannee River Basin, Florida. [Adapted from 
Natural Resources Conservation (NRCS), 2006. Soil Survey Geographic 
Database (SSURGO). United States Department of Agriculture (USDA). Map 
scale 1:24,000. Accessible through 
http://datagateway.nrcs.usda.gov/GDGOrder.aspx]. 

 

  

http://datagateway.nrcs.usda.gov/GDGOrder.aspx
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Figure 2-9.  Major land resource area (MLRA) in the Suwannee River Basin, Florida. 
[Adapted from Natural Resources Conservation (NRCS), 2006. Soil Survey 
Geographic Database (SSURGO). United States Department of Agriculture 
(USDA). Map scale 1:2,000,000. Accessible through 
http://datagateway.nrcs.usda.gov/GDGOrder.aspx]. 

 

http://datagateway.nrcs.usda.gov/GDGOrder.aspx
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(a)          (b) 

 
Figure 2-10.  Map of land cover/land use (LC/LU) for the extent of the Suwannee River Basin, Florida, in (a) 1989 and (b) 

1995. [Adapted from ESDAS Inc., 1989. Land Cover/Land Use. Map scale 1:500,000. Accessible through 
http://www.srwmd.state.fl.us/index.aspx?NID=319; Suwannee River Water Management District (SRWMD), 
1995. Land Cover/Land Use. Map scale 1:40,000. Accessible through 
http://www.srwmd.state.fl.us/index.aspx?NID=319]. 

 

http://www.srwmd.state.fl.us/index.aspx?NID=319
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(a)          (b) 
 
Figure 2-11.  Map of land cover/land use (LC/LU) for the extent of the Suwannee River Basin, Florida, in (a) 2004 and (b) 

2008. [Adapted from Florida Department of Environmental Protection (FDEP), 2004. Land Cover/Land Use. 
Map scale 1:12,000. Accessible through http://www.dep.state.fl.us/gis/datadir.htm; Florida Department of 
Environmental Protection, 2009. Land Cover/Land Use. Map scale 1:5,000. Accessible through 
http://www.dep.state.fl.us/gis/datadir.htm]. 

http://www.dep.state.fl.us/gis/datadir.htm
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Figure 2-12.  Land cover/land use trends in 1989, 1995, 2004, and 2008 in the 
Suwannee River Basin, Florida.  

Note: Area in square kilometers derived by calculating spatial data (30 x 30 m 
resolution).  [1989 Land Cover/Land Use adapted from ESDAS Inc. Map scale 
1:500,000. Accessible through http://www.srwmd.state.fl.us/index.aspx?NID=319; 1995 
Land Cover/Land Use adapted from Suwannee River Water Management District 
(SRWMD). Map scale 1:40,000. Accessible through 
http://www.srwmd.state.fl.us/index.aspx?NID=319; 2004 Land Cover/Land Use adapted 
from Florida Department of Environmental Protection (FDEP). Map scale 1:12,000. 
Accessible through http://www.dep.state.fl.us/gis/datadir.htm; 2009 Land Cover/Land 
Use Florida Department of Environmental Protection. Map scale 1:5,000. Accessible 
through http://www.dep.state.fl.us/gis/datadir.htm]. 
 

0

2,000

4,000

6,000

8,000

10,000

U
rb

a
n
 a

n
d

 B
u

ilt
-u

p

A
g

ri
c
u

lt
u
re

R
a

n
g
e

la
n

d

U
p

la
n

d
 F

o
re

s
t

W
a
te

r

W
e
tl
a

n
d

B
a
rr

e
n
 L

a
n
d

T
ra

n
s
p
o

rt
a

ti
o

n
,

C
o

m
m

u
n

ic
a

ti
o
n

 &
 U

ti
lit

y

A
re

a
 (

k
m

2
)

Land cover/land use type

1989

1995

2004

2008

http://www.srwmd.state.fl.us/index.aspx?NID=319
http://www.srwmd.state.fl.us/index.aspx?NID=319
http://www.dep.state.fl.us/gis/datadir.htm
http://www.dep.state.fl.us/gis/datadir.htm


 

59 

 
a)             (b)          (c) 

 
Figure 2-13.  Maps of 30-yr normal monthly average of (a) precipitation, (b) maximum temperature, and (c) minimum 

temperature between 1981 and 2010 within the Suwannee River Basin, Florida. [Adapted from PRISM Group, 
2012. Precipitation, Maximum temperature, and Minimum Temperature 1981-2010. Spatial resolution 800 m. 
Accessible through http://www.prism.oregonstate.edu/].  
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CHAPTER 3 
SPATIO-TEMPORAL INTERACTIONS BETWEEN SOIL CARBON AND NUTRIENT 

CYCLES IN THE SUWANNEE RIVER BASIN 

Overview 

Biogeochemical fluxes occur along a continuum within the atmosphere, soil and 

water, and the cycling processes provide use and benefits to humans. One of the goals 

of this chapter is to investigate the connectivity of selected ecosystem services: climate 

regulation, soil organic carbon (SOC) sequestration, and nutrient cycling in the 

terrestrial and aquatic ecosystems along spatial and temporal scales. 

Three elements—carbon (C), nitrogen (N), and phosphorus (P)—are primarily 

selected because of their essential services in the watershed. In Florida, there is a 

compelling evidence showing that soil has acted as a net carbon sink and has stored 

the highest organic carbon stock on a per unit area basis in the conterminous U.S. 

(Natural Resources Conservation Service (NRCS), 2006a). This is largely due to 

favorable conditions such as high mean annual precipitation rates, high net primary 

productivity, and low-relief topography that foster the accumulation of carbon in soils 

(Vasques et al., 2012; Vasques et al., 2010a). The amount of SOC serves as a critical 

indicator in the carbon budget of an ecosystem and is interconnected with other 

biogeochemical cycles. The spatial distribution of historic SOC stocks in the state of 

Florida was estimated based only on historic and coarse soil taxonomic map units at a 

map scale of 1:250,000 (Guo et al., 2006). Their rough estimation did not provide 

adequate information of SOC dynamics and its uncertainty. Recently, the demand for 

soil property mapping across the region has increased in response to the rising concern 

for soil-related conservation (Vasques et al., 2010a; Vasques et al., 2010b). 
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The freshwater system is important in biogeochemical reactions involving carbon 

and nutrient cycles. Surface waters are highly dynamic and complex systems that 

receive carbon and nutrient influxes from surrounding areas within watersheds and are 

also characterized by internal transformations cycling elements. The Suwannee River 

and its tributaries have experienced impaired water quality for over a decade. Several 

water conservation programs have been implemented in the basin to improve water 

quality to sustain aquatic life and enhance human use.  These practices can either 

provide co-benefits to other services, such as soil carbon sequestration and climate 

regulation, or can result in trade-offs. Often policies and legislation are disconnected to 

address soil, water, and air (Smith et al., 2013). The lack of understanding the state of 

ecosystem services and interactions among them limits the ability of policy makers and 

stakeholders to deliver a more integrative ecosystem management view.  

Attempts to quantify the value of ecosystem goods and services are growing 

rapidly including development of methods that range from simple spreadsheet to 

complex software such as InVEST, ARIES, LCUI, EcoServ, and ESValue (Bagstad et 

al., 2013). This study aims to address one aspect of current research needs by 

quantifying concomitantly carbon and nutrient conditions in space and time, which 

involves the land-water carbon and nutrient interactions.  Currently, no single complete 

model can provide the best answer to ecosystem management questions. A multi-

approach from different disciplines is required to improve our knowledge about 

ecosystem services.  

In this chapter the spatio-temporal patterns of carbon and macro-nutrients in soil 

and aquatic systems in the SRB are investigated from a biophysical perspective.  
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The objectives are:  

1. Assess and compare spatially-explicit changes in SOC stocks and organic (TOC) 
loads in the lotic system 

2. Analyse temporal patterns of TOC, total nitrogen (TN), and total phosphorus (TP) 
loads in the water 

3. Investigate relationships between organic carbon and nutrients (TN and TP) in 
soils across the basin and in the lotic system 

4. Identify cross-linkages between environmental factors (land cover/land use 
change, climate properties, geographical and hydrologic characteristics) and 
changes in area-standardized SOC stocks and TOC loads 

The hypotheses include: 

1. The rate of TOC loading change in the drainage areas positively correlates with 
SOC sequestration rate 

2. The ratios of C:N and C:P are higher in soils than in river systems 

3. The SOC stocks induced by external environmental factors are proportionally 
larger in nutrient-enriched ecosystems than in nutrient-limited ones.  

Materials and Methods 

Data used in this study consist of two parts: soil data and surface water data. Soil 

data contain two datasets (historic and current datasets) covering the time period 1965 

to 2009. To quantify historic and current SOC stocks, the datasets were harmonized 

and standardized at the depth of 20 cm. Note that in Florida’s soils SOC and TC are 

nearly the same, due to the miniscule amounts of inorganic carbon (IC) in these soils. 

Surface water data contain discharge, concentration, and loads of TOC from 23 water 

gauging stations which cover a time period of eleven years (2000–2010). Both SOC 

stocks and TOC loads were standardized on a unit area basis in order to compare 

organic carbon gains and losses in soils and in surface waters. Total nitrogen and TP 

observations in soils and surface water characterize nutrient trends in the basin. The 

following subsections provide details for data collection and the analysis.   
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Total nitrogen and TP soil samples were collected at the same time as the soil 

carbon current dataset (2008/2009) at 20 cm deep. A total of 234 site-specific locations 

within the study are were used for statistical analysis.  Total nitrogen and TP were 

derived by gas combustion analysis and inductively coupled plasma (ICP) methods, 

respectively.  

Historic Soil Carbon Dataset (DSh) 

The historic data used in this study, denoted as ‘DSh’, is a subset from the 

Florida Soil Characterization Database (FSCD) (http://flsoils.ifas.ufl.edu or 

http://TerrC.ifas.ufl.edu) (Grunwald and Harris, 2012). All soil sampling locations were 

projected in ArcGIS® using the Albers Conical Equal Area map projection. Soil samples 

from the FSCD that are located within the FL-SRB (n = 234) were clipped to the study 

area.  

The FSCD included 1,300 soil profiles across the state over an approximate 30 

year time period (1965-1996). Over 8,300 soil horizons were described. Data were 

collected for 144 physical, chemical, biological, morphological, and taxonomic soil 

properties including bulk density and soil organic matter (SOM). Data collection and lab 

analysis funding was provided by the ‘Accelerated Soil Survey Program’ (U.S. 

Department of Agriculture (USDA) – Natural Resources Conservation Service (NRCS) 

and Environmental Pedology Laboratory, Soil and Water Science Department, 

University of Florida.  

Sampling design 

The FSCD samples were collected during the period 1965 to 1996 and soil 

sampling locations were determined based on tacit knowledge of soil surveyors. To the 

best of our knowledge, no strategic sampling design was employed (personal 
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communication Dr. Harris and Dr. Grunwald).  Figure 3-1 shows the spatial distribution 

of the DSh dataset and its SOC stocks in the FL-SRB.  

Laboratory analysis 

The laboratory process was conducted by the Environmental Pedology 

Laboratory, University of Florida. Soils in general included mineral and organic soils. 

The SOM was measured using the Walkley-Black modified acid-dichromate extraction 

method (WB) (Walkley and Black, 1934) for mineral soils and loss on ignition (LOI) for 

organic soils. In order to obtain SOC content, a pedo-transfer functions (PTF) was 

employed to convert SOM and LOI to SOC (Myers et al., 2011; Ross et al., 2013). The 

PTF harmonized the SOC measurements and allowed comparison between DSh and 

the contemporary DSc (described below). The conversion of WB and LOI to SOC 

started by measuring total carbon (TC), inorganic carbon (IC) and LOI on a horizon-

stratified subset of DSh samples. Total carbon was measured by gas combustion 

analysis, and IC was measured by acid reaction gases on a Shimadzu gas combustion 

analyzer (TOC-V/SSM-5000).  

The PTF was developed for converting DSh mineral and organic soils separately 

to SOC using linear regression. A robust model was fitted using the iteratively re-

weighted least square to generate a model between soil organic matter (SOM) (%) and 

SOC (%) (Venables and Ripley, 2002).  A strong relationship between SOM and SOC 

(R2 = 0.92) and low residual standard error (0.11) affirmed the robustness of the model 

(Equation 3-1).  

𝑆𝑂𝐶 = 0.08 + (0.85 𝑥 𝑆𝑂𝐶𝑊𝐵)         (3-1) 

where 

𝑆𝑂𝐶: Soil organic carbon representing combustion method (%) 
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𝑆𝑂𝐶𝑊𝐵: Soil organic carbon derived from Walkley-Black dichromate extraction 

(%). 

The linear regression test between LOI and SOC indicated a possible segmented 

relationship. For non-constant regression slope, the Davies test (Davies, 1987) 

suggested a change in slope around 75 percent LOI (p-value < 0.001). A regression 

procedure in PTF showed a broken line on the slope which indicated two outcomes for 

converting LOI to SOC (%). Equation 3-2 is used to calculate samples with LOI less 

than 75.8 percent and Equation 3-3 is for samples with LOI greater than 75.8 percent.  

𝑆𝑂𝐶 = 0.5 𝑥 𝐿𝑂𝐼          (3-2) 

𝑆𝑂𝐶 =  −26.26 + (0.85 𝑥 𝐿𝑂𝐼)        (3-3) 

where  

𝐿𝑂𝐼: Soil organic matter derived from loss on ignition (%) 

Conversion of SOC concentrations into stocks and reconstruction of the fixed 
depth  

To convert SOC concentrations into stocks, DSh data were standardized to a 0–

20 cm depth. Carbon stocks were derived by using measured bulk density (BD) values 

multiplied with SOC (%) for the 20 cm soil depth (PD) (Equation 3-4). 

𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘𝑠 = (𝑆𝑂𝐶 𝑥 𝐵𝐷 𝑥 𝑃𝐷 𝑥 10)       (3-4) 

where 

𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘𝑠: Soil organic carbon stocks at 20 cm profile depth (kg C m-2) 

𝐵𝐷: Bulk density (g cm-3) 

𝑆𝑂𝐶: Soil organic carbon (%) 

𝑃𝐷: Profile depth (0.2 m)  
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DSh was converted to SOC stocks at fixed depth intervals (0-20 cm). This 

reconstruction of the depth allowed constant sample support for geostatistical analysis, 

which was not provided by soil horizons. The SOC stocks from the top horizon were 

assigned down to the 20 cm fixed layer, unless there were multiple horizons present in 

the top 20 cm profile. In these cases a depth weighted average of SOC weighted by the 

horizon depth  was employed.  

Current Soil Carbon Dataset (DSc) 

The current data used in this study, denoted as ‘DSc’, are a subset from the 

‘Rapid Assessment and Trajectory Modeling of Changes in Soil Carbon Storage and 

Turnover in a Southern Landscape’ (FLSCP) (Grunwald et al., 2011a). A total of 1,014 

soil samples were collected from the topsoil (0–20 cm depth) across Florida in 

2008/2009. The DSc coordinates were projected to Albers Conical Equal Area.  After 

clipping, there were 138 sites within the FL-SRB (DScsa) and an additional 96 soil 

samples inside a 20 km buffer. This made up a total of 234 site-specific locations within 

the area of interest (DScbf) (Figure 3-2).  

Sampling design 

The sampling design was based on two conditions. First, it was a stratified-

random method. Second, about half of the samples coincided with the historic locations.  

The ground surface was stratified by 13 land cover/land use (LC/LU) classes 

(Florida Fish and Wildlife Commission (FFWC), 2003) and 10 soil suborders (Natural 

Resources Conservation Service (NRCS), 2006a). The classification scheme excluded 

the minor coverage (<1%) of combinations. This resulted in a total of 63 LC/LU suborder 

classes, which covered about 69 percent of Florida’s land surface. 

The DSc data of this study consisted of 68 sites that coincided with the historic phase. 



 

67 

Sample collection procedure 

The sample sites were located by differential global positioning system (GPS). 

Four 20 x 5.8 cm soil cores were collected (0–20 cm depth) from each location within a 

2 m diameter distance. These four core samples were bulked into one sample in the 

field and were placed into a cooler for the laboratory process. Vegetation and LC/LU 

along with soil suborders were observed and confirmed in the field.  

Laboratory analysis 

Bulk density was measured in the laboratory based on gravimetric 

measurements.  A 2 mm sieve was used to retrieve the fine fraction of the air-dried 

sample. After mixing the fractions thoroughly, these fine samples were stored in plastic 

containers. Subsamples were taken from air-dried bulk samples and ball milled to 

determine TC and IC. A 5 percent replication for all samples was employed. TC and IC 

were measured by a Shimadzu TOC-V/SSM-5000 gas analyzer using separate gas 

analysis procedures. TC was measured by CO2 evolution using ball-milled soil samples 

and combusted at 900oC. IC was also measured by CO2 evolution using ball-milled 

samples with 42.5 percent phosphoric acid (H3PO) reaction in the gas analyzer at 

200oC. The SOC concentration was derived by subtracting IC from TC (mg kg-1). The 

SOC stocks (kg C m-2) were calculated using SOC concentration multiplied by 

measured bulk densities.  

Statistical and Geostatistical Analyses 

Descriptive statistics of SOC stocks describing the historic set are summarized in 

Table 3-1. Both the historic (DShbf) and current (DScbf) datasets were randomly split into 

a model calibration set (70% of data) and validation set (30% of data) in order to 
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independently evaluate model performances of the geostatistical analyses. The 

calibration sets were confirmed to have similar data distributions as the validation sets. 

This kriging approach has three main steps: (i) exploring observed data to 

characterize spatial continuity, (ii) developing a semivariogram model for spatial 

autocorrelation analysis, and (iii) calculating unknown values based on optimized 

weighted average of nearby locations within a defined search neighborhood (Goovaerts, 

1997). The kriging technique assumes stationarity of a random process in the stochastic 

view that the mean of the process is considered constant.  Moreover, the variance of 

two different points is assumed to depend on the separation distance between two 

locations (Goovaerts, 1997). The semivariogram plots the semivariance and distance 

between two locations (lags). Parameters, such as nugget, sill, and spatial 

autocorrelation range, can be derived from semivariograms. The nugget informs the 

measurement error and fine-scale variability. The upper bound of second order 

stationarity that remains after the initial increase is called the sill. The maximum 

distance of spatial autocorrelation is known as the range (Grunwald, 2006; Webster and 

Oliver, 2001a).  

We used the standard geostatistical method of point ordinary kriging (OK) and 

block kriging (BK). The OK and BK approaches (Webster and Oliver, 2001a) were 

implemented in the ISATISTM software (Geovariances Inc., France) using natural log-

transformed data of DShcal and DSccal.  In kriging, the estimates are weighted linear 

combinations of the data using a known quantity from nearby locations (Webster and 

Oliver, 2001a). The weights are allocated to the sample data within the neighborhood of 

the point (OK) or block (BK).  The block size assigned in this study was 30 m by 30 m 
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with 5 m by 5 m estimates averaged over a block.  All observations and maps were 

projected to Albers Equal Area Conic map projection using ArcGIS® (Environmental 

Systems Research Institute (ESRI) Inc., Redlands, CA). After the kriging process was 

completed, the SOC stock estimates were back-transformed using Equation 3-5 to 

original units (Webster and Oliver, 2001a). 

𝑆𝑂𝐶 =  exp {�̂�(𝑋𝑜) ∗ ln 10 + 0.5 𝜎𝑌
2 (𝑋𝑜) ∗  (𝑙𝑛10)2}    (3-5) 

where SOC is soil organic carbon stocks (0-20 cm) in kg C m-2 (of historic and current 

datasets, respectively), �̂� is the estimation of kriged values at location 𝑋𝑜, and 𝜎𝑌
2 is the 

variance of kriged estimates. Finally, the back-transformed SOC estimates were 

masked to the FL-SRB boundary.  

High variance values from the kriging process that weakened the confidence of 

estimations were removed. This study followed the protocol from Ross et al.’s (2013) 

study suggesting that the areas greater than the third quantile of the variance maps of 

historic and current SOC estimates are masked out to increase confidence in the 

interpretation of results.  The calculation was conducted by a conditional statement in 

the raster calculator tool in ArcGIS®.  Equation 3-6 provides the statement of raster 

calculation for eliminating the third quantile areas for estimates derived from BK. The 

same conditional masking method was applied also to estimates derived from OK.  

𝐶𝑜𝑛 ((𝜎𝑌
2(𝑋)𝐷𝑆ℎ𝐵𝐾 ≤ 𝑞𝐷𝑆ℎ𝐵𝐾) & (𝜎𝑌

2(𝑋)𝐷𝑆𝑐𝐵𝐾 ≤ 𝑞𝐷𝑆𝑐𝐵𝐾))    (3-6) 

where 

𝜎𝑌
2 is the variance of the kriged estimates. 

𝑋 is a grid cell (30 m x 30 m). 

𝐷𝑆ℎ𝐵𝐾 is the block kriged estimates of historic SOC stocks. 
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𝐷𝑆𝑐𝐵𝐾 is the block kriged estimates of current SOC stocks. 

𝑞𝐷𝑆ℎ𝐵𝐾 is the variance value of the third quantile (75 percentile) of the historic 

dataset. 

𝑞𝐷𝑆𝑐𝐵𝐾 is the variance value of the  third quantile of the current dataset.  

The validation sets (DShval and DScval) were used to assess the kriging 

estimates. We report mean error (ME) and root mean square error (RMSE) (Equations 

3-6 and 3-7) (Webster and Oliver, 2001a). 

𝑀𝐸 =
1

𝑁
∑ [𝑦(𝑥𝑖) − �̂�(𝑥𝑖)]𝑁

𝑖−1         (3-7) 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ [𝑦(𝑥𝑖) − �̂�(𝑥𝑖)]𝑁

𝑖−1
2
        (3-8) 

where  

𝑁 = number of observed values with i = 1,2,3,…,n 

𝑦 = observed values 

�̂� = estimated values 

𝑥𝑖 = point location 

Soil Organic Carbon Change and Sequestration Rates 

We applied two methods to quantify SOC stocks change and sequestration rate: 

(i) the SOC estimates derived by the kriged maps, and (ii) the SOC sequestration rate 

derived by the collocated sites.   

Kriged estimates 

The SOC stock changes were derived by subtraction of DShbf SOC estimates 

from DSCbf SOC estimates in ArcGIS (Equation 3-9). To quantify SOC sequestration 

rates from kriged estimates the following equations were used adopting the same 
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procedure as outlined by Ross et al. (2013). The same formula was also applied to 

calculate the SOC stock changes derived from OK. 

𝑆𝑂𝐶(𝑋, 2009)𝐷𝑆𝑐𝑏𝑓,𝐵𝐾 −  𝑆𝑂𝐶(𝑋, 𝑌𝑀)𝐷𝑆ℎ𝑏𝑓,𝐵𝐾 = 𝑆𝑂𝐶𝑐ℎ(𝑋, 𝑁𝑌)    (3-9) 

𝑆𝑂𝐶𝑠𝑎(𝑋, 𝐵𝐾) =
𝑆𝑂𝐶𝑐ℎ(𝑋,𝑁𝑌)

𝑁𝑌
         (3-10) 

where 𝑆𝑂𝐶𝑐ℎ is SOC change (net gain and loss), 𝑌𝑀 refers to year of measurement 

(historic samples), 𝑁𝑌 is the number of years between historic and current observations, 

𝑋 is a pixel with dimension width x length, here 30 m x 30 m  (where the x and y 

coordinates are representing the center of each grid cell), and 𝑆𝑂𝐶𝑠𝑎 is the SOC 

sequestration rate based on kriged estimates (kg C m-2 yr-1) derived using BK. The 

𝑆𝑂𝐶𝑠𝑎 was calculated for each drainage basin and the whole SRB.  

Collocated sites 

The collocated sites approach was adopted to assess the SOC sequestration 

rate on a per year basis.  All historic observation sites (DShbf) located within 200 m of 

the current sites (DScbf) were used to assess the SOC sequestration rate (Ross et al., 

2013). This approach relies on direct measurements of historic and current SOC taken 

at a specific time.  Overall, 68-paired sites matched the criteria.  

𝑆𝑂𝐶(𝑋0, 2009)𝐷𝑆𝑐 −  𝑆𝑂𝐶(𝑋0, 𝑌𝑀)𝐷𝑆ℎ = 𝑆𝑂𝐶(𝑋0, 𝑁𝑌)     (3-11) 

𝑆𝑂𝐶𝑠𝑏(𝑋0) =
𝑆𝑂𝐶 𝑐(𝑥)−𝑆𝑂𝐶 ℎ(𝑥)

𝑁𝑌
        (3-12) 

where 𝑋0 is observed geographic coordinate (x and y coordinates) of point 

measurements, and 𝑆𝑂𝐶𝑠𝑏 is SOC sequestration rate (kg C m-2 yr-1) according to 

collocated sites.  
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Surface Water Quality Analysis 

The database used for hydrology analysis was obtained from the United States 

Geological Survey (USGS) and Suwannee River Water Management District (SRWMD) 

through the SRWMD water data portal (www.mysuwanneeriver.org/rivers.htm).  Of the 

total 65 river gages, there were 23 that met our criteria for ecosystem service analysis 

within the FL-SRB (Figure 3-3). The criteria required that the stations must (i) have 

discharge data available; (ii) contain total organic carbon (TOC), total nitrogen (TN), and 

total phosphorus (TP) concentration; and (iii) cover long-term data for the period 2000 to 

2010.  Total organic carbon was determined by the Environmental Protection Agency 

(EPA) Method 415.1, which is a combustion technique.  Total nitrogen is the sum  of 

nitrate+nitrite (NOxN), total Kjeldahl nitrogen (TKN), and ammonia nitrogen (NH3-N). 

These three chemical components were measured using EPA methods 353.3 for NOxN, 

351.2 for TKN, and 350.1 for NH3-N, respectively (U.S. Environmental Protection 

Agency (USEPA), 1983). To measure NOxN, reagents are added to a sample that forms 

a colored product when the reagents react with the nitrate/nitrite, and then the intensity 

of colored product is measured. Total Kjeldahl nitrogen is measured using a strong acid 

and a metal ion catalyst solution to the sample.  After the sample is taken to dryness, it 

is reconstituted with an alkaline solution. The ammonia is determined by indophenols 

colorimetry. Ammonia-N nitrogen is an automated technique using a continuous flow 

analytical system with a phenate/hypochlorite color reagent that reacts with ammonia to 

form indophenols blue that is proportional to the ammonia concentration. It has a 

measurement range limit of 0.01 mg/L (USEPA, 1983).  

For all stations, discharge data were converted from cubic foot per second (ft3 

s-1) to cubic meter per day (m3 d-1) (1 ft3 = 0.02832 m3) (USGS, 2014).  The 
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concentration and discharge datasets were summarized by averaging into monthly time 

intervals for the statistical analyses. Nineteen monitoring stations out of 23 contained 

data for the complete eleven-year monitoring period, which is continuous from 2000 

through 2010 (water years). One of the remaining monitoring stations (Sntf.04) had 

continuous data from 2000 through 2009 (water years). Two of the remaining monitoring 

stations (Sntf.01 and Wacs.00) had continuous data from 2007 through 2010 (water 

years). Another remaining station (With.02) had a ten-year continuous record from 2001 

through 2000 (water years).  

Please note that a water year defines the twelve-month period between October 

1st and September 30th. For example, the “2000-water year” last from October 1999 to 

September 2010 (USGS, 2014).  

Total Carbon, Total Nitrogen, and Total Phosphorus Loading Trends 

The total amount of TOC, TN, and TP that transferred to the water during a given 

time or “loads” were calculated by multiplying discharge and nutrient concentration 

(USEPA, 2014). To account for the differences in sub-basin areas the estimated TOC, 

TN, and TP loads were standardize by unit area. These unit area loads, expressed as 

loads per kg km-2, was obtained by dividing sub-basin TOC, TN, and TP loads by the 

respective drainage area. We realized that some old Hydrological Unit Codes (HUC) 

watershed boundaries from the Watershed Boundary Dataset (WBD) might not be 

accurate for loading analysis since some water monitoring gauges were no longer 

available. To eliminate the discrepancy, we re-delineated the drainage areas and 

stream lines using the 1 arc second (~30 meter) digital elevation model (DEM) from the 

National Elevation Dataset (NED). After filling the sinks in the DEM the topographic 

attributes flow accumulation, flow directions, and total drainage area (watershed 
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boundaries) for each of the 23 water monitoring stations were calculated using the 

ArcGIS® hydrology tool. 

Drainage area delineation is shown in Figure 3-3 and information is illustrated in 

Table 3-4. Monthly harmonic means of TOC, TN, and TP loads standardized by 

drainage area were analyzed from 2000 through 2010 (water years) to identify temporal 

trends.  The nonparametric Kruskal-Wallis test was used to determine seasonal 

variations (Kruskal and Wallis, 1952). If a time series contained monotonic trend 

overtime, a nonseasonal Mann-Kendall test was conducted (Mann, 1945). If seasonality 

contained an overall trend component, a seasonal Mann-Kendall test was implemented 

(Hirsch and Slack, 1984; Hirsch et al., 1982).  

Relationships between Soil Organic Carbon and Total Organic Carbon Loadings 

Changes in SOC stocks and TOC loads were standardized by drainage area and 

number of years. This allowed us to quantify the SOC sequestration rate and TOC 

accumulation rate per area and per year. 

𝑇𝑂𝐶𝑎𝑐(𝑍𝑖, 𝑁𝑊𝑌) =  
𝑇𝑂𝐶𝑐ℎ(𝑍𝑖,𝑁𝑊𝑌)

𝑁𝑊𝑌
        (3-13) 

where: 

𝑇𝑂𝐶𝑐ℎ is the total organic carbon change in water per drainage area in kg C m-2 

𝑍𝑖 defines specific water monitoring stations with i = 1, 2,…, 23  

𝑁𝑊𝑌 is the number of water years between 2000 and 2010 (or the available time period 

provided for a specific water monitoring station)  

𝑇𝑂𝐶𝑎𝑐 is the TOC accumulation rate in kg C m-2 yr-1. 
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Spatial Variability of Organic Carbon to Total Nitrogen (C:N) and Organic Carbon 
to Total Phosphorus (C:P) Ratios across the Terrestrial and Aquatic 
Ecosystems 

Stoichiometric ratios of C:Nsoil and C:Psoil were derived using the SOC, TN, and 

TP estimates in 2008/2009 (in kg m-2) derived from kriging. Note, that in Florida almost 

all soil carbon is in organic form, and thus, the assumption is made that SOC equals 

total soil carbon.  

The C:Nwater and C:Pwater were derived using the monthly harmonic means of 

TOC, TN, and TP loads (in kg m-2) in 2008/2009 in order to match the water load data to 

the same time period as soil data. 

Results and Discussion 

Historic Site-specific Soil Organic Carbon Stocks  

The SOC stocks representing historic conditions are listed in Table 3-1. As can 

be seen, the historic SOC mean and median stocks were lower than those of the 

current set. A wider range of SOC stocks and higher skewness coefficient were found in 

the historic set compared to the current data.  

The descriptive statistics of mean SOC stocks for DShsa and DShbf were similar 

with values of 3.7 and 3.6 kg C m-2, respectively. The maximum and minimum SOC 

stocks ranged from 0.4 to 46.6 kg C m-2 for DShsa and DShbf (Table 3-1). Of the 290 

DShbf observations, 25 soil samples were identified as “high SOC stocks” with mean 

values greater than 6.3 kg C m-2. The large amounts of SOC were found in marshes 

and wetlands, which statistically can be considered as outliers, but from an ecological 

perspective are profoundly important to characterize carbon-enriched soils.  

Soil suborders ranked from highest to lowest SOC stocks with Saprists > Aquolls 

> Aquults, showing mean values of 23.5, 12.4, and 6.4, kg C m-2, respectively. The 
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relatively high SOC storage in these soils can be explained by the aquic moisture 

regime. The moisture condition indicates that Saprists (wet Histosols), Aquolls (wet 

Mollisols), and Aquults (wet Ultisols) are saturated for extended periods of time by 

seasonal flooding.  Saturated or flooded conditions limit the availability of oxygen for 

microbes to decompose organic matter under anaerobic decomposition (Keller, 2011; 

Megonigal et al., 2003). As a result of the slow decomposition rate, wetlands or 

peatland global soils have accumulated approximately one-third of the soil carbon pool 

(Bridgham et al., 2006). Vasques et al. (2010) and Ross (2013) had similar findings in 

subtropical Florida, where they found the highest amount of SOC stocks in organic soils 

(Histosols).  

In our study, the lowest SOC stocks were found in Udalfs < Orthods < Udults with 

mean values of 2.1, 2.3 and 2.5 kg C m-2. Interestingly, the lowest SOC stocks (kg C 

m-2) were expected to be found in Psamments since they are considered quartzitic, 

sand-rich deposits and are formed on well-drained uplands. They typically lack capacity 

to hold organic matter in the topsoil. These findings were different in comparison to the 

results from Vaques et al. (2010) and Ross (2013), in which they concluded the lowest 

SOC stocks to be associated with Entisols. However, the relatively low SOC stocks in 

Psamments, with a mean value of 2.9 kg C m-2, were also found in this study.  In 

general, Udalfs, Orthods, and Udults are better drained than soils of aquic suborders 

and likely have more rapid carbon decomposition rates. In Spodosols, the presence of 

organic compounds can be found in a Bh horizon (Brady and Weil, 2008; Tan et al., 

1999). These Bh horizons usually occur below the topsoil (0-20 cm) investigated in this 

study. 
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Current Site-specific Soil Organic Carbon Stocks  

The mean SOC stock value for DScsa was 5.2 kg C m-2 which was higher than 

DScbf with a mean value of 4.6 kg C m-2.  In comparison to the historic dataset, the 

range of SOC stocks in the current dataset was narrower with 0.9 to 20.6 kg C m-2 

(Table 3-1).  Of the 234 soil profiles for DScbf, 15 samples were identified as “high SOC 

stocks” (as represented as the higher than the 3rd quantile) with mean values larger 

than 10.9 kg C m-2. These high SOC stock samples were also found in swamps and 

wetlands.   

Like the historic dataset, Saprists under current soil conditions store the highest 

mean SOC stocks (10.8 kg C m-2). These results confirm the findings from Bernal and 

Mitsch (2012), Chmura (2003), and de Klein and van der Werf (2013) that the 

appropriate slow decomposition rate and long-term carbon accumulation in wetlands 

are important for soil carbon storage. Aquolls and Aquepts also store high SOC content 

in the FL-SRB with mean SOC stocks of 8.8 and 7.1 kg C m-2. These soils are formed in 

aquic soil moisture regime. The lowest SOC stocks in soil suborders were similar to the 

historic conditions, but with the inclusion of Psamments. The smallest SOC stock values 

were as follows: Udalfs < Psamments < Udults with means of 1.9, 2.4, and 3.4 kg C m-2, 

respectively. 

Geospatial Patterns of DSh and DSc across the FL-SRB 

As can be seen in Figure 3-1, sampling locations of DSh were impacted by a 

data gap, in which the spatial coverage was not as evenly distributed as in dataset DSc. 

The fitted semivariograms of DShcal in Table 3-4 shows a larger range of 29,319 m than 

the range calculated for DSccal with 29,169 m. A long range indicates regional spatial 

autocorrelation. These long-range spatial dependence patterns found in our study was 
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also found in similar studies that investigated the soil carbon spatial variability in 

watersheds in Florida (Grunwald et al., 2010; Ross et al., 2013).  

The nugget to sill ratios of the DShcal and DSccal datasets for OK and BK were 

similar with 50% suggesting a moderate range spatial structure. If the nugget to sill ratio 

is less than 25 percent, the variable is considered to have a strong spatial dependence, 

a ratio between 25 percent and 75 percent is considered to have a moderate spatial 

dependence, and otherwise the variable has a weak spatial dependence (Cambardella 

et al., 1994).  

Table 3-5 provides descriptive statistics for historic and current SOC stock (0–20 

cm) estimates as derived by OK and BK methods in two modes: (a) SOC estimates 

across the FL-SRB and (b) SOC stock estimates within the FL-SRB but with exclusion 

of high uncertainty areas. The maximums SOC kriged estimates from historic and 

current datasets in mode (a) and (b) were much lower than the field observed ones from 

DShbf (46.6 kg C m-2) and DScbf (20.6 kg C m-2), which suggests relatively high bias for 

large kriged estimates. The minimum SOC kriged estimates from historic and current 

datasets derived by OK and BK were higher than the observations from DShbf (0.4 kg C 

m-2) and DSCbf (0.9 kg C m-2). According to Journel and Huijbregts (1978) estimates 

derived from are somewhat biased due to underestimation of high estimates and 

overestimation of low estimates.  

Interestingly, the mean SOC kriged estimates from historic (OK: 3.7 kg C m-2, 

BK: 3.3 kg C m-2) and current datasets (OK: 4.9 kg C m-2, BK: 4.4 kg C m-2) were similar 

to the means from the observed SOC stocks (DShbf: 3.6 kg C m-2, DScbf: 4.6 kg C m-2), 

suggesting low bias in mean estimates. The kriged maps derived by OK and BK 
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showed similar spatial distributions of SOC stocks (Figure 3-4). This can be explained 

by the small block size used in the BK; thus, the differences between the point-based 

OK and BK were relatively small. However, lower values of ME and RMSE from the 

validation set in BK indicated a lower bias in SOC stock estimates when compared to 

OK. It should be noted that the negative and positive estimates in the ME are 

considered indicators of accuracy. The RMSE in BK was smaller than OK in both 

modes (a) and (b) (Table 3-4). These findings were not surprising since the weighted 

average of the SOC stocks over a block was calculated instead of a site (i.e., with point 

support) in order to minimize the estimation of error variance.  

The mean variance of the kriged estimates in the historic dataset was 

consistently higher than the current ones for both, OK and BK. This is likely to be a 

result of the uneven sampling distribution in the historic dataset. The SOC stock 

estimates derived by OK and BK showed improvements in model predictions for current 

conditions (DSc) after eliminating the high variance portions, but not for historic 

conditions (Dsh) as indicated by ME and RMSE metrics (Table 3-4 and Figure 3-5). 

According to Tourassi et al. (2001), there is a chance that the splitting of the full dataset 

into a calibration set and a validation set may suffer from bias or variance in observed 

values. As shown in Table 3-5, the number of validation samples of the historic dataset 

in mode (a) remained at 87 samples, but the validation samples of the current datasets 

dropped from 70 to 62 samples during the high uncertainty elimination process which 

may have impacted the bias and error assessment.  

The FL-SRB covers 19,665 km2, including 185 km2 of water bodies. Soil organic 

carbon stocks were quantified for the land area, which accounted for 19,480 km2.  The 
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absolute historic and current SOC stocks are shown in Table 3-6. The historic SOC 

stocks ranged from 64.3 to 74.0 Tg and current SOC stocks ranged from 83.7 to 95.4 

Tg across different approaches. In comparison with the northeast and east central 

regions studied by Ross et al. (2013), soil conditions in the FL-SRB (north central 

Florida) stored approximately 1.5 times and 3 times less than their findings for historic 

conditions and current conditions, respectively. Given that the total SOC stocks in 

Florida was 747 Tg (Xiong et al., 2014), the FL-SRB soils accounted for approximately 

11 percent of the statewide SOC stocks.  

Quantification of Soil Organic Carbon Sequestration Rates 

Soil organic carbon sequestration rates for kriged estimates 

Gains and losses in SOC stocks (kg C m-2) were derived by subtracting the 

historic prediction maps from the current prediction maps and eliminating the high 

uncertainty areas (Figure 3-6). The variability of SOC changes ranged from –7.4 to 5.2 

kg C m-2 (for center-points of pixels with dimension 30 m x 30 m) derived by OK, while 

the range of SOC gains and losses was narrower, from –6.4 to 4.6 kg C m-2 derived by 

BK (for blocks of size 30 mx 30 m). The mean SOC gains (after eliminating high 

uncertainties) of 1.0±1.3 kg C m-2 (OK) and 0.9±1.2 kg C m-2 (BK) averaged over the 

whole FL-SRB region. The comparison of the kriged estimates yielded a net gain in 

SOC stocks of 30 g C m-2 yr-1 (BK) and 33 g C m-2 yr-1 (OK).  

These results indicate that this region has acted as a carbon sink over the past 

decades. Franzluebbers (2010) found that the SOC sequestration rates for the 

southeastern U.S. increased by 45 g C m-2 yr-1, sampled to a 20 cm soil depth and 

increased by 84 g C m-2 yr-1, sampled to a 25 cm soil depth.  Minasny et al. (2011) 

reported an increase in SOC sequestration rate for tropical soils in Indonesia from 1970 
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to 2010 by approximately 10 g C m-2 yr-1 after Java’s soils experienced a decrease in 

SOC many years before this time. This SOC increase was claimed as the result of 

increased crop production and biomass as a consequence of increased fertilizer use 

during the green revolution. In this study, however, there is no clear relationship 

between fertilization as the main nutrient input in agricultural production systems and 

SOC sequestration rate. The statistic record of total fertilizer use by county from Florida 

Department of Agriculture and Consumer Services (FDACS) (2014) reported an unclear 

trend of TN and TP fertilizer use between 1945 and 2010. The highest TN fertilizer use 

occurred in 1976-1984 and in1999 and fluctuated over 2000-2010 within 14 counties in 

the FL-SRB (excluding Putnam county). Whereas, the largest TP fertilizer use emerged 

in 1965-1974, declined in 1975 and showed an inconsistent trend until 2010 (Figure 3-

11).  

Soil organic carbon sequestration rates for collocated sites 

There were 68 soil profiles that met the 200 m collocation criteria among the 

historic and current sites. As a result of a data hole in the middle of the study area, 

matched locations were found predominantly on the edge of the study area and inside 

the buffer zone. Although the mean SOC change varied from small negative to positive 

values, overall the mean and median values were positive suggesting substantial SOC 

gains. When compared to the kriged estimates, the collocated SOC stock change 

values were lower with mean values of 0.5 kg C m-2 net gain and sequestration rate of 

18 g C m-2 yr-1 across the study area. Figure 3-7 displays the magnitude and direction of 

the SOC change of each collocated site. About 62 percent of the collocated sites had 

experienced a net SOC gain, while 38 percent sites showed a SOC loss. The findings 

are very similar to those  by Xiong (2013), in which approximately 63 percent of the 
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collocated sites across the state showed a net gain and the remaining 37 percent have 

resulted in SOC loss.  Our SOC sequestration rate was relatively large when compared 

to findings from Ross et al. (2013) who found an average increase of 0.8 g C m-2 yr-1 

across four hydrologic basins in northeast and east central Florida. Other research in 

the U.S. showed approximate gains of 40 g C m-2 yr-1 for the central (Johnson et al., 

2005), 27 g C m-2 yr-1 for the northwestern (Liebig et al., 2005), and 42 g C m-2 yr-1 for 

the southeastern regions (Franzluebbers and Follett, 2005).   

Many internal soil formation processes and external environmental factors can 

manipulate carbon gains and losses in soils, such as climatic conditions, land use 

change, environmental conditions and decomposition, chemical and physical processes 

(Stockmann et al., 2013). An overall net gain in the FL-SRB is attributed perhaps due to 

conditions of LC/LU and co-benefits from water conservation program. Details of LC/LU 

change affecting SOC sequestration are discussed in the next section.  

Land cover/land use conditions and SOC change  

The SOC stocks increased by approximately 30 g m-2 yr-1 during a 30 year period 

that approximates the period where available LC/LU change was mapped (1988 and 

2008).  Land use change was pronounced in the basin (Chapter 2, Figures 2-10 and 2-

11) and may explain some of the SOC change. Considering the high magnitude of 

LC/LU change (> 1,000 km2 change) (Table 3-7), the highest accumulation in SOC 

stocks were found under ‘conversion of upland forest to wetland’ with a median of 43.7 

g m-2 yr-1 gain, followed by ‘wetland’ (34.0 g m-2 yr-1) > ‘upland forest’ (31.3 g m-2 yr-1) > 

‘conversion of wetland to upland forest’ (25.0 g m-2 yr-1) > ‘rangeland to upland forest’ 

(21.7 m-2 yr-1) > ‘agriculture’ (19.0 g m-2 yr-1) > ‘agriculture to upland forest’ (17.3 g m-2 

yr-1). 
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Other studies have shown that wetlands and conversion of other LC/LU types to 

wetland accumulated high amounts of carbon in soils. Craft et al. (2008) found net SOC 

gains in marsh soils with 24 g C m-2 yr-1 in the Okefenokee Swamp and 122 g C m-2 yr-1  

under cypress in the Everglades with mean values of and 122 within 10 cm depth. 

Carbon sequestration rates of 99 to 190 g C m-2 yr-1 in the Everglades up to 60 cm deep 

were identified by Craft and Richardson (1993). Ross (2013) found the largest SOC 

gains in Hardwood/Cypress Swamp and other wetland classes with 44 to 106.9 g C m-2 

yr-1 among many other LC/LU classes covering agriculture, forest, and urban systems in 

a similar landscape in north-east Florida.   

In our study, upland forests that remained in upland forests and all LC/LU 

classes that were converted to upland forests experienced net SOC gains.  These 

findings were similar to a study presented by Ahn et al. (2009), in which they concluded 

that the largest organic carbon storages with 31.8 g C m-2 yr-1 from the uppermost 0-30 

cm were associated with forested soils in a multi-use watershed in northern Florida. On 

the other hand, Pregitzer and Palik (1997) found average SOC loss of –4.44 g C m-2 yr-1 

in the shallow layers of soils undergoing conversion from cultivated land to pine 

plantation.  The results from various studies suggest that the influence of plantation and 

natural forest on carbon pools vary across locations (Johnson, 1992; Morris et al., 2010, 

2007; Paul et al., 2002; Powlson et al., 2011). Xiong (2013) found that pine plantations 

in Florida showed an average SOC accumulation rate of 18.2 g m-2 yr-1 (0-20 cm) with 

insignificant difference of SOC stocks between natural pine forest and pine forest under 

management. Their results suggested that management of forest do not have major 

impact on SOC stock.   
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In our study the agricultural areas resulted in a slight increase in SOC 

sequestration with small gains of 19.0 g C m-2 yr-1 when compared to other LC/LU 

classes. These findings contradict with scientific evidences that have determined 

depletion of SOC in agricultural soils, in particular by converting natural ecosystems to 

agricultural ecosystems or a plowing system (Davidson and Ackerman, 1993; 

Groenendijk et al., 2002; Kimble et al., 1998; Reicosky, 2003). Recently, some 

inconsistent results were found regarding agricultural practices and enhancement of 

carbon sequestration. Several studies found no significant difference in carbon 

sequestration between tillage and no-tillage in the soil surface, but higher carbon 

accumulation in the soils were discovered in deeper profiles (Baker et al., 2007; Blanco-

Canqui and Lal, 2008; Poirier et al., 2009). In the FL-SRB it is possible that increased 

SOC in agricultural soils was a consequence of the prominently implemented best 

management practices as well as extensive conservation programs. These programs 

aim to maximize agricultural productivity while minimizing impact on water and retaining 

SOC in tilled/no-tilled soil (Simonne et al., 2010).  Other factors such as crop types, crop 

density, cropping frequency, and fertilization may also explain net SOC gains in 

agricultural systems (Luo et al., 2010; Sun et al., 2012). In the FL-SRB agriculture is 

composed mainly of specialty crops, such as improved pastures, hay fields, and row 

crops which indicates different LULC composition than in other studies focused on cash 

crops.  

Long-term Trend Analysis of Total Organic Carbon, Total Nitrogen, and Total 
Phosphorus 

The 23 drainage areas ranged in size from 171 to 20,280 km2 (Table 3-8). All 

flows were the average of the harmonic mean from water years 2000 through 2010. 
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Trend analysis conducted for the monthly TOC loading showed an upward trend in eight 

drainage areas (out of 23 tested) which covered the Aucilla River (Aucl.00), upstream of 

the Santa Fe River (Sntf.01 and Sntf.03), the Upper Suwannee River (UpSuwn.01 to 

04), and the Waccasassa River (Wacs.00) (Table 3-9). The increase in TN and TP 

loads were more pronounced than in TOC loads.  An increasing trend of TN loads was 

found in the Coastal River (Cost.00), most of the Santa Fe River, the Upper Suwannee 

River, and most of the Lower Suwannee River (Table 3-10). Similarly, TP loads (Table 

3-11) had an upward trend in most of the drainage areas but slightly less than the TN 

trend (Table 3-10). The remaining drainage areas showed an insignificant trend which 

indicated little change in carbon and nutrient loading in the areas. Interestingly, while 

TOC, TN, and TP loads were strongly positive correlated with flows with R2 of 0.9, 0.9, 

and 0.7, respectively, precipitation did not significantly change during the past decade. 

Total organic carbon, TN, TP loads may be attributed to nutrient and carbon influx via 

non-point source pollution, local landscape settings, intricate aquifer, and spring 

hydrology of the system.  

An accent increase in TOC loads in the Upper Suwannee River has been 

documented by the North Florida Aquifer Replenishment Initiative (NFARI) (2013).  The 

upper part of the Suwannee River is known for its blackwater due to extensive peat 

deposits from the Okefenokee Swamp in South Georgia. Decomposition of vegetative 

biomass is claimed to provide large dissolved organic carbon to the river and is 

responsible for the dark water color (Meyer, 1990). Low dissolved oxygen in blackwater 

conditions is common, particularly in summer when water flows are low and 

temperatures are high (Smock and Gilinsky, 1992; Todd et al., 2009). It should be noted 
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that an increase in TOC loads occurred in the poorly drained areas. During high flows, 

the litter in the floodplains are picked up and transported to the streams (USEPA, 2002). 

These operating processes occur in the blackwater system of the Suwannee River 

Basin that is dominated by wetlands and forests with combined coverage of 75 percent 

of the basin.  

High TOC loads may not affect human health as directly as nitrogen and 

phosphorus, but excessive organic carbon can disturb functions of an ecosystem via 

nutrient cycling and biogeochemical processes. High TOC indicates that much oxygen 

in the water is used up during the natural process of decay of organic matter. Low 

oxygen affects aquatic animals to survive and impact human well-being ultimately.  

The magnitude of annual TN load per area (in kg km-2 yr-1) was associated with 

flows. Drainage areas that generated medium-high and high flows transported TN loads 

between 200 and 1,500 kg km-2 yr-1, whereas medium-low and low flows transported TN 

loads between 17 and 200 kg km-2 yr-1. Average monthly phosphorus loads showed a 

high magnitude in the Withlacoochee, Sntf.06, Sntf.07, UpSuwn.04, and the Lower 

Suwannee drainage areas (Table 3-11). This is mainly due to the river coming in 

contact with the parent material of the Hawthorne Group that contains high levels of 

phosphours rich carbonate-fluorapatite (Maddox et al., 1992), and partly due to 

discharges from phosphate mining (Hornsby and Mattson, 1998). Average annual TN 

and TP loads were 244 and 20 kg km-2 yr-1, respectively. The Suwannee River has the 

highest nitrate-nitrogen (NO3-N) and TP load per area, compared to six other rivers in 

Georgia and Florida (Altamaha, St. Johns, Satilla, Ogeechee, Withlacoochee, and 

Ochlockonee Rivers) (Asbury et al., 1997).   
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An upward trend of TN loads was observed pronouncedly in the lower Santa Fe 

River, the Upper Suwannee River, and the Lower Suwannee River. These findings were 

similar to the findings from Hornsby (2007) who indicated higher NO3-N concentration 

trends in the Lower Suwannee River (comparable to the LwSuwn.04 in this study) 

during the period 1998 to 2006. The Suwannee River recharges and receives discharge 

from the Upper Floridan aquifer (Pittman et al., 1997). The inflow in the Suwannee River 

is directly due to ground water influx from the Upper Floridan aquifer.  The possible 

nitrogen sources in streams are synthetic fertilizer, septic tanks, and animal waste 

(Andrews, 1994). Bruland et al. (2008) in tracking nutrients that enter the Gulf of Mexico 

via the Suwannee Basin found a disproportionally high amount of NO3-N originating in 

the Santa Fe River. They attributed the high NO3-N levels in soils to row crop agriculture 

and improved pasture sites based on seasonal spatial sampling in soils. The higher 

NO3-N concentration was found in Ultisols and Spodosols that are not only prominent in 

the Santa Fe, but also dominate the whole Suwannee River Basin.  

An increase in TP loads was present in the Aucilla River, the Lower Santa Fe 

River, most of the Upper Suwannee River, and the Lower Suwannee River.  

Hornsby (2007) documented a decreasing trend of TP concentration from 1998 

to 2006 at the Branford station (LwSuwn.04). Furthermore, García et al. (2011) 

concluded that wastewater discharge contributed the largest amount of TP to the 

Suwannee River Estuary and streams, followed by background non-point sources, 

agriculture, urban, and manure.  It is also possible that low pH water runoff from the 

Okefenokee Swamp chemically reacts with the Hawthorne Group, resulting in 

phosphorus leach.  The soil phosphorus content ranged from < 2.5 to > 1000 mg kg-1 in 
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the Santa Fe River Watershed where elevated values were found in the subsoil due to 

the P-rich geologic material these soils formed (Grunwald et al., 2010). Phosphorus-rich 

soils may ultimately contribute to the relatively high P loads in surface waters found in 

the Santa Fe River Watershed, but also in the wider Suwannee Basin that consists of 

similar soils and geology.  The relationships among nutrient loads, precipitation, and 

concentration are shown in Figure 3-12. 

Considering upward trends in many drainage areas, there were a few that did not 

meet the numerical water quality standard proposed by the FDEP (2013). In compliance 

with the Clean Water Act, the Environmental Protection Agency (EPA) completed an 

agreement in March 2013 for Florida to adopt its own rules to keep its aquatic 

ecosystem healthy by approving the numeric water quality standards (FDEP, 2013) The 

criteria for healthy waters indicate that “the frequency is a no more than one in three 

years excursion for the annual geometric mean criteria for streams”. In the SRB, 21 

water monitoring stations comply with the TN and TP thresholds in the North Central 

region set at 1.87 mg L-1 and 0.30 mg L-1, respectively. The remaining two stations 

(Aucl.00 and Cost.00) fall into the Panhandle East nutrient region adopting the TN and 

TP thresholds that cannot be exceeded with 1.03 mg L-1 and 0.18 mg L-1, respectively 

(FDEP, 2013). The Aucl.00, Cost.00, UpSuwn.03, and UpSuwn.04 exceeded the TN 

concentration threshold during the 10-year period (2000-2010), while the Aucl.00 and 

UpSuwn.03 showed surplus TP concentration.  The primary concern with increases of 

TN and TP loads and concentrations is eutrophication of surface water and subsequent 

impacts on the ecological functioning of biotic systems. The input of nutrients will 
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stimulate microbial activities in water by increasing the rate of supply of organic matter 

to an ecosystem (Duarte, 2009).  

Relationships between Soil Organic Carbon and Total Organic Carbon in Surface 
Water 

The average unit area TOC load increased approximately 0.2 x 10-3 g C m-2 yr-1 

for all drainage areas and increased 0.1 x 10-3 g C m-2 yr-1 at the 4 major drainage 

outlets of the Suwannee River Basin (2000-2010).The results coincided with organic 

carbon accretion rates in soils, with an overall average increase of 30 g m-2 yr-1 derived 

by multiplying the drainage area to retrieve SOC sequestration rates at each drainage 

basin.. Spatial cross-correlations between unit-area SOC stocks and TOC loads were 

confounded in the upstream of the Santa Fe River and Waccasassa River (i.e., the 

eastern portion of the study area). In general, these soils along the Sntf.01, Sntf.03, and 

Wacs.00 are poorly drained or somewhat poorly drained; thus, organic carbon from 

soils is transported horizontally via surface runoff/erosion and lateral interflow. Khadka 

et al. (2014) pointed out that in the upper Santa Fe River (comparable to Sntf.01 to 

Sntf.05 in this study), soils and water release more carbon dioxide to the atmosphere 

when compared to the lower Santa Fe River (comparable to Sntf.06 and Sntf.07 in this 

study). This is due to the two distinct hydrogeological settings of the region where much 

of the CO2 is consumed during the carbonate dissolution reactions in the lower Santa 

Fe River.  In contrast, other parts of the drainage areas along the Suwannee River are 

sandy, and are moderately well-drained, or excessively drained. These soils present 

issues with irrigation and leaching with nutrients (U.S. Department of Agriculture 

(USDA), 1993)  and possibly dissolved carbon. Though carbon has been sequestered in 
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soils in the basin, the tendency of carbon efflux through the cascading lotic system into 

estuaries and the Gulf of Mexico were muted.  

Overall, Florida has relatively flat terrain with gentle slopes (0-5%), nonetheless, 

the steeper slopes are found in the northern regions where the FL-SRB is located. 

Topographic relief and elevation in the FL-SRB become more muted with proximity to 

the Gulf of Mexico. In gentle sloping terrain surface soils materials, including organic 

carbon from the upper landscape positions, are prone to be transported to lower 

positions. This is a possible explanation for mismatched increases/decreases in SOC 

sequestration rate and TOC accumulation rates in soil and water systems.  

Variation in Carbon to Nutrient Ratios in Soils and Surface Water by Drainage 
Areas 

The carbon to nutrient ratios in soils are presented based on SOC, TN and TP 

stocks derived by BK only, because BK performed better than OK. The interpolation 

parameters and validation results for SOC stocks are described in Table 3-5 and for soil 

TN and TP are shown in Table 3-12. Figure 3-8 shows the patterns of SOC:TN and 

SOC:TP ratios across the FL-SRB. Note that SOC and total soil carbon are assumed to 

be nearly equal in this basin because the amount of inorganic soil carbon is minuscule.  

The underlining criteria for stoichiometric ratios used for discussion are drawn 

from Unger et al. (1998). They argue that a C:N less than 25 and the C:P less than 200 

indicates net mineralization; if the C:N ratio is larger than 30 and the C:P is larger than 

300, the process is net immobilization, otherwise carbon and nutrients are naturally 

balanced.  

Based on mean values for SOC, TN, and TP stocks for each drainage area in 

soils and surface water, the following stoichiometric relationships were calculated: C:N = 
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17 and 9, respectively (Table 3-13). Spatial C:N ratios between the soil and lotic system 

were similar with the propensity of mineralization process (C:N < 25). For soils, net 

mineralization of N occurred across the 23 drainage areas with a range between 14 and 

21 promoting the risk of N leaching into the aquifer and excess nitrogen being released 

to the atmosphere in the form of ammonia (NH4
+) or nitrous oxide (NO3

-). Another study 

by Gundersen et al. (1998) suggested similar results, in which they found a C:N ratio 

less than 20 in the Lower Suwannee River and concluded that this area had the 

potential for greater N leaching.  In our study, C:N ratios in surface water showed a 

wider range, from 2 to 39.  Most drainage areas were low in C:N ratios, whereas the 

Aucl.00, Cost.00, Sntf.02, Sntf.03, and UpSuwn.04 with C:N ratios between 25 and 30 

were identified; thus, indicating neither a gain nor loss of N. Only the UpSuwn.01 and 

UpSuwn.02 showed surface water net immobilization of N (C:N > 30) due to relatively 

low N. The mean soil C:N ratios in this study (C:N = 17) were lower than the findings 

from Grunwald et al. (2010) in which they reported mean ratios of C:N = 22.5 in the top 

soil (0-30 cm) within the Santa Fe Watershed.  

In contrast to C:N, the mean C:P ratios in soils were lower than those in surface 

water across all drainage areas. The C:P ratios in soils and the lotic system ranged from 

46 to 288 and 3 to 866, respectively. The stoichiometric ratios in soils and surface water 

were estimated at C:P = 108 and 84, respectively (Table 3-13). For soils, the net P 

mineralization took place in most areas (C:P < 200) except for the Cost.00, UpSuwn.01, 

UpSuwn.02, and UpSuwn.03, where neither net gain nor loss of P was found 

(200<C:P<300).  The findings in soils somewhat coincided with the dominant 

immobilization in surface water in the upstream of the Upper Suwannee sub-basin. This 
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can be explained by the naturally high carbon settings in the northeast area due to the 

blackwater environment. However, the UpSuwn.03 showed extremely low in C:P, with a 

mean value of 3 that might be described by the elevated P content from the P-rich 

parent material derived from the Hawthorne geologic group. Overall, C:N and C:P were 

higher in the soils of the FL-SRB than they were in the surface waters. Studies who 

compare C:N and C:P ratios in soils and surface waters across large basins, such as 

the FL-SRB, are still rare. Others, such as Hecky et al. (1993) reported that C:N and 

C:P ratios within freshwater systems were lower than lake sediments. 

The C:N:P ratios in this study were much lower than those in the Santa Fe River 

Watershed reported by Grunwald et al. (2010) with a soil C:N:P of 535:27:1 in 0-30 

depth. McGroddy et al. (2004) suggested even a higher average C:N:P of 1,212:28:1 for 

foliage and 3,007:45:1 for litter. Note that the drainage areas used for calculation in this 

study did not cover most parts of the western area where there was a high density of 

wetlands and forests. Moreover, the depth of soil profiles and types of land cover may 

force the differences. However, our C:N:P ratios of 108:6:1 were similar to Steven and 

Cole (1999) who proposed that the C:N:P should be similar across soil geographic 

regions in the world, with an average ratio of 108:8:1. In comparison to the global C:N:P 

of 106:16:1 in marine systems (Redfield, 1958), our aquatic C:N:P results were lower, 

with mean values of 84:9:1 in rivers. 

Figure 3-8 shows the spatial distribution of soil N and soil P. Interestingly, the 

SOC and TN patterns of stocks mirrored each other, while TP stocks showed opposing 

patterns (Figure 3-9). Nutrient-enriched and nutrient-limited area separation using 

median values was also conducted to reflect the spatial SOC variability (Figure 3-10).  
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Within low TN areas (median ≤ 0.21 kg N m-2), the mean SOC (3.5 kg C m-2) 

tended to be lower, compared to high TN areas, where the mean SOC was 4.6 kg C 

m-2. In contrast, within low TP areas (median ≤ 0.07 kg P m-2), SOC stocks showed 

opposing behavior with means of 4.8 kg C m-2, while high TP areas contained lower 

means of 4.3 kg C m-2 (Figure 3-9).  

Conclusions 

Two major ecosystem services – carbon sequestration and nutrient regulation – 

in soils and surface waters were assessed in the FL-SRB. In the context of global 

climate change, carbon sequestration plays a major role because it mutes the effects on 

climate warming. These beneficial regulating services at a global scale cannot be 

overstated because the threat that global climate change will intensify in the future is 

very real. Adaptation and mitigation efforts targeting to enhance the carbon 

sequestration in the ecosystem are viewed as mechanisms to enhance the carbon 

regulation ecosystem service. In addition, benefits of soil carbon sequestration are 

manifold including enhanced crop productivity, nutrient retention, increased soil 

cohesion between particles, reduced CO2 emissions, improved water quality due to the 

reduction of nutrient run-off, among many others  

The soil natural capital, here expressed as SOC and nutrient (N and P) stocks, is 

critical for the long-term sustainability and health of soils that subsequently secure food 

and fiber production. Agricultural and forest production is a major component of the 

economic system in the FL-SRB enabling economic prosperity and livelihood of many 

residents in the basin. Our quantitative assessment of SOC stocks found that SOC 

ranged from 1.6 kg C m-2 to 13.8 kg C m-2 with a mean value of 3.4 kg C m-2 (based on 

BK), while current SOC stocks ranged from 2.0 to 8.3 kg C m-2 with a mean value of 4.3 
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kg C m-2 (based on BK). The total absolute SOC stock was 66.2 Tg C in the historic 

dataset and 83.7 Tg C in the current dataset. These finding suggest that during the past 

decades, the FL-SRB has acted as a soil carbon sink, which resulted in net SOC gains 

of 30 g C m-2 yr-1 derived by BK and 18 g C m-2 yr-1 derived by collocated historic-

current site observations.   

We assert that LC/LU and its change are closely interconnected with the carbon 

sequestration service. Although wetlands cover only 29% of the FL-SRW it stores about 

54 Tg of the total SOC stocks in the topsoil. Upland forests, which are extensive in the 

FL-SRB cover about 46% of the area and store a total of 33.7 Tg SOC stocks in the 

topsoil. These contrast with carbon-poor systems, such as rangelands and urban areas 

with much lower capacity to store carbon in soils. A confusion matrix provided ample 

evidence for major LC/LU shifts that have occurred within the basin including substantial 

increase in wetlands (927.4 km2) and shifts from upland forest to rangeland and 

agriculture that were interlinked with SOC sequestration. These findings suggest trends 

that will impact SOC storage under future LC/LU trajectories.  Although there is no clear 

evidence, the pro-conservation strategies implemented in Florida, e.g. Florida Forever 

Conservation Program, best management practices, and wetland restoration efforts, 

could have acted positive on the carbon storage in the basin; and thus, have profoundly 

enhanced the carbon regulation ecosystem service. The monitoring program on these 

practices is needed to be addressed.  

Carbon sequestration and nutrient cycling were spatially correlated with soil 

nitrogen enriched areas with > 0.21 kg N m-2 covering 78% of the basin associated with 

SOC sequestration. The phosphorus enriched areas with > 0.007 kg P m-2 covering 
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76% of the basin have shown to enhance SOC sequestration. These findings that 

nitrogen and phosphorus in soils stimulate the accretion of carbon in soils have been 

confirmed in other studies. But our study quantified the spatial patterns and confirmed 

only partial spatial cross-correlation patters among carbon, nitrogen and phosphorus in 

soils and surface water that are complex. From the ecosystem service perspective the 

optimization of one service, e.g. soil carbon sequestration, may lead to the degradation 

of another service, e.g. nitrogen and phosphorus in soils and surface water. Nutrient 

enrichment from the ecological perspective may have negative effects, such as reduced 

biodiversity and functioning of a system (e.g., N and P enriched wetlands) or impairment 

of drinking water quality. However, from an agricultural and forest production 

perspective nutrient enrichment is positive because it stimulates net ecosystem 

productivity, crop growth and enhances yield, up to a saturation level. This alludes to 

the fact that an ecosystem service cannot be branded necessarily as “good” or “bad”. 

Instead, it has to be viewed in specific context considering space and time dimensions. 

We presented several maps that show the spatial distribution patterns of carbon and 

nutrients and their change across the basin that may serve to optimize carbon and 

nutrient regulation services in the future considering specific benefits, such as 

conservation of soil natural capital, preservation of drinking water quality, soil carbon 

stocks promoting nutrient holding capacity in soils, or other. 

In the FL-SRB 3 drainage basins, out of 23, showed impairment for TN and 2 

drainage basins were impaired by TP considering the Florida numeric water quality 

standards. Over a period of 10 years (2000-2010) 8, 16, and 13  drainage basins 

showed increasing trends for TOC, TN, and TP loads. Overall, the TOC loads in surface 
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waters within the whole drainage area slightly increased by 0.2 x 10-3 g C m-2 yr-1. The 

portions of the basin that showed the largest gains in SOC stocks did not spatially 

correlate with TOC load increases within drainage basins, suggesting that erosion and 

surface runoff were not the major process transporting soil carbon into the stream 

network. Rather, internal processes within the blackwater river system flowing through 

wetlands, floodplains, flatwoods and wet forests characterized by high net ecosystem 

productivity tend to retain carbon in the lotic system.  

The interaction effects between carbon and nutrients, and thus, the interaction 

between carbon sequestration and nutrient cycling ecosystem services, were assessed 

using C:N and C:P ratios which ranged from 14 to 21 (C:N) and 46 to 288 (C:P) in soils 

and ranged from 2 to 39 (C:N) and 3 to 866 (C:P) in surface water across the 23 

drainage basins. Overall, net N and P mineralization dominated in soils and surface 

waters within the study area. These ratios pinpoint nutrient limitations in terrestrial and 

aquatic ecosystems, as well as risks to water quality degradation, that might affect the 

functioning and integrity of natural-human coupled ecosystems. Furthermore, the 

stoichiometric C:N:P ratio of 108:6:1 in soils and 84:9:1 in surface waters suggest that 

mineralization, i.e., the net release of nutrients during the decomposition process, has 

dominated the Suwannee River Basin. This poses a potential threat given the fragile 

geology (karst topography and limestone bedrock) in the basin providing conduits for 

nutrient flushes into the aquifer, sand-rich soils with high infiltration and percolation 

rates, coupled with high annual precipitation rates that promote cycling of nutrients 

through the soil-water-aquifer system and atmosphere. Human activities, including land 

use, management and tillage of soils, fertilization, conservation management, 
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prescribed fires, and others, have impacted both ecosystem services presented in this 

study. Those will be elaborated in more detail in Chapters 4 and 6.  
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Table 3-1.  Datasets used and descriptive statistics of soil organic carbon (SOC) stocks at observation sites in the top soil 
(0 – 20 cm) (units in kg C m-2). 

Datasets Descriptions Number of 

samples 

Mean Median Max Min Skewness STD1 SEM2 

DShsa Historic sites within the study area 169 3.7 2.7 46.6 0.4 6.4 4.5 0.3 

DShbf Historic sites within the study area 

and a 20 km buffer 

290 3.6 2.6 46.6 0.4 6.1 3.9 0.2 

DShcal Historic calibration set randomly 

chosen: 70% of DShbf 

203 3.7 2.7 46.6 0.4 6.2 4.3 0.3 

DShval Historic validation set randomly 

chosen: 30% of DShbf 

 87 3.3 2.4 20.4 0.8 3.5 2.8 0.3 

DScsa Current sites within the study area 138 5.2 3.7 20.6 1.0 1.6 3.8 0.3 

DScbf Current sites within the study area 

and a 20 km buffer 

234 4.6 3.3 20.6 0.9 1.8 3.4 0.2 

DSccal Current calibration set randomly 

chosen: 70% of DScbf 

164 4.6 3.4 17.8 0.9 1.5 3.2 0.3 

DScval Current validation set randomly 

chosen: 30% of DScbf 

 70 4.6 3.1 20.6 1.1 2.2 3.8 0.5 

1STD refers to standard deviation. 
2SEM refers to standard error of mean.  
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Table 3-2.  Descriptive statistics of total nitrogen (TN) and total phosphorus (TP) stocks at observation sites in the top soil 
(0 – 20 cm) (units in kg m-2) in 2008/09. 

Variables Descriptions Number of 

samples 

Mean Median Max Min Skewness STD1 SEM2 

TN Observations within the study area 138 0.31 0.21 1.06 0.00 1.49 0.23 0.02 

 Observations within the study area 

and a 20 km buffer 

234 0.27 0.20 1.06 0.00 1.80 0.20 0.01 

 Calibration set randomly chosen: 

70% of the total observations 

164 0.28 0.21 1.06 0.00 1.60 0.20 0.02 

 Validation set randomly chosen: 

30% of the total observations 

 70 0.25 0.19 1.00 0.06 2.32 0.20 0.02 

TP Observations within the study area 138 0.03 0.01 0.40 0.00 4.32 0.05 0.00 

 Observations within the study area 

and a 20 km buffer 

234 0.02 0.01 0.40 0.00 4.64 0.04 0.00 

 Calibration set randomly chosen: 

70% of the total observations 

164 0.03 0.01 0.40 0.00 4.66 0.05 0.00 

 Validation set randomly chosen: 

30% of the total observations 

 70 0.02 0.01 0.17 0.00 2.59 0.03 0.00 

1STD refers to standard deviation. 
2SEM refers to standard error of mean. 
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Table 3-3.  Selected monthly parameters of river flow, total organic carbon (TOC), total nitrogen (TN), and total 
phosphorus (TP) at the eight sub-basins between water year 2000 and 2010. 

Sub-basins Parameters No. of 
river 
gages 

Arithmetic 
mean 

Geometric 
mean 

Harmonic 
mean 

Median Max Min STD1 SEM2 

Alapaha Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

1   8,480.2 
       18.5 
         1.7 
         0.2 
  1,969.3 
     115.6 
     111.8 

3,496.9 
     16.2 
       1.5 
       0.2 
   567.1 
     53.4 
     58.2 

1,619.9 
   11.21 
       1.4 
       0.2 
   136.1 
     28.0 
     35.8 

3,536.7 
     17.8 
       1.5 
       0.2 
   589.9 
     46.7 
     48.4 

  86,200.0 
         46.1 
           6.9 
           0.4 
  17,246.4 
    1,173.8 
       870.0 

376.3 
    0.5 
    0.8 
    0.1 
    3.9 
    5.7 
  10.6 

12,368.4 
         8.4 
         0.8 
         0.1 
  3,201.7 
     170.0 
     153.6 

1,084.8 
       0.7 
       0.1 
       0.0 
   280.8 
     14.9 
     13.5 

 
Withlacoochee 

 
Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

 
2 

 
13,584.1 
       10.4 
         1.2 
         0.1 
  2,102.6 
     158.0 
     160.8 

 
6,949.0 
       8.0 
       1.1 
       0.1 
   525.7 
     76.6 
     81.7 

 
4,104.0 
       5.6 
       1.1 
       0.1 
   128.1 
     41.0 
     47.0 

 
6,291.5 
       8.5 
       1.3 
       0.1 
   595.4 
     67.0 
     73.6 

 
122,000.0 
         32.3 
           2.4 
           0.3 
  33,105.2 
    1,387.2 
    1,774.5 

 
813.5 
    1.5 
    0.5 
    0.1 
  15.0 
    7.9 
  11.0 

 
18,579.2 
         6.7 
         0.3 
         0.1 
  4,244.4 
     214.3 
     239.8 

 
2,018.5 
       0.7 
       0.0 
       0.0 
   443.6 
     23.2 
     25.8 

 
Aucilla 

 
Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

 
1 

 
  2,863.4 
       27.3 
         1.2 
         0.1 
     769.1 
       38.4 
       16.6 

 
   479.8 
     22.4 
       1.0 
       0.1 
   105.9 
       4.9 
       2.4 

 
       0.2 
     15.8 
       0.8 
       0.0 
       0.0 
       0.0 
       0.0 

 
   523.0 
     25.9 
       1.1 
       0.1 
   143.7 
       7.3 
       3.2 

 
  28,200.0 
         56.1 
           3.2 
           0.2 
  10,813.0 
       333.5 
       193.1 

 
    0.0 
    2.0 
    0.2 
    0.0 
    0.0 
    0.0 
    0.0 

 
  5,031.6 
       13.9 
         0.6 
         0.0 
  1,668.0 
       66.0 
       31.4 

 
   444.7 
       1.2 
       0.1 
       0.0 
   147.4 
       5.8 
       2.8 

 
Coastal 

 
Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

 
1 

 
     777.6 
       32.2 
         1.0 
         0.1 
     366.4 
       11.2 
         6.9 

 
   358.5 
     25.6 
       0.8 
       0.1 
     91.6 
       2.9 
       3.2 

 
     24.2 
     19.5 
       0.6 
       0.1 
       2.3 
       0.1 
       0.1 

 
   327.7 
     27.3 
       1.0 
       0.1 
     82.3 
       3.1 
       4.1 

 
    6,456.8 
         80.9 
           2.9 
           0.2 
    2,996.0 
         94.9 
         58.1 

 
    0.3 
    3.9 
    0.1 
    0.0 
    0.0 
    0.0 
    0.0 

 
  1,030.1 
       20.1 
         0.6 
         0.0 
     562.3 
       16.9 
         8.5 

 
     91.0 
       1.8 
       0.1 
       0.0 
     49.7 
       1.5 
       0.7 

1STD refers to standard deviation. 
2SEM refers to standard error of mean. 
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Table 3-3.  Continued. 
Sub-basins Parameters No. of 

river 
gages 

Arithmetic 
mean 

Geometric 
mean 

Harmonic 
mean 

Median Max Min STD1 SEM2 

Santa Fe Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

7 12,995.6 
       24.6 
         1.3 
         0.2 
     629.4 
     374.7 
       49.3 

10,815.4 
       18.2 
         1.2 
         0.2 
     154.4 
       32.3 
       24.8 

  9,431.1 
       11.6 
         1.0 
         0.1 
       56.6 
       20.3 
       16.7 

 9,924.6 
      23.9 
        1.3 
        0.1 
    158.9 
      35.1 
       22.1 

  66,505.3 
         68.9 
           2.9 
           0.6 
  10,949.8 
    4,516.2 
       614.0 

2,483.4 
       1.5 
       0.3 
       0.1 
       9.6 
       2.9 
       5.4 

  9,325.5 
       16.0 
         0.5 
         0.1 
  1,369.7 
     894.9 
       79.9 

  840.5 
      1.8 
      0.1 
      0.0 
   131.9 
   126.4 
       7.7 

 
Upper 

Suwannee 

 
Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

 
4 

 
  6,621.2 
       40.9 
         1.7 
         1.5 
  3,757.1 
     110.3 
     192.9 

 
  2,292.9 
       38.3 
         1.6 
         1.1 
  1,013.0 
       32.6 
       97.6 

 
     861.4 
       30.2 
         1.5 
         0.9 
     214.3 
         9.7 
       53.9 

 
  2,206.8 
       40.5 
         1.7 
         0.9 
  1,215.7 
       34.3 
     100.4 

 
  68,981.2 
        79.0 
          3.9 
          9.6 
  42,587.6 
    1,295.4 
    2,977.1 

 
   149.9 
       7.8 
       0.4 
       0.4 
     15.9 
       1.1 
       7.3 

 
11,258.8 
      12.7 
        0.6 
        1.5 
 6,675.2 
    196.8 
    329.5 

 
   985.7 
       1.1 
       0.1 
       0.1 
   584.2 
     17.2 
     29.1 

 
Lower 

Suwannee 

 
Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

 
6 

 
39,752.1 
       15.7 
         1.3 
         0.1 
  8,689.0 
     552.6 
     647.6 

 
28,433.0 
       11.9 
         1.3 
         0.1 
  3,208.0 
     366.7 
     438.5 

 
22,180.8 
         8.3 
         1.2 
         0.1 
     996.8 
     260.1 
     321.3 

 
25,203.6 
       13.8 
         1.3 
         0.1 
  3,210.6 
     339.6 
     382.0 

 
213,757.5 
         53.2 
           2.8 
           0.3 
   87,663.7 
     3,168.0 
     4,564.2 

 
8,967.5 
       1.4 
       0.6 
       0.1 
   114.1 
     65.5 
     61.4 

 
39,096.2 
       10.7 
         0.3 
         0.1 
14,326.2 
     575.2 
     725.5 

 
3,447.2 
       0.9 
       0.0 
       0.0 
1,263.6 
     50.7 
     64.0 

 
Waccasassa 

 
Flow (107 L mo-1) 
TOC conc. (mg L-1)  
TN conc. (mg L-1) 
TP conc. (mg L-1) 
TOC loads (103 kg mo-1) 
TN loads (103 kg mo-1) 
TP loads (102 kg mo-1) 

 
1 

 
     292.9 
     11.34 
         0.6 
         0.1 
       57.4 
         2.3 
         2.0 

 
     215.2 
         8.2 
         0.5 
         0.1 
       17.7 
         1.1 
         1.5 

 
     175.4 
         6.4 
         0.5 
         0.1 
         9.2 
         0.7 
         1.2 

 
     169.2 
         6.6 
         0.5 
         0.1 
       11.2 
         0.7 
         1.3 

 
     1,056.6 
          42.3 
            1.4 
            0.1 
        417.9 
          12.3 
          10.1 

 
     79.3 
       2.2 
       0.1 
       0.0 
       2.8 
       0.2 
       0.4 

 
     277.1 
       10.3 
         0.3 
         0.0 
     104.9 
         3.3 
         2.1 

 
     43.3 
       1.6 
       0.1 
       0.0 
     16.4 
       0.5 
       0.3 

1STD refers to standard deviation. 
2SEM refers to standard error of mean. 
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Table 3-4.  Comparison of soil organic carbon (SOC) stocks (kg C m-2) in the top soil using calibration sets derived from 
ordinary kriging (OK) and block kriging (BK) in two modes: (a) SOC stock estimates derived from kriging across 
the whole FL-SRB and (b) SOC stock estimates derived from kriging within the FL-SRB but with exclusion of 
high uncertainty areas.  

Parameters 
(unit in kg C m-2) 

Mode (a): SOC stock estimates derived from 
kriging across the whole FL-SRB 

 Mode (b): SOC stock estimates derived from 
kriging with excluded high uncertainty areas 

Historic Current  Historic Current 
OK BK OK BK  OK BK OK BK 

Maximum  15.5 13.9 9.2 8.3  15.5 13.8 9.2 8.3 
Minimum   1.8   1.6 2.2 2.0    1.8   1.6 2.2 2.0 
Mean   3.7   3.3 4.9 4.4    3.8   3.4 4.8 4.3 
Median   3.6   3.2 4.6 4.1    3.6   3.2 4.6 4.1 
Standard deviation   1.3   1.2 1.3 1.2    1.3   1.2 1.3 1.2 
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Table 3-5.  Variogram parameters and validation prediction errors for SOC stocks(kg C m-2) using ordinary kriging (OK) 
and block kriging (BK) and a spherical modela in different modes: (a) soil organic carbon (SOC) stock estimates 
derived from kriging across the whole FL-SRB and (b) SOC stock estimates derived from kriging within the FL-
SRB but with exclusion of high uncertainty areas.  

Parameters Mode (a): SOC stock estimates 
derived from kriging across the 
whole FL-SRB 

 Mode (b): SOC stock estimates 
derived from kriging with excluded 
high uncertainty areas 

 
Historic 

 
Current 

  
Historic 

 
Current 

OK BK OK BK  OK BK OK BK 

Nuggetb (kg Cm-2)2 0.04 0.04 0.04 0.04  0.04 0.04 0.04 0.04 
Partial sillc (kg Cm-2)2 0.04 0.04 0.04 0.04  0.04 0.04 0.04 0.04 
Range (m)d 29319 29319 29169 29169  29319 29319 29169 29169 
Lag value (m)  7400 7400 7292 7292  7400 7400 7292 7292 
Number of lags 7 7 10 10  7 7 10 10 
Mean prediction error (kg Cm-2) -0.34 0.05 0.64 0.17  -0.34 0.05 0.57 0.09 
Root mean square error (kg Cm-2) 3.17 0.47 5.37 1.45  3.17 0.47 4.45 0.07 
Number of validation samples 87 87 70 70  87 87 62 62 

aSearch neighborhood: minimum samples: 3, samples: 10. 
bNugget and partial sill are reported on natural log transformed SOC stocks.  
cThe partial sill is the sill minus the nugget.  
dRange: spatial autocorrelation derived from fitted semivariogram.    
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Table 3-6.  Soil organic carbon (SOC) estimates (0-20 cm soil profile) derived from ordinary kriging (OK) and block kriging 
(BK) in two modes: (a) SOC stock estimates derived from kriging across the whole FL-SRB and (b) SOC stock 
estimates derived from kriging within the FL-SRB but with exclusion of high uncertainty areas 

Mode Dataset Kriging technique Mean  
(kg C m-2) 

Standard deviation  
(kg C m-2) 

Area 
(km2) 

SOC stocks 
(Tg C) 

(a) DShcal
a OK 3.7 1.3 19,480 72.1 

  BK 3.3 1.2 19,480 64.3 
 DSccal

b OK 4.9 1.3 19,480 95.4 
  BK 4.4 1.2 19,480 85.7 
(b) DShcal OK 3.8 1.3 19,480 74.0 
  BK 3.4 1.2 19,480 66.2 
 DSccal OK 4.8 1.3 19,480 93.5 
  BK 4.3 1.2 19,480 83.7 

aDShcal represents historic calibration set randomly chosen 70% of historic sites within the study area and a 20 km buffer. 
bDSccal represents current calibration set randomly chosen 70% of current sites within the study area and a 20 km buffer. 
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Table 3-7.  Land cover/land use (LC/LU) confusion matrix from 1988/89 to 2006/08 in 
km2 following the Florida Land Use and Cover Classification System 
(FLUCCS), Level I and median gains and losses of soil organic carbon (SOC) 
(g C m-2 yr-1) 

LC/LU change 
(km2) 

2006/08 
UR AG RL UF WL BL TCU 

1988/89 

UR 205.3 
(19.0) 

13.6 
(1.0) 

6.7 
(19.3) 

38.4 
(18.0) 

10.7 
(16.7) 

5.1 
(21.7) 

15.8 
(13.0) 

AG 347.2 
(16.7) 

1,839.8 

(19.0) 
48.3 
(19.0) 

1,166.1 

(17.3) 
55.7 
(19.0) 

7.4 
(-6.0) 

26.0 
(13.7) 

RL 255.4 
(19.0) 

509.8 
(21.0) 

116.7 

(19.0) 

1,580.8 

(21.7) 
168.1 
(27.0) 

8.6 
(14.7) 

34.6 
(20.3) 

UF 270.5 
(25.0) 

377.7 
(22.7) 

241.5 
(20.7) 

5,043.0 

(31.3) 
2,098.5 

(43.7) 
13.6 
(23.0) 

31.5 
(26.3) 

WL 64.1 
(19.3) 

55.6 
(19.3) 

57.9 
(18.0) 

1,245.1 

(27.7) 
3,284.7 

(34.0) 
13.2 
(78.0) 

8.1 
(21.3) 

BL 17.3 
(38.7) 

16.2 
(42.0) 

3.4 
(44.0) 

37.4 
(49.7) 

5.9 
(67.0) 

0.2 
(-8.0) 

3.0 
(46.0) 

TCU 2.5 
(21.3) 

0.7 
(6.7) 

0.4 
(22.3) 

3.5 
(19.0) 

1.2 
(27.3) 

0.03 
(2.0) 

25.1 
(18.7) 

High magnitude of land cover/land use change with areas greater than 1,000 km2. 
 
Median values of soil organic carbon (SOC) stocks change are shown in parentheses. 
 
UR (1000 code in FLUCCS) denotes urban and built-up (i.e., residential, commercial 
and services, industrial, extractive, institutional, recreational, open land). 
 
AG (2000 code in FLUCCS) denotes agriculture (i.e., cropland and pastureland, 
improved pastures, unimproved pastures, woodland pastures, row crops, field crops, 
tree crops, feeding operations, nurseries and vineyards, specialty farms, other 
agriculture). 
 
RL (3000 code in FLUCCS) denotes rangeland (i.e., herbaceous, shrub and brushland, 
coastal scrub, mixed rangeland). 
 
UF (4000 code in FLUCCS) denotes upland forest (i.e., pineland, hardwood forest, xeric 
and mesic forest communities). 
 
WL (6000 code in FLUCCS) denotes wetland (i.e., wetland hardwood forest, wetland 
coniferous forest, wetland forested mixed, vegetated non-forested wetlands). 
 
BL (7000 code in FLUCCS) denotes barren land where the land has very little or no 
vegetation and limited potential to support vegetation communities (i.e., bare soil or 
rock). 
 
TCU (8000 code in FLUCCS) denotes transportation, communication, and utilities.  
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Table 3-8.  Drainage areas used in the hydrology analysis according the U.S. 
Geological Survey (USGS) Hydrologic Unit code and the Suwannee River 
Water Management District (SRWMD). 

Drainage Area 
ID used in the 
study 

USGS 
reference 

Station ID Agency Sub-basins Drainage 
area 
(km2) 

Alph.00 
With.01 
With.02 
Aucl.00 
Cost.00 
Sntf.01 
Sntf.02 
Sntf.03 
Sntf.04 
Sntf.05 
Sntf.06 
Sntf.07 
UpSuwn.01 
UpSuwn.02 
UpSuwn.03 
UpSuwn.04 
LwSuwn.01 
LwSuwn.02 
LwSuwn.03 
LwSuwn.04 
LwSuwn.05 
LwSuwn.06 
Wacs.00 

02317620 
02319000 
02319394 
02326500 
02326000 
02320700 
02321000 
02321500 
02321898 
02321975 
02322500 
02322800 
02315000 
02315500 
02315520 
02315550 
02319500 
02319800 
02320000 
02320500 
02323000 
02323500 
02313530 

ALA010C1 
WIT020C1 
WIT040C1 
AUC050C1 
ECN010C1 
SFR010C1 
NEW009C1 
SFR030C1 
SFR040C1 
SFR050C1 
SFR060C1 
SFR070C1 
SUW010C1 
SUW040C1 
SWF010C1 
SUW070C1 
SUW100C1 
SUW120C1 
SUW130C1 
SUW140C1 
SUW150C1 
SUW160C1 
WAC006C1 

USGS 
USGS 
USGS 
SRWMD 
USGS 
SRWMD 
USGS 
USGS 
SRWMD 
SRWMD 
USGS 
USGS 
SRWMD 
USGS 
SRWMD 
SRWMD 
USGS 
USGS 
USGS 
USGS 
USGS 
USGS 
SRWMD 

Alapaha 
Withlacoochee 
Withlacoochee 
Aucilla 
Coastal 
Santa Fe 
Santa Fe 
Santa Fe 
Santa Fe 
Santa Fe 
Santa Fe 
Santa Fe 
Upper Suwannee 
Upper Suwannee 
Upper Suwannee 
Upper Suwannee 
Lower Suwannee 
Lower Suwannee 
Lower Suwannee 
Lower Suwannee 
Lower Suwannee 
Lower Suwannee 
Waccasassa 

  4,201 
  1,729 
  2,421 
  1,872 
     473 
     171 
     465 
  1,384 
  1,973 
  2,339 
  2,738 
  3,794 
  4,714 
  5,562 
  5,667 
  6,015 
13,418 
14,046 
14,466 
15,553 
19,652 
20,280 
     467 

USGS denotes the United States of Geological Survey. 
SRWMD denotes the Suwannee River Water Management District.  
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Table 3-9.  Mann-Kendall trend analysis for monthly unit area loads of total organic carbon (TOC) (kg C km-2) by drainage 
area in harmonic mean between 2000 and 2010. 

Drainage Area  Area (km2) TOC loads  
     (kg C km-2) 

Months Kendall 
score 

Variance p-value  
     (two-sided) 

Trend Seasonal 

Alph.00 
With.01 
With.02 
Aucl.00 
Cost.00 
Sntf.01 
Sntf.02 
Sntf.03 
Sntf.04 
Sntf.05 
Sntf.06 
Sntf.07 
UpSuwn.01 
UpSuwn.02 
UpSuwn.03 
UpSuwn.04 
LwSuwn.01 
LwSuwn.02 
LwSuwn.03 
LwSuwn.04 
LwSuwn.05 
LwSuwn.06 
Wacs.00 

  4,201 
  1,729 
  2,421 
  1,872 
     473 
     171 
     465 
  1,384 
  1,973 
  2,339 
  2,738 
  3,794 
  4,714 
  5,562 
  5,667 
  6,015 
13,418 
14,046 
14,466 
15,553 
19,652 
20,280 
     467 

32.4 
81.2 
47.9 
  0.0 
  4.9 
  1.6 
  5.7 
  7.8 
  0.2 
  0.2 
38.3 
73.0 
34.3 
55.1 
  4.5 
60.4 
87.6 
87.2 
74.0 
87.6 
52.4 
  5.8 
19.6 

130 
  65 
118 
127 
128 
  48 
  63 
127 
112 
130 
132 
  95 
132 
131 
120 
129 
129 
132 
132 
130 
119 
131 
  41 

      9 
     18 
    -14 
   143 
   614 
   474 
   237 
1,375 
   486 
   671 
  -374 
   317 
1,204 
1,263 
1,070 
1,124 
     70 
   470 
   530 
   453 
   111 
   553 
   254 

    1,907 
       950 
    1,434 
    1,787 
235,712 
  12,659 
  28,427 
230,251 
158,163 
246,892 
258,419 
  96,742 
258,419 
252,612 
194,367 
241,259 
    1,860 
258,419 
258,419 
246,892 
189,567 
252,612 
    7,927 

0.84 
0.56 
0.71 
0.0007 
0.21 
0.00003 
0.16 
0.004 
0.22 
0.18 
0.46 
0.31 
0.02 
0.01 
0.02 
0.02 
0.1 
0.36 
0.3 
0.36 
0.8 
0.27 
0.004 

Insignificant 
Insignificant 
Insignificant 
Increasing 
Insignificant 
Increasing 
Insignificant 
Increasing 
Insignificant 
Insignificant 
Insignificant 
Insignificant 
Increasing 
Increasing 
Increasing 
Increasing 
Insignificant 
Insignificant 
Insignificant 
Insignificant 
Insignificant 
Insignificant 
Increasing 

Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
No 
No 
No 
No 
No 



 

108 

Table 3-10.  Mann-Kendall trend analysis for monthly unit area loads of total nitrogen (TN) (kg N km-2) by drainage area in 
harmonic mean between 2000 and 2010. 

Drainage Area  Area (km2) TN loads  
     (kg N km-2) 

Months Kendall 
score 

Variance p-value  
     (two-sided) 

Trend Seasonal 

Alph.00 
With.01 
With.02 
Aucl.00 
Cost.00 
Sntf.01 
Sntf.02 
Sntf.03 
Sntf.04 
Sntf.05 
Sntf.06 
Sntf.07 
UpSuwn.01 
UpSuwn.02 
UpSuwn.03 
UpSuwn.04 
LwSuwn.01 
LwSuwn.02 
LwSuwn.03 
LwSuwn.04 
LwSuwn.05 
LwSuwn.06 
Wacs.00 

  4,201 
  1,729 
  2,421 
  1,872 
     473 
     171 
     465 
  1,384 
  1,973 
  2,339 
  2,738 
  3,794 
  4,714 
  5,562 
  5,667 
  6,015 
13,418 
14,046 
14,466 
15,553 
19,652 
20,280 
     467 

  6.7 
  9.7 
27.0 
  0.0 
  0.2 
  1.6 
  0.4 
  0.4 
  0.0 
  0.0 
21.9 
21.5 
  1.3 
  1.7 
  0.7 
  3.2 
11.4 
13.0 
13.3 
20.3 
15.9 
20.0 
  1.5 

130 
  65 
118 
127 
128 
  48 
  63 
127 
112 
130 
132 
  95 
132 
131 
120 
129 
129 
132 
132 
130 
119 
131 
  41 

     29 
     42 
     40 
     42 
1,067 
   484 
   267 
1,393 
   616 
1,101 
1,180 
   633 
1,462 
1,413 
1,000 
1,468 
1,467 
1,030 
1,338 
1,379 
   573 
1,451 
   180 

   1,907 
      950 
    1,434 
    1,860 
235,711 
  12,658 
  28,427 
230,251 
145,842 
252,612 
258,419 
  96,742 
258,419 
252,612 
194,367 
241,259 
246,892 
258,419 
258,419 
252,612 
189,567 
258,418 
    7,927 

0.51 
0.17 
0.29 
0.33 
0.03 
0.00002 
0.11 
0.004 
0.11 
0.03 
0.02 
0.04 
0.004 
0.005 
0.02 
0.003 
0.003 
0.04 
0.01 
0.01 
0.19 
0.004 
0.04 

Insignificant 
Insignificant 
Insignificant 
Insignificant 
Increasing 
Increasing 
Insignificant 
Increasing 
Insignificant 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Insignificant 
Increasing 
Increasing 

Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
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Table 3-11.  Mann-Kendall trend analysis for monthly unit area loads of total phosphorus (TP) (kg P km-2) by drainage 
area in harmonic mean between 2000 and 2010. 

Drainage Area  Area (km2) TP loads  
     (kg P km-2) 

Months Kendall 
score 

Variance p-value  
     (two-sided) 

Trend Seasonal 

Alph.00 
With.01 
With.02 
Aucl.00 
Cost.00 
Sntf.01 
Sntf.02 
Sntf.03 
Sntf.04 
Sntf.05 
Sntf.06 
Sntf.07 
UpSuwn.01 
UpSuwn.02 
UpSuwn.03 
UpSuwn.04 
LwSuwn.01 
LwSuwn.02 
LwSuwn.03 
LwSuwn.04 
LwSuwn.05 
LwSuwn.06 
Wacs.00 

  4,201 
  1,729 
  2,421 
  1,872 
     473 
     171 
     465 
  1,384 
  1,973 
  2,339 
  2,738 
  3,794 
  4,714 
  5,562 
  5,667 
  6,015 
13,418 
14,046 
14,466 
15,553 
19,652 
20,280 
     467 

0.9 
2.4 
2.1 
0.0 
0.0 
0.1 
0.1 
0.2 
0.0 
0.0 
1.5 
1.9 
0.2 
0.4 
1.3 
1.9 
2.0 
2.3 
2.2 
2.1 
1.6 
1.9 
0.2 

130 
  65 
118 
127 
128 
  48 
  63 
127 
112 
130 
132 
  95 
132 
131 
120 
129 
129 
132 
132 
130 
119 
131 
  41 

     63 
     34 
     36 
   154 
   614 
   392 
   201 
1,293 
   507 
   967 
1,085 
   691 
1,920 
1,607 
   598 
1,238 
   935 
1,042 
1,088 
1,037 
   203 
1,054 
   103 

   1,907 
      950 
    1,434 
    1,820 
235,712 
  12,659 
  28,427 
230,251 
145,841 
246,892 
258,418 
  96,742 
258,419 
252,612 
194,367 
241,259 
246,892 
258,419 
258,419 
252,612 
189,567 
258,419 
    7,926 

0.15 
0.27 
0.34 
0.0003 
0.21 
0.0005 
0.24 
0.01 
0.19 
0.05 
0.03 
0.03 
0.0002 
0.001 
0.18 
0.01 
0.06 
0.04 
0.03 
0.04 
0.64 
0.04 
0.25 

Insignificant 
Insignificant 
Insignificant 
Increasing 
Insignificant 
Increasing 
Insignificant 
Increasing 
Insignificant 
Increasing 
Increasing 
Increasing 
Increasing 
Increasing 
Insignificant 
Increasing 
Insignificant 
Increasing 
Increasing 
Increasing 
Insignificant 
Increasing 
Insignificant 

Yes 
No 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
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Table 3-12.  Interpolation parameters and validation results derived by block kriging for 
soil nutrient properties lnN (log transformed total nitrogen in kg C m-2) and lnP 
(log transformed total phosphorus in kg C m-2) in the top soil (0-20 cm) for the 
current soil dataset in 2008/2009.  

Parameter lnN lnP 

Semivariogram modela Exponential Exponential 
Nuggetb (kg C m-2)2 0.20 0.79 
Partialb sill (kg C m-2)2 0.21 1.09 
Rangec (m) 33391 30000 
Lag value (m)  7292 7292 
Number of lags 10 10 
Mean prediction error (kg C m-2)  0.01 -0.02 
Root mean square error (kg C m-2) 0.001 0.002 
Number of validation samples 70 70 

aSearch neighborhood: minimum samples: 3, samples: 10. 
bNugget and partial sill are reported on natural log transformed TN and TP stocks.  
cRange: spatial autocorrelation derived from fitted semivariogram. 
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Table 3-13.  Spatial distribution of mean carbon to nitrogen (C:N) and carbon to 
phosphorus (C:P) in soil and surface water for each of the drainage areas in 
the Suwannee River Basin.  

Drainage Area Soil (based on kg C m-2)  Surface water (based on kg C m-2) 

 C:N C:P  C:N C:P 

Alph.00₸ 

With.01₸ 

With.02₸ 

Aucl.00₸ 

Cost.00 

Sntf.01 

Sntf.02 

Sntf.03 

Sntf.04 

Sntf.05 

Sntf.06 

Sntf.07 

UpSuwn.01₸ 

UpSuwn.02₸ 

UpSuwn.03₸ 

UpSuwn.04₸ 

LwSuwn.01₸ 

LwSuwn.02₸ 

LwSuwn.03₸ 

LwSuwn.04₸ 

LwSuwn.05₸ 

LwSuwn.06₸ 

Wacs.00 

18 

15 

14 

16 

18 

19 

18 

17 

16 

15 

15 

16 

20 

20 

21 

21 

18 

18 

18 

18 

17 

17 

16 

166 

  88 

  90 

197 

288 

  46 

143 

  62 

  76 

  64 

  61 

  66 

239 

234 

232 

150 

100 

100 

103 

102 

  80 

100 

152 

   8 

  9 

  2 

28 

27 

  4 

28 

25 

19 

17 

  3 

  2 

39 

39 

  5 

28 

11 

13 

12 

  9 

  7 

  7 

17 

  58 

  45 

  21 

866 

185 

574 

285 

167 

  99 

  74 

  35 

  32 

498 

316 

    3 

  82 

  90 

  72 

  77 

  93 

  73 

  75 

  95 

Average ratios 17 108    9   84 

Average C:N:P 108:6:1  84:9:1 

₸Drainage basins with incomplete soil data available.  
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Figure 3-1.  Spatial distribution of historic soil organic carbon (SOC) observations (n = 
290) and soil organic carbon stocks (kg C m-2) in the top soil (0-20 cm). 
[Study area adapted from Suwannee River Water Management District 
(SRWMD), 1999. SRWMD Boundary. Map scale 1:24,000. Accessible 
through http://www.srwmd.state.fl.us/index.aspx?NID=319; Historic SOC data 
adapted from a subset from the Florida Soil Characterization Database, 2012. 
Accessible through http://flsoils.ifas.ufl.edu or http://TerraC.ifas.ufl.edu]. 

  

http://www.srwmd.state.fl.us/index.aspx?NID=319
http://flsoils.ifas.ufl.edu/
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Figure 3-2.  Spatial distribution of current soil organic carbon (SOC) observations (n = 

234) and soil organic carbon stocks (kg C m-2) in the top soil (0-20 cm). 
[Study area adapted from Suwannee River Water Management District 
(SRWMD), 1999. SRWMD Boundary. Map scale 1:24,000. Accessible 
through http://www.srwmd.state.fl.us/index.aspx?NID=319; Current SOC data 
adapted from a subset from the Rapid Assessment and Modeling of Changes 
in Soil Carbon Storage and Turnover in a Southern Landscape. 2011].  

  

http://www.srwmd.state.fl.us/index.aspx?NID=319
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Figure 3-3.  Drainage area delineation from a digital elevation model and topographic 

attributes. Identification list corresponds to the 23 water monitoring stations 
within the Suwannee River Basin. [Elevation adapted from National Elevation 
Dataset (NED), 2009. National Elevation Dataset. Map scale 1:250,000. 
Accessible through http://ned.usgs.gov/; Water stations adapted from 
Suwannee River Water Management District (SRWMD), 1990s to 2013. 
Accessible through http://www.mysuwanneeriver.org/rivers.htm; Streams 
computed from a digital elevation model and topographic attributes].
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3-4.  Kriged estimated of historic soil organic carbon (SOC) stocks (kg C m-2) in the 20 cm depth derived from 
historic and current calibration datasets within the core study area. Historic SOC estimates were derived by (a) 
ordinary kriging and (b) block kriging. Current SOC estimates were derived by (c) ordinary kriging and (d) block 
kriging.   
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3-5.  Variance maps derived from soil organic carbon (SOC) (kg C m-2) estimates classified by quantiles. Series of 
variance maps showing (a) ordinary kriging and (b) block kriging derived from historic SOC stock estimates, (c) 
ordinary kriging and (d) block kriging derived from current SOC stock estimates.  
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(a) 

 
(b) 

Figure 3-6.  Prediction maps show soil organic carbon (SOC) gains and losses (kg C m-2) after eliminating high 
uncertainties. SOC change derived by subtracting historic prediction maps from current prediction maps using 
(a) ordinary kriging and (b) block kriging.
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Figure 3-7.  Soil organic carbon (SOC) gains and losses (g C m-2 yr-1) derived from 

historic and current collocated sites within 200 m radius.. 
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(a) 

 

(b) 

Figure 3-8.  Spatial distribution patterns of (a) total nitrogen (TN) and (b) total phosphorus (TP) stocks in soil. 
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(a) 

 

(b) 

Figure 3-9.  Spatial distribution patterns of (a) soil organic carbon (SOC) to total nitrogen (C:N) and (b) soil organic carbon 
to total phosphorus (C:P) in the topsoil (0-20 cm) describing interrelationships between carbon and nutrient 
variability. The SOC and nutrient estimates to calculate ratios were derived from block kriging.   

 



 

121 

 
(a) 

 
(b) 

 
Figure 3-10.  Soil organic carbon (SOC) stock (kg C m-2) variability in (a) nitrogen limited and enriched areas and (b) 

phosphorus limited and enriched areas.  



 

122 

(a) 

(b) 
Figure 3-11.  Fertilizer use by county based on (a) total nitrogen and (b) total phosphorus between 1945 and 2010. 

[Adapted from Florida Department of Agriculture and Consumer Services (FDACS), 2014. Total Fertilizer and 
Nutrients by County (1945 to 2010). Accessible through http://www.freshfromflorida.com/Divisions-
Offices/Agricultural-Environmental-Services/Agriculture-Industry/Fertilizer-Manufacturers/Fertilizer-
Consumption-Tonnage-Data] 



 

123 

(a) 

(b) 

(c) 
 
Figure 3-12.  Time series plots of monthly mean flows, concentration and loads for (a) 

total organic carbon (TOC), (b) total nitrogen (TN), and (c) total phosphorus 
(TP) between 2000 and 2010 wateryears. 
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Figure 3-13.  Monthly mean precipitation and mean temperature with smoothing curves between 2000 and 2010 at 

LwSuwn.06 drainage area. The trend lines in the middle of the two graphs indicate no significant change in 
mean precipitation and mean temperature derived by Mann-Kendall test.  
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CHAPTER 4 
ESTIMATION OF THE TERRESTRIAL CARBON BUDGET 

Overview 

Carbon sequestration has become an important policy option to mitigate the 

increasing atmospheric greenhouse gases (GHG). The terrestrial biosphere can 

sequester significant amounts of anthropogenic carbon dioxide (CO2) by the natural 

carbon uptake process through plant biomass and soils. Forest carbon sequestration 

can be enhanced by afforestation, reforestation, and agroforestry (Bellassen and 

Luyssaert, 2014; Gorte, 2009; Haim et al., 2014; Lin and Lin, 2013). On agricultural 

lands, soil carbon sequestration can be enhanced by a variety of management 

practices, including crop residue management, erosion control, extended crop rotation, 

minimized tillage, and improved nutrient management (Govaerts et al., 2009; West and 

Marland, 2003, West and Marland, 2002). Globally, terrestrial carbon sequestration 

could accumulate more than 0.5 Pg C yr-1 (1 Pg = 1015 kg) by 2040, mitigating about 6 

to 23 percent of the emissions, and sequestering over 40 Pg C by the end of the 21st 

century to stabilize the atmospheric condition (Thomson et al., 2008). Since feedback of 

the carbon cycle between the terrestrial system and climate change could impact the 

dynamics of ecosystem function and service, scientific and technical attempts to 

understand and develop progress toward options for creditable carbon accumulation 

have emerged (Hovi et al., 2003; Lecocq and Ambrosi, 2007). This includes 

understanding the factors controlling carbon allocation mechanisms in vegetation and 

soils.   

Hilgard (1906), Dokuchaiev (Glinka, 1907), and Jenny (1941) were some of the 

first researchers to describe the relationship between soil-forming factors and soil 
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properties in soil formation. The CLORTP model (CL: climate, O: organism, R: relief, T: 

topography, P: parent material) is a well-known conceptual framework that builds on the 

fundamental knowledge of soil formation. McBratney et al. (2003) formulated the 

empirical SCORPAN approach by framing relationships between soils and 

environmental factors. McBratney’s model includes soil and other spatially referenced 

factors (S: soil properties, C: climate, O: organism/vegetation, R: relief, P: parent 

material, A: age/time, N: space). Besides the environmental landscape factors, 

anthropogenic activities are considered as additional explicit feature influencing soil 

properties and climate regulation. The STEP-AWBH model was developed in response 

to the modern world to support spatially and temporally explicit digital soil modeling 

(Grunwald et al., 2011b). This conceptual model embraces soil (S), topography (T), 

ecology (E), parent material (P), atmosphere (A), water (W), biota (B), and human (H) 

factors together to account for the effects on soil genesis. Both the SCORPAN and the 

STEP-AWBH models are flexible enough to be implemented with various geostatistical 

techniques, and stochastic or ensemble learning methods. For example, the SCORPAN 

factors can map continuous soil depth (Malone et al., 2009) and can predict soil organic 

carbon (SOC) at the regional scale using the scorpan kriging approach (Ungaro et al., 

2010).  As environmental covariates, the STEP-AWBH factors can predict total carbon 

stocks using various data mining techniques, such as, regression trees, bagged trees, 

random forest, and support vector machines (Xiong et al., 2012).  

Here we focus on the major carbon pools in the Suwannee River Basin in Florida 

(FL-SRB) which are composed of below-ground (soil) and above-ground (biomass) 

carbon. This chapter adopts the STEP-AWBH model and applies it to assess the 
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attainable capacity of a terrestrial ecosystem to store carbon. Theoretically, there are 

three levels of SOC sequestration:  potential SOC (SOCpotential), attainable SOC 

(SOCattain), and actual SOC (SOCactual) (Baldock et al., 2007; Ingram and Fernandes, 

2001). In the terrestrial system, the potential carbon sequestration is defined by factors 

that set the physico-chemical maximum limit to storage (e.g., soil type, depth to 

bedrock, and mineralogy). The attainable carbon sequestration is set by factors that 

limit the inputs of carbon to the system (e.g., vegetation or land use, fertilization for 

biomass production, net primary production), which can be modified by humans (e.g., 

implementation of best management practices, reduction of burning of fossil fuels for 

energy consumption). The actual carbon storage is controlled by factors that modulate 

carbon storage or loss (e.g., drainage, tillage, management, respiration, or 

photosynthesis) and depends on a combination of internal environmental landscape 

factors, past and current anthropogenic forcings, and socio-economic drivers.  

Carbon accumulation in the biosphere is finite (Johnston et al., 2009; Powlson et 

al., 2011). Each soil has a unique carbon sequestration level dictated by soil properties 

(e.g., texture, mineralogy, bulk density, and depth) (Ingram and Fernandes, 2001; Six et 

al., 2002; Stewart et al., 2009, 2008). Angers et al. (2011) and Hassink (1997) 

suggested the concept of SOC saturation that asserts that the quantity of stable SOC in 

soils is finite and determined by the amount of fine particles (clay and fine silt). The 

SOCpotential is the difference between the theoretical SOC saturation value and 

measured amount of SOC. Despite the difficulties to determine a SOC saturation level, 

it has been used in various geographic regions and different situations (Carter et al., 

2003; Liang et al., 2009; Six et al., 2002; Stewart et al., 2007; Zhao et al., 2006). SOC 
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sequestration is limited by the content of clay and fine silt fractions (Hassink, 1997).  

Achieving carbon saturated conditions in sandy soils is easier than in fined-textured 

soils; nevertheless, saturation may be observed in situations with very high carbon input 

or slow decomposition rates (Angers et al., 2011). Soil depth also play an important role 

in explaining the SOC saturation. Hoyle et al. (2013) indicated that deeper soil (0–30 

cm) had a larger attainable SOC sequestration when compared to the soil surface (0–10 

cm), where they found that the upper 10 cm was largely saturated with carbon. The 

density of SOC is the concentration of SOC expressed per volume of soil in units of g C 

m-3. It has been applied by Edmondson et al. (2012) and others to characterize soil 

carbon storage, similarly to SOC stocks expressed in units of g C m-2 per soil depth 

which expresses the sample support on a volume basis.   

In the FL-SRB, dominant soils are sand-rich which inherently does not promote 

SOC accretion. Thus, the actual and potential soil carbon content is expected to be 

similar. On the other hand, soils formed in aquic conditions are carbon-rich and in the 

FL-SRB such hydrologic conditions are prominent. Importantly, the accretion of SOC in 

aquic and organic soils occurs mainly by increasing the levels of soil depth and is 

typically expressed in C cm yr-1. Organic soils, like mineral soils, may also further 

increase the density of SOC conjuring to the SOCpotential level if conditions are favorable, 

e.g., if the amount of biotic residue that provides C input into soils is high and aquic 

conditions prevail leading to slow decomposition rates promulgating SOC accumulation.  

Vasques et al. (2012) pointed out that in Florida actual ecological landscape 

conditions (climate, hydrology, land use/land cover) are extremely complex forming a 

mosaic of carbon-rich and carbon-poor soils that are interspersed with each other.  
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The notion that numerous ecosystem functions, such as nutrient and water 

holding capacity, filtering of contaminant, mitigation of GHG (Post et al., 2009; Zvomuya 

et al., 2008) are optimized if both soil carbon and biomass production are at maximum 

levels.. During the second commitment period of the United Nations Framework 

Convention on Climate Change (UNFCCC; 2012-2022), the consideration of reduced 

emissions from deforestation and forest degradation (REDD) by maximizing carbon 

storage and conserving ecosystems are included (UN-REDD, 2014).  From an 

ecosystem perspective this assumes that the “benefits” and thus “ecosystem services”, 

provided by a region are optimized when the natural carbon capital is maximized across 

a landscape. However, this notion is constraint by the fact that site-specific constraints, 

specifically human-induced management and land use, impose limits to the attainable 

and actual carbon stocks. From socio-economic and ecological perspectives, diversity 

in natural terrestrial carbon capital across a landscape is desirable to support bio-, 

pedo-, hydro-diversity encouraging the goal to maximize carbon accumulation in a 

landscape to reach the SOCpotential.  Some concerns about maximizing rates of carbon 

sequestration have been addressed. Policies that aim to maximize carbon sequestration 

alone do not necessarily lead to an agreement to maximize co-benefits due to the 

complex relationship between carbon sequestration and biodiversity (Lin et al., 2013; 

Pichancourt et al., 2014; Putz and Redford, 2009).  

The interdependence between biota and soil-based carbon has been uptake 

documented in numerous studies (Bélanger and Pinno, 2008; Ravindran and Yang, 

n.d.; Wang et al., 2011; White II et al., 2009; Wu et al., 2009; Xiong et al., 2014). 

Together they form the terrestrial carbon pool, which at the global scale accounts 
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approximately for 7% of the total carbon budget (Lal, 2008).  Like sequestration in soils, 

there are three levels that can be distinguished: potential (TerrCpotential), attainable 

(TerrCattain), and actual terrestrial C (TerrCactual). The potential terrestrial carbon is 

expressed as the maximum amount of carbon that can be stored in biomass 

independent of geographic location and environmental conditions, whereas the 

attainable terrestrial carbon describes the carbon storage that could be attained through 

land use management, vegetation species selection, climate adaptation, or other at a 

given geographic setting. And the actual terrestrial carbon storage is defined by the sum 

of below (soil) and above-ground carbon stored in the system.  

We postulate that human-induced management strategies combined with 

environmental fluctuations of climate, land use, and hydrology contribute to TerrCattain 

that is constraint by site-specific soil-landscape conditions. Importantly, which of these 

coupled human-environmental combinations achieve the maximum attainable carbon 

storage in terrestrial systems is usually not known. This will be investigated in this study.  

Two objectives are addressed: i) assess the spatially-explicit relationships 

between SOC and environmental factors (soils, topography, ecology, parent material, 

atmosphere, water, biota, and human) and ii) assess the environmental value of actual 

and attainable terrestrial carbon capital (TerrCactual, TerrCattain) across the FL-SRB 

consisting of below-ground (soil) and above-ground (biomass) carbon.  

Materials and Methods 

Above-Ground and Below-Ground Carbon Data  

A total of 234 soil samples in the topsoil (0-20 cm) were collected between 2008 

and 2009 across the FL-SRB and its buffer area (20 km around the FL-SRB) based on 

the random design stratified by land cover/land use and soil suborder classes. Each soil 
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sampling location was georeferenced with a differential global positioning system.  Total 

carbon (TC) was measured by a combustion (Shimadzu TOC-V/SSM-5000) gas 

analyzer, while inorganic carbon (IC) was analyzed by separate procedures. The CO2 

evolution was used to measure TC and IC. To measure TC, ball-milled soil samples 

were combusted at 900oC.  To measure IC, ball-milled soil samples were treated with 

42.5 percent phosphoric acid (H3PO) and then combusted at 200oC. The SOC 

concentration was calculated by subtracting the IC concentration from the obtained TC 

concentration (mg kg-1). The SOC concentration was converted to stock units (kg C m-2) 

using measured bulk density and soil depth. For above-ground carbon assessment, we 

derived data from the Landfire project which provided a high-resolution map of year-

2000 baseline estimates of above-ground biomass (National Biomass Carbon Data, 

NBCD 2000 Version 2) (Kellnorfer et al., 2013). The above-ground live and dry biomass 

in kg C m-2 was extracted on soil sampling locations.  

Environmental and Anthropogenic Covariates 

A comprehensive set of 172 environmental and human covariates representing 

the STEP-AWBH factors was compiled from multiple data sources using ArcGIS 

software (Environmental Systems Research Institute, ESRI, Redlands, CA). Table 4-1 

presents assembled spatial data layers for the characterization of landscape and socio-

economic properties used in this study. Predictors included 31 categorical and 141 

continuous data types. Categorical data included soil taxonomic properties, drainage 

classes, runoff classes, parent materials, land cover/land use types, and best 

management practice implementation, whereas continuous data consisted of climate 

properties, organic matter content, topography characteristics, biotic variables, and 

demographic and socio-economic data.  
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Modeling the Relationships between SOC and STEP-AWBH Factors 

This study is embedded in the STEP-AWBH modeling concept which explicitly 

combines spatially- and temporally explicit environmental and human variables that 

model the evolution of the soil ecosystem (Grunwald et al., 2011b). The equation is 

outlined in Equation 4-1.  

𝑆𝐴(𝑧, 𝑝𝑥, 𝑡𝑐) = 𝑓{∑ [𝑆𝑗(𝑧, 𝑝𝑥, 𝑡𝑐),  𝑇𝑗(𝑝𝑥, 𝑡𝑐),  𝐸𝑗(𝑝𝑥, 𝑡𝑐),  𝑃𝑗(𝑝𝑥, 𝑡𝑐)]} 𝑛
𝑗 ;  

∫ {∑ [𝐴𝑗(𝑝𝑥, 𝑡𝑖),  𝑊𝑗(𝑝𝑥, ),  𝐵𝑗(𝑝𝑥, 𝑡𝑖),  𝐻𝑗(𝑝𝑥, 𝑡𝑖)]} 𝑛
𝑗

𝑚

𝑖=0
     (4-1) 

where, 𝑆𝐴 is the target soil realization, 𝑆 represents ancillary soil properties, 𝑇 

represents topographic properties, 𝐸 represents ecological properties, 𝑃 represents the 

parent material and geologic properties, 𝐴 represents atmospheric properties, 𝑊 

represents water properties, 𝐵 represents biotic properties, and 𝐻 represents human-

induced forcings, 𝑗 Is the number of predictors, 𝑗 = 1, 2,…, n, 𝑝𝑥 is a pixel with size x 

(width = length = x) at a site specific on land, 𝑡𝑐 is the current time, 𝑡𝑖 is the time to 𝑡𝑐 

with time steps 𝑖 = 0, 1, 2, …, m, and 𝑧 is soil depth. The spatially-explicit STEP factors 

capture the relative stable soil-forming factors within a human time frame, while the 

AWBH factors account for time-dependent variation (Thompson et al., 2012).   

A core concept of the STEP-AWBH model is to data-mine soil and 

environmental-human covariates. Tree-based modeling (one of the data machine 

learning methods) has the advantage of dealing with highly complex data, detecting 

non-linear relationships, handling missing data, and deriving high-order interactions 

among data (Breiman, 1984; De’ath and Fabricius, 2000; Prasad et al., 2006; Spruill et 

al., 2002).  In regression trees, the response variable is numerical, and predictors can 

be categorical and numeric. In the late 1990s, ensemble learning methods that generate 



 

133 

multiple classifiers and aggregate their results, such as boosting and bagging 

classification trees, have drawn attention in various scientific areas (Breiman, 1996; 

Schapire et al., 1998). Successive trees in the boosting method give extra weight to 

points that are wrongly predicted by previous predictors. A weighted vote is chosen for 

prediction in the last step (Liaw and Wiener, 2002). In contrast to boosting, successive 

trees used in the bagging technique independently rely on earlier trees using the 

bootstrap sample. A simple majority vote is chosen from the prediction (Liaw and 

Wiener, 2002). Breiman (2001) developed random forests (RF) by adding an additional 

randomness layer to the bagging method. In RF, each tree is built by randomly and 

repeatedly selecting predictors. When using splitting, the node in RF no longer 

represents the best split among all variables, but rather the best split among a subset of 

predictor variables. Random forests combine several individual trees and the outputs 

are the averaged result (Strobl et al., 2007). 

In soil model development, the RF method has shown an increase in prediction 

accuracy and robustness as compared to traditional interpolation methods (Kim et al., 

2012) regression trees, bagged trees, boosted trees, and support vector machine 

(Xiong et al., 2012). In this study, the RF regression method was used to identify the 

most powerful environmental predictive factors to model SOC using the RandomForest 

package in R.14.2. (R development Core Team, 2011). 

The model was assessed using the validation method. The dataset (n = 234) was 

randomly divided into a calibration set (70%, n = 164) and a validation set (30%, n = 

70). The coefficient of determination (R2) was reported to assess the fit between 

observed and predicted values. The root mean square error (RMSE) in Equation 3-8 
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(Webster and Oliver, 2001b) and the residual prediction deviation (RPD) in Equation 4-2 

(Islam et al., 2003) were reported for error assessment of  the RF model.  

𝑅𝑃𝐷 =  
𝑆𝐷

𝑅𝑀𝑆𝐸√𝑛/(𝑛−1)
         (4-2) 

where, 𝑅𝑀𝑆𝐸 is the root mean square error,  𝑆𝐷 is the standard deviation of the 

calibration or validation set, and 𝑛 is the number of observed or predicted values. It 

should be noted that the term RMSE is sometimes used interchangeably with the term 

root mean square deviation (RMSD). 

Assessing Terrestrial Carbon Stocks 

The TerrCactual stocks were derived by the summation of the measured SOC 

stocks in the top 20 cm of the soil and above-ground biomass from the National 

Biomass Carbon Dataset (NBCD) database (kg C m-2) based on soil sampling locations 

(n = 234). A total of 43 predictors were used to predict the observed TerrCactual stocks 

using the RF model.  

To assess the TerrCattain stocks, we posit that the STEP factor are not expected 

to substantially change within a human time frame (one generation), whereas AWBH 

factors are likely to be variable in time and may increase or decrease. The most 

powerful predictors in the first quantile of all STEP-AWBH variables were selected (n = 

43) and used to predict the TerrCattain stocks.  In the model, the STEP factors were kept 

constant. The AWBH factors were varied by ±10, ±20, and ±30 percent, respectively, by 

keeping AWBH factors constant, except for one of them that was increased/decreased 

one-by-one with the respective percentage value, until all factor combinations were 

assessed within upper and lower bounds. A simulated annealing was used to implement 

the approach at the 234 sites. The constraint was that AWBH factors were increased 
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and/or decreased up to the reasonable minimum and maximum amounts representing 

lower and upper bounds. The factor combination which amounts to the highest 

terrestrial carbon stocks simulated for the FL-SRB at the 234 sites was postulated to 

equal the attainable terrestrial carbon stocks that could be obtained based on dynamic 

AWBH variables and relatively stable STEP conditions.  

Simulated annealing (SA) is one of the stochastic optimization methods of 

solving the global optimization as introduced by Kirkpatrick et al. (1983). This method is 

suitable for non-parametric problems of a large variety of variables.  The heart of the SA 

technique is an analogy with thermodynamics of the physical process of solid annealing. 

Starting from an initial state at high temperatures, the liquid molecules move freely with 

respect to one another.  If the liquid is cooled slowly, it loses thermal mobility and forms 

a solid at the point of time it reaches a state of minimum energy for the system (Press et 

al., 1992).  The slow cooling procedure allows sufficient time for the redistribution of the 

atoms. From the initial situation with energy level 𝑓(𝑋1), a perturbation in the state is 

introduced in the next level of energy 𝑓(𝑋2) (Aerts and Heuvelink, 2002).  The 

probability of accepting change is explained by the Boltzmann distribution (Kirkpatrick et 

al., 1983). 

𝑝 = exp [−
(𝑓(𝑋2)−𝑓(𝑋1))

𝑘𝑇
]        (4-3) 

where, p is the probability of transition from lower energy level 𝑓(𝑋1) to higher energy 

level 𝑓(𝑋2).  Parameter 𝑘 is the Boltzmann constant (1.38 x 10-16 ergs/Kelvin) and 𝑇 is 

the temperature at the current thermal state (Press et al., 1992; Zomaya and Kazman, 

2010).  In this case, 𝑝 in Equation 4-3 is computed and compared to 𝑝’, a random 

number from [0,1]. If 𝑝 is larger than 𝑝’, the new point is accepted and the algorithm 
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moves to the next level. If 𝑝 is smaller than 𝑝’, the new point is rejected (Goffe et al., 

1994).  

The gradual decrease of temperature is a crucial element of the SA procedure.  

The effective cooling rate should fall in between 0 and 1, typically 0.80 ≤ 𝑟 ≤ 0.99 

(Goffe et al., 1994; Wah et al., 2007). For example, after 𝑁 times through the loops, the 

temperature 𝑇 reduces 80 percent of the temperature from the previous stage.  The new 

temperature is given by 

𝑇𝑁 = 𝑟𝑇𝑁−1           (4-4) 

where, 𝑇𝑁 is the current temperature and 𝑇𝑁-1 denotes the temperature at one 

step before the current state. Parameter r is a cooling rate (0.80). Figure 4-1 displays a 

workflow of the SOC stock predictions and quantification approach for the TerrCattain 

stocks.  

The software used to operate the model was R 3.0.3.  An initial temperature used 

in this study was set at 10,000 with the total of 60 iterations.  The system time for 

execution of the code was about two minutes.  A minimum of 100 runs was test and 

calculated a mean value to set the seed of the model.  

To characterize the spatial distribution of terrestrial carbon stocks, the ordinary 

kriging technique was used to interpolate the 234 point observations of TerrCactual and 

TerrCattain predicted mean values to basin scale. The spatial autocorrelation of site-

specific TerrCattain obtained by different scenarios of change (i.e., ±10, 20, and 30 

percentage) and TerrCactual was then analyzed using Moran’s I coefficient in ArcGIS. 

Equation 4-5 defines the mathematic use for Moran’s I index calculation (Anselin, 1995).  

𝐼𝑖 = 𝑍𝑖 ∑ 𝑊𝑖𝑗
𝑛
𝑗≠𝑖 𝑍𝑗          (4-5) 
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where, 𝐼𝑖 is a Moran’s I index with a value between -1 and +1, 𝑍𝑖 is the z-score 

value for the terrestrial carbon stocks at location 𝑖, and 𝑍𝑗 is the z-score value for the 

terrestrial carbon stocks at neighboring observations 𝑗. Spatial weights indicating the 

strength of connection between the paired terrestrial carbon locations of 𝑖 and 𝑗 are 

represented by 𝑊𝑖𝑗.  

Results and Discussion 

Variable Importance and Spatial Variation in Soil Organic Carbon 

Descriptive statistics of SOC stocks are presented in Table 3-1. Figure 3-2 shows 

the spatial distribution of terrestrial carbon. The variables that emerged in the first 

quantile of the RF model showing predictive power were as follow: biota > soil > 

topography. Minor variables represented water, atmospheric properties, and parent 

material (Table 4-2). Xiong et al. (2014) had similar findings from a study in Florida, in 

which they found that the most controlling factor to be associated with SOC stocks are 

vegetation and soil water gradient. In this study, vegetation-related variables such as 

vegetation types, land cover/land use (LC/LU) classes, and normalized difference 

vegetation (NDVI) among other factors representing “B” in the STEPAWBH model 

demonstrated strong interaction to SOC stocks. The relationship between the variation 

of SOC and different vegetation types or LC/LU change have been observed in many 

previous studies (Liao and Long, 2011; Oueslati et al., 2013; Ross et al., 2013; Yang et 

al., 2010).  Soil taxonomic variables, such as soil great group, suborder, and subgroup, 

were highly interrelated with SOC stocks as shown in the top ten explanatory variables 

(Table 4-2). Drainage classes were anticipated to have a control over the gains and 

losses of SOC across the study area (see Figure 2-7, and Figure 3-6). Areas with poorly 
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to very poorly drained soils tended to accumulate SOC content, whereas areas with 

well-drained to excessively-drained soils had a tendency to have net losses of SOC. 

These results suggest that topographic and water-related variables play a dominant role 

to infer on SOC storage in the basin. 

Soil slope showed up in the 11th rank in the RF model and expressed negative 

correlation with SOC variation (Table 4-2). This indicated that the downslope positions 

were correlated with high SOC, and vice versa, upslope positions showed the opposite 

behavior. Even though topographic terrain in Florida is relatively flat (0-5% slopes), the 

steeper slopes are found in northern regions of Florida where the FL-SRB is located.  

One explanation of the impact of slopes on SOC is that the capacity to retain soil water 

in footslope positions supporting plant growth and promoting the slow decomposition of 

organic matter. Additionally, the surface soil materials from the upper landscape 

positions are transported to downslope resulting in higher SOC content in lower 

positions (Wilding et al., 1983). Distance from streams or open water, available water 

capacity at 25 cm, hydrologic group, ponding frequency class, and soil runoff potential 

were water variables (W) in the model that demonstrated strong connectivity with SOC 

stocks. The effect of wetness in soil is considered to be a major factor that controls 

vegetation growth and the decomposition process that are closely interlinked with SOC 

gain.  The net primary production delivers input of carbon as above ground biomass into 

the soils and wetness in soil regulates decomposition rates. These results were similar 

to those of Davison and Janssens (2006), Jones et al. (2005), Vasques et al. (2012), 

and Xiong et al. (2014).  
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In this study, parent material was found to have high influence on SOC, while the 

ecology variables (E factor) were not strongly associated with SOC. In comparison, 

Xiong et al. (2014) found that the ecoregion was one of the relevant variables that 

controlled SOC at regional scale in the State of Florida. Parent material factors, 

particularly surficial geology, consistently showed a strong relationship with SOC at 

statewide scale (Xiong et al., 2014) and at a regional scale (this study). Xiong et al.’s 

(2014) outcomes affirmed that parent material has an effect on soil formation and 

development. The influence of parent material on SOC stocks occurs through different 

sources, such as soil weathering, mineralogy, water permeability, nutrient supply, 

mineral complexation, structure, that control the pH, and microbes’ habitat affecting 

plant production and decomposition (Post et al., 2004).  

Surprisingly, atmospheric variables seemed to have a muted effect on SOC 

across the state (Xiong et al., 2014), even though numerous studies have reported 

nonlinear climate effects on carbon dynamics (Grunwald, 2009). The long-term trend 

analysis in Chapter 3 indicated insignificant changes in temperature and precipitation 

over a decade (Figure 3-13).  However, findings from this chapter showed that three 

variables of monthly maximum temperature in summer (July, August, and September) 

were negatively correlated with SOC. The opposite was found for annual average 

precipitation that was positively correlated with SOC stocks. Ample research has been 

conducted to study the interactions between climate and SOC which are still debated 

fiercely.  Climate is only one of various kinetic factors controlling decomposition and soil 

respiration rates (Davidson and Janssens, 2006). Increases in CO2 in the atmosphere 

and temperature can have a variety of different effects on SOC inputs through the 
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photosynthesis process, and SOC losses via respiration and decomposition (Ontl and 

Schulte, 2012).  Recent studies showed that temperature is strongly associated with soil 

respiration (Bond-Lamberty and Thomson, 2010).  Bardgett (2011) argued that warmer 

temperature will elevate the decomposition of soil carbon shifting the soil carbon pool 

from a sink to a source of CO2. Alternatively, plants growing in elevated CO2 

concentrations and higher temperature fix more carbon through photosynthesis, 

producing greater biomass and contributing more carbon inputs (Drake et al., 1997). 

However, greater root biomass may accelerate plant respiration, resulting in carbon 

losses (Hungate et al., 1997).  Considering the geographic locations, Wang et al. (2000) 

found that temperature alone explained only 19% of the variance in soil CO2 flux in the 

Sierra Nevada in central California, while moisture alone explained 40%. They also 

found that soil moisture, temperature, and site variables together improved the model 

significantly and explained 72% of the variation in soil CO2 flux along the transects. 

Others found a positive correlation between mean annual temperature and SOC 

accumulation in temperate and warmer climatic zones (Poeplau et al., 2011).  An 

intermediate SOC levels can be found in tropic ecosystems due to high rates of both 

primary productivity and decomposition rate due to concomitant warm temperature and 

abundant rainfall (Ontl and Schulte, 2012). Future SOC gains will depend on the ability 

to sequester carbon offseting CO2 emissions at a quicker rate than carbon losses due to 

soil respiration under projected global temperature. In this study we found a positive 

correlation between mean annual precipitation and SOC stocks. Precipitation is a major 

driver that promotes primary production and increases the roots and plant residues into 

soils in forms of SOC inputs (Gao et al., 2013; Kirschbaum, 1995). Some studies 
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discovered the opposite finding that the relationship of carbon sequestration to mean 

annual precipitation is negative (Derner and Schuman, 2007; Roa-Fuentes et al., 2013).  

A potential explanation for the negative relationship between SOC accumulation and 

mean annual precipitation is that higher amount of carbon input per unit area 

accumulates in the dry area than in the moist (Roa-Fuentes et al., 2013). Soil texture is 

another factor explaining a negative relationship between precipitation and carbon 

storage. According to Jobbágy and Jackson (2000) organic matter translocate vertically 

faster in coarse textured soils with high permeability than fine textured ones.  

Human variables were not considered powerful predictors in the model as they 

ranked in the middle and bottom of all variables. Fertilizer consumption (74th) had the 

most influence among the H factors, followed by best management practice (BMP) 

implementation (100th) of all variables, while population growth ranked near the bottom 

of all predictors. This indicates that human factors may have an indirect effect or little 

impact on SOC. For example, the amount of fertilizer used increases crop productivity, 

resulting in SOC increases under BMP implementation (Snyder et al., 2009). Rapid 

population growth rates and high population density have led to food scarcity and 

deforestation in many areas around the world, creating stressors on LC/LU conversion 

and affecting above-ground and below-ground SOC storage (Walker and Desanker, 

2004). Most of the counties in the FL-SRB have population growth rates that were as 

small as 2.7 percent and as high as 26.4 percent from 2000 to 2010 (U.S. Census 

Bureau, 2010c). These results suggest that anthropogenic factors indirectly influence 

SOC accumulation, mainly due to choice in LU/LC, intensity of agricultural and forest 
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production, irrigation management, and other management decisions that influence 

carbon dynamics. 

Estimates of Terrestrial Carbon Budget 

Descriptive statistics and the spatial distribution of TerrCactual stocks are illustrated 

in Table 4-4 and Figure 4-2. The amount of carbon increased almost twofold in the 

terrestrial ecosystem (mean of 9.2 kg C m-2) in comparison to shallow soils with 0-20 cm 

depth (mean of 5.2 kg C m-2) at a site-specific basis. The results imply that about 44 

percent of carbon storage is found above ground and 56 percent of carbon is stored in 

soils. Han et al. (2007) reported the total terrestrial carbon storage in the southeast and 

south-central United States and found that Florida has the second highest terrestrial 

carbon pool in this region with 3,505 Tg C in soils, 252 Tg C in forest, 0.3 Tg C in crop, 

and 0.7 Tg C in pasture. Note that the SOC pools in the Han et al. (2007) study 

accounted for the total soil profile (to the depth of measurement) based on detailed work 

of Bliss et al. (1995). SOC stocks contribute approximately 93 percent of terrestrial 

carbon in Florida (Bliss et al., 1995; Han et al., 2007).  

In our study relatively high carbon stocks were observed in swamps and forests. 

The highest mean TerrCactual stock values were found in mixed wetland forests (16.6 kg 

C m-2), followed by swamps (14.6 kg C m-2), and pinelands (11.0 kg C m-2).  Trees are 

considered as a carbon sink in the terrestrial system (Bracho et al., 2011; Han et al., 

2007; Montagnini and Nair, 2004). The fundamental process of carbon sequestration 

revolves around photosynthesis, respiration, and decomposition (Nair and Nair, 2003). 

Carbon enters the ecosystem via photosynthesis through leaves, assimilates carbon in 

above-ground biomass, and transports below ground via roots, and remains in the litter 

deposition in soils (Montagnini and Nair, 2004). Other studies in Florida suggested that 
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high NPP occurs in deciduous forest (36.69 Tg C) and evergreen forest (35.09 Tg C), 

while crops and urban contained relatively low NPP with total NPP of 20.22 and 11.05 

Tg C (Milesi et al., 2003). Deyong et al. (2009) concluded that the annual loss in NPP of 

about 45.93 Gg C between 1999 and 2005 in Shenzhen China was the effect from 

urban sprawl, in which a natural landscape was converted to urban land use. According 

to a study by Bracho et al. (2011), above-ground tree net primary productivity was a 

major carbon sink after four years of plantation. They further recommended that tree 

plantations in the southeastern United States, such as pines, have the potential to 

contribute to the carbon offset of carbon emissions (Bracho et al., 2011). In our study, 

the lowest TerrCactual stocks were present in row/field crops with a mean value of 1.2 Tg 

C (2.7 kg C m-2). Low amounts of carbon stocks probably were lost during harvest and 

crop rotation when most of the carbon is stored in crop residues. Lal (2008) and 

Montagnini and Nair (2004) suggested numerous strategies that help increase carbon 

stocks in the agricultural systems such as agroforestry, no-till farming, diverse crop 

rotation, and integrated nutrient management.  

The modeled TerrCattain estimates under different environmental forcings (i.e., 

AWBH forcings) clearly showed that factor combinations (i.e., climatic properties, water, 

and biota) together had strong effects on carbon storage. This makes sense because 

these ecological components function complexly in the ecosystem. Assuming that 

predictors from Table 4-2 are changed by ±10 percent, our model simulated a minimal 

increase in carbon stocks with mean values of 9.3 kg C m-2 and median values of 8.8 kg 

C m-2. The model predicted the average TerrCattain values of 9.4 kg C m-2 and median 

values of 8.8 and 9.0 kg m-2 when the environmental factors changed by ±20 and ±30 
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percent, respectively (Table 4-5). The TerrCactual stocks almost reached 100 percent of 

the modeled TerrCattain values, indicating this terrestrial system was close to the 

saturation condition. The absolute increase from predicted TerrCactual to TerrCattain 

(±30%) in terrestrial carbon stocks amounted to 4.3 Tg C (mean) and 13.2 Tg C 

(median) (Table 4-5).  The findings from this study were similar to various other studies. 

Soils with low SOC levels tend to show a linear response to increasing carbon inputs 

(Kong et al., 2005), whereas soils with initial high levels of SOC amount show little or no 

response corresponding to additional C inputs in some long-term experiments 

(Campbell et al., 1991; Huggins et al., 1998). 

In comparison to the dryland ecosystems studied by Holye et al. (2013), the 

attainable SOC stocks assessed by the Roth-C model suggested an additional storage 

capacity, ranging from 3.3–12.8 to 7.0–27.0 kg C m-2, or increase by 5-45 percent, 

depending on the types of land use and soil type combinations. A recent study 

conducted by Feng et al. (2013) concluded that fine silt and clay fractions did not exhibit 

C saturation behavior under long-term manure amendments.  The possibility to accrete 

carbon stocks in organic soils should be considered beyond carbon saturation coupled 

to soil texture as outlined by Hassink  (1997). Organic soils, in particular Histosols, have 

a slower decomposition rate than its carbon accumulation rate to the degree that the 

organic materials stockpile to a significant depth (Huang et al., 2011). To our 

knowledge, research related to carbon saturation in highly organic soils is still limiting. In 

the FL-SRB organic soils covered about 6 percent and aquic soils about 49 percent 

where both conjecture to carbon saturation and depth-based accretion of carbon 

operate. 
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In our study, LC/LU variables were the most powerful predictor for both SOC and 

TerrCactual stock. Thus, LC/LU types are to target as a management strategy to increase 

terrestrial carbon sequestration in the FL-SRB. For example, the mean TerrCactual for 

row/field crops was 2.7 kg C m-2 which differed substantially from mean TerrCattain (±30 

percent scenario) with 5.8 kg C m-2. These findings suggest that about 50 percent 

carbon in soils could be sequestered under row/field crops to achieve TerrCattain. 

Similarly, about 17.5 percent of soil carbon could be sequestered under bare soils to 

reach the maximum attainable carbon content represented by the ±30 percent scenario.  

The predicted TerrCattain (30%) for wetlands, pineland, and hardwood forests 

were 13.7, 9.1, and 10.5 kg C m-2, while the Terrcactual were 11.9, 9.4, and 10.3 kg C 

m-2. The TerrCactual and TerrCattain stocks in pineland and forests were quite similar in 

values with differences in TerrCactual and TerrCattain of 0.3 kg C m-2 (pineland) and 0.3 kg 

C m-2(hardwood forests). This is confounded by the fact that forests are undergoing 

cycles from regeneration/planting to mature stands and harvest with approximate 

rotational cycles of 20-25 years in Pinus palustris (slash pine) and Pinus taeda (loblolly 

pine) prominently found in the FL-SRB. Thus, the carbon values sequestered in the 

biomass of forests and underground vary widely over rotational cycles. The TerrC stock 

values over rotational cycles in forest ranged from 0.4 to 0.8 kg C m-2 yr-1 (Bracho et al., 

2011). The biomass trend to the age of 25 year rotation cycle of the loblolly pine 

indicated that root biomass at this typical rotation was about 55 percent higher than in 

the mature mixed bottomland hardwood (Noormets et al., 2012).  

The Moran’s I index assessed the spatial autocorrelation at a site-specific basis 

of TerrCactual and TerrCattain throughout the basin. The Moran’s I, which was positive for 
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both TerrCactual and TerrCattain (Table 4-5), serves as a proxy to express the 

heterogeneity of terrestrial carbon within the basin. Although from an ecosystem 

services perspective the aim is to enhance and maximize carbon storage in an 

ecosystem due to its many positive benefits, such as enhanced nutrient holding 

capacity and soil health, another important criteria is the heterogeneity of terrestrial 

carbon in an ecosystem. To sustain and promote pedo-and biodiversity and the 

functioning and resilience of an ecosystem carbon-rich and carbon-poor areas are 

beneficial. The decline of the Moran’s I along simulated scenarios to model TerrCattain 

compared to TerrCactual suggests that the heterogeneity of terrestrial carbon in the basin 

decreased as the total carbon stored in the basin increased (Table 4-5 and Fig. 4-3).  

The spatial autocorrelations were weak and nearly pure nugget effect of 

TerrCactual and TerrCattain residuals; weak and thus, were not modeled (e.g., using 

regression kriging). The spatial variation of terrestrial carbon stocks in different 

situations showcasing the reference set (TerraCactual) and TerrCattain under the three 

scenarios (±10, 20, and 30 percent variations) derived by the ordinary kriging are 

shown in Figure 4-3. Interestingly, overall the spatial distribution in TerrC stocks in the 

four figures expressed similar patterns, although the local expressions differed. Under 

the scenario trajectory from ±10% to 30% the areas low in carbon declined and the 

carbon-rich areas became more extensive when compared to the TerrCactual values.  

Model Calibration and Validation Results 

We reported three statistical measurements of model performance. R2 indicates 

goodness of fit in the model, forming the overall measure of the accuracy of a 

regression. The RMSE measures the average magnitude of the error; thus a lower 

value shows better predictions.   



 

147 

Our prediction model of SOC stocks using 172 STEP-AWBH variables was able 

to account for 93 percent in calibration mode (n = 164) and 44 percent in validation 

mode (n = 70) of the variation across the study area (Figure 4-4). Root mean square 

error values measured the difference between the values predicted by the model and 

the values actually observed from the field. The RMSE value of 2.65 kg C m-2 in the 

validation set was higher than 1.33 kg C m-2 in the calibration set, and RPD values of 

1.28 kg C m-2 in the validation set were lower than 2.58 kg C m-2 in the calibration set. A 

better model performance in the calibration set was expected because the model was 

constructed based on the same data set. A separate validation set was used to test the 

performance of the calibration models. In general, for the quantitative soil spatial 

prediction model, Beckett and Webster (1971) suggested that an R2 of 0.50 or less is 

common while an R2 over 0.70 is unusual.  Islam et al. (2003) indicated that a 

calibration of R2 < 0.50 was unacceptable. The validation R2 for SOC stocks in our 

study was slightly lower than the one presented by Xiong et al. (2014), who investigated 

1,080 soil samples (0-20 cm depth) for the prediction of SOC stocks using cross-

validation in the calibration set. In their study using the simulated annealing technique 

and RF model, the R2 value obtained was 0.62 with an RMSE of 2.65 kg C m-2. As 

recommended by Batten (1998), the range and standard deviation of the population 

should not be overlooked. In this study, the calculated RPD demonstrated excellent 

prediction reliability in the calibration set but weak reliability in the validation set. A major 

disadvantage of RF is that it is like a  “black box”, which limits investigating the tree 

structure and makes it difficult to interpret the complexity of relationships among 

predictors (Prasad et al., 2006). The purpose of this study did not aim to compare the 
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prediction performance from different techniques, but apply the same method (i.e., 

Random Forest combined with simulated annealing) to assess the sensitivity of model 

responses (i.e., SOC and TerrC stocks).  

The prediction of TerrCactual in the RF model improved in comparison to the SOC 

prediction (Figure 4-5).  The calibration R2 was 0.95 with a small RMSE of 1.78 kg C m-2 

and excellent RPD of 3.64 kg C m-2. Validation R2 was 0.68 with an RMSE of 3.66 kg C 

m-2 and a moderate RPD of 1.69 kg C m-2.  High values of RMSE in the validation set 

indicated that there were some discrepancies between estimations and actual values. In 

comparison to McCarty et al. (2002), their study obtained validation R2 values of 0.82 

but contained larger prediction errors with an RMSE of 5.5 kg C m-2. Islam et al. (2003) 

were able to obtain validation R2 values of 0.72 for organic carbon prediction and an 

RPD of 1.7 kg C m-2, which were very similar to our findings. Overall, the RF model 

performed quite well for the TerrCactual prediction. In ecological applications, where 

samples are much more variable and interactions are complex, it is difficult to compare 

the model performance from different studies side-by-side. Dunn et al. (2002) 

recommended that acceptable values of measurements should depend on the intended 

application of the predicted values.  

Conclusions 

We assessed the relationships between SOC stocks and STEP-AWBH factors in 

the FL-SRB and found that biotic, soil, topographic, and water-related factors played 

crucial roles in determining SOC storage, whereas human factors seemed to be fading 

from being strong predictors. Among the strong predictors, maximum temperature in 

summer time and mean annual precipitation also stood out as controlling factors for 

SOC storage.  The whole basin stores tremendous amounts of carbon, multiple times 
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larger than atmospheric carbon, with about 75 Tg of C in topsoils and 92 Tg of C in 

biomass. The SOC stocks were only assessed in the topsoil; and thus, our soil carbon 

assessment is conservative because we expect to find substantial more carbon stored 

in the subsoil in a landscape where carbon-rich soils, such as Spodosols and Histosols, 

are prominent. There was no single environmental factor that imparted most control on 

SOC storage, but instead intricate combinations of STP-AWB variables, that contributed 

43 strong predictors out of a set of 172 potential predictors, explained SOC stocks.  

Ecosystem services, specifically carbon sequestration services, provide ample 

benefits including enhancement of crop productivity, offset of atmospheric CO2, 

restoration of habitat and biodiversity, and improvement of soil water and nutrient 

retention. Carbon storage in soils and bound in biomass is significant because it helps 

to counteract global climate change. Our study demonstrated a novel approach to 

assess terrestrial carbon through management, adaptation, and mitigation that is 

attainable in a subtropical basin consisting of a mosaic of different land uses embedded 

in a complex soil-landscape. This approach is generalizable and transferable to any 

other landscape setting.  Rather than one dominant factor, a combination of factors (i.e., 

LC/LU, soil, topography, climate, and water-related properties) were used to control 

variations of the actual terrestrial carbon stocks. The model predicted that the TerrCactual 

stock values were close to the TerrCattain stock values in some instances (e.g., under 

wetlands) suggesting the presence of saturation in this area, while in other regions (e.g., 

under row/field crops) ample opportunities exist to enhance carbon sequestration. Thus, 

the major goal is to preserve the carbon stored in the terrestrial system of the FL-SRB 

and enhance them through optimized carbon management. Land use adaptations have 
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much potential to reach TerrCattain, specifically land use conversions from cropland to 

systems with larger NPP. Bare soils, which represent marginal soils, also bear potential 

to elevate carbon storage if improved through management. This aligns with 

suggestions to utilize marginal soils for biofuel production (e.g. Arundo donax or other 

grasses with high NPP) because they would not compete with other land uses, such as 

food production, natural conservation area, or urban uses. Such management 

adaptations do not only enhance above-ground but also below-ground carbon storage.  

Nevertheless, rather than offsetting CO2 emissions, there are other co-benefits of 

increased levels of carbon sequestration to the ecosystem functions (e.g., 

improvements in crop productivity, food security, soil aggregation that enhances nutrient 

storage, and water holding capacity). The spatially-explicit modeling of actual and 

attainable terrestrial carbon stocks allows identifying carbon poor areas and 

implementing conservation and carbon management strategies. Hence, our approach 

has much value to outline pathways into a carbon-rich future. 
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Table 4-1.  Assembled environmental and human covariates representing STEP-AWBH₸ factors. 
Variable1 Factor Data 

type2 
# of 
variable 

Source3 Original scale/ 
resolution (m) 

Date 

Soil order S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil suborder S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil great group S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil subgroup S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil family particle size class S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil family CEC activity class S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil family reaction class S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil family temperature class S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil moisture subclass S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil muck S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil sand content (0-20 cm) S Cont. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil silt content (0-20 cm) S Cont. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil clay content (0-20 cm) S Cont. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil organic matter content (0-20 cm) S Cont. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil leaching potential S Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Flooding frequency class S/W Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Ponding frequency class S/W Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Annual minimum water table S/W Cont. 2 USDA/NRCS/SSURGO 1:24,000 2009 
Soil runoff potential S/W Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Drainage class S/W Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Soil available water capacity (0-25 cm) S/W Cont. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Hydrologic group S/W Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Hydration expansion S/W Cat. 1 USDA/NRCS/SSURGO 1:24,000 2009 
Surface soil moisture  S/W Cont. 1 SMOS 15,000 2010 
Soil slope T Cont. 1 USDA/NRCS/SSURGO 1:24,000 2009 
DEM elevation (30m, 90m, 1km) T Cont. 3 USGS/NED 30/90/1000 1999 
DEM slope (30m, 90m, 1km) T Cont. 3 USGS/NED 30/90/1000 1999 
DEM flow accumulation (30m, 90m, 1km) T Cont. 3 USGS/NED 30/90/1000 1999 
DEM compound topographic index (30m, 90m, 1km) T Cont. 3 USGS/NED 30/90/1000 1999 
Distance from sinkhole T Cont. 1 FGS N/A 2009 
Distance from coast T Cont. 1 FMRI 1:40,000 1993 
Distance from stream T Cont. 1 USGS 1:100,000 2002 
Distance from open water T Cont. 1 USGS 1:2,000,000 2006 

₸S: soil, T: topography, E: ecology, P: parent material, A: atmosphere, W: water, B: biota, H: human 
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Table 4-1.  Continued. 
Variable1 Factor Data 

type2 
No. of 
variable 

Source3 Original scale/ 
resolution (m) 

Date 

Ecoregion E Cat. 1 USGS 1:250,000 1995 
Physiographic province E Cat. 1 USGS 1:2,500,000 2000 
Environmental geology P Cat. 1 USGS 1:250,000 2001 
Surficial geology P Cat. 1 USGS 1:100,000 1998 
Surficial geology epoch and period P Cat. 3 USGS 1:100,000 1998 
Precipitation4 A Cont. 13 PRISM Climate Group 4,000 2000-2008 
Temperature5 A Cont. 26 PRISM Climate Group 4,000 2000-2008 
Solar radiation6 A Cont. 14 NOAA/NCDC/NARR 32,000 1979-2009 
Forest canopy B Cont. 4 LANDFIRE 30 2009 
Above-ground biomass B Cont. 2 LANDFIRE/NBCD 30 1999-2002 
Canopy coverage and imperviousness B Cont. 1 MRLC/NLCD 30 2001 
Land cover class B Cat. 1 MRLC/NLCD 30 2001 
Monthly average MODIS EVI B Cont. 12 MODIS4NACP 500 2005 
Monthly average MODIS NDVI B Cont. 12 MODIS4NACP 500 2005 
Monthly average MODIS LAI B Cont. 12 MODIS4NACP 500 2005 
Monthly average MODIS FPAR B Cont. 12 MODIS4NACP 500 2005 
Annual primary productivity (GPP, NPP) B Cont. 2 WHRC/NBCD 30 2005 
Vegetation type B Cat. 1 LANDFIRE 30 2009 
Biophysical settings B Cat. 1 LANDFIRE 30 2009 
Vegetation height  B Cont. 1 LANDFIRE 30 2009 
Vegetation cover B Cont. 1 LANDFIRE 30 2009 
Land cover/land use cover B Cat. 1 FFWCC 30 2003 
Land cover/land use cover B Cat. 1 MRLC/NLCD 30 2006 
Cropland data layer B Cat. 1 USDA/NASS 30 2004 
Population growth H Cont. 1 U.S. Census Bureau County level 2010 
Population density H Cont. 1 U.S. Census Bureau County level 2000-2010 
Annual household median income H Cont. 1 U.S. Census Bureau County level 2006-2010 
Fertilizer consumption H Cont. 1 FDACS County level 2000-2009 
Best management practice implementation H Cat. 1 FDACS County level 2010 

1Variable abbreviation: CEC, Cation Exchange Capacity; DEM, Digital Elevation Model; EVI, Enhanced Vegetation Index; 
FPAR, Fraction of Photosynthetically Active Radiation; LAI, Leaf Area Index; MODIS, Moderate-resolution Imaging 
Spectroradiometer; NDVI, Normalized Difference Vegetation. 
2Data type abbreviation: Cat., categorical data; Cont., continuous data. 
3Data source abbreviation: FDACS, Florida Department of Agriculture and Consumer Services; FFWCC, Florida Fish and 
Wildlife Conservation Commission; LANDFIRE, LANDscape FIRE and resource management tools project; 
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MODIS4NACP, MODIS for North American Carbon Project; MRLC, Multi-resolution Land Characteristics Consortium; 
NARR, North American Regional Reanalysis; NASS, National Agricultural Statistics Service; NBCD, National Biomass 
and Carbon Dataset; NED, National Elevation Dataset; NLCD, National Land Cover Data; NOAA, National Oceanic and 
Atmospheric Administration; NCDC, National Climatic Data Center; NRCS, Natural Resources Conservation Service; 
PRISM, Parameter-elevation Regressions on Independent Slopes Model; SMOS, Soil Moisture and Ocean Salinity; 
SSURGO, Soil Survey Geographic Database; USDA, United States Department of Agriculture; WHRC, Woods Hole 
Research Center. 
4Precipitation variables comprise 12 monthly averages over 2000-2008 and 1 yearly average.  
5Temperature variables comprise 12 monthly minimum temperature average over 2000-2008, 1 yearly minimum 
temperature average, 12 monthly maximum temperature average over 2000-2008, 1 maximum temperature average.  
6Solar radiation variables comprise 12 monthly averages over 1979-2009, 1 yearly average, and 1 monthly average. 

 

 



 

154 

Table 4-2.  Top forty-three most important variables (the first quantile) derived by random forest model using STEP-
AWBH₸ factors to predict soil organic carbon (SOC) stocks at 0–20 cm within the Suwannee River Basin, 
Florida and descriptive statistics of continuous variables 

Variable1 Unit/ 
scale 

Factor Var. 
imp2 

Mean SD1 Max Min Skew-
ness 

CV1 Correlation 
with SOC3 

Vegetation type factor B 103.36 NA NA NA NA NA NA NA 
Soil great group factor S   83.94 NA NA NA NA NA NA NA 
Soil organic matter content (0-20 cm)₸ % weight S   65.91 4.08 8.85 70.00 0.00 4.80 2.17 0.44* 
Land cover/land use cover (2003) factor B   65.73 NA NA NA NA NA NA NA 
Soil suborder factor S   62.61 NA NA NA NA NA NA NA 
Biophysical settings factor B   60.68 NA NA NA NA NA NA NA 
Surficial geology factor P   52.17 NA NA NA NA NA NA NA 
Vegetation cover % B   49.27 NA NA NA NA NA NA NA 
Soil subgroup factor S   48.53 NA NA NA NA NA NA NA 
Land cover class factor B   43.96 NA NA NA NA NA NA NA 
Soil slope₸ % T   35.06 1.97 1.58 10.00 0.00 1.91 0.81 -0.43* 
Drainage class factor S/W   33.41 NA NA NA NA NA NA NA 
MODIS NDVI of the 105th day of year₸ days B   30.62 0.72 0.09 0.87 0.17 -1.51 0.13 0.33* 
Land cover/land use cover (2006) factor B   26.28 NA NA NA NA NA NA NA 
Vegetation height  m B   25.07 4.48 3.72 10.00 0.00 0.07 0.83 0.24* 
MODIS EVI of the 257th day of year₸ days B   24.38 4.98 0.64 8.07 2.20 -0.18 0.13 -0.01 
MODIS NDVI of the 137th day of year₸ days B   20.73 7.67 0.85 9.17 1.78 -2.03 0.11 0.34* 
MODIS NDVI of the 257th day of year₸ days B   20.05 0.80 0.07 0.91 0.46 -1.76 0.09 0.26* 
MODIS LAI of the 353th day of year₸ days B   19.58 29.28 23.33 250.00 6.00 7.36 0.80 0.17* 
DEM flow accumulation ₸ m2 T   19.12 550.76 6234.37 94660.00 0.00 14.90 11.32 0.00 
Monthly maximum temperature (Sep) ₸ oC A   19.11 31.46 0.23 32.35 31.01 0.72 0.01 -0.20* 
Above-ground live dry biomass (FIA) ₸ kg m-2 B   19.10 6.72 4.16 16.90 1.20 0.54 0.62 0.14 
Annual primary productivity (NPP) ₸ kg m-2 B   18.15 8.79 4.16 32.77 4.20 3.55 0.47 0.15* 
DEM compound topographic index₸ 30m T   15.47 12.72 5.31 25.76 5.55 0.35 0.42 0.10 
Surficial geology epoch and period factor P   14.38 NA NA NA NA NA NA NA 
Above-ground live dry biomass (NCE) ₸ kg m-2 B   14.27 7.20 4.49 20.00 2.00 1.04 0.62 0.19* 
MODIS EVI of the 225th day of year₸ days B   14.03 5.33 0.67 8.24 2.43 -0.16 0.12 0.04 
Distance from stream₸ km T   13.59 2.76 3.07 14.67 0.03 1.81 1.11 -0.08 
Canopy coverage and imperviousness₸ % B   13.07 47.61 38.52 99.00 0.00 -0.21 0.81 0.25* 
Distance from open water₸ km T   12.17 0.92 1.07 7.64 0.03 3.67 1.16 -0.13* 
Distance from sinkhole₸ km T   11.93 10.02 8.25 36.78 0.03 1.24 0.82 0.19* 
Soil available water capacity (0-25 cm) ₸ cm S/W   11.75 2.22 1.16 6.97 0.00 2.04 0.52 0.34* 

₸S: soil, T: topography, E: ecology, P: parent material, A: atmosphere, W: water, B: biota, H: human 
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Table 4-2.  Continued.  
Variable1 Unit/ 

scale 
Factor Var. 

imp2 
Mean SD1 Max Min Skew-

ness 
CV1 Correlation 

with SOC3 

Monthly maximum temperature (Aug) ₸ oC A 11.74 32.86 0.25 33.69 32.26 0.08 0.01 -0.13* 
MODIS FPAR of the 353th day of year₸ days B 11.55 0.82 0.19 2.50 0.42 5.32 0.24 0.12 
Hydrologic group factor W 11.46 NA NA NA NA NA NA NA 
MODIS NDVI of the 289th day of year₸ days B 11.28 0.77 0.07 0.91 0.47 -1.30 0.09 0.23* 
DEM compound topographic index₸ 90m T 10.93 13.67 4.77 23.46 3.51 -1.02 0.35 -0.01 
Annual mean precipitation₸ cm A 10.92 13.93 0.67 15.45 12.92 0.58 0.05 0.10 
Ponding frequency class factor S/W 10.62 NA NA NA NA NA NA NA 
MODIS NDVI of the 73th day of year₸ days B 10.60 0.67 0.09 0.82 0.18 -1.31 0.14 0.26* 
Monthly maximum temperature (Jul) ₸ oC A 10.46 33.08 0.25 33.83 32.32 0.02 0.01 -0.14* 
Soil runoff potential factor S/W 10.15 NA NA NA NA NA NA NA 
DEM compound topographic index ₸ 1km T 10.06 737.71 184.67 1507.00 430.00 0.92 0.25 0.09* 

1Variable abbreviation: DEM, Digital Elevation Model; MODIS, Moderate-resolution Imaging Spectroradiometer, EVI, 
Enhanced Vegetation Index; NDVI, Normalized Difference Vegetation; LAI, Leaf Area Index; FPAR, Fraction of 
Photosynthetically Active Radiation; FIA, Forest Service Inventory and Analysis; NPP, Net Primary Productivity; NCE, 
Nationally Consistent Allometric Equations; SD, Standard Deviation; CV, Coefficient of Variation. 
2Variable importance is defined as the total decrease in node impurities variable splitting averaged over all trees in the 
forest. It is comparable to the residual sum of squares in the regression. 
3Spearman correlation coefficient 
₸Continuous data 

*Significant spearman correlation at 0.05 significance level. 
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Table 4-3.  Strong relevant variables derived by random forest model using STEP-AWBH₸ factors to predict terrestrial 
carbon stocks within the Suwannee River Basin, Florida and descriptive statistics of continuous variables 

Variable1 Unit/ 
scale 

Factor Var. 
imp2 

Mean SD1 Max Min Skew-
ness 

CV1 Correlation 
with SOC3 

Canopy coverage and imperviousness % B 1105.35 47.61 38.52 99.00 0.00 -0.21 0.81 0.72* 
Above-ground live dry biomass (NCE) kg m-2 B   963.25 7.20 4.49 20.00 2.00 1.04 0.62 0.60* 
Above-ground live dry biomass (FIA) kg m-2 B   604.94 6.72 4.16 16.90 1.20 0.54 0.62 0.58* 
Land cover/land use cover (2003) factor B   407.64 NA NA NA NA NA NA NA 
Land cover class factor B   407.46 NA NA NA NA NA NA NA 
Soil subgroup factor S   282.73 NA NA NA NA NA NA NA 
Vegetation cover % B   282.62 NA NA NA NA NA NA NA 
Soil great group factor S   218.33 NA NA NA NA NA NA NA 
Vegetation type factor B   214.05 NA NA NA NA NA NA NA 
Surficial geology  factor P   177.65 NA NA NA NA NA NA NA 
Biophysical settings factor B   150.40 NA NA NA NA NA NA NA 
Soil suborder factor S   147.02 NA NA NA NA NA NA NA 
Soil organic matter content (0-20 cm)₸ % weight S   133.77 4.08 8.85 70.00 0.00 4.80 2.17 0.42* 
Land cover/land use cover (2006) factor B   133.32 NA NA NA NA NA NA NA 
Distance from open water₸ km T     72.77 0.92 1.07 7.64 0.03 3.67 1.16 -0.03 
MODIS NDVI of the 137th day of year₸ days B     70.07 7.67 0.85 9.17 1.78 -2.03 0.11 0.40* 
Hydrologic group factor W     67.74 NA NA NA NA NA NA  
MODIS NDVI of the 105th day of year₸ days B     67.68 0.72 0.09 0.87 0.17 -1.51 0.13 0.37* 
MODIS EVI of the 257th day of year₸ days B     66.53 4.98 0.64 8.07 2.20 -0.18 0.13 -0.05 
Annual primary productivity (NPP)₸ kg m-2 B     66.02 8.79 4.16 32.77 4.20 3.55 0.47 0.23* 
DEM flow accumulation₸ m2 T     65.52 550.76 6234.37 94660.00 0.00 14.90 11.32 0.08 
MODIS NDVI of the 257th day of year₸ days B     60.45 0.80 0.07 0.91 0.46 -1.76 0.09 0.34* 
Monthly maximum temperature (Sep)₸ oC A     60.27 31.46 0.23 32.35 31.01 0.72 0.01 -0.14* 
DEM compound topographic index₸ 30m T     60.16 12.72 5.31 25.76 5.55 0.35 0.42 0.18* 
Distance from stream₸ km T     58.72 2.76 3.07 14.67 0.03 1.81 1.11 -0.12 
Drainage class factor S/W     57.63 NA NA NA NA NA NA NA 
Soil runoff potential factor S/W     55.28 NA NA NA NA NA NA NA 
Monthly maximum temperature (Jul)₸ oC A     54.61 33.08 0.25 33.83 32.32 0.02 0.01 -0.18* 
MODIS NDVI of the 73th day of year₸ days B     54.44 0.67 0.09 0.82 0.18 -1.31 0.14 0.35* 
Surficial geology epoch and period factor P     53.82 NA NA NA NA NA NA NA 
Monthly maximum temperature (Aug)₸ oC A     47.33 32.86 0.25 33.69 32.26 0.08 0.01 0.20* 
DEM compound topographic index₸ 90m T     47.29 13.67 4.77 23.46 3.51 -1.02 0.35 0.12* 

₸S: soil, T: topography, E: ecology, P: parent material, A: atmosphere, W: water, B: biota, H: human 
  



 

157 

Table 4-3.  Contined. 
Variable1 Unit/ 

scale 
Factor Var. 

imp2 
Mean SD1 Max Min Skew-

ness 
CV1 Correlation 

with SOC3 

Annual mean precipitation₸ cm A 44.28 13.93 0.67 15.45 12.92 0.58 0.05 0.20* 
Vegetation height  m B 43.43 4.48 3.72 10.00 0.00 0.07 0.83 0.43* 
Distance from sinkhole₸ km T 39.84 10.02 8.25 36.78 0.03 1.24 0.82 0.14* 
Soil available water capacity (0-25 cm)₸ cm S/W 37.47 2.22 1.16 6.97 0.00 2.04 0.52 0.30* 
MODIS LAI of the 353th day of year₸ days B 34.21 29.28 23.33 250.00 6.00 7.36 0.80 -0.05 
MODIS NDVI of the 289th day of year₸ days B 34.10 0.77 0.07 0.91 0.47 -1.30 0.09 0.34* 
MODIS FPAR of the 353th day of year₸ days B 33.11 0.82 0.19 2.50 0.42 5.32 0.24 0.13 
DEM compound topographic index₸ 1km T 32.83 737.71 184.67 1507.00 430.00 0.92 0.25 0.10 
MODIS EVI of the 225th day of year₸ days B 32.73 5.33 0.67 8.24 2.43 -0.16 0.12 -0.01 
Soil slope₸ % T 18.21 1.97 1.58 10.00 0.00 1.91 0.81 -0.38* 
Ponding frequency class factor S/W 11.80 NA NA NA NA NA NA NA 

1Variable abbreviation: DEM, Digital Elevation Model; MODIS, Moderate-resolution Imaging Spectroradiometer, EVI, 
Enhanced Vegetation Index; NDVI, Normalized Difference Vegetation; LAI, Leaf Area Index; FPAR, Fraction of 
Photosynthetically Active Radiation; FIA, Forest Service Inventory and Analysis; NPP, Net Primary Productivity; NCE, 
Nationally Consistent Allometric Equations; SD, Standard Deviation; CV, Coefficient of Variation. 
2Variable importance is defined as the total decrease in node impurities variable splitting averaged over all trees in the 
forest. It is comparable to the residual sum of squares in the regression. 
3Spearman correlation coefficient 
₸Continuous data 

*Significant spearman correlation at 0.05 significance level. 
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Table 4-4.  Descriptive statistics of terrestrial carbon stocks at observation sites derived by above-ground carbon 
(biomass) and below-ground carbon (top soil at 20 cm depth) (units in kg C m-2). 

Descriptions Number of 
samples 

Mean Median Max Min Skewness STD1 SEM2 

Observations within the study area 138 9.8 8.5 28.8 1.1 0.8 6.8 0.6 
Observations within the study area   
     and a 20 km buffer 

234 9.2 8.4 28.8 1.1 0.8 6.4 0.1 

Calibration set randomly chosen:  
     70% of the total observations 

164 9.6 8.9 28.8 1.1 0.6 6.5 0.5 

Validation set randomly chosen:  
     30% of the total observations 

  70 8.3 7.3 28.8 1.6 1.2 6.2 0.7 

1STD refers to standard deviation. 
2SEM refers to standard error of mean. 

Table 4-5.  Descriptive statistics of terrestrial carbon stocks based on observations (n = 234 sites) and predictions under 
different scenarios derived by simulated annealing and random forest modeling.  

Terrestrial carbon stocks (kg C m-2) Mean Median Max Min Variance Moran’s Index z-score 

Observed actual terrestrial carbon 
      (based on site observations) 

9.21 
(179.41) 

8.35 
(162.66) 

28.81 
(561.22) 

1.11 
(21.62) 

41.35 
(805.50) 

0.34 1.75* 
 

Predicted actual terrestrial carbon 
      (based on simulated annealing and 
       random forest) 

9.08 
(176.88) 

8.16 
(158.96) 

24.26 
(472.58) 

2.00 
(38.96) 

28.93 
(563.56) 

0.44 2.18* 

Predicted attainable terrestrial carbon  

     (±10% environmental variation) 

9.31 
(181.36) 

8.84 
(172.20) 

21.61 
(420.96) 

3.73 
(72.66) 

15.34 
(298.82) 

0.31 1.62 

Predicted attainable terrestrial carbon  

     (±20% environmental variation) 

9.39 
(182.92) 

8.84 
(172.20) 

21.61 
(420.96) 

3.66 
(71.30) 

13.17 
(256.55) 

0.28 1.45 

Predicted attainable terrestrial carbon  

     (±30% environmental variation) 

9.43 
(183.70) 

9.03 
(175.90) 

21.17 
(412.39) 

4.33 
(84.35) 

13.28 
(258.69) 

0.29 1.51 

*Significant at the 90% significance level (p-value < 0.10). 
Total terrestrial carbon stocks in Tg C are shown in parentheses. 
Terrestrial carbon stocks are reported standardize by area (kg C m-2) and as absolute values in Tg C in parenthesis. 
Moran’s I parameters were assessed based on predicted terrestrial carbon stocks based on observations derived from 
simulated annealing and random forest. 
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Figure 4-1.  A workflow for soil organic carbon (SOC) stocks prediction and the 
attainable terrestrial (TerrCattain) carbon prediction from the comprehensive set 
of environmental-human predictor variables. 
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Figure 4-2.  Spatial distribution of terrestrial carbon stocks (kg C m-2) based on current 

soil organic carbon stocks (0-20 cm) and above ground biomass stocks (n = 
234). [Soil carbon data adapted from a subset from the Rapid Assessment 
and Modeling of Changes in Soil Carbon Storage and Turnover in a Southern 
Landscape, 2011; Above-ground Biomass adapted from Kellnorfer et al., 
2013. North American Carbon Program (NACP), Above-ground Biomass and 
Carbon Baseline Data (NBCD2000.V2). Accessible through 
http://www.whrc.org/mapping/nbcd/]. 
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(a) 

 
(b) 

 
(c)  

(d) 
1Search neighborhood: 3 minimum samples, 4 angular sector, 5 samples per sector; 2Mean error (kg C m-2); 3Root mean 
square error (kg C m-2). 
Figure 4-3.  Terrestrial carbon stock estimates derived by ordinary kriging: (a) observed actual terrestrial carbon stocks; 

(b), (c), and (d) attainable terrestrial carbon stocks after environmental variables change by 10 percent, 20 
percent, and 30 percent. 

1Model: Stable 
Range (m): 48,337.23 
Nugget: 0.28 
Partial sill: 0.40 
2ME: -0.03 
3RMSE: 6.1 

1Model: Spherical 
Range (m): 40,999.47 
Nugget: 0.12 
Partial sill: 0.07 
2ME: -0.01 
3RMSE: 3.64 

1Model: Stable 
Range (m): 80,909.15 
Nugget: 0.03 
Partial sill: 0.13 
2ME: -0.05 
3RMSE: 3.43 

1Model: Stable 
Range (m): 118,571.08 
Nugget: 0.03 
Partial sill: 0.13 
2ME: -0.04 
3RMSE: 3.43 
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(a) 

  
(b) 

Figure 4-4.  Independent validation of predicted soil organic carbon (SOC) stocks (kg C m-2) at the 20 cm soil depth using 
random forest model for (a) the calibration set (70%) and (b) validation set (30%). R2 denotes the coefficient of 
determination, RMSD is the root mean square of deviation (kg C m-2), and RPD is the residual prediction 
deviation (kg C m-2). There are 172 explanatory variables used in the model.  

 



 

163 

 
(a) 

  
(b) 

 
Figure 4-5.  Independent validation of predicted actual terrestrial carbon stocks (kg C m-2) using random forest model for 

(a) the calibration set (70%) and validation set (30%). R2 denotes the coefficient of determination, RMSD is the 
root mean square of deviation (kg C m-2), and RPD is the residual prediction deviation (kg C m-2). There are 43 
explanatory variables used in the model.  
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CHAPTER 5 
SOCIO-ECONOMIC PERSPECTIVES OF ECOSYSTEM SERVICES 

Overview 

While most people realize the importance of ecosystem services, many case 

studies show how previously overlooked valuation of ecosystem services resulted in 

rapid degradation and depletion of ecosystems (Chee, 2004; Daily et al., 2000).  

Ecosystem services do not regularly fall within the sphere of markets; rather they tend 

to be ‘invisible’ in economic analyses (Costanza et al., 1997). As such, this leads to the 

idea of re-framing decisions and prompting improved management of natural capital by 

valuing ecosystem services as part of the decision-making process.  Some argue that 

valuation of ecological systems is either impossible or unwise; for example, intangibles 

such as human life, aesthetics, or long-term ecological benefits cannot be assigned a 

monetary value. Costanza et al. (1997)  stated that even though ecosystem valuation is 

certainly difficult and bound by uncertainties, nevertheless it should be undertaken. In 

the twenty-first century, the valuation of ecosystem services has become a significant 

evolving research area (Turner et al., 2003). Valuation studies have contributed 

comprehensive information for the policy-making process, in particular they support 

preference-based approaches that are compatible with a monetary system (Turner et 

al., 2003). The principle of ecosystems is not about placing dollar values ($) on the 

environment, but rather stressing the effect of marginal change in ecosystem services 

under the fundamental concept of trade-offs against general common goods and 

services (Hanley and Shogren, 2002; Randall, 2008).  A study linking ecology and 

economy is therefore critical for assessing the trade-offs inherent in managing human 

societies within ecological systems (Farber et al., 2006).   
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People may value ecosystem services depending upon their scale-perception 

(Araña and León, 2012), immediate direct effect (Boissiere et al., 2013; Howe et al., 

2013), governance management (Costanza and Liu, 2014), and/or demographic and 

socio-economic background (Andersen et al., 2012; Peixer et al., 2011). Many other 

confounding factors may lead to valuations of climate, carbon, and nutrient regulation 

that differ from their biophysical values. However, it is unclear how people in the 

Suwannee River Basin of Florida (FL-SRB) value ecosystem services. 

The main goal of this study was to assess ecosystem services from a socio-

economic perspective. The three objectives were to (i) investigate the perceptions of 

households in the FL-SRB in regard to ecosystem services, (ii) explore socio-economic 

factors influencing individuals’ perceptions and attitudes, and (iii) assess decisions 

made by people to protect ecosystem services and their willingness to pay to protect 

these ecosystem services.  

Valuation Approaches for Non-market Goods and Services 

Decision makers are increasingly accepting the task of formulizing environmental 

policies to address the issue of valuation of ecosystem services. It is important for 

decision makers to consider stakeholders (the public) when formulating environmental 

policies; otherwise, failure to incorporate stakeholders’ preferences may lead to a 

collapse of policies without stakeholders’ support (Hicks, 2002).  Valuation of non-

market goods has been a key component of environmental economics for many years 

(Haipeng and Xuxuan, 2012). Two fundamental approaches for valuing non-market 

goods are revealed preference methods and stated preference methods (Bennett and 

Blamey, 2001; Martinsson, 2002). Both techniques have advantages and 

disadvantages.  
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Revealed preference methods estimate values of non-market goods by relying 

on evidence of how people behave through their actions in markets.  Methods such as 

random utility and travel cost, averting behavior, hedonics, and production function are 

considered revealed preferences (National Research Council (NRC), 2004). One main 

advantage of this technique is the reliance on actual choices to avoid the potential 

issues allied with hypothetical responses, and thus, are less susceptible to response 

biases.  Conversely, this advantage is also the approach’s primary disadvantage.  By 

relying on observable trips (travel cost method) or health expense (averting behavior), 

analyses are restricted to the attribute that cannot be observed (Hicks, 2002), for 

example, climate regulation, carbon sequestration, and nutrient cycling in this study. 

More details of the limitations are clearly described in Abley (2000), Kroes (1988), and 

NRC (2004). 

Unlike the revealed preference methods, the stated preference methods are 

commonly used to estimate preferences of the welfare effects of non-market impacts 

through hypothetical choice scenarios.  While several methods of stated preferences 

are available, the best-known stated preference methods include contingent valuation 

method (CVM) and choice experiments (CE) (Haipeng and Xuxuan, 2012).   

The concept of CVM is rooted in individual utility maximization. Respondents are 

asked to express their maximum willingness to pay (WTP) for or minimum willingness to 

accept (WTA) a specific change in an environmental condition through the open-ended 

question, bidding game, or payment card (Fujiwara and Campbell, 2011; Mitchell and 

Carson, 1989). Despite being one of the most commonly used methods for valuation of 

non-market goods, its use faces problems with dissatisfaction about verbal protocol 
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analysis, variation in WTP across surveys, and bias incidence of protest bids (Diamond 

and Hausman, 1994; Hanley et al., 1998). Some studies have addressed this issue by 

comparing hypothetical to actual values, and generally found the existence of bias 

(Champ et al., 1997; Cummings et al., 1995). While the controversial debates of CVM 

are on-going, the CE approach, developed by Louviere and Hensher (1982) and 

Louviere and Woodworth (1983), has gained popularity in a variety of research fields  

(Álvarez-Farizo et al., 2009; Boxall et al., 1996; Broadbent, 2013; Hainmueller et al., 

2014; Hoehn et al., 2010; Taylor and Longo, 2009; Vollmer et al., 2013).  

The CE is sometimes known as multi-attribute utility choice analysis (Milon et al., 

2000) or conjoint analysis (Farber and Griner, 2000). Hanley et al. (1998) and Stevens 

et al. (2000) viewed the CE methods as a generalization close-ended CVM involving 

two or more goods and services. CE methods allow researchers to focus on valuing 

marginal changes as multi-dimensional attributes rather than discrete changes (Hanley 

et al., 2001). Choosing between choices encourages respondents to explore their 

preferences and trade-offs in more detail (Stevens et al., 2000) and allows researchers 

to assess respondents’ desire towards different management plans (Nalle et al., 2004). 

Multiple components across choices can be estimated in terms of the relative 

explanatory power of a single behavioral outcome (Wallander, 2009); therefore, when a 

choice set includes a price or cost factor as an attribute, economic values such as WTP 

can be estimated (Boxall et al., 1996). Since attribute levels of choice situation, 

including price/cost, are designed in a systematic fashion, the performance in 

measuring the marginal value of changes and multiple characteristics of environmental 
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programs as positive is expected to be meaningful (Boxall et al., 1996; Hanley et al., 

2001).  

Both CVM and CE methods rely on hypothetical scenarios, and according to the 

neo-classical economic theory, they should provide similar results (Stevens et al., 

2000). In fact, mixed results of the comparison between hypothetical CE values have 

been reported (Broadbent, 2012, 2013; Broadbent et al., 2010; Cameron et al., 2002; 

Carlsson and Martinsson, 2001; Hensher, 2010; List et al., 2006; Loomis et al., 2009; 

Lusk and Schroeder, 2004; Olof and Henrik, 2008; Ready et al., 2010; Stevens et al., 

2000), thus a more critical discussion of deriving WTP from different packages is 

needed.  

Choice Experiments 

This technique requires a careful choice design that helps reveal the factors 

influencing choices.  A structured CE method consists of six main stages: 1) selection of 

attributes, 2) assignment of levels, 3) choice of experimental design, 4) construction of 

choice sets, 5) measurement of preferences, and 6) estimation (Hanley et al., 2001). 

Identification of the attribute space such as levels and ranges must be relevant, 

realistic, and feasible for the environmental program questions being asked. One of 

these attributes is usually a monetary cost that allows estimating WTP (Hanley et al., 

2001, 1998). A bundle of interdependent services such as climate regulation and carbon 

sequestration can provide more meaningful values than summing the values of 

independent service levels when using CE (Gloulder and Kennedy, 1997). In addition, a 

baseline status quo is typically included in the assignment of levels (Boxall et al., 1996).  

Various statistical informed methods can be used to combine attribute levels. 

Two widely used approaches to combine attribute levels are the complete factorial 
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design and the fractional factorial design that are available through specialized 

software. The former method provides the estimation of all the main effects and 

interactions of the attributes that are suitable for a small set of attribute levels. The latter 

method allows the reduction of scenario combinations to avoid too many choices for 

respondents; however, some interactions are inestimable (Louviere, 1988).  The 

experimental designs group profiles into choice sets in the form of individual, pair, or 

group options. Individual preferences can be measured by ratings, rankings, or choices 

(Hanley et al., 2001). Then, an estimation procedure such as ordinary least squares 

(OLS) regression or logistic regression can be used to estimate ranking of preferences 

and WTP. When the dependent variables are categorical data, logistic regression such 

as the conditional logit model is often used (Alldredge and Griswold, 2006). 

Many studies relevant to a variety of ecosystem services have been followed in 

the CE literature to evaluate an individual’s perceptions and preferred choices of 

attributes. For example, Adamowicz et al. (1998) implemented both the CE and 

contingent valuation to measure passive use values of habitat enhancement. Bullock et 

al. (1998) used the CE approach to measure preferences of respondents for deer 

hunting and landscape change in the Scottish Highlands. In a study by Milon et al. 

(2000), individuals were asked to identify the importance of ecosystem restoration plans 

based on five multiattibute choices to value the Everglades ecosystem. Birol et al. 

(2006) used CE to estimate farmers’ valuation of agrobiodiversity in small-scale farms. 

Brouwer et al. (2010) assessed spatial preference heterogeneity related to water quality 

improvements that included hydrogeographical units and levels of water quality 

improvements in the experimental designs.  
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A main interest of this chapter is the evaluation of broad ecosystem services 

associated with climate change, water quality, and food productivity. Ecosystem 

services identified in this study include climate/carbon regulation, nutrient control, and 

agricultural/forestry production. Administration agency, location, and cost are also 

included in choice sets in this study.  

Framework and Choice Experiment Modeling 

This section outlines the theoretical framework for the study of discrete choice to 

assess objectives (ii) and (iii). Discrete choice modeling engages the prediction of an 

individual’s response given a set of alternatives or a choice set.  Discrete models 

generally take a random utility view of the choices in which decision makers are 

assumed to reach their maximum utilities (Train, 2009). Logistic regression is widely 

used for modeling binary or multiple discrete response variables. Three models related 

to this study - multinomial logit model, conditional logit model, and nested logit model - 

are discussed in the materials and methods section.  

Random Utility Maximization (RUM) theory 

Both multinomial and conditional logit models are used to investigate a 

consumer’s stated choices and often interpreted underlying structural models of 

behavior, known as random utility maximization (RUM) models valuation (Manski, 

1977). It is assumed that an individual would select an option with a higher level of utility 

than that associated with all other options.   

Uij = Vij (X) + 𝜀𝑖𝑗         (4-1) 

The indirect utility (U) for each respondent (i) is made up of two components. The 

first part, a deterministic element (Vij), also known as a systematic component, which 

determines a linear index of the attributes X of different alternatives j in a choice set. 
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Another part of the utility function, a stochastic element (𝜀𝑖𝑗), also known as a random 

error component, indicates unknown influences on an individual’s decision (Hanley et 

al., 2001) (Equation 4-1).  

P[(Umi > Uni), ∀n ≠ m] = P[(Vmi – Vni) > (𝜀mi – 𝜀ni)]     (4-2) 

The probability (P) that an individual prefers option m to other options n is based 

on the utility function theory and for all n (∀n) not equal to m (Equation 4-2). When the 

probability of (Umi > Uni) equals the probability of (Vmi – Vni), the condition is greater 

than the random error component.  While the deterministic element that is related to the 

alternatives can be measured, the error terms (𝜀𝑖𝑗) cannot be measured. The random 

component is therefore assumed to be part of the Weibull probability distribution with an 

extreme-value.  This implies that the probability of choosing alternative i can be 

described in the logistic distribution (Greene, 1997; McFadden, 1974).  

Pij = 
𝑒𝜇𝑉𝑖

∑ 𝑒𝜇𝑉𝑗
𝑗 𝜖 𝐶

          (4-3) 

where C is a choice set of the individual, e is an exponential function.  A scale 

parameter 𝜇 often cannot be separated and typically is assumed to be 1.  The logit 

model for Equation 4-3 can be estimated using maximum likelihood methods with the 

log-likelihood function given by Hole (2006).  

𝐿𝑜𝑔 𝐿 = ∑ ∑ 𝑦𝑖𝑗𝑙𝑛𝐶
𝑗=1

𝑁
𝑖=1 [

𝑒𝑉𝑖

𝑒𝑉𝑗]       (4-4) 

where 𝑦𝑖𝑗 is an indicator variable that equals 1 if alternative j is chosen by respondent i, 

and zero otherwise. N is the number of respondents (i = 1, 2,…,N) and C indicates the j 

alternative in a choice set of the individual (j = 1, 2,…,C).  



 

172 

In general, the multinomial and conditional logit models for utility function can be 

written in a simple linear regression form.  

Vi =  𝛽0 +  𝛽1𝑋1 + 𝛽2𝑋2 + ⋯ + 𝛽𝑞𝑋𝑞      (4-5) 

where 𝛽0 is a constant that captures the effects of utility on any attribute excluded from 

the choice attributes. The constant value is a meaningful interpretation only when all 

attributes 𝑋 can reasonably be zero. The vector of coefficients 𝛽1 to 𝛽𝑞 is attached to a 

vector of attributes 𝑋1 to 𝑋𝑞 and 𝛽𝑞 is the coefficient for the cost of an alternative 𝑋𝑞.  

Even though the multinomial and conditional logit models share the same 

conceptual framework, the distinction between the two models was pointed out by 

Hoffman and Duncan (1988). They explained that the multinomial logit uses the 

individual’s characteristics as explanatory variables to make choice probabilities, while 

the conditional logit uses properties of choice attributes as explanatory variables to 

make choice probabilities. In addition, the conditional logit needs to specify which 

individuals belong to which matched set or stratum (McFadden, 1974).  

The multinomial and conditional logit models impose the restriction that the 

alternatives are independent of one another. Violation of the independence of irrelevant 

alternatives (IIA) restriction leads to the cross-elasticities between all pairs of 

alternatives being identical (Wen and Koppelman, 2001). The most common technique 

to relax the IIA is the nested logit (Williams, 1977). The nested logit is often used when 

there is a set of alternatives experiencing vague decision. It allows the alternatives to be 

correlated and accommodates degrees of interdependence among pairs of alternatives 

in a choice set.  Details of the logit implementation are discussed in the methodology 

section. 
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Choice Experiments (CE) and Willingness to Pay (WTP) 

Since CE is embedded in the utility of maximization and demand theory 

(Bateman et al., 2003), the coefficients in CE provide parameter estimates of the utility 

of each attribute (Ginsburgh and Throsby, 2013). The cost/price coefficient can be 

interpreted as an estimate of the negative marginal utility of income. The measure of 

marginal change in welfare—marginal willingness to pay (MWTP) in this case—can be 

derived from the parameter estimates by the following formulae (Hanemann, 1984; 

Hanley et al., 2001; Parsons and Kealy, 1992): 

𝑀𝑊𝑇𝑃 = 𝛽𝑦
−1 𝑙𝑛 [

∑ 𝑒𝑖
𝑉𝑖

1

∑ 𝑒𝑖
𝑉𝑖

0]         (4-6) 

𝑀𝑊𝑇𝑃 =  
𝑙𝑛 ∑ 𝑒𝑖

𝑉𝑖
1

− 𝑙𝑛 ∑ 𝑒𝑖
𝑉𝑖

0

𝛽𝑦
         (4-7) 

where, 𝛽𝑦, the coefficient on the monetary attribute, provides the marginal utility of 

income. 𝑉0 and 𝑉1 represent indirect utility functions before and after the ecosystem 

management policy change.  

In the conditional logit model or the multinomial logit model, the marginal value of 

an attribute is the ratio of an attribute to the coefficient of cost/price:  

𝑀𝑊𝑇𝑃 =  −
𝛽𝑧

𝛽𝑦
          (4-8) 

where, 𝛽𝑧 is the coefficient of any of the non-monetary attributes and 𝛽𝑦 is the 

coefficient for cost/price. The simplified formula of the ratio of coefficients given in 

Equation 4-8 is an ‘implicit price’ that represents the MWTP for a unit change in the 

quantity of an attribute (Ginsburgh and Throsby, 2013). Although the MWTP can be 

assumed to have positive or negative values in Equation 4-8, it is possible that 

individuals would maintain the status quo situation. The possibility of a negative MWTP 
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is appropriately present (Hanemann, 1984). The mean and the median of the MWTP 

distribution cannot be calculated separately when the utility function is assumed to be 

linear. The mean and the median values, therefore, coincide (Hanemann, 1984). 

Materials and Methods 

Survey Design 

The survey was conducted to evaluate people’s perceptions and values of 

ecosystem services in the FL-SRB. The outcome of the survey was aimed to provide a 

better understanding from the social side and eventually to be integrated with the 

biophysical and modeling chapters to complete the ecosystem service valuation goal.  

The mail survey consisted of three major parts. The first part (sections 1 to 4) 

was designed to gauge opinions and experiences of respondents related to ecosystem 

issues. This part of the questionnaire included general questions about ecosystem 

services, climate regulation, soil carbon sequestration (storage), and nutrient cycling. 

Responses were obtained using three-point and five-point Likert rating scales, 

dichotomous choice, and nominal questions. The second part (section 5) contained the 

CE with attributes and their levels. Details of the CE’s design are described in the next 

section. The third part (section 6) focused on respondents’ socio-economic information, 

gender, age, education, Florida residency, and income. The questionnaire and choice 

attributes used in the study were developed based on evidence from the literature. The 

complete questionnaire is shown in Appendix A.  

Choice Experiments Design 

The main objective of the CE was to assess respondents’ preferences for 

protecting ecosystem services and improving environmental quality. To address the 

goal of the study, a set of limited choices in the form of programs was provided where 
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each program included four attributes. The first attribute was based on the type of 

ecosystem services, including climate/carbon storage, nutrient control, and agricultural 

and forestry production. The second attribute represented the administrative agency 

that would be supported through voluntary donations, annual taxes, or utility fees to 

manage the ecosystem services. Three agencies were included: the Suwannee River 

Water Management District (SRWMD), county governments, and non-government 

organizations (NGO). The third attribute targeted the size of the area to be managed for 

ecosystem services implementation, ranging from anywhere within the FL-SRB to 20 

miles (32 km) or 5 miles (8 km) from each respondent’s home.  Lastly, the monetary 

attribute was added to investigate the economic values of the program being chosen. 

Respondents were asked to choose $5, $25, or $50 as the per annum cost of WTP per 

household for the preferred program over a five-year period. These numbers were set 

based on findings from Kreye et al. (2011), which compiled 17 studies that examined 

WTP for water protection and applied a benefit transfer method to estimate an annual 

household WTP within four regions in Florida. The attributes and the levels of the 

attributes are presented in Table 5-1. 

Four attributes with three levels each are also known as four three-level factors in 

a factorial design. A fractional factorial design was utilized to construct the optimal 

paired comparison choices as described by Street et al. (2005). The paired comparison 

method combined choice and rating with two specific choice sets and one opt-out 

option.  Respondents were asked to select the most preferred alternative of the two 

specific options or none-of-these (neither) option.  The choice sets were created using 

the fractional factorial designs which allowed reducing the number of scenario 
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combinations to the optimal sets (Street et al., 2005).  Thus, the minimum possible 

choice sets that remained for this study included nine questions.  The nine questions 

were then divided into two sets of surveys, A and B, to avoid excessive time-consuming 

circumstances from too many questions.  Thus five choice sets were designed in Set A 

and four choice sets were included in Set B. The fractional factorial designs are shown 

in Table 5-2.   

The MWTP values were estimated using a nested logit model with quantitative 

cost input.  The coefficient of the WTP was specified to be held constant. This restriction 

allowed the distribution of WTP to be estimated directly from the distribution of non-

monetary coefficients because two distributions took the same form in the model (Goett 

and Hudson, 2000). 

Survey Sampling and Implementation 

All settlements within fifteen counties were sorted based on census geographic 

and demographic data. In 2010, the number of households within the study area was 

122,424 (U.S. Census Bureau, 2010c). A total of 60 postal zip codes were identified 

using ArcGIS® software. According to the zip codes, the sampling area was slightly 

larger than the entire FL-SRB boundary due to edge conciliation (Figure 5-1). An initial 

random sample of 4,000 household mailing addresses was created by a professional 

marketing firm (MSG, Inc.). A comparison of the survey sample to the population using 

data from the American Community Survey five-year estimates for 2007–2011 is shown 

in Table 5-3. Of the 4,000 households surveyed 2,000 households were assigned to 

receive survey set A and the other 2,000 were assigned to receive survey set B.  

The questionnaire and survey protocol were reviewed and approved by the 

Institutional Review Boards (IRB) at the University of Florida to ensure the rights of the 

http://msg/
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survey participants under the federal regulations.  The standard mail survey approach, 

known as the Tailored Design Method (Dillman et al., 2009), was followed.  This 

approach involves three principles to encourage response: reducing survey errors, 

developing a good set of survey procedures, and building positive social exchange.  

Each household was first contacted via an introductory postcard (September 12, 2012), 

then by a survey mailing with envelopes (September 19, 2012), followed by a thank-

you/reminder postcard (September 26, 2012). Two weeks later (October 17, 2012), a 

second mailing was sent, followed by a reminder postcard (October 24, 2012).  By the 

middle of December, a total of 764 useable surveys had been returned (Figure 5-1). 

The overall response rate was about 19 percent. 

Analysis 

Demography, perceptions, and attitudes 

Demographic data were analyzed using descriptive statistics. The frequency, 

percentage, mean, and standard deviation for each question were reported.  

The multinomial logit model was used in predicting the perception and attitude 

levels (e.g., very important, somewhat important, not important, don’t know) of each 

respondent on the importance of ecosystem services. The explanatory variables for the 

multinomial logit model included gender, age, educational level, residency period, 

distance of geocoded household location from the Suwannee River, and Rural-Urban 

Commuting Area (Table 5-4). The gender, age, educational level, and residency period 

information were collected from the survey. Each respondent’s distance from the 

Suwannee River was computed using ArcGIS® software (Figure 5-1). Urban and non-

urban areas in this study were defined according to the United States Department of 

Agriculture’s Economic Research Service (USDA/ERS), (Economic Research Services 
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(ERS), 2013). The Rural-Urban Commuting Area Codes (RUCAs) are based on the 

2000 census and 2004 zip codes. This study consisted of 24 urban areas and 36 rural 

areas (Table 5-5 and Figure 5-1).  

The likelihood ratio test and Wald chi-square statistics were reported for logistic 

regressions (Bewick et al., 2005; Engle, 1984). The likelihood ratio test evaluated the 

overall relationship between the independent variables and the dependent variables. It 

measured the difference between the maximum likelihood estimate (MLE) and the null 

value when the parameter is zero. The test statistic is approximated by a chi-squared 

distribution (Banerjee and Wellner, 2005; Bewick et al., 2005). The Wald statistic test 

evaluated the significance of the individual coefficients in the logit model, and is 

distributed as a chi-square with one degree of freedom. According to Banerjee and 

Wellner (2005), Bewick et al. (2005), and Tabachnick and Fidell (2001), the likelihood 

ratio test is more powerful than the Wald test and is considered to be the superior 

method. This study reports the results from both tests to determine the overall impacts 

of the individual coefficients between the multiple independent variables and categorical 

dependent variables.  

Choice experiment analysis 

This analysis focused on section 5 of the survey, the economic valuation part. 

These responses provided 2,690 observations, or 8,070 cases. Our CE approach 

assumed that an individual selected one of the specific program (A or B) options or the 

neither option. The nested logit model was the most appropriate method to describe this 

behavior.  This way it put the opt-out choice in a different nest from the ecosystem 

protection program choices.  The nested logit was conducted with the SAS® software 
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using the Proc MDC (Multinomial Discrete Choice) function. A simple schematic is 

illustrated in Figure 5-4.  

Two models were described. Model 1 included the opt-out option (not interested 

in either program), while Model 2 excluded the opt-out option. The inclusion of the opt-

out option in Model 1 would capture the real behavior of individuals, which indicated the 

likelihood of choices for all respondents and estimated the overall marginal willingness 

to pay (MWTP) for the population.  Model 2 set the opt-out option as a reference level, 

indicating the likelihood and MWTP only for respondents who chose program option A 

or B. Both models used effects coding for all variables except WTP that coded 

quantitatively (Bech and Gyrd-Hansen, 2005; Jaccard, 2001).  

The likelihood of preference for each ecosystem protection program was 

calculated relative to the alternatives within each stratum. The model indicated how the 

attributes of a program affect the likelihood that an average respondent chose the 

program. The odds ratios and standard errors with a significant level were reported. The 

results should be interpreted as a preference ranking from most preferred attribute level 

to least preferred attribute level.  

To calculate the marginal WTP of each non-monetary variable, a simple linear 

utility function provided the estimated coefficient of the non-monetary variable divided 

by the estimated coefficient of the monetary variable as explained in Equation 4-8 

(Krinsky and Robb, 1986). 

Results 

Descriptive Statistics 

Out of the 4,000 households sampled, there was a total of 764 responses, or 

about a 19 percent response rate. All responses were used even though the number of 



 

180 

respondents varied by each question. The percentage response rate and mean values 

corresponding to individual questions are shown in Table 5-7. 

Demographics 

In general, respondents were more likely to be women (52%), who were 

late/middle-aged to elderly (40% ages 45–64 years old and 32% ages 65–84 years old) 

and highly educated (29% with graduate or professional degrees, 21% with some 

college, and 18% with a bachelor’s degree).  Within the group, 65 percent lived in urban 

areas and 22 percent lived in rural areas. The primary land use reported was housing 

(73.5%), followed by other (13.5%), agriculture (6%), recreation (4%), and timber 

production (3%). Of all the households sampled, 84 percent participated in at least one 

environmental group or conservation organization.  Length of residency in this area was 

evenly distributed between “less than 10 years” (28%) and “more than 30 years” (32%). 

Of the respondents who answered the question, the majority of their annual household 

income fell into the first three categories: $25,000–$49,999 (20%), less than $25,000 

(18%), and $50,000–$74,999 (16%).  Because about 20 percent of the respondents 

preferred not to provide income information, the income variable was excluded from the 

explanatory variables in the multinomial logit models since the high number of non-

responses affected the performance of the logistic model predictions.  

Perceptions and attitudes on ecosystem services  

Table 5-8 provides descriptive statistics of respondents’ familiarity and attitudes 

about ecosystem services on a scale of 1 to 3. In the first part, “1” indicated “not 

familiar”, “2” indicated “somewhat familiar”, and “3” indicated “very familiar”. 

Respondents were familiar with water quality protection, carbon storage, climate 

regulation, and nutrient cycling, with mean levels of 2.23, 2.00, 2.00, and 1.79, 
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respectively.  In the second part, “1” indicated “not important”, “2” indicated “somewhat 

important”, and “3” indicated “very important”. Respondents rated “good water quality” 

(2.92) the highest, followed by “clean air agricultural production” (2.88), “soil fertility” 

(2.58), “agricultural production” (2.49), “forest production” (2.46), and “nature recreation” 

(2.40), respectively. In the final part, “1” indicated “not concerned”, “2” indicated 

“somewhat concerned”, and “3” indicated “very concerned”. Respondents were most 

concerned with “water quality” (mean of 2.62), followed by “low agricultural productivity” 

(mean of 2.22), “poor soil fertility” (mean of 2.21), and “global climate change” (mean of 

2.14).  

Follow-up results showed respondents’ beliefs regarding global climate change 

caused by human activities (Figure 5-2). On a scale of 1 to 5, with 1 indicating “do not 

believe at all” and 5 indicating “completely believe”, about 29 percent of the respondents 

completely believed that anthropogenic activities result in global climate change, 

followed by 25 percent somewhat completely believed this to be the case, 22 percent 

somewhat believed, 10 percent somewhat do not believe at all, and about 11 percent 

did not believe at all.  

Participants were then divided into three groups based on how aggressive they 

believed government should be involved in global change policies (Fiture 5-4). In the 

survey, about 94 percent of the group wanting more aggressive government policies on 

climate change completely believe in government involvement, as opposed to only 2 

percent of the group wanting less aggressive government policies and 4 percent of the 

group wanting no change. In contrast, only 3 percent of the group wanting more 

aggressive government policies on climate change do not believe in any government 
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policies, as opposed to 80 percent for the group wanting less aggressive government 

policies and 17 percent of the group wanting no change.  

When asked about effects due to climate change that respondents have 

observed in the community during the past 10 years, 20 percent of respondents 

reported not observing any changes.  The remaining 80 percent experienced more 

drought than they did floods or hurricanes. Other climate effects included extreme 

temperatures in winter and summer, lower aquifer and lake levels, and dry wells.  It 

should be noted that some believed that these effects were part of natural climate 

cycles and not climate change.  

The survey question about soil carbon sequestration/storage revealed that 52 

percent of participants (n=753) answered “don’t know”, 12 percent thought soil carbon 

stocks have increased, 22 percent believed they have decreased, and 14 percent 

answered no significant change.  When respondents were asked to respond about 

trade-offs between productivity and water quality, most respondents did not agree with 

the statement “productivity should remain high in spite of what happens in the river”, 

with a mean of 1.7 (using a scale of 1 “do not agree at all” to 5 “very much agree”).   

Socio-economic factors influencing perceptions and attitudes  

The likelihood ratio tests from the multinomial logit modeling were calculated to 

evaluate the overall relationship between the independent variables and the dependent 

variables (Table 5-9). The model suggested that among six socio-economic variables, 

three factors, including gender (GEN), age (AGE), and educational levels (EDU), were 

significant determinants of individuals’ perceptions and attitudes. The variable for length 

of residency (RESD), rural/urban commuting areas (RUCs), and distance from the main 

river to home (DIST) were not significantly different for all ecosystem services.  
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The results of the Wald statistics for the model indicated individual effects 

(Tables 5-10 to 5-12). Respondents with more than a high school education were 

significantly more likely to be familiar with ecosystem service terms, more aware of the 

importance of ecosystem services, and more concerned about environmental issues as 

compared to respondents with less than a college education. In particular, respondents 

with less than a college degree were significantly less likely to be concerned about 

global climate change and showed less awareness of the importance of nature 

recreation and tourism as compared to respondents with a college or professional 

degree. However, different educational levels were not significant determinants to 

differentiate perceptions of the importance of clean air. In terms of gender, males (as 

compared to females) were more likely to be familiar with carbon storage terms, the 

importance of clean air, soil fertility renewal for better agricultural productivity, nature-

based recreation.  Respondents over the age of 65 years old were significantly less 

likely to recognize specific terms, such as climate regulation and carbon storage, and 

were also less likely to be concerned about global climate change and poor water 

quality.  

Preferences  

Table 5-13 displays parameter estimates from the nested logit models on how 

individuals choose the A, B, or opt-out option.  The underlining assumption was that 

every time respondents made a choice, they would select the alternative that showed 

the higher level of utility.  The results from the two models (i.e., Models 1 and 2) were 

reported.  Model 1 included the opt-out option, indicating the likelihood of choices for all 

respondents and overall MWTP for the population; Model 2 excluded the opt-out option, 

indicating the likelihood and MWTP only for respondents who chose option A or B.  Both 
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models estimate how the attributes of the ecosystem service program affect the 

probability that an individual would select that choice.  Because the models were in the 

form of a logit transformation, the coefficients in the table are the log-of-odds. The 

positive and negative signs of the coefficients indicate the rank of preferences. To 

interpret these coefficients, they need to be anti-logged to the odds ratio. The odds ratio 

shows how strongly the presence or absence of one variable is interpretable relative to 

the presence or absence of another variable being fixed in a given population (e.g., how 

many times option A or B is stronger than the opt-out option).   

Ecosystem service preferences within the improvement group 

Models 1 and 2 showed similar preference rankings, although there were no 

statistically significant differences in preferences with respect to types of ecosystem 

service.  

In comparison within a choice block I (Table 5-13), in examining the coefficients, 

‘nutrient control’ is the most preferred ecosystem service type to be managed (0.026 for 

Model 1 and 0.045 for Model 2), followed by agricultural/ forestry production (0.005 for 

Model 1 and 0.024 for Model 2).  Climate/carbon regulation was the least preferred 

among ecosystem service types to be managed (–0.004 for Model 1 and 0.015 for 

Model 2). All of the services (i.e., nutrient control, agricultural/forestry production, and 

climate/carbon regulation) were ranked higher than the status quo. The odds ratios 

were calculated by comparing coefficients of each attribute level to the opt-out option. 

Thus, the odds ratios from both Models 1 and 2 generated the same values. For 

example, the odds ratio of nutrient control to opt-out option in Model 1 was exp0.026 / 

exp-0.019 = 1.05 and Model 2 was exp0.045 / exp0 = 1.05 as well. This suggests that the 

odds of preferring nutrient control management were 1.05 times the odds of preferring 
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not to have any programs, when all else being equal. The odds ratios were 1.02 for the 

agricultural and forestry production and 1.01 for ‘climate/carbon regulation’. This 

indicated that the odds of preferring ‘agricultural and forestry production management’ 

were 1.02 times the odds of favoring not to choose any ecosystem protection program. 

Similarly, the odds of preferring a ‘climate/carbon regulation program’ were 1.01 times 

the odds of favoring not to implement any programs when other variables were held 

constant. 

Overall, ‘nutrient control’ was found to be the most preferable ecosystem service 

type within the improvement program category, followed by ‘agricultural/forestry 

production’ > ‘climate/carbon regulation’.   

Ecosystem service preferences within the program administration group 

The findings offer some interesting insights into which organizational approach to 

favor to implement ecosystem services.  Respondents preferred ‘county’ (county 

government) to manage ecosystems among the other three options of administrative 

management (SRWMD, government, NGO).  In comparison within a choice block II 

(Table 5-13), the coefficients for ‘county’ were 0.082 for Model 1 and 0.101 for Model 2, 

while the coefficients of the SRWMD were 0.048 for Model 1 and 0.067 for Model 2.  

‘Non-government organization’ (NGO) was the least preferred administration. 

Coefficients for ‘NGO’ were –0.103 for Model 1 and –0.085 for Model 2.  Respondents 

valued ‘NGO’ less than the opt-out option.  Although no statistical significance was 

found, the odds of favoring the ‘county’ was 1.11 times the odds of opt-out (exp0.082 / 

exp-0.019 for Model 1 and exp0.101 / exp0 for Model 2). The respondents preferred 

‘SRWMD’ to opt-out by the odds of 1.07 times. On the other hand, ‘NGO’ was less 

preferred to opt-out by the odds of 0.92 times.  
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From the models, the administration attribute results showed respondents’ 

preferences in the following order: ‘county’ > ‘SWRMD’ > ‘status quo for program 

administration’ > ‘NGO’.  

Ecosystem service preferences within the “location of area to be managed” 
category 

Respondents expressed strong preference for ecosystem protection programs to 

be implemented anywhere within the basin.  This can be explained by the high positive 

estimated coefficients of 0.222 (Model 1 with statistical significance) and 0.241 (Model 

2).  The preference of ‘area to be managed within 20 miles from resident’s home’ was 

higher (0.076 for Model 1 and 0.095 for Model 2) than the preference of ‘area to be 

managed within 5 miles from their homes’ (–0.272 for Model 1 and –0.253 for Model 2) 

or the opt-out option.  The odds ratios indicated that the odds of preferring to have the 

program implemented ‘anywhere within the basin’ were 1.27 times the odds of 

preferring not to have any ecosystem programs.  This odds ratio was calculated by 

exp0.222 / exp-0.019 in Model 1 and exp0.241 / exp0 in Model 2. The odds of favoring to have 

the ecosystem protection program ‘within 20 miles from residents’ homes’ as compared 

to the opt-out option were 1.10 times.  The odds of preferring to implement ecosystem 

protection programs within 5 miles of residents’ homes’ were only 0.78 the odds of 

preferring not to have ecosystem protection programs, with all else being equal (choice 

block III, Table 5-13).  

The locations of area that meet respondents’ preference for implementation of 

ecosystem protection program, ranked from high to low, were ‘implementation of 

ecosystem protection program anywhere within the basin’ > ‘within 20 miles of their 
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homes’ > ‘status quo for location of area to be managed’ > ‘within 5 miles of their 

homes’. 

Economic Estimates 

Table 5-13 presents the annual household MWTP results for each attribute to 

protect the ecosystems through donations, taxes, or utility fees over a period of five 

years. Overall, the MWTP in Model 2 was higher because households were willing to 

accept the proposition of an ecosystem protection program with associated costs.  High 

and low MWTP reflect the order of preferences for each attribute. For example, 

respondents showed a greater preference for the ecosystem protection program to be 

implemented throughout the whole river basin.   

To demonstrate the procedure for calculating MWTP, consider the value $1.55 in 

Model 1. The average WTP cost coefficient was -0.017 and the coefficient of nutrient 

control was 0.026.  Therefore, the MWTP was derived by (-0.026/-0.017) = $1.55 in 

Model 1.  This indicated that the inclusion of nutrient control improvement would support 

an increase of $1.55 per household, per year.  Positive values of MWTP indicate the 

willingness to pay in $, whereas negative MWTP values express the opposite (i.e., the 

unwillingness to pay/engage in that specific service). The largest MWTP was $13.22 

(Model 1) for service choice “anywhere within the basin” and the least preferred was $-

16.17 (Model 1) for “within 5 miles of your home”. The MWTP values for ecosystem 

services (climate/carbon regulation; nutrient control; and agricultural and forestry 

production) were very small with less than $1.55 (Model 1). Even smaller MWTP values 

were found for Model 2.   

The average annual household’s MWTP for ecosystem service protection 

program was estimated to be $0.12 for the model that included the opt-out option 
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(Model 1) and $1.24 for the model that excluded the opt-out option (Model 2).  The most 

highly preferred combination across attributes of Model 1 had an overall average MWTP 

of $6.55 (derived through: (1.55+4.88+13.22)/3), while Model 2 showed $7.67 (derived 

through: (2.67+5.99+14.35)/3). In 2010, the number of households in fifteen counties 

was 122,424, which gave an average MWTP approximately of 122,424*0.12 = $14,691 

per year (Model 1) and 122,424*1.24 = $151,806 per year (Model 2) to implement 

ecosystem protection programs.  

Discussion 

Socio-demographic, Geographic Factors and Ecosystem Services 

Socio-demographic factors influencing ecosystem services perceptions and 

attitudes are shown to be fairly similar to previous studies.  Educational level and age, 

for example, are positively associated with knowledge, awareness, and concerns; that 

is, respondents who are younger and have a higher educational level are the most 

concerned about the environment  (Franzen and Meyer, 2010; Gelissen, 2007; 

Marquart-Pyatt, 2008; Marquart-Pyatt 2007).  This study found that the level of 

education highly influenced the level of environmental concern among the respondents  

(Engel and Pötschke, 1998; Liere and Dunlap, 1980; Olofsson and Öhman, 2006; Scott 

and Willits, 1994).  However, regardless of educational level, social consciousness 

about environmental issues ideally should be developed at an early age. It was pointed 

out by numerous researchers that raising environmental awareness is more important 

than seeking higher education to protect ecosystem services (Arslan, 2012; Pooley and 

O’Connor, 2000; Stevenson, 2007).   

The relationship between respondent age and ecosystem services perspectives 

and attitudes are less clear in the FL-SRB.  The late middle-aged group (45–64 years) 
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showed a higher degree of environmentally-friendly attitudes than the elderly group 

(greater than 65 years) in 5 of the 14 areas analyzed.  The young to middle-aged 

respondents (18–44 years) showed higher perception and attitude levels toward 

ecosystem services, although the results were insignificant.  Some previous studies 

indicated that younger people tended to be more concerned about environmental issues 

than older people (Engel and Plötschke, 1998; van Liere and Dunlap, 1980).  Olofsson 

and Öhman (2006) found the same pattern although it was a weak relationship. A 

possible explanation in regard to the relationship between age and ecosystem service 

perceptions and attitudes is that younger people are more open to change in 

environmental attitudes (United Nation Environment Programme (UNEP) and United 

Nation Educational, Scientific, and Cultural Organization (UNESCO), 2001).  In the FL-

SRB, it is possible that the “middle- aged” group has the most monetary resources may 

be more concerned about a sustainable future for their children.  

The results concerning gender are more ambiguous.  While a higher number of 

responses came from females, males were more likely to recognize the importance of 

ecosystem services (i.e., familiarity with carbon storage, water quality protection, clean 

air, soil fertility, global climate change concerns, poor soil fertility, and agricultural 

productivity) than were females. These findings were similar to findings from other 

studies (e.g. Ofei-Manu, 2009; Steel, 1996; Stern and Dietz, 1994; Tindall et al., 2003; 

Zelezny et al., 2000). McEvoy (1972) argued that because males were more active in 

politics and more educated than females in general, they had more concerns over 

environmental problems.  A comparative study between the United States and twelve 

European countries in relation to gender and environmental views undertaken by 
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Somma and Tolleson-Rinehart (1997) found that there was no difference between 

American men and women regarding perspectives on the environment, but that there 

was a significant difference between European men  and women, with European men 

being more concerned about the environment than their female counterparts.  The 

gender-based differences in environmental perceptions and attitudes between the 

American and European groups probably was probably due to differences in the two 

groups’ socialization experiences and worldviews about nature and society (Kashima et 

al., 2014) as well as social and ethical concerns (Oughton, 2013).   

The length of residency, residency areas, and distance from the main stream of 

the SRB to respondents’ homes were insignificant factors in the models. Long-time 

residents preferred balancing ecosystem protection and river resource use, whereas 

newcomers preferred ecosystem preservation (McCool and Martin, 1994; Vaske et al., 

2001). Dissimilar results were reported by Cantrill (1998) in his study of people living in 

the Lake Superior basin (LSB).  He found that residents who had lived less than fifteen 

years in the LSB referenced the ecosystems in their communication, while long-time 

residents strongly recognized the natural environment in their sense of place and were 

more sensitive to human impacts than short-time residents (Sheldon et al., 1984).  In 

the case of residency zones (i.e., urban, large rural town, and small/isolated town), the 

relationship between residency areas and attitude towards ecosystem services was 

insignificant.  However, urban residents were slightly more likely to be environmentally 

concerned than rural residents in most areas. Similar findings were also reported in 

Trembley and Dunlap (1978) and Yu (2014), in which they concluded that urban 

residents were generally exposed to higher pollution levels and received more 
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information when compared to rural residents.  On the other hand, rural residents rely 

on natural resources for their living, thus focus more on issues directly related to 

agriculture production. 

Despite the levels of perceptions and attitudes, when it came to willingness to 

pay for a possible ecosystem protection program, distance from resident’s location to be 

managed dominated other factors.  Interestingly, people were more willing to pay for an 

ecosystem management service farther away from their homes rather than closer to 

their homes. It is possible that although residents would like to live in a well-managed 

ecosystem, they are reluctant to be bothered by some activities in their neighborhood 

areas.  

To summarize this section, individual-level factors such as education, age, and 

gender affected ecosystem service perception and attitude, while place-related factors 

such as duration of residency, residency area, and distance between the main river to 

homes showed a muted effect. It should be noted that levels of perception and attitude 

are not necessarily followed by environmentally-friendly behavior.  Rather, the results 

from this study provide an understanding of the socio-demographic characteristics of 

people in the FL-SRB considering the context of ecosystem services.  Other factors 

such as general beliefs, political affiliation, and behaviors should be further analyzed in 

future studies. 

Scale Sensibility 

One of the ways of analyzing ecosystem service preferences and levels of 

willingness to pay is scale sensibility.  In this study three types of preference attribute 

scales were used: knowledge (type of ecosystem services preferences), political 

(administrative agency preferences), and spatial (managed location preferences).  
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When considering ecosystem management with regards to type of services, a 

knowledge scale is necessary.  Among the investigated ecosystem services in this 

study, the most significant need of households is better water quality. This implies that 

residents in the FL-SRB are concerned about water quality impairment in the basin 

because it directly impacts their drinking water (e.g., wells). An increasing trend of 

nutrient loads (total nitrogen and total phosphorus) downstream in the Santa Fe River 

and the Upper and Lower Suwannee River, and excessive nutrient concentration in four 

drainage areas (see Chapter 3) are somehow associated with residents’ perception of 

water quality in the FL-SRB.  Residents receive more information about clean water 

protection issues from agencies, such as the federal Environmental Protection Agency 

(EPA), SRWMD, the Suwannee River Partnership (SRP), and environmental groups 

through targeted water quality campaigns and educational programs than they do 

regarding climate change issues.  While Florida’s governor has committed to spending 

$1.4 billion in 2014 to protect and preserve the state’s environment, the funds will target 

water restoration, rather than soils or climate change (Florida Department of 

Environmental Protection (FDEP), 2014).  One of the reasons for climate regulation and 

carbon sequestration are ranked as less important because there is often great disparity 

between perceptions concerning long-term global climate change and current 

local/regional perception of  ecological problems (Hulme, 2010). Because climate 

change and carbon sequestration occur over a long-time scale, they are not perceived 

as being of immediate local concern (Garvey, 2008). In addition, as GlobalScan (2009) 

pointed out, people have become more pessimistic about the environment, with climate 

change confidence slipping from first to fourth in the major issues that worry people the 
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most. Moreover, uncertainties have lessened the creditability of the so called “polluted 

science-communication” (Kahan, 2012). As a result, the anthropogenic climate change 

controversy continues.  Cook et al. (2013) analyzed 11,944 climate abstracts and found 

that 66.4 percent of all the abstracts showed no position of anthropogenic global 

warming, 32.6 percent endorsed human-causing global warming, and 0.7 percent 

denied any anthropogenic global warming.  Weber (2013) discussed the idea that 

personal experience and beliefs of individuals strongly affect their preferences.  

Results from the survey show that political scale is an important management 

factor because the farther the governing/administrative agency is removed from the 

community, the less trust and engagement occurs in the community.  As explained in 

Lubell’s study (2004), the interaction between local (county) government agencies and 

stakeholders (residents) is crucial since local agencies act as mediators between 

stakeholders and state/federal governing agencies (Lubell, 2004).  For example, the 

SRWMD is the state agency that regulates water issues in the FL-SRB, and is 

accountable to the state government, not the local government.  Local agencies often 

allow more flexibility in customizing regulations to local situations. This explains why 

local ‘county’ government was the most preferred agent for representing the residents in 

the FL-SRB, rather than state (SRWMD) government agencies or federal (EPA) and 

non-governmental agencies.  One of the reasons for the least favor for NGO may be 

due to the long time for trust development in these agencies. For example, the 

Okeechobee Basin project took five years to build trust in the NGO involved (M. Clark, 

personal communication, September 12, 2013.  In the bigger picture,  NGOs are not as 
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financially independent as the government upon whom they are often financially 

dependent (Bebbington et al., 2005; Shah, 2005). 

Spatial scale as it relates to location management preferences in this study is 

used to determine whether the effect of an ecosystem service improvement or 

disturbance takes place locally or at a distant location (Rodríguez et al., 2006).  Most 

families have lived in the FL-SRB for several generations.  They are conservative, 

religious, and community oriented (T. Obreza, personal communication, September 12, 

2013).  As such, they do not want to be regulated and they believe that they know best 

how to manage the land.  This explains why implementing any programs within 5 to 20 

miles from these households was not favored.  As stated by Obreza (personal 

communication, September 12, 2013), people in the FL-SRB have a mindset where 

conservation programs are good but “not in my back yard” (NIMBY).  In addition, as 

mentioned in studies by Bengtsson et al. (2003) and van Jaarsveld et al.(2005), adverse 

impacts may occur as a result of the mismatch between the intent of the watershed 

decision and the area of implementation.  An attempt to maintain or increase one 

service may cause substantial declines in other services on a broader (basin) scale 

(Tilman et al., 2002; Vidal-Legaz et al., 2013). For example, nitrogen and phosphorus 

loads per unit area in the Upper Suwannee and Lower Suwannee River Basins 

increased significantly between 2000 and 2010. Increases in nutrient loading coincided 

with increases in soil carbon sequestration rates (Chapter 3) and crop and livestock 

sales along these sub-basins.  

Economic Valuation in Choice Experiments (CE) 

In the context of ecosystem services conservation and planning, the CEs used in 

this survey can provide the bottom line for decision making. The average household 
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MWTPs per year in Model 1 ($0.12) and Model 2 ($1.24) were much lower than the 

findings from a study by Kreye et al. (2011) in the same area. They estimated an annual 

household WTP of $4.29 for water quality programs that use land acquisition and 

$70.72 for programs that do not use easement-type strategies.  Also, our results 

indicated low values in particular when compared to the total value of ecosystem 

services in the Lake Okeechobee watershed, Florida provided by Shrestha and 

Alavalapati (2004). In their study, the public willingness to pay for improvements in 

water quality, carbon sequestration, and wildlife habitat through silvopasture practice 

was $30.24-$71.17 per household per year for five years derived by a random 

parameter logit model. A carbon sequestration improvement program alone was $58.05 

per household per year at the moderate environmental improvement level. In the 

Everglades, Florida, willingness to pay for the full restoration plan was measured 

approximately $60-$70 per household per year over a ten-year period (Milon et al., 

1999).  Hulme (2010) argued that there are risks associated with monetary estimations 

for climate change.  He cautioned that when long-term environmental problems are 

converted into a single monetary metric, it provides biased interpretation, particularly at 

a global scale.  Ecosystem services are considered externalities and are associated 

with the ‘local/global commons’, for which the WTP is low because there is no direct 

ownership.  The payment for the watershed ecosystem services program, for example, 

reported low WTP to improve downstream water resources (~1% of annual income), 

which is also considered local commons (Neef and Thomas, 2009). However, de Groot 

et al. (2012) argued that when the data are collected systematically at coarser scale and 

converted to a universal common set of units ($/unit area/year), the monetary 
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expressions of ecosystem services are meaningful. GlobalScan (2009) reported that 

sustainability experts in 76 countries broadly viewed economic instruments as the most 

effective means to combat the climate change issue.  

While economic incentives are not the panacea to solve environmental issues, 

the valuation method can be used as an additional tool to other integrative instruments. 

Input from natural and social scientists are recommended to improve the CE method.  

Above all, the most important point of the ecosystem service valuation of this study is 

not about expressing values in monetary units, but giving guidance in understanding 

public preferences and the relative current values. These preferences and values aim to 

prioritize managing or allocating resources between competing demands and 

sustainable uses. 

Conclusions 

The preservation of water, soil, and clean air has profound implications for the 

sustainability of goods and benefits provided to residents in the FL-SRB that are 

embedded within larger economies, global systems (e.g., global climate system and 

global carbon and nutrient cycles), socio-cultural and political contexts (e.g., federal 

regulations by the United States Environmental Protection Agency).  The beliefs and 

perspectives of local residents of the basin identified nutrient control (water quality) as 

the most important service, agricultural and forestry production as somewhat important, 

and climate regulation and carbon sequestration were ranked as least important 

ecosystem services. This stands in sharp contrast to scientific-based perspectives 

derived from empirical observations, monitoring of water quality, climatic trends, and 

watershed modeling that attest that the global climate change phenomena exists and 

drinking water quality in the basin is not imminently threatened due to long-term efforts 
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focused on implementation of best management practices and environmental 

regulations. The sequestration of carbon in soils and biomass in the basin is substantial 

and offers opportunities to adapt to climate change impacts (Chapter 4). These findings 

suggest that subjective individual perspectives and objective science-based ecosystem 

knowledge is profoundly divergent. Politics and decisions in regard to land and water 

management and air quality are at the interface between individual’s needs for well-

being and system-based perspectives. The latter viewing the natural capital of 

ecosystems as resources to sustain regional communities and societies at larger scale 

(i.e., across the whole FL-SRB) that are in competition with economic, human capital, 

and other interests. This scale sensitivity coupled with low value attribution to key 

ecosystem services and environmental consciousness by residents has numerous 

implications. In such case, tension is likely to arise that mutes the willingness for 

voluntary (e.g. action groups), mandatory (through regulation), or monetary actions to 

maintain and/or enhance ecosystem services. In addition, stakeholder engagement and 

embracing of political instruments to optimize ecosystem services is substantially 

hampered. For example, stringent greenhouse gas emission regulations, conservation 

programs targeting soil carbon sequestration, carbon tax, carbon trust funds or emission 

trading banks to enhance the climate and carbon regulation ecosystem services are 

less likely to be embraced by local residents if they do not value these services, as 

indicated in this study. Some limitations in understanding the complexity of climate, 

carbon, and water cycles that impact ecosystem services as indicated by resident’s 

relatively low household income (about 40% of households earn less than $50,000/yr), 

educational level, low participation in environmental groups (< 13%) may have 
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contributed to the low valuation of the climate and carbon regulation services, and 

higher benefits associated with agricultural and forestry production, and nutrient control 

services. The dissociation between local needs of residents (e.g., drinking water from 

the regional Floridan aquifer) and global phenomena and issues (e.g., global climate 

change, clean air) that are abstract and challenging to experience directly (e.g., rising 

mean global temperatures can be measured but not sensed individually) may explain 

the overall low valuation of climate and carbon regulation services.  

Respondents welcome the implementation of ecosystem services anywhere in 

the basin, but not close to their home (within 5 miles). They trust most county and 

regional agencies (SRWMD) than NGOs (e.g., Suwannee River Partnership) in efforts 

to enhance services provided by ecosystems. Ecosystem services focus on the benefits 

that people derive from ecosystems, which are composed of soil, water, air, and 

vegetation. All of them are part of the Global Commons, that are essential for the 

survival and lifelihood of people (e.g., clean drinking water resources, food production, 

etc.), but are too often taken for granted; and thus, devalued over profit, economic 

growth, or materialistic-individualistic goals. Over 65 percent of the residents in the FL-

SRB live in urban centers that may be somewhat dissociated from soil, water, and food 

capital geographically and mentally associated with rural settings.   

According to the choice experiment survey the willingness of residents to pay for 

ecosystem services was extremely low with annual MWTP of $0.12 (Model 1) and $1.24 

(model 2), much less than a meal at a fast food restaurant. These findings suggest that 

residents in the FL-SRB have other preferences than services provided by the very 

basin they live in. Interestingly, this is somewhat confounded by the fact that the level of 
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outdoor activities (e.g., hiking, tubing in rivers, fishing) and appreciation of beautiful 

natural areas (e.g., State Parks) in the FL-SRB is quite high.   

This study provided evidence that the perception and valuation of ecosystem 

services is based on the beliefs, needs, and preferences people associate with 

ecosystems. The spectrum of diverse responses to the ecosystem service survey was 

vast and provides an important foundation for politics and decision making. We believe 

that the coupling of socio-cultural valuation, economic assessment, and political 

instruments is saliently important to sustain and enhance ecosystem services.  
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Table 5-1. Attributes and attribute levels in choice experiments. 

Scheme attribute Attribute levels 

Type of ecosystem services 
to be managed 

Climate/carbon regulation 
Nutrient control 
Agricultural and forestry production 
Status quo 
 

Program administration Suwannee River Water Management District 
County (government) 
Non-government organizations (NGO) 
Status quo 
 

Location of area to be 
managed 

Anywhere within the district  
Within 20 miles from your home 
Within 5 miles from your home 
Status quo 
 

Willingness to pay $5  
$25 
$50 
Status quo 
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Table 5-2. Optimal fractional factorial design survey of four 3-level attributes of ecosystem services survey in the 
Suwannee River Basin, Florida. 

Choice 
set 

Program A 
 

Program B 
 

Ecosystem 
services 

Program 
administration 

Location WTP1 Ecosystem 
services 

Program 
administration 

Location WTP 

1 Climate/carbon 
regulation 

SRWMD2  Anywhere4 $5 Nutrient control NGO Within 20 
mi 

$50 

2 Climate/carbon 
regulation 

County Within 20 mi $50 Nutrient control SRWMD Within 5 mi $25 

3 Climate/carbon 
regulation 

NGO3 Within 5 mi $25 Nutrient control County  Anywhere $5 

4 Nutrient control SRWMD  Within 20 mi $25 Agricultural/fore
st production 

NGO  Within 5 mi $5 

5 Nutrient control County Within 5 mi $5 Agricultural/fore
st production 

SRWMD  Anywhere $50 

6 Nutrient control NGO  Anywhere $50 Agricultural/fore
st production 

County  Within 20 
mi 

$25 

7 Agricultural/forest 
production 

SRWMD  Within 5 mi $50 Climate/carbon 
regulation 

NGO  Anywhere $25 

8 Agricultural/forest 
production 

County Anywhere $25 Climate/carbon 
regulation 

SRWMD  Within 20 
mi 

$5 

9 Agricultural/forest 
production 

NGO  Within 20 mi $5 Climate/carbon 
regulation 

County  Within 5 mi $50 

1Willingness to pay 
2Suwannee River Water Management District (SRWMD) 
3Non-government organization (NGO) 
4Anywhere within the Suwannee River Water Management District 
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Table 5-3.  Number of households sampled and number in population in the study area. 

County HH1  
% HH  HH 

sampled 
% HH 

sampled 
HH 

response 
% HH 

response 

Alachua2    97,542   40.32 1,837   45.93 422   55.38 
Baker2     8,333     3.44      67     1.68     7     0.92 
Bradford2     9,188     3.80    163     4.08   18     2.36 
Columbia   24,127     9.97    491   12.28   67     8.79 
Dixie     5,380     2.22      98     2.45   16     2.10 
Gilchrist     6,009     2.48    112     2.80   23     3.02 
Hamilton     4,441     1.84      90     2.25   11     1.44 
Jefferson2     5,313     2.20    106     2.65   17     2.23 
Lafayette     2,474     1.02      33     0.83   12     1.57 
Levy2   16,034     6.63    272     6.80   52     6.82 
Madison     6,939     2.87    132     3.30   15     1.97 
Putnam2   29,061   12.01      44     1.10   13     1.71 
Suwannee   15,810     6.53    321     8.03   59     7.74 
Taylor     7,632     3.15    148     3.70   25     3.28 
Union     3,665     1.51      86     2.15     5     0.66 
Total 241,948 100.00 4,000 100.00 762 100.00 

1HH denotes households 
 
2Only portions of Alachua, Baker, Bradford, Jefferson, Levy, and Putnam Counties were 
included in the study area; however, Table 4-3 shows the total number of households in 
each county. 
 
Source: The American Community Survey five-year county estimates for 2007–2011. 
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Table 5-4.  Explanatory variables used in multinomial logit models. 

Variables Description 

Gender 1 = Female 
2 = Male (base group) 
 

Age 1= 18 to 44 years 
2 = 45 to 64 years 
3 = 65 years and greater (base group) 
 

Educational level 1 = Elementary and high school 
2 = Some college and associate’s degree 
3 = Bachelor’s degree and higher (base group) 
 

Residency period 1 = Less than 10 years 
2 = 10 to 19 years 
3 = More than 19 years (base group) 
 

Rural-Urban Commuting 
Area Codes (RUCs) 

1 = Isolated small rural town 
2 = Large rural town 
3 = Urban (base group) 
 

Distance Respondent’s distance from the Suwannee River 
in miles (kilometers) 
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Table 5-5.  Zip codes and Rural-Urban Commuting Area Codes (RUCAs) within the 
Suwannee River Basin, Florida. 

FID ZIP County RUCAs FID ZIP County RUCAs 

1 32008 Suwannee 10.5 31 32350 Madison 10.4 

2 32013 Lafayette 10 32 32356 Taylor 8 

3 32024 Columbia 5 33 32359 Taylor 8 

4 32025 Columbia 4 34 32605 Alachua 1 

5 32038 Columbia 5.2 35 32606 Alachua 1 

6 32040 Baker 7.1 36 32607 Alachua 1 

7 32044 Bradford 2 37 32608 Alachua 1 

8 32052 Hamilton 7 38 32609 Alachua 1 

9 32053 Hamilton 10.4 39 32615 Alachua 2 

10 32054 Union 7.3 40 32618 Alachua 2 

11 32055 Columbia 4 41 32619 Gilchrist 10.4 

12 32058 Bradford 8.3 42 32621 Levy 2 

13 32059 Madison 10.6 43 32622 Bradford 2 

14 32060 Suwannee 7.4 44 32625 Levy 10 

15 32061 Columbia 4 45 32626 Levy 10 

16 32062 Suwannee 6 46 32628 Dixie 7 

17 32064 Suwannee 7 47 32631 Alachua 2 

18 32066 Lafayette 10 48 32640 Alachua 2 

19 32071 Suwannee 10.5 49 32641 Alachua 1 

20 32083 Union 9 50 32643 Alachua 2 

21 32087 Baker 8.1 51 32648 Dixie 10.6 

22 32091 Bradford 7.3 52 32653 Alachua 1 

23 32094 Suwannee 6 53 32666 Putnam 2 

24 32096 Hamilton 5 54 32668 Levy 3 

25 32331 Madison 10 55 32669 Alachua 2 

26 32336 Jefferson 2 56 32680 Dixie 7 

27 32340 Madison 7 57 32693 Gilchrist 10.4 

28 32344 Jefferson 10.1 58 32694 Alachua 2 

29 32347 Taylor 7 59 32696 Levy 2 

30 32348 Taylor 7 60 34449 Levy 10 

RUCAs scheme used:  
Urban: 1.0, 1.1, 2.0, 2.1, 3.0, 4.1, 5.1, 7.1, 8.1, and 10.1 
Large rural city/town: 4.0, 4.2, 5.0, 5.2, 6.0, and 6.1 
Small and isolated small rural town: 7.0, 7.2, 7.3, 7.4, 8.0, 8.2, 8.3, 8.4, 9.0, 9.1, 9.2, 
10.0, 10.2, 10.3, 10.4, 10.5, and 10.6 
 
Source: United States Department of Agriculture, Economic Research Service, 2004 
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Table 5-6.  Variables for socio-economic analysis. 

Variables Description 
Survey 

section 
Scale range 

ID Survey codes   
FAM_CLI Familiarity of climate regulation term 1 1-3 
FAM_CAR Familiarity of carbon storage term 1 1-3 
FAM_WAT Familiarity of water quality protection term 1 1-3 
FAM_NUT Familiarity of nutrient cycling term 1 1-3 
IMP_AGR Importance of agricultural production 1 1-3 
IMP_FOR Importance of forest production 1 1-3 
IMP_WATQ Importance of good water quality 1 1-3 
IMP_AIRQ Importance of clean air 1 1-3 
IMP_SOIL Importance of renewing soil fertility 1 1-3 
IMP_TOUR Importance of nature recreation and tourism 1 1-3 
CONC_CLICH Concerns about global climate change 1 1-3 
CONC_WATQ Concerns about poor water quality 1 1-3 
CONC_SOIL Concerns about poor soil fertility 1 1-3 
CONC_AGRI Concerns about low agricultural productivity 1 1-3 
BELIEF Degree of belief in global climate change 

which is caused by human activities 
2 1-5 

DROUGHTS More droughts in the past 10 years 2 1=yes, 0 =no 
FLOODS More floods in the past 10 years 2 1=yes, 0 =no 
FIRES More natural fires in the past 10 years 2 1=yes, 0 =no 
STORMS Increase in the intensity of storms or 

hurricanes 
2 1=yes, 0 =no 

OTHER_EFF Other effects due to climate change  2 NA 
NOCHANGE Have not observed any effects caused by 

climate change in the past10 years 
2 1=yes, 0 =no 

POLICIES Degree of government policies enforcement  2 1-5 
SOC_SEQ Soil carbon sequestration/storage 3 1=yes, 0 =no 
PROvsWAT Agreement between farm productivity and 

water quality trade-offs 
4 1-5 

RNOF_FARM Runoff from farms degrades water quality 4 1=yes, 0 =no 
RNOF_URB Runoff from urban areas degrades water 

quality 
4 1=yes, 0 =no 

INDTRY Industry discharges degrade water quality 4 1=yes, 0 =no  
SEPTIC Leakage from septic systems degrades 

water quality 
4 1=yes, 0 =no 

OTHER_POL Other pollution sources 4 NA 
DON’T KNOW Do not know what causes water quality 

degradation 
4 1=yes, 0 =no 

LU CONTROL Improve water quality by having stricter land 
use controls 

4 1=yes, 0 =no 

REGULATION Improve water quality by stating regulations 
for surface water runoff 

4 1=yes, 0 =no 

EDUCATE Improve water quality by educating residents 
about water conditions 

4 1=yes, 0 =no 

WAT_TREAT Improve water quality by building water 
treatment facilities 

4 1=yes, 0 =no 
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Table 5-6.  Continued. 

Variables Description 
Survey 

section 
Scale range 

OTHER_IMPROVE Other measures to improve water quality 4 NA 
DON'T KNOW Do not know how to improve water quality 4 1=yes, 0 =no 
†RESPDNT Respondents 5 1-641 
†SET Questionnaire set A or B 5 A/B 
†QUEST Choice sets 5 A = 1-5, B = 1-4 
†ALT Alternatives; Program A, Program B, not 

interested 
5 0,1,2 

†RES Response to alternatives, give 1 if the 
alternative is selected and 0 when it is not 

5 1=yes, 0 =no 

†ASC Alternative specific constant for each 
program A and B 

5 1=yes, 0 =no 

†CAR Dummy variables for the climate/carbon 
storage 

5 1=yes, 0 =no 

†NUT Dummy variables for the nutrient control 5 1=yes, 0 =no 
†AGR Dummy variables for the agricultural and 

forestry production 
5 1=yes, 0 =no 

†WMD Dummy variables for the Suwannee Water 
River Management District 

5 1=yes, 0 =no 

†CNT Dummy variables for the county 5 1=yes, 0 =no 
†NGO Dummy variables for the non-government 

organization 
5 1=yes, 0 =no 

†ANY Dummy variables for managing 
ecosystems anywhere within the 
Suwannee River Basin area 

5 1=yes, 0 =no 

†IN20 Dummy variables for managing 
ecosystems within 20 miles of their homes 

5 1=yes, 0 =no 

†IN5 Dummy variables for managing 
ecosystems within 5 miles of their homes 

5 1=yes, 0 =no 

†WTP Dummy variables for the annual amount 
per household that willing to pay over a 
period of 5 years  

5 $5, $25, $50 

†STR Stratification variable indentifying each 
combination of respondents and questions 

5 NA 

GEN Gender of respondent 5 1-2 
AGE Age of respondent 5 1-5 
EDU Education level of respondent 5 1-6 
RESD Residency period of respondent 5 1-6 
INCM Annual household income of respondent 5 1-6 

†Variables used in choice experiment analysis 
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Table 5-7. Demographic statistics of survey respondents 
Variables Number of responses Percentage (%) 

Gender (n = 734) 
    Male 
    Female 
    Prefer not to answer 

 
330 
380 
  24 

 
44.96 
51.77 
  3.27 

Age (n = 740) 
    18 – 24 years 
    25 – 44 years 
    45 – 64 years 
    65 – 84 years 
    85 years and greater 
    Prefer not to answer 

 
  30 
151 
294 
235 
  14 
  16 

 
  4.05 
20.41 
39.73 
31.76 
  1.89 
  2.16 

Educational levels (n = 735) 
    Elementary school (through 9th grade) 
    High school or GED 
    Some college 
    Associate’s degree 
    Bachelor’s degree 
    Graduate or professional degree 
    Prefer not to answer 

 
    7 
108 
154 
  94 
135 
215 
  22 

 
  0.95 
14.69 
20.95 
12.79 
18.37 
29.25 
  3.00 

Agricultural land ownership (n = 734) 
    Yes 
    No 

 
158 
576 

 
21.53 
78.47 

Primary land use (n = 720) 
    Agriculture 
    Timber production 
    Recreation 
    Only housing 
    Others 

 
  44 
  24 
  26 
529 
  97 

 
  6.11 
  3.34 
  3.61 
73.47 
13.47 

Residency period in the area (n = 743) 
    Less than 10 years 
    10 – 14 years 
    15 – 19 years 
    20 – 24 years 
    25 – 30 years 
    More than 30 years 
    Don’t know 

 
211 
  94 
  69 
  65 
  68 
233 
    3 

 
28.40 
12.65 
  9.29 
  8.75 
  9.15 
31.36 
  0.40 

Environmental group participation (n = 729) 
    Yes 
    No 
    Don’t know 

 
  96 
615 
  18 

 
13.17 
84.36 
  2.47 

Annual household income (n =725) 
    Less than $25,000 
    $25,000 - $49,999 
    $50,000 - $74,999 
    $75,000 - &99,000 
    $100,000 - $149,000 
    $150,000 or more 
    Prefer not to answer 

 
132 
142 
115 
  85 
  70 
  37 
144 

 
18.21 
19.59 
15.86 
11.72 
  9.66 
  5.10 
19.86 

Rural-Urban Commuting Area 
    Rural 
    Urban 

 
264 
498 

 
34.65 
65.35 



 

208 

Table 5-8.  Descriptive statistics of respondent attitudes about ecosystem services (on 
scale of 1-3) 

Variables Number of 
responses 

Percentage 
(%) 

Mean Standard 
deviation 

Part 1 – Familiarity of ecosystem services     
Familiarity of climate regulation (n=746) 
    Very familiar (scale 3) 
    Somewhat familiar (scale 2) 
    Not familiar (scale 1) 
    Don’t know  

 
147 
353 
209 
  37 

 
19.70 
47.32 
28.02 
  4.96 

2.00 0.80 

Familiarity of carbon storage (n=737) 
    Very familiar (scale 3) 
    Somewhat familiar (scale 2) 
    Not familiar (scale 1) 
    Don’t know 

 
116 
250 
330 
  41 

 
15.74 
33.92 
44.78 
  5.56 

2.00 0.85 

Familiarity of water quality protection (n=744) 
    Very familiar (scale 3) 
    Somewhat familiar (scale 2) 
    Not familiar (scale 1) 
    Don’t know 

 
310 
313 
  96 
  25 

 
41.67 
42.07 
12.90 
  3.36 

2.23 0.82 

Familiarity of nutrient cycling (n=740) 
    Very familiar (scale 3) 
    Somewhat familiar (scale 2) 
    Not familiar (scale 1) 
    Don’t know 

 
176 
264 
263 
  37 

 
23.78 
35.68 
35.54 
  5.00 

1.79 0.89 

 
Part 2 – Importance of ecosystem services 

    

Importance of agricultural production (n=745) 
    Very important (scale 3) 
    Somewhat important (scale 2) 
    Not important (scale 1) 
    Don’t know 

 
454 
229 
  37 
  25 

 
60.94 
30.74 
  4.96 
  3.36 

2.49 0.74 

Importance of forest production (n=740) 
    Very important (scale 3) 
    Somewhat important (scale 2) 
    Not important (scale 1) 
    Don’t know 

 
442 
221 
  52 
  25 

 
59.73 
29.86 
  7.03 
  3.38 

2.46 0.77 

Importance of good water quality (n=752) 
    Very important (scale 3) 
    Somewhat important (scale 2) 
    Not important (scale 1) 
    Don’t know 

 
711 
  26 
    4 
  11 

 
94.55 
  3.46 
  0.53 
  1.46 

2.92 0.46 

Importance of clean air (n=747) 
    Very important (scale 3) 
    Somewhat important (scale 2) 
    Not important (scale 1) 
    Don’t know 

 
685 
  46 
    4 
  12 

 
91.70 
  6.16 
  0.54 
  1.60 

2.88 0.46 

Importance of renewing soil fertility (n=741) 
    Very important (scale 3) 
    Somewhat important (scale 2) 
    Not important (scale 1) 
    Don’t know 

 
500 
196 
  22 
  23 

 
67.48 
26.45 
  2.97 
  3.10 

2.58 0.70 
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Table 5-8.  Continued. 
Variables Number of 

responses 
Percentage 

(%) 
Mean Standard 

deviation 

Importance of nature recreation and tourism 
(n=741) 
    Very important (scale 3) 
    Somewhat important (scale 2) 
    Not important (scale 1) 
    Don’t know 

 
 
390 
278 
  56 
  17 

 
 
52.63 
37.52 
  7.56 
  2.29 

2.40 0.73 

 
Part 3 – Concerns about ecosystem services 

    

Concerns about global climate change (n=754) 
    Very concerned (scale 3) 
    Somewhat concerned (scale 2) 
    Not concerned (scale 1) 
    Don’t know 

 
301 
269 
169 
  15 

 
39.92 
35.68 
22.41 
  1.99 

2.14 0.83 

Concerns about poor water quality (n=749) 
    Very concerned (scale 3) 
    Somewhat concerned (scale 2) 
    Not concerned (scale 1) 
    Don’t know 

 
509 
184 
  46 
  10 

 
67.96 
24.57 
  6.14 
  1.33 

2.62 0.97 

Concerns about poor soil fertility (n=746) 
    Very concerned (scale 3) 
    Somewhat concerned (scale 2) 
    Not concerned (scale 1) 
    Don’t know 

 
296 
339 
  86 
  25 

 
39.68 
45.44 
11.53 
  3.35 

2.21 0.78 

Concerns about agricultural productivity 
(n=751) 
    Very concerned (scale 3) 
    Somewhat concerned (scale 2) 
    Not concerned (scale 1) 
    Don’t know 

 
 
312 
317 
  92 
  30 

 
 
41.54 
42.21 
12.25 
  4.00 

2.22 0.81 
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Table 5-9.  Multinomial logit analysis of socio-economic factors and respondent’s attitude about ecosystem services using 
the likelihood ratio test. 

Statement Chi-Square 

 GEN AGE EDU RESD RUCs DIST 

Familiarity of climate regulation   9.31*   9.46* 33.68* 6.01 2.65 1.78 
Familiarity of carbon storage 15.25* 13.70* 31.97* 2.17 2.27 1.63 
Familiarity of water quality protection   5.99*   1.56 40.31* 5.95 6.47 1.83 
Familiarity of nutrient cycling   3.08   6.14 23.06* 3.45 2.19 1.56 
Importance of agricultural production   1.34   0.90 20.95* 3.56 4.62 1.12 
Importance of forest production   5.88   6.19 16.49* 2.78 9.19 2.35 
Importance of good water quality   3.61   4.03 11.40* 4.08 2.31 0.99 
Importance of clean air 10.36*   8.10   5.77 1.05 2.46 1.18 
Importance of renewing soil fertility 28.87*   5.83 10.66* 2.55 1.66 0.37 
Importance of nature recreation and tourism   2.71   9.96* 19.29* 1.64 0.43 5.46 
Concerns about global climate change 34.72*   9.80* 16.79* 5.10 8.31 3.20 
Concerns about poor water quality   4.76 13.96* 10.84* 5.81 1.23 0.06 
Concerns about poor soil fertility 26.41*   5.23 16.24* 1.06 1.41 0.00 
Concerns about agricultural productivity 14.57*   2.18 23.55* 3.58 0.80 0.48 

Degree of freedom 2 4 4 4 4 2 

*Significance at the 95% confidence level (p < 0.05). 
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Table 5-10.  Multinomial logit estimates of respondent familiarity about ecosystem services using Wald statistic tests. 
Variables  Not/Somewhat familiar 

versus don’t know 
 Very familiar versus don’t 

know 

   Odds ratio Std error  Odds ratio Std error 
Climate regulation        
     Gendera Female  1.23 0.33  0.66 0.37 
     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.88 
2.84* 

0.48 
0.39 

 1.77 
3.35* 

0.54 
0.43 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.28* 
0.69 

0.44 
0.44 

 0.05* 
0.40 

0.61 
0.48 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.26 
0.95 

0.42 
0.40 

 0.79 
1.19 

0.48 
0.44 

     RUCs Isolated small rural town 
Large rural town 

 0.45 
0.53 

0.61 
0.61 

 0.60 
0.77 

0.60 
0.72 

     Distance Distance from Suwannee River  1.01 0.01  1.02 0.02 

 
Carbon storage 

       

     Gendera Female  1.13 0.30  0.78* 0.36 

     Ageb 

 
18 – 44 years 
45 – 64 years 

 2.04 
2.47* 

0.45 
0.35 

 2.38 
4.19* 

0.52 
0.41 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.33* 
0.71 

0.40 
0.39 

 0.05* 
0.44 

0.65 
0.44 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.28 
0.86 

0.40 
0.36 

 1.23 
1.15 

0.46 
0.42 

     RUCs Isolated small rural town 
Large rural town 

 0.54 
0.48 

0.79 
0.58 

 0.65 
0.73 

0.58 
0.71 

     Distance Distance from Suwannee River  1.01 0.01  1.00 0.01 
aReference category for gender is male. 
bReference category for age is the age of greater than 65 years.  
cReference category for educational levels is bachelor’s degree and higher. 
dReference category for residency period is more than 19 years. 
*Significance at the 95% confidence level (p < 0.05).    
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Table 5-10.  Continued. 
Variables  Not/Somewhat familiar 

versus don’t know 
 Very familiar versus don’t 

know 

   Odds ratio Std error  Odds ratio Std error 
Water quality protection        
     Gendera Female  0.90 0.40  0.61 0.41 
     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.19 
1.49 

0.57 
0.45 

 0.97 
1.40 

0.58 
0.46 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.32* 
1.41 

0.51 
0.58 

 0.09* 
1.02 

0.54 
0.58 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.02 
0.53 

0.52 
0.45 

 0.70 
0.54 

0.54 
0.47 

     RUCs Isolated small rural town 
Large rural town 

 0.51 
1.12 

0.66 
0.79 

 0.52 
0.57 

0.67 
0.82 

     Distance Distance from Suwannee River  1.02 0.02  1.01 0.01 

 
Nutrient cycling 

       

     Gendera Female  1.00 0.32  0.72 0.35 

     Ageb 

 
18 – 44 years 
45 – 64 years 

 2.04 
2.08* 

0.48 
0.36 

 2.11 
2.47* 

0.52 
0.40 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.31* 
0.96 

0.41 
0.43 

 0.12* 
0.80 

0.50 
0.45 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.04 
0.78 

0.41 
0.38 

 0.70 
0.71 

0.45 
0.42 

     RUCs Isolated small rural town 
Large rural town 

 0.58 
0.83 

0.52 
0.62 

 0.47 
0.85 

0.58 
0.69 

     Distance Distance from Suwannee River  1.01 0.01  7.01 0.01 
aReference category for gender is male. 
bReference category for age is the age of greater than 65 years.  
cReference category for educational levels is bachelor’s degree and higher. 
dReference category for residency period is more than 19 years. 
*Significance at the 95% confidence level (p < 0.05).    
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Table 5-11.  Multinomial logit estimates of respondent’s attitude about ecosystem services importance using Wald statistic 
tests. 

Variables  Not/Somewhat familiar 
versus don’t know 

 Very familiar versus don’t 
know 

   Odds ratio Std error  Odds ratio Std error 
Agricultural production        
     Gendera Female  0.70 0.38  0.83 0.01 
     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.35 
1.17 

0.54 
0.43 

 1.19 
1.22 

0.53 
0.41 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.12* 
0.48 

0.51 
0.48 

 0.23* 
0.72 

0.48 
0.48 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.11 
1.18 

0.46 
0.49 

 0.81 
1.27 

0.45 
0.47 

     RUCs Isolated small rural town 
Large rural town 

 1.57 
0.84 

0.69 
0.73 

 2.48 
1.30 

0.67 
0.69 

     Distance Distance from Suwannee River  1.01 0.01  1.01 0.01 

 
Forest production 

       

     Gendera Female  0.56 0.37  0.83 0.36 

     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.64 
0.94 

0.55 
0.40 

 1.58 
1.37 

0.54 
0.39 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.18* 
0.44 

0.49 
0.45 

 0.27* 
0.69 

0.47 
0.44 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.33 
1.56 

0.46 
0.46 

 1.09 
1.14 

0.45 
0.44 

     RUCs Isolated small rural town 
Large rural town 

 0.93 
0.40 

0.64 
0.70 

 1.81 
1.06 

0.61 
0.65 

     Distance Distance from Suwannee River  1.00 0.01  1.01 0.01 
aReference category for gender is male. 
bReference category for age is the age of greater than 65 years.  
cReference category for educational levels is bachelor’s degree and higher. 
dReference category for residency period is more than 19 years. 
*Significance at the 95% confidence level (p < 0.05).    
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Table 5-11.  Continued. 
Variables  Not/Somewhat familiar 

versus don’t know 
 Very familiar versus don’t 

know 

   Odds ratio Std error  Odds ratio Std error 
Good water quality        
     Gendera Female  0.32 0.68  0.63 0.55 
     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.81 
0.57 

1.01 
0.76 

 2.09 
1.35 

0.87 
0.59 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.75 
0.54 

0.92 
0.88 

 0.19* 
0.45 

0.77 
0.74 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.44 
1.96 

0.77 
0.97 

 0.69 
1.99 

0.62 
0.81 

     RUCs Isolated small rural town 
Large rural town 

 0.75 
0.80 

1.23 
1.23 

 1.28 
0.62 

1.01 
0.98 

     Distance Distance from Suwannee River  1.02 0.03  1.02 0.02 

 
Clean air 

       

     Gendera Female  0.32* 0.58  0.92 0.48 

     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.78 
0.57 

0.82 
0.66 

 1.75 
1.52 

0.73 
0.53 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.57 
0.69 

0.77 
0.71 

 0.29 
0.63 

0.65 
0.62 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 0.74 
1.65 

0.68 
0.77 

 0.80 
1.62 

0.56 
0.68 

     RUCs Isolated small rural town 
Large rural town 

 0.37 
0.41 

1.01 
1.07 

 0.85 
0.61 

0.83 
0.88 

     Distance Distance from Suwannee River  1.00 0.02  1.01 0.02 
aReference category for gender is male  
bReference category for age is the age of greater than 65 years.  
cReference category for educational levels is bachelor’s degree and higher. 
dReference category for residency period is more than 19 years. 
*Significance at the 95% confidence level (p < 0.05).    
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Table 5-11.  Continued. 
Variables  Not/Somewhat familiar 

versus don’t know 
 Very familiar versus don’t 

know 

   Odds ratio Std error  Odds ratio Std error 
Renewing soil fertility        
     Gendera Female  0.41* 0.39  1.07 0.36 
     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.40 
0.85 

0.57 
0.42 

 1.39 
1.31 

0.54 
0.40 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.21* 
0.65 

0.51 
0.48 

 0.35* 
0.86 

047 
0.46 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.31 
1.87 

0.47 
0.51 

 1.03 
1.53 

0.45 
0.49 

     RUCs Isolated small rural town 
Large rural town 

 0.68 
0.45 

0.62 
0.71 

 0.65 
0.43 

0.58 
0.66 

     Distance Distance from Suwannee River  1.00 0.01  1.00 0.01 

 
Nature recreation and tourism 

      

     Gendera Female  0.50 0.43  0.53 0.43 

     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.30 
1.23 

0.64 
0.47 

 2.22 
2.04 

0.64 
0.47 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.07* 
0.21* 

0.70 
0.68 

 0.10* 
0.22* 

0.70 
0.68 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 1.15 
1.64 

0.52 
0.56 

 0.96 
1.55 

0.52 
0.56 

     RUCs Isolated small rural town 
Large rural town 

 0.89 
0.67 

0.71 
0.76 

 0.91 
0.65 

0.70 
0.75 

     Distance Distance from Suwannee River  1.00 0.02  1.02 0.02 
aReference category for gender is mal.  
bReference category for age is the age of greater than 65 years.  
cReference category for educational levels is bachelor’s degree and higher. 
dReference category for residency period is more than 19 years. 
*Significance at the 95% confidence level (p < 0.05).    
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Table 5-12.  Multinomial logit estimates of respondent’s concerns about ecosystem service using Wald statistic tests. 
Variables  Not/Somewhat familiar 

versus don’t know 
 Very familiar versus don’t 

know 

   Odds ratio Std error  Odds ratio Std error 
Global climate change        
     Gendera Female  0.33* 0.52  0.86 0.52 
     Ageb 

 
18 – 44 years 
45 – 64 years 

 4.00 
5.76* 

0.83 
0.67 

 4.13 
5.32* 

0.83 
0.68 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.05* 
0.11* 

1.10 
1.08 

 0.05 
0.08 

1.10 
1.08 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 0.86 
1.98 

0.61 
0.70 

 0.97 
2.88 

0.61 
0.70 

     RUCs Isolated small rural town 
Large rural town 

 3.46 
2.02 

0.99 
0.90 

 2.23 
0.78 

0.61 
0.70 

     Distance Distance from Suwannee River  1.04 0.02  1.04 0.02 

 
Poor water quality 

       

     Gendera Female  0.93 0.55  1.36 0.54 

     Ageb 

 
18 – 44 years 
45 – 64 years 

 3.37 
2.84 

0.87 
0.69 

 2.76 
4.33* 

0.86 
0.68 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.15* 
1.00 

0.70 
0.81 

 0.17* 
1.10 

0.69 
0.80 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 0.75 
1.05 

0.68 
0.71 

 0.82 
1.74 

0.67 
0.70 

     RUCs Isolated small rural town 
Large rural town 

 1.10 
0.86 

0.87 
0.99 

 0.87 
0.60 

0.86 
0.97 

     Distance Distance from Suwannee River  1.00 0.02  1.00 0.02 
aReference category for gender is male. 
bReference category for age is the age of greater than 65 years.  
cReference category for educational levels is bachelor’s degree and higher. 
dReference category for residency period is more than 19 years. 
*Significance at the 95% confidence level (p < 0.05).    
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Table 5-12.  Continued. 
Variables  Not/Somewhat familiar 

versus don’t know 
 Very familiar versus don’t 

know 

   Odds ratio Std error  Odds ratio Std error 
Poor soil fertility        
     Gendera Female  0.44* 0.39  1.03 0.40 
     Ageb 

 
18 – 44 years 
45 – 64 years 

 2.70 
2.26 

0.58 
0.44 

 2.26 
2.30 

0.59 
0.45 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.19* 
0.92 

0.49 
0.51 

 0.34* 
1.19 

0.50 
0.52 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 0.71 
0.93 

0.48 
0.48 

 0.63 
0.86 

0.49 
0.48 

     RUCs Isolated small rural town 
Large rural town 

 0.98 
0.54 

0.65 
0.72 

 0.94 
0.66 

0.66 
0.72 

     Distance Distance from Suwannee River  1.00 0.01  1.03 0.01 

 
Low agricultural productivity 

      

     Gendera Female  0.43* 0.39  0.77 0.01 

     Ageb 

 
18 – 44 years 
45 – 64 years 

 1.52 
1.71 

0.54 
0.44 

 1.64 
1.87 

0.54 
0.44 

     Educational levelsc 
 

Elementary school & high school 
Some college & associate’s degree 

 0.17* 
0.87 

0.49 
0.50 

 0.38* 
1.40 

0.49 
0.50 

     Residency periodd 
 

Less than 10 years 
10 – 19 years 

 0.64 
0.64 

0.47 
0.47 

 0.66 
0.88 

0.48 
0.46 

     RUCs Isolated small rural town 
Large rural town 

 0.97 
0.73 

0.65 
0.74 

 1.11 
0.97 

0.65 
0.74 

     Distance Distance from Suwannee River  1.01 0.01  1.01 0.01 
aReference category for gender is male. 
bReference category for age is the age of greater than 65 years.  
cReference category for educational levels is bachelor’s degree and higher. 
dReference category for residency period is more than 19 years. 
*Significance at the 95% confidence level (p < 0.05). 
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Table 5-13.  Nested logit model results for choice experiments. 

Attribute 
Model 1a 

 
  Model 2b 

 
  Odds ratio Preferences 

 
Coefficient MWTP 

($)c 
 Coefficient MWTP 

($)c 
  

Choice block I 
Type of ecosystem services to be managed 

        

     Climate/carbon regulation -0.004 -0.24  0.015 0.88  1.01 3 
     Nutrient control  0.026  1.55  0.045 2.67  1.05 1 
     Agricultural and forestry production  0.005  0.32  0.024 1.43  1.02 2 
     Status quo for ecosystem management 
 

-0.019 -1.11  0 0  1 4 

Choice block II 
Program administration 

        

     Suwannee River Water Management district  0.048  2.88   0.067  3.99  1.07 2 
     County  0.082  4.88   0.101  5.99  1.11 1 
     Non-government organizations  -0.103 -6.15  -0.085 -5.05  0.92 4 
     Status quo for program administration 
 

-0.019 -1.12   0  0  1 3 

Choice block III 
Location of area to be managed 

        

     Anywhere within the basin  0.222*  13.22   0.241  14.35  1.27 1 
     Within 20 miles of your home  0.076    4.55   0.095    5.67  1.10 2 
     Within 5 miles of your home -0.272 -16.17  -0.253 -15.04  0.78 4 
     Status quo for area to be managed  
 

-0.019   -1.12   0    0  1 3 

Willingness to pay per year -0.017* 0.12  -0.017* 1.24    
Number of responses        2690 
Number of cases        8070 
Log likelihood        -2832 

*Significance at the 95% confidence level (p < 0.05). 
aLogit model includes opt-out option. 
bLogit model excludes opt-out option. 
cAnnual household MWTP over a period of five years. 
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Figure 5-1.  The Suwannee River and location of responses returned within study area. 

[Study boundary adapted from Suwannee River Water Management District 
(SRWMD), 1999. SRWMD Boundary. Map scale 1:24,000. Accessible 
through http://www.srwmd.state.fl.us/index.aspx?NID=319; Streams 
computed from a digital elevation model and topographic attributes] 
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Figure 5-2.  Degree of belief in global climate change caused by human activities 

(n=749). 

 

 
Figure 5-3.  Opinion of respondents on local government policies based on their beliefs 

in global climate change. 
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Figure 5-4.  Decision tree structure of the nested logit model with two levels. Level 1: 
selecting program or not; Level 2: which program to choose. 
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CHAPTER 6 
SYNTHESIS OF ECOSYSTEM SERVICE VALUES BASED ON BIOPHYSICAL, 

ECOLOGICAL, AND SOCIO-ECONOMIC MEASUREMENTS  

Overview 

The integral analysis between nature and humans is challenging because it 

involves a wide range of disciplines. These challenges arise from complex links of 

ecosystem service delivery processes that often exceed the specific boundary domains 

(i.e., atmospheric, biotic, pedogenic, hydrologic, and anthropogenic). The dynamics of 

ecological and social development across time and spatial heterogeneity contribute to 

the complexities (Landuyt et al., 2013). The ecological process and its relationship with 

social interactions comprise the cause and effect chains that exhibit nonlinear and 

transient behaviors (Green et al., 2005). To address the ecosystem service dynamics 

incorporating people and nature, various approaches have been implemented such as 

discourse-based valuation (Wilson and Howarth, 2002), participatory mapping (Lynam, 

1999), alternative scenarios (Wollenberg et al., 2000), vision/pathway scenario 

(Wollenberg et al., 2000), global unified metamodel of the biosphere (GUMBO) 

(Boumans et al., 2002), and Bayesian belief network (BBN) (Cain, 2001; Clark, 2005). 

Among these techniques and other options, there is an increasing use of BBN modeling 

because of the numerous distinct advantages. Applications of the BBN model in 

environmental modeling include spatially explicit land use change decisions, habitat 

suitability model, risk assessment, farmer’s crop choice, marine planning, and most 

importantly, ecosystem service modeling (Aretano et al., 2013; Celio et al., 2014; Chen 

and Pollino, 2012; Haines-Young, 2011; Poppenborg and Koellner, 2014; Smith et al., 

2007; Stelzenmüller et al., 2010; Tattari et al., 2003).   
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This chapter brings together the knowledge from previous chapters that links 

selected ecosystem services (i.e., climate regulation, carbon sequestration, and nutrient 

cycling) and human well-being at the regional scale, with the aim of clarifying and 

valuing the importance of the ecosystem service from a social-ecological perspective 

under different feasible scenarios. The BBN model may not be suitable when accurate 

predictions are required, but it is appropriate for more uncertain situations. In our view 

the ‘value’ of ecosystem services should be interpreted as desirability, usefulness, and 

importance in alignment with Lynam et al.’s definition of value (2007).  The prediction 

results are useful for comparing alternative scenarios aiding decision-making from a 

holistic viewpoint.  Our objective was to develop a framework to bundle and harmonize 

biophysical and human perceived benefits, specifically to synthesize interactions 

between ecosystem services. 

Bayesian Belief Networks (BBN) 

Bayesian belief networks are multivariate statistical models linked by probabilities 

for model transparency (Aretano et al., 2013). They are somewhat similar to decision 

trees, and as alternatives of decision pathways provide expected utilities (McCann et 

al., 2006). Two important structural model components of BBNs consist of (1) a directed 

acyclic graph (DAG) that encodes interdependencies between the variables connected 

by arrows, and (2) a conditional probability table (CPT) that denotes the influence of the 

causal variables of the links in the graph (Aguilera et al., 2011; Jensen and Nielsen, 

2007). In DAG, arrows represent directional cause-effect relations between the system 

variables. Each arrow starts in a parent node and ends in a child node. Each node 

(variable) has a CPT that contains a set of stated values, which are often discrete, 

mutually exclusive, and collectively exhaustive (Sun and Müller, 2013). The DAG and 



 

224 

CPT can be developed by empirical observation, literature and/or can be advanced by 

expert judgment.  

Mathematically, the interactions in the network are defined by the conditional 

dependencies using probabilistic inference from the Bayes’s theorem (Bayes and Price, 

1763).  For example, a random variable 𝑥𝑖 with the parents 𝑥𝑗 , … , 𝑥𝑛 has a CPT of the 

form 𝑃(𝑥𝑖|𝑥𝑗 , … , 𝑥𝑛). The conditional probability yields 

𝑃(𝑥𝑖|𝑥𝑗 , … , 𝑥𝑛) =  
𝑃(𝑥𝑗 , … , 𝑥𝑛|𝑥𝑖)𝑃(𝑥𝑖)

𝑃(𝑥𝑗,…,𝑥𝑛)
      

 (6-1) 

Decomposing Equation 6-1 with the chain rule of joint probability, this becomes 

𝑃(𝑥𝑗 , … , 𝑥𝑛) =  ∏ 𝑃(𝑥𝑗|𝑥𝑗+1, 𝑥𝑗+2, … , 𝑥𝑛
𝑛
𝑗=1 )      (6-2) 

where arcs (∏) represents causal relations among these variables. The nodes 

are defined by their CPTs that interact with the states of any parent nodes. The 

conditional probability of a variable 𝑥𝑖 does not depend on all other variables, but 

specifies only from its parents in the network (Pearl, 2009). 

Advantages and Shortcomings of the BBN Model in Ecosystem Service Modeling 

There are distinct advantages of the BBN model over the conventional statistical 

methods. First, the BBN system dynamic model is well suited to problems involving 

complexity and uncertainty, especially in the social-ecological models (McCann et al., 

2006). Second, combinations of qualitative and quantitative inputs from empirical data 

and expert judgment are allowed for the model analysis (Haines-Young, 2011; Kuikka et 

al., 1999). Third, the BBN model can simplify complex systems through key variables 

and their relationships that can be viewed as graphical tools. It thus helps in the 

communication among ecologists, model users, policy makers, and stakeholders (Cain, 
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2001; Smith et al., 2011). Fourth, the model structure and probability tables can be 

refined when data are updated, and are accounted for prior knowledge and missing 

data, which other traditional decision tree analyses or modeling approaches cannot do 

(McCann et al., 2006). Last but not least, the BBN model is useful for the testing of 

future scenarios. It provides a guidance framework of the likelihood consequences of 

future events and delivers directional reasoning of “what will happen when…has already 

occurred?” (Wooldridge, 2003). 

However, the use of BBN model remains challenging. In reality, parameters and 

variables in environmental research are mixed with discrete and continuous data, and 

the BBN model can only handle continuous values in a limited manner. Therefore, the 

states of variables are discretized over the discrete domain. This way, only rough 

characteristics of the original distribution are captured (Friedman and Goldszmidt, 

1996). Although automatic discretization techniques have been developed, no 

satisfactory methods have been found yet (Uusitalo, 2007). A fully specified probabilistic 

model is required to have empirically observable, quantifiable, or defensible 

characteristics (McCann et al., 2006). The elicitation of expert judgment is often needed, 

yet it is difficult to obtain knowledge that can be converted into probabilities. Uusitalo 

(2007) pointed out the reasons for this caveat. Many researchers in ecology-related 

fields are familiar with field sampling or experiments. It is challenging for them to provide 

numbers without depending on data. They are used to classical statistical means that 

have point estimates and confidence intervals, and often feel uncertain in generating 

inputs in terms of distribution. The use of expert judgment should be carried out with 

care in order to deliver the model in a defendable fashion (Marcot et al., 2006). Clemen 
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and Winkler (1999) recommended that experts should be familiar with the definitions 

and connection of variables and should agree on the model structure. In addition, the 

feedback loops and inclusion of temporal scale dimensions are limited in a DAG 

(McCann et al., 2006; Uusitalo, 2007).  

Materials and Methods 

We developed the conceptual BBN model by identifying the important system 

variables and forming the connectors between variables. A combination of empirical 

data from field observations, statistical representations, theoretical data from the 

literature sources, findings from chapters of this dissertation, and probabilistic quantities 

from expert knowledge was extensively utilized along with spatial, temporal, and survey 

data from previous studies in order to represent the most meaningful outcomes. 

Scenarios in the model represent imagined possible future outcomes that are highly 

influenced by the perception and valuation of people, public awareness, decision 

making, and politics.  In this study, a higher score is better in terms of benefits people 

can obtain from the ecosystem services.  Computing the probabilities is based on a 

stochastic simulation method by measuring the frequency/probability of events that 

occur during simulation runs (Pearl, 1988).  

Bayesian Belief Network (BBN) Construction 

The diagram derived from the concept models and available datasets from 

various sources was developed into a BBN model using the Netica software 4.16 

(Norsys Software Corporation (NORSYS), 2014, http://www.norsys.com/netica.html).  In 

each BBN model, ‘nature’, ‘utility’, and ‘decision’ express the types of node, while 

‘parent’ and ‘child’ describe the relationship of the nodes in the network. The nature 

nodes are variables representing either empirical, calculated parameters, or 

http://www.norsys.com/netica.html
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probabilities that can be regulated by actions (i.e., all nodes in Tiers 1, 2, 3, and 4, 

Figure 6-1). The input nodes without arrows pointing to them are the parent nodes (i.e., 

scenario, annual household income, soil carbon to nitrogen ratio, soil carbon to 

phosphorus ratio, importance of ecosystem services, and concerns of the ecosystem 

services). Input nodes with incoming and outgoing arrows are called child nodes. A 

decision node denotes control events or variables that can be interpreted or 

implemented directly by a decision maker (i.e., overall scores). Theoretically, a decision 

node should be accompanied by utility nodes (i.e., carbon sequestration scores, climate 

regulation scores, and nutrient cycling scores), which express preferences over 

outcomes. More details about implementation of the BBN model are provided in 

numerous studies (Cain, 2001; Kragt, 2009; Marcot et al., 2006; Nyberg et al., 2006; 

Spiegelhalter et al., 1993).  The number of discretization states in nature nodes was 

limited to a maximum of three states, except scenarios and land cover/land use 

coverage, in order to keep CPTs in a manageable fashion given a large number of 

explanatory variables as recommended by Spiegelhalter et al. (1993).  

From Figure 6-1, Tier 1 of the model consisted of scenarios that were developed 

qualitatively to examine the effects of direct drivers (landscape, riverine, and climatic 

properties) and indirect drivers (regulations, income, and awareness of ecosystem 

services) on ecosystem services in the future. The scenarios were developed based on 

a review from the Intergovernmental Panel on Climate Change (IPCC) report (Forster et 

al., 2007).  National England Research Report (Creedy et al., 2009), UK National 

Ecosystem Assessment (NEA) (2011), and a Malta case study (Morris et al., 2011). 

These reports were based on international and national scales. We therefore adjusted 
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the scenarios to fit a regional basin scale with high and low ecosystem functioning and 

social impact variants. Altogether, four story lines for the mid of 21st century were 

created: Grow with Awareness (GA), Gain Economic value (GE), Go toward the 

Projection (GP), and Business as Usual (BU). Tier 2 showed the interactions among 

variables influenced directly or indirectly by the scenarios. For example, land cover/land 

use (LC/LU) coverage, temperature, precipitation, regulations, and energy consumption 

acquire direct probabilities of occurrence from the scenario selection. Whereas carbon 

to nutrient ratios, soil organic carbon (SOC) sequestration rate, soil carbon stocks, 

above ground carbon stocks, net primary productivity (NPP), carbon dioxide emission 

(CO2), implementations of best management practices (BMPs), average annual water 

flows, and nutrient loading in water were indirectly influenced by the scenarios, and they 

were directly influenced by the variables above them. Tier 3 included the biophysical 

quality of carbon sequestration, climate regulation, and nutrient cycling variables. Tier 4 

combined human perspectives towards awareness of ecosystem services. The data in 

Tier 4 were collected from the Ecosystem Service Survey in the Suwannee River Basin 

during the fourth quarter of 2012. Details of the variables used and the data sources are 

shown in Table 6-1. 

Scenario Features 

Grow with Awareness (GA) describes the future situation in the Suwannee River 

Basin in Florida (FL-SRB) where people are optimistic about the means to mitigate CO2 

emissions. In this scenario, they are aware of the importance of ecosystem services and 

have concerns about environmental issues. Local residents are eager to change their 

environmental footprint to keep a good balance between the quality of life and the 

quality of natural resources.  Conservation lands expand in the future. Agricultural and 
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urban areas have minimal changes in spite of higher population density. Existing 

environmental regulations are strictly enforced. A majority of the median household 

income falls in medium level. Temperature and precipitation are not anticipated to 

change quickly in the next several decades.  

Gain Economic Value (GE) describes a rapid economic growth as it becomes a 

greater priority in a competitive, global environment. In this scenario, people are worried 

more about their income than they are about environmental consequences. Most people 

would not perceive climate change as an immediate threat in their lifetime or the lifetime 

of their children.  Neither political nor public involvement is strong enough to drive a 

positive change. Current environmental regulations remain but are less effective. 

Household income is expected to increase. Mean temperature and precipitation may 

reach or exceed the projected estimation. 

Go toward the Projection (GP) describes the trend of model projection from 

various sources such as LC/LU change, and temperature and precipitation prediction. In 

this scenario, the number of people engaging or not engaging in environmental 

programs is almost the same. Some are forced to follow the regulatory standards. It 

would take longer than a generation to rectify all the environmental problems. While 

there is not much change in local aspects and behaviors such as regulations and 

household income, external forces are the more dominant controlling factors.  

Business as Usual (BU) represents the projection based on the current socio-

ecological trends.  This scenario is most likely to lie between two extremes – GA and 

GE – but is not as extreme as the GP.  
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Parameterizing the Model 

After identifying the variables and links between them, we assigned states and 

probabilities to each variable. The states of each node signified the conditions or 

possible values that node can assume. These values can be expressed as numerical 

numbers, interval values, or probability distributions (Martín de Santa Olalla et al., 

2005). The state values varied based on the available data. We discretized data in most 

cases and used a probability distribution to represent values. The mean±standard 

deviation values were the initial starting values that were assigned for a middle class. 

Values larger than a middle range were assigned a higher state, while values below a 

middle range were assigned a lower state (Table 6-1). Some nodes with limited data 

were elicited from the literature and from discussions with experts as suggested by 

Kragt (2009).   

BNN-GIS application 

The geospatial analyses within the ArcGIS software was extensively used to 

populate the probabilities of spatio-temporal data. For example, spatial annual mean 

precipitation data collected during 1971 to 2010 (PRISM Climate Group, 2012) were 

calculated using average and standard deviation values and then were discretized, with 

the total area divided into three groups: higher than average (>1,444 mm yr-1), long-term 

average (1,383 to 1,444 mm yr-1), and lower than average (<1,383 mm yr-1). The 

percentage of LC/LU coverage was derived by estimating a specific LC/LU type by areal 

coverage a (e.g., urban area (6%), agricultural land (14%), upland forest (47%), wetland 

(29%), and others (4%). Some nodes may have various parents which added 

complexity to the analysis. In such cases, we created a conditional statement using the 

raster calculator tool in ArcGIS on multiple layers to populate the chances of 
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occurrence. The BBN-GIS application was applied in several nodes in this study (i.e., 

Annual_temp, Annual_precip, CtoN_ratio_soil, CtoP_ratio_soil, SOC_seqst_rate, 

Soil_C, Above_ground_C, Implement_BMPs defined in Table 6-1).  

Survey incorporation  

Results from the Ecosystem Services Survey in the Suwannee River Basin 

(Chapter 5) were exploited to populate the probability distribution, particularly in the 

ecosystem services and regulation nodes. For example, respondents were clustered 

into four main groups representing the scenario features. Then the percentage of 

responses for each group toward the aggressiveness of local government policies was 

calculated. The awareness of each ecosystem function category (i.e., awareness of soil 

quality, air quality) was interpreted based on understanding the importance of the 

services.   

Expert involvement 

The BBN model also relied on empirical and literature data; thus, a small portion 

of the probability input was required by experts. A group of five senior experts were sent 

conditional probability tables along with related information about the system variables. 

They were asked to give their opinions about the structure of the BBN model and to 

provide their belief for chance node.  

Scores of ecosystem services 

The outcomes of the different scenarios were compared with each other using 

the overall score. The overall score represents the qualitative information about the 

selected ecosystem services within the study area that benefit human well-being. The 

scores contained no units since they were derived from various types of data across 

social and ecological contexts. The overall score was the sum of utility values from 
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three selected ecosystem services, ranging from positive 90 to negative 90. In a study 

by Haines-Young (2011), a similar scoring system was applied for bridging ecosystem 

service issues and people’s engagement with nature.  Larger positive values inform that 

ecosystem services are in better conditions when compared to lower negative values.  

The utility scores used in calculating the impact of the different scenarios on the 

ecosystem service situation are shown in Table 6-2. Although these numbers could be 

arbitrary, they were useful for comparing policy options from a multi-criteria assessment 

or trade-off analysis to achieve a preferable outcome. A percentile of the reference 

scores were then used to define overall ecosystem service conditions: very good (54 to 

90), good (18 to 54), fair (0 to18), poor (–18 to 0), bad (–54 to –18), very bad (–90 to –

54). These scores are rooted in the idea of measuring to what extent humans can 

benefit from the ecosystems, weighted by respondents’ awareness and the 

biogeochemical processes.  

Model Assessment 

Wherever possible, data should undergo model evaluation. The quantitative 

model can be evaluated by predictive accuracy assessment, in which a train and test 

approach is used to quantitatively evaluate the model (Dlamini, 2010; Pollino et al., 

2007).  Jakeman et al. (2006) recommends that when the model’s accuracy cannot be 

validated, the subjective criteria and transparency of the modeling procedure should be 

included.  In cases of scenario analysis, predictive accuracy evaluation is limited.  Using 

evaluation based on experts’ views and sensitivity analysis were considered meaningful 

approaches in this study. By integrating various combinations of inputs and examining 

the outcomes throughout the network, the experts’ views helped verify whether the 

behavior of the model is consistent with the current understanding of the real system 
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(Chen and Pollino, 2012).  Sensitivity analysis of nodes is helpful to identify variations in 

model parameters of whether a variable behaves sensitively or insensitively to other 

variables (Marcot, 2012; Pollino et al., 2007). The entropy reduction is a key method 

used in the Netica software that informs the mutual information between the query 

variable (Q) and the varying variable (F). The expected reduction in entropy of Q is due 

to a finding at F (NORSYS, 2014).  

𝐼 = 𝐻(𝑄) − 𝐻(𝑄|𝐹)          (6-3) 

𝐼 = 𝑆𝑈𝑀~𝑞 𝑆𝑈𝑀~𝑓 𝑃(𝑞, 𝑓) log(𝑃(𝑞, 𝑓) / [𝑃(𝑞) 𝑃(𝑓)])     (6-4) 

where 𝐼 is the entropy reduction, 𝐻(𝑄) is the entropy of 𝑄 before any new 

findings, 𝐻(𝑄|𝐹) is the entropy of 𝑄 after new findings. The 𝑆𝑈𝑀~𝑞 refers to the sum 

over all states 𝑞 of 𝑄, and 𝑆𝑈𝑀~𝑓 is the sum of all states 𝑓 of 𝐹.  𝑃(𝑞) and 𝑃(𝑓) are the 

probabilities of variables 𝑞 and 𝑓, respectively. 𝑃(𝑞, 𝑓) is the joint probability of variables 

𝑞 and 𝑓.  

Results and Discussion 

The BNN diagrams for different scenarios are shown in Figures 6-2 to 6-6 should 

be viewed from the top downwards and from the bottom upwards to the hexagonal utility 

nodes (Carbon_seq_ESscores, Climate_reg_ESscores, Nutrient_cyc_ESscores). 

These three utility nodes measured the different outcomes for the ecosystem service 

stressors and were divided into six ecosystem service condition classes.  Results of the 

scenario assuming GA, GE, GP and BU as equally likely (“equal-all”) is shown in Figure 

6-2 where the ecosystem service condition was considered good (47.70 overall score). 

The scenario BU had a slightly higher score when compared to “equal-all” scenario with 

a value of 48.73 (Figure 6-3). The score fell in the good range of the ecosystem service 
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condition.  The GP scenario performed similar with overall score value of 48.52 (Figure 

6-4). One explanation of the slightly lower score of the GP scenario is that some drivers 

are global ones, such as rise in temperature and increase in precipitation, that occur 

beyond the basin scale; however, the changes could impact the ecosystem condition in 

the FL-SRB. In addition, even if full enforcement of existing and new regulations is 

anticipated to be higher in the GP scenario, bottom-up governance strategies and high 

awareness by residents are required. These reasons are similar to the findings by 

Ainsworth et al. (2012) and Saarman and Carr (2013), in which the most effective 

ecosystem-based management in marine and fisheries (provisioning services) was 

associated with a balance in the top-down and bottom-up schemes. However, the 

benefits that people could gain from the ecosystem services from both BU and GP are 

in the good category. Figures 6-5 and 6-6 demonstrate the outcomes for the two most 

contrasting scenarios, GE and GA. The GE scenario was expected to perform the worst 

among all the scenarios because people were more concerned about money than about 

the environment. Increases in energy demand and land use change occur as a result of 

economic growth. The overall score was –59.08, which was considered the lowest 

category of the ecosystem condition or ‘very bad’ in this study (Figure 6-5).  In contrast, 

when the GA scenario was chosen, the model clearly showed a very positive value of 

62.74, or a very good ecosystem service condition. This implies that complete 

awareness of the sustainable use of natural resources enhances ecosystem services. 

Using the same scoring scheme (–90 to 90) but with different inputs, Haines-Young 

(2011) showed similar and different points compared to our study. The ‘Connect for Life’ 

scenario in his study had the highest value (24.16) because large numbers of people 



 

235 

frequently engaged with the environment and a well-functioning biodiversity was in 

abundance, which is comparable to GA scenario in this study, while the ‘Go for Growth’ 

scenario had the lowest value (–52.55) among all the scenarios due to the public’s non-

engagement in the environment. The ‘Go for Growth’ scenario included the current 

trend of business-as-usual and economic growth (Haines-Young, 2011), which were 

described separately in our study.  

Results from the sensitivity analysis were reported based on types of services. 

Tables 6-3 to 6-5 show the entropy reduction and variance of beliefs. The entropy 

indicates the level of abstraction adopted to construct the BBN model. The probability 

distribution that has the highest entropy under the given constraints is the most rational 

choice (Jaynes, 1957).  

In our case, the entropy reduction is related to the extent to which nodes and 

higher level constructs are sensitively used. The sensitivity analysis not only helps verify 

the model validity, but also explains the most influential and informative variables with 

respect to the target variable (Sun and Müller, 2013).Entropy reduction and variance of 

beliefs determine the degree and ranking order of the influence of parent nodes 

(stressors) on the outcome of the selected services. Results for the carbon 

sequestration node (Carbon_seq_ESscores) revealed that awareness of soil quality 

was the most sensitive variable to the carbon sequestration and had the greatest 

influence on the carbon sequestration score, followed by the levels of terrestrial carbon 

(Table 6-3). These similar patterns were present in the sensitivity analysis for climate 

regulation (Climate_reg_ESscores) and nutrient cycling services 

(Nutrient_cyc_ESscores). Awareness of air quality and the condition of air quality were 
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ranked the most influential variables for climate regulation and revealed the highest 

sensitivity level (Table 6-4), while water quality and awareness of water quality were the 

most powerful in impacting nutrient cycling services (Table 6-5). It is not surprising that 

the benefits ecosystem services provide and awareness ranked top in the sensitivity 

analysis. One explanation is that the BBN model from the biophysical view was built 

using ecosystem structure, function, and flow. Through the processes, these 

compositions were directly linked to the delivery of the final ecosystem services. The 

quantitative studies conducted by Balvanera et al. (2006) and Cardinale et al. (2012) 

indicated that biodiversity (provisioning services) in a specific ecosystem positively 

correlated with the regulating and supporting services. The scores (values) of carbon 

sequestration, climate regulating, and nutrient cycling, were impacted by services 

people belief that they receive.  Hence, the influence of awareness on ecosystem 

service value is profoundly meaningful. Personal awareness and appreciation for the 

environment lead to pro-environmental behavior and are more likely to be embraced in 

the long run (Barnes, 2005). Direct impacts from deteriorated ecosystem health on 

human well-being amplify public awareness and action toward environmental issues. 

Thus, people are more likely to engage in enhancing ecosystem services. For example, 

the impact from tree loss along urban streets stimulated higher awareness, concerns, 

and involvement in environmental issues (Hunter, 2011). In our study, the influential 

node ‘water quality concern’ for Nutrient cycling ecosystem services ranked much lower, 

than ‘air quality concern’ for climate regulation ecosystem service and ‘soil quality 

concern’ for carbon sequestration ecosystem service (Tables 6-3 to 6-5). Interestingly, 

in the socio-economic ecosystem service survey (Chapter 5) the opposite trend was 
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found where residents were most concerned about water quality in context of clean 

drinking water due to the experienced threat to impairment of surface water and ground 

water in the FL-SRB than soil or air quality. In contrast, the BBN is more comprehensive 

and includes multiple perspectives – socio-economic, ecological and biophysical – and 

thus provides a more whole view on ecosystem services.  Variables ‘CO2 emissions’ 

and ‘NPP’ were common sensitive nodes for carbon sequestration and climate 

regulation nodes. NPP represents the flux of carbon into the ecosystem (gross 

photosynthesis minus plant and animal respiration). A debate whether NPP and CO2   

relate positively or negatively to each other is ongoing. DeLucia et al. (1999) concluded 

that elevated CO2 resulted in a consistent increase in NPP but at the limited capacity of 

the system, in particular the rapid growing forest that represent the upper limit for the 

carbon sequestration. Beedlow et al. (2004) argued that CO2 fertilization did not always 

raise NPP and carbon sequestration because there are a number of factors that 

diminished carbon sequestrationsuch as nutrients, temperature, and precipitation. The 

‘scenario’ node and ‘regulations’ mutually played a dominant role in influencing the 

climate regulation and nutrient cycling in the sensitivity analysis. This implies that when 

regulations and scenarios are changed, the scores or values of climate regulation and 

water quality will be altered. The results from the BBN model further suggested that 

other factors rather than awareness showed a high degree of influence in each 

ecosystem service, such as ‘LC/LU coverage’ impacting carbon sequestration, ‘annual 

temperature ’and ‘annual precipitation’ impacting climate regulation, and ‘nutrient loads’ 

impacting water quality.  
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Conclusions 

The goal of the BBN model in this study was to show the consequences of the 

choices that people make grounded in biophysical environmental settings of the FL-

SRB. With the BU (Business as Usual) scenario, the chances of good ecosystem 

services are roughly equivalent to the GP (Go toward the Projection) scenario, although 

tighter regulatory measures are expected and increases in temperature and 

precipitation are anticipated.  This implies that within the FL-SRB, the ecosystem 

services in general provide satisfactory benefits to the community.  Focusing on 

awareness enhancement rather than economic growth allows more room for improving 

the environment. Economic growth is commonly associated with increased energy use, 

which leads to more greenhouse gas emissions and diminished air quality. Intense 

activities in response to the economic growth scenario could have an inverse impact on 

water quality through increased nutrient loading. Furthermore, lack of environmental 

awareness drives the GE (Gain Economic value) scenario to the level with the lowest 

values that reduce benefits for residents. In the GE scenario despite degrading 

ecosystem services evidenced by low water, air, and soil quality people value other 

things more, even if their health suffers. On the other hand, the GA (Grow with 

Awareness) scenario had the highest probability of gaining maximum ecosystem 

service benefits.  When ecosystems provide benefits to human well-being (e.g., save 

drinking water and healthy soils) and people recognize, appreciate, and value 

environmental resources, ecosystem services clearly increase to the highest level. With 

GA the morally induced environmental ethics of people stimulates residents, 

stakeholders, and decision makers to act on behalf of the environment (Schmidtz and 

Willott, 2012) through conservation and protection activities and programs.  
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Although the GA scenario seems to be the ideal scenario, it is possible to 

combine other strategies to improve the ecosystem services based on economic 

incentives (e.g., payment for ecosystem services and the existing cost-share program) 

rather than environmental concerns.  

Both public awareness and natural benefits derived from ecosystem services are 

sensitive to the model. Policies and legislation that address soil, water, and air quality 

should be planned parallel with raising public awareness. This BBN model may not 

capture every aspect of the complex processes of climate regulation, carbon 

sequestration, and nutrient cycling services, which is why this study focuses on the 

visible socio-ecological relationships with outcomes obtained by different alternatives. 

The outcomes can be changed if new information or beliefs are updated relative to new 

situations. The structure of the BBN model from this study is useful for more 

comprehensive and integrated assessment on a larger, smaller, or similar scale. 

Importantly, the BBN model combined socio-economic, ecological, and biophysical 

aspects related to three interconnected ecosystem services. It is the synthesis of 

different realms and perspectives that made this BBN study more holistic when 

compared to more one-sided ecosystem service investigations (e.g., willingness to pay 

or sole water quality analysis).   

Summary and Synthesis 

This dissertation contributes to the ecosystem service field by integrating 

concepts and developing methods for understanding and analyzing the interactions 

between soil, water, and climate in their regulating and supporting roles.  The 

fundamental framework is rooted in the relationship between ecosystem condition and 

management and human well-being.  Empirical and secondary data are utilized 



 

240 

extensively across the sciences making it an interdisciplinary analysis. Altogether, this 

work provides a better understanding of the patterns and dynamics within a specific 

socio-ecological context in the Suwannee River Basin in Florida.   

Summary of Findings 

Chapter 3 characterized carbon sequestration, climate and nutrient regulation 

ecosystem services from a biophysical perspective. Findings from interpolation (kriging) 

and paired-comparison (collocated sites specific) identified the top soils acting as a 

carbon sink over the past 40 years in the Suwannee River Basin, southeastern United 

States. The land use and other biotic effects as well as soil-landscape conditions on soil 

organic carbon (SOC) accumulation were dominant over the muted effects imposed by 

climate. Climate, as characterized by mean annual precipitation and temperature, did 

not show any significant trends over the past decades in this region. The largest 

accumulation in SOC stocks occurred with the conversion of upland forests to wetlands, 

followed by wetlands-wetlands and upland forests- upland forests. The trend of total 

organic carbon (TOC) loading in surface water coincided with an increase in SOC 

stocks on a unit area basis. Correlations between TOC loads in surface water and SOC 

stocks in soils only partially coincided spatially possibly due the transport processes that 

translocate carbon within the basin. TOC loading variation varied among the upstream 

blackwater river system and the downstream stream system with a high density of 

springs.  An upward trend of total nitrogen (TN) and total phosphorus (TP) loads were 

most pronounced, especially downstreams in the Santa Fe River, Upper Suwannee 

River, and Lower Suwannee River. The increases in nutrient loading in surface water 

were observed in the areas most prone to nutrient leaching due to sandy soil texture 

and well-drained to excessively-drained soils. The long-term trend analysis of TN and 
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TP concentrations showed that more than 87 percent of 23 drainage areas were safe 

under the Florida numerical water quality standard. The stoichiometric ratios of C:N and 

C:P varied across the drainage areas. Overall, net N and P mineralization dominated in 

soils and surface water (low ratios), except in a few drainage areas that showed neither 

gain nor loss in P in surface water. Chapter 3 also provides quantitative relationships of 

C:N:P ratios for a better understanding of the biogeochemistry of soils and surface 

waters. 

Chapter 4 employed the random forest (RF) technique and the STEP-AWBH 

conceptual model to explore the spatially-explicit relationships between SOC stocks and 

environmental-human driving factors. Results indicated that the highest predictors 

explaining SOC stocks were biota, followed by soil/topography and water. The first 

quantile of STEP-AWBH variables in the RF model were selected to estimate terrestrial 

carbon stocks using the simulated annealing optimization method.  The combination of 

environmental factors clearly showed the impacts on the different levels of terrestrial 

carbon stocks.  In comparison to the actual carbon stocks, there is some  potential to 

enhance carbon storage to reach the  attainable carbon levels when perturbation in 

environmental factors occurred by ±10, 20, and 30 percent. A novel contribution of this 

chapter provides a step towards modern machine learning and optimization methods 

under the umbrella concept of the STEP-AWBH model. The simulations of attainable 

terrestrial carbon stocks provide valuable insight into possible futures that can guide 

carbon management.  

Chapter 5 summarized the perception, preferences, and valuation of ecosystem 

services provided by residents in the study area. Fundamental assessment of social, 



 

242 

demographic, and economic context revealed that gender, age, and education were 

significant determinants of individuals’ perceptions and attitudes toward ecosystem 

services. In the preference assessment, the nutrient control in relation to water quality 

was the most important service, followed by agricultural and forestry production, while 

climate regulation and carbon sequestration were ranked the least important among the 

ecosystem services provided in the survey. Respondents preferred county government 

and the Suwannee River Water Management District (SRWMD) to manage 

ecosystems, rather than non-government organization. In terms of location of area to be 

managed, respondents strongly expressed the preference to “anywhere within the 

basin”, rather than closer to their homes. The disparities based on human and 

biophysical perspectives were explained by scale sensibility based on both a political 

and spatial basis. The monetary valuation using the willingness-to-pay scheme was low 

for all aspects of ecosystem service, management, and locations partially due to the 

predominant Global Commons view.  

Chapter 6 integrated results from Chapter 3,4, and 5 along with knowledge from 

the literature and experts’ in the Bayesian Belief Network (BBN) model. An assessment 

of ecosystem service value was developed in order to compare outcomes between 

alternative scenarios. As expected, the GA scenario provided the largest ecosystem 

benefits to the system, while the GE scenario derived only minimal ecosystem benefits. 

The BU scenario provided satisfactory benefits that leave ample room to achieve higher 

levels of services. Sensitivity analysis showed the degree of variable importance for 

climate regulation, carbon sequestration, and nutrient cycling. The values were less 

likely to change without people’s awareness of ecosystem benefits.  
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Synthesis 

We assessed the role of ecosystems in regulating and supporting climate, soil, 

and water, and in delivering services for the well-being of societies.  Soil is accounted 

for as a host medium for other regulating services (i.e., climate regulation and nutrient 

cycling). Quantification of soil carbon helps identify and evaluate regulating and 

supporting services explicitly. Global carbon estimates are rough and often based on 

legacy data, therefore regional carbon assessment with current data is profoundly 

important for our understanding of the carbon cycle. For example, Guo and Gifford 

(2002) and Jobbágy and Jackson (2000), cited in the review paper by Stockmann et al. 

(2013), indicated that the total SOC stocks amounted to 2,344 Gt C, while 1,500 Gt of 

organic carbon stored  1 m deep and about 615 Gt C stored in the top 20 cm. 

Furthermore, it has been estimated that the total global soil carbon (C) pool including 

wetlands and permafrost (3,250 Pg C) is about five times the biotic pool (650 Pg C) and 

about four times the atmospheric pool (780 Pg C) (Field et al., 2007). In the southeast 

and south-central United States, soil C pool estimates amount to about 16,535 Tg C to 

the depth of soil profile and biotic pool stores about 4,567 Tg C (LC/LU includes forest, 

crop, pasture) (Han et al., 2007). 

In the Suwannee River Basin, Florida soils are carbon rich with wetlands 

covering about 29% of the basin and vegetation characterized by high net primary 

productivity with upland forests covering about 46% of the basin. According to findings 

from this research the carbon budget in the Suwannee River Basin in Florida entails 

approximately 168 Tg C in the top meter soils (including 75 Tg C from the top 20 cm 

soils), 92 Tg C in live and dry biomass, and 0.05 Tg C in surface water (Table 6-6). 

Carbon fluxes include 0.9 kg m-2 yr-1 from NPP (a total of 175 Tg C), 0.1 kg C m-2 yr-1 in 
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the atmosphere (a total of 2 Tg C),  and  1 kg C CO2 day-1 from human respiration (a 

total of 0.03 Tg C) (Table 6-7). Thus, in the regional ecosystem with high density of 

vegetation, soils store about 84 times as much carbon as the atmosphere and about 1.8 

times as much as the biomass. This synthesis suggests that ecosystems in slow 

development areas capture and regulate much more carbon in the terrestrial system as 

compared to the atmosphere. This implies that people living in a similar type of 

environment are more likely to obtain the same benefits from soil quality and air quality.  

In the ecosystem process, there are interactions among services. It is important 

to consider trade-offs and synergies among ecosystem services. Synergies describe the 

situation that when one ecosystem service is improved, co-benefits to other ecosystem 

services are also improved. For example, implementations of the Total Maximum Daily 

Loads (TMDLs) attempt to reduce pollutants and nutrient loads into water bodies and 

thereby improve water quality and water conservation on a site-specific, regional, and 

watershed basis. The co-benefits from nutrient reduction (nutrient cycling services) are 

effective at offsetting greenhouse gas emissions (GHGs) to the atmosphere (climate 

regulation services). Another example is Best Management Practices (BMPs), which 

are designed to benefit water quality and water conservation (nutrient cycling services) 

while maintaining or enhancing agricultural production (provisioning services). To 

achieve this goal, the improvement of soil fertility (carbon sequestration) is necessary 

through conservation and soil carbon storage management. Applications to improve soil 

carbon via fertilization and irrigation are important but trade-offs need to be addressed. 

Adding more nutrients might not enhance soil quality when soil carbon accumulation 

reaches the saturation limit. Excessive nutrient application has also reverse impact on 
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other services, such as water quality. Moving forward, renewable energy sounds 

promising to reduce GHGs, but trade-offs between CO2 reduction and energy use 

associated with those activities must be considered in form of complete live cycle 

analysis.  

Carbon market opportunities in forestry and agriculture in Florida have been 

valued collectively $340 million per year based on a carbon market value of $20 per ton 

CO2eq (Mulkey et al., 2008). The Florida Farm Bureau Federation and AgraGate Climate 

Credits Corp agreed to partner in providing carbon credit services to farmers, ranchers, 

and private forest owners. The carbon credits are expected to sell to the Chicago 

Climate Exchange (CCX) and return benefits to the agricultural producers. The intention 

of the program is virtuous, but carbon management practices typically include many 

challenges. These challenges can severely constrain the implementation of carbon 

credit policies, which include political willpower, opposition of industrial sectors, efforts 

to collect carbon offsets data, economic efficiency, and low willingness to pay (Jenkins, 

2014). This is also the case in the FL-SRB where the willingness to pay for ecosystem 

services, in particular carbon sequestration is very low. The most important point we 

have learned from our study is that the majority of the general public is likely to make a 

decision on their experience, values and beliefs about specific  environmental issues. 

The public perceptions of the climate change and carbon-related problems are not high 

enough yet to allow carbon trading programs. From an implementation point of view, the 

challenges remain unless local people directly experience the impacts, successful 

stories of the program in the same geographic area are proven, superior political 
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feasibility and instrument are established, and economic-environmental harmony is 

reached.  

This dissertation considers only three ecosystem services within a wide range of 

full services. Still it is impossible to represent every single aspect of the benefits from 

each selected service. The functioning ecosystem processes and socio-economic 

interactions are complex so no single approach can be used to assess all the 

ecosystem services. This work expands on the integration of disciplinary knowledge in a 

common conceptual framework leading to a truly inter-disciplinary approach 

(Eigenbrode et al., 2007) that views the total environment consisting of human-

ecosystem coupled systems. Basic interdisciplinary knowledge and implementation of 

ecosystem service tools should include GIS, statistical analysis (e.g., descriptive 

statistics, trend analysis, and probability), geostatistics/geospatial analysis, machine 

learning, social-economic-demographic background of the study area, soil-water-climate 

sciences, uncertainty assessment, optimization techniques, and economic modeling. A 

comprehensive ecosystem service project to form interdisciplinary teams is essential in 

any study on the subject.  
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Table 6-1.  Overview of variables used in the Bayesian Belief Network (BBN) model, states, data sources, and justification 
technique.  

Node Description States Source/Literature  Justification method 

Scenario Feasible scenarios that could 
happen based on the 
choices people make.  

GA (go with awareness)  
GE (gain economic value) 
GP (go toward the projection) 
BU (business as usual) 

After Creedy et al., 
2009 

Literature review 

LC/LU_coverage The percentages of land 
use/land cover in five 
categories. Other LC/LU 
classes include rangeland, 
barren land, and utilities 
(30m resolution). 

UR (urban area) 
AG (agricultural land) 
UF (upland forest) 
WL (wetland) 
Other (other land cover types) 

Florida Department of 
Environmnet 
Protection (FDEP), 
2009; GeoPlan, 
2006 

Literature review; 
GIS application 

Annual_temp Average annual temperature 
from 1971 through 2010 
(rescaled to 30m 
resolution). Data were 
divided into three categories 
using mean and standard 
deviation values as a 
threshold.  

Higher than average (>1,444 mm) 
Long-term average (1,328-1,444 mm) 
Lower than average (<1,328 mm) 

PRISM Climate 
Group, 2012; Song 
et al., 2013 

Literature review; 
GIS application 

Annual_precip Average annual precipitation 
from 1971 through 2010 
(rescaled to 30m 
resolution). Data were 
divided into three categories 
using mean and standard 
deviation values as a 
threshold. 

Higher than average (>20.5oC) 
Long-term average (19.9-20.5oC) 
Lower than average (<19.9oC) 

PRISM Climate 
Group, 2012; Song 
et al., 2013 

Literature review; 
GIS application 

Regulations The percentage of responses 
people had toward the 
question: “Should state and 
local government policies 
be more or less aggressive 
in dealing with climate 
change?” 

More aggressive 
Less aggressive 
No change 

Ecosystem Services 
Survey in the 
Suwannee River 
Basin, 2012 (this 
dissertation) 

Survey incorporation 
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Table 6-1.  Continued 
Node Description States Source/Literature  Justification method 

Energy_consump Household energy consumption 
compared with income. 

High energy use 
Medium energy use 
Low energy use 

American Coalition for Clean 
Coal Electricity (ACCCE), 
2012; KEMA, 2010; 
Saunders, 2011  

Literature review  

Annual_hh_income The median household income 
within the Suwannee River 
Basin in Florida (FL-SRB) 
between 2000 and 2006. 

Above median 
Median 
Below median 

U.S. Census Bureau, 2010 Survey incorporation 

CtoN_ratio_soil The percent coverage of soil 
organic carbon (SOC) stocks 
(kg C m-2) to total nitrogen 
(TN) stocks (kg N m-2) in soils 
within the FL-SRB.  

<25 
25-30 

Unger et al., 1998; 
Spatial distribution of SOC 

and TN stocks (2008/09) 
derived by block kriging 
from Chapter 3. Original 
data – the FLSCP 
(Grunwald et al., 2011a) 

GIS application 

CtoP_ratio_soil The coverage of soil organic 
carbon stocks (kg C m-2) to 
total phosphorus (TP) stocks 
(kg C m-2) in soils within the 
FL-SRB. 

<200 
200-300 
>300 

Unger et al., 1998; 
Spatial distribution of SOC 

and TP stocks (2008/09) 
derived by block kriging 
from Chapter 3. Original 
data – the FLSCP 
(Grunwald et al., 2011a) 

GIS application 

SOC_seqst_rate The soil organic carbon 
sequestration rate. The rates 
were derived by subtraction of 
historic SOC from current 
SOC estimates divided by 
number of year of 
measurement during 
approximately 40 years.  

High (>50 g m-2 yr-1) 
Median (16-50 g m-2 yr-1) 
Low (<16 g m-2 yr-1) 

Spatial distribution of historic 
SOC stocks (196-1996) 
and current SOC stocks 
(2008/09) derived by block 
kriging from Chapter 3. 
Original data – the “Rapid 
Assessment and Modeling 
of Changes in Soil Carbon 
Storage and Turnover in a 
Southern Landscape 
(FLSCP) (Grunwald et al., 
2011a) 

GIS application 

NPP An average net primary 
productivity (NPP) 2000-2006 
from MODIS1743 data.  

High (>12 kg C m-2) 
Medium (5-12 kg C m-2) 
Low (<5 kg C m-2) 

MODIS subsetted land 
products, Collection 5 
(MODIS 17 team, 2009).  

GIS application 
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Table 6-1.  Continued 
Node Description States Source/Literature  Justification method 

Soil_C An average of amount of soil 
organic carbon stocks per 
unit area. 

High (>5.6 kg C m-2) 
Medium (3.2-5.6 kg C m-2) 
Low (<3.2 kg C m-2) 

Unger et al., 1998; 
Spatial distribution of 
SOC stocks 
(2008/09) derived by 
block kriging from 
Chapter 3. Original 
data – the FLSCP 
(Grunwald et al., 
2011a) 

GIS application 

Above_ground_C The amount of live and dry 
above-ground biomass 
derived from the National 
Biomass and Carbon Dataset 
(NBCD) data (version 2). 

High (>9.9 kg C m-2) 
Medium (0.3-9.9 kg C m-2) 
Low (<0.3 kg C m-2) 

Kellnorfer et al., 2013 
 

GIS application 

CO2_emissions Carbon dioxide (CO2) 
emissions to the atmosphere  

Increase 
Decrease 
No change 

Gurney et al., 2009; 
KEMA, 2010 

Literature review; 
Expert involvement 

Avg_annual_flows The average annual discharge 
at the LwSuwn.06 (USGS 
reference: 02323500) from 
2000 to 2010.  

High flows (>8 x 1011 L mo-1) 
Medium flows (2-8 x 1011 L mo-1) 
Low flows (<2 x 1011 L mo-1) 

U.S. Geological Survey 
(USGS), 2010 

GIS application 

Implement_BMPs The percent coverage of best 
management practice 
(BMPs) implementation in 
agricultural lands within the 
study area from 2010 through 
2012.  

Yes 
No 

Office of Agricultural 
Water Policy 
(OAWP), 2012 

GIS application 

Surplus_nutrnt_water The probability of excessive 
nutrient concentration above 
numerical standard with or 
without implementation of 
BMPs.  

Increase 
Decrease 
No change  

Florida Department of 
Environmnet 
Protection (FDEP), 
2013; Long-term 
nutrient concentration 
analysis (2000-2010) 
from Chapter 3 

Statistical analysis; 
Expert involvement 

Nutrnt_loads_water The probability of having 
amount of nutrient loads.  

Increase 
Decrease 
No change 

Long-term nutrient 
loading analysis 
(2000-2010) from 
Chapter 3 

Statistical analysis; 
Expert involvement 
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Table 6-1.  Continued 
Node Description States Source/Literature  Justification method 

Terrestrial_C The amount of terrestrial carbon 
stocks from above-ground and 
below-ground biomass.  

High (>14.6 kg C m-2) 
Medium (4.4-14.6 kg C m-2) 
Low (<4.4 kg C m-2) 

Grunwald et al., 
2011; Kellnorfer et 
al., 2013 

 

GIS application 

Air_quality The probability of air quality 
condition under three possible 
outcomes thatCO2 emissions 
have (i) increased, (II) 
decreased, or (iii) remained 
insignificant change under 
environmental pressure.  

Good  
Moderate 
Unhealthy 

FDEP, 2007 Literature review 

Water_quality The probability of water quality 
condition considering the long 
term trend analysis from 2000 to 
2013 and the impaired water 
body according to the Florida 
numeric water quality standard.   

Good 
Acceptable 
Bad 

FDEP, 2013 Expert involvement 

Imp_soil_quality The percent response to the 
importance of soil quality 
question. 

Important 
Not important 

Ecosystem Services 
Survey in the 
Suwannee River 
Basin, 2012 (this 
dissertation) 

GIS application 

Soil_quality_concern The percent response to the soil 
quality concern question. 

Concerned 
Not concerned 

Ecosystem Services 
Survey in the 
Suwannee River 
Basin, 2012 (this 
dissertation) 

Survey incorporation 

Aware_soil_quality Awareness of soil quality based on 
importance and concerns 
towards soil quality. 

Aware 
Unaware 

Ecosystem Services 
Survey in the 
Suwannee River 
Basin, 2012 (this 
dissertation) 

Survey incorporation 

Imp_air_quality The percent response to the 
importance of air quality 
question. 

Important 
Not important 

Ecosystem Services 
Survey in the 
Suwannee River 
Basin, 2012 (this 
dissertation) 

Survey incorporation 
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Table 6-1.  Continued. 
Node Description States Source/Literature  Justification method 

Air_quality_concern The percent response to the air 
quality concern question. 

Concerned 
Not concerned 

Ecosystem Services 
Survey in the 
Suwannee River Basin, 
2012 (this dissertation) 

Survey incorporation 

Aware_air_quality Awareness of air quality based 
on importance and concerns 
towards air quality. 

Aware 
Unaware 

Ecosystem Services 
Survey in the 
Suwannee River Basin, 
2012 (this dissertation) 

Survey incorporation 

Imp_water_quality The percent response to the 
importance of water quality 
question. 

Important 
Not important 

Ecosystem Services 
Survey in the 
Suwannee River Basin, 
2012 (this dissertation) 

Survey incorporation 

Water_quality_concern The percent response to the 
water quality concern question. 

Concerned 
Not concerned 

Ecosystem Services 
Survey in the 
Suwannee River Basin, 
2012 (this dissertation) 

Survey incorporation 

Aware_water_quality Awareness of water quality 
based on importance and 
concerns towards water quality. 

Aware 
Unaware 

Ecosystem Services 
Survey in the 
Suwannee River Basin, 
2012 (this dissertation) 

Survey incorporation 

Carbon_seq_ESscores Assigned utility scores for carbon 
sequestration ecosystem 
services with a range from -30 
to +30. 

+30, +20, +10, -10, -20, -30 Haines-Young, 2011 Literature review 

Climate_reg_ESscores Assigned utility scores for 
climate regulation ecosystem 
services with a range from -30 
to +30. 

+30, +20, +10, -10, -20, -30 Haines-Young, 2011 Literature review 

Nutrient_cyc_ESscores Assigned utility scores for 
nutrient cycling ecosystem 
services with a range from -30 
to +30. 

+30, +20, +10, -10, -20, -30 Haines-Young, 2011 Literature review 

Overall_scores Sum of carbon sequestration, 
climate regulation, and nutrient 
cycling ecosystem service 
scores representing overall 
ecosystem service values of 
different scenarios. 

Very good 
Good 
Fair 
Poor 
Bad 
Very bad 

Haines-Young, 2011 Percentile 
calculation 



 

252 

Table 6-2.  Utility function structure used for calculating impacts of socio-ecological scenarios on the ecosystem service 
values. 

States of awareness input States of ecological input Utility value for ecosystem services 

Awareness of soil quality Terrestrial carbon stocks Carbon sequestration ecosystem service scores 
    Aware     High     30 
    Aware     Medium     20 
    Aware     Low     10 
    Unaware     High    -10 
    Unaware     Medium    -20 
    Unaware     Low    -30 
Awareness of air quality Air quality Climate regulation ecosystem service scores 
    Aware     Good     30 
    Aware     Moderate     20 
    Aware     Unhealthy     10 
    Unaware     Good    -10 
    Unaware     Moderate    -20 
    Unaware     Unhealthy    -30 
Awareness of water quality Water quality Nutrient cycling ecosystem service scores 
    Aware     Good     30 
    Aware     Acceptable     20 
    Aware     Bad     10 
    Unaware     Good    -10 
    Unaware     Acceptable    -20 
    Unaware     Bad    -30 
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Table 6-3.  Sensitivity analysis results performed for the carbon sequestration 
ecosystem service node (Carbon_seq_ESscores).  

Node (variable) Entropy reduction (%) Variance of beliefs Justification method 

Aware_soil_quality 9.67 0.0286398 Survey incorporation 
Terrestrial_C 6.86 0.0162089 GIS application 
Soil_quality_concern 1.27 0.0037353 Survey incorporation 
Imp_soil_quality 0.54 0.0016217 Survey incorporation 
Above_ground_C 0.37 0.0009971 GIS application 
CO2_emissions 0.05 0.0001254 Expert involvement 
Soil_C 0.04 0.0001201 GIS application 
LC/LU_coverage 0.02 0.0000606 Literature review; 

GIS application 
SOC_seqst_rate 0.003 0.0000087 GIS application 
NPP 0.003 0.0000072 GIS application 

 
Table 6-4.  Sensitivity analysis results performed for the climate regulation ecosystem 

service node (Climate_reg_ESscores).  
Node (variable) Entropy reduction (%) Variance of beliefs Justification method 

Aware_air_quality 18.9 0.0489859 Survey incorporation 
Air_quality  10.3 0.0230205 Literature review 
Air_quality_concern   1.74 0.0042750 Survey incorporation 
CO2_emissions   0.64 0.0014835 Expert involvement 
Imp_air_quality   0.15 0.0042750 Survey incorporation 
NPP   0.06 0.0014835 GIS application 
Annual_temp   0.03 0.0004019 Literature review; 

GIS application 
Scenario   0.01 0.0001498 Literature review 
Regulations   0.005 0.0000601 Survey incorporation 
Annual_precip   0.004 0.0000335 Literature review; 

GIS application 

 
Table 6-5.  Sensitivity analysis results performed for the nutrient cycling ecosystem 

services node (Nutrient_cyc_ESscores).  
Node (variable) Entropy reduction (%) Variance of beliefs Justification method 

Water_quality 15.7 0.0249650 Statistical analysis; 
Expert involvement 

Aware_water_quality   6.06 0.0147331 Survey incorporation 
Nutrnt_loads_water   5.81 0.0098815 Statistical analysis; 

Expert involvement 
Avg_annual_flows   1.64 0.0027927 GIS application 
Surplus_nutrnt_water   0.40 0.0008026 Expert involvement 
Implement_BMPs   0.20 0.0003995 GIS application 
Imp_water_quality   0.19 0.0004470 Survey incorporation 
Water_quality_concern   0.18 0.0003870 Survey incorporation 
Regulations   0.05 0.0000962 Survey incorporation 
Scenario   0.01 0.0000276 Literature review 
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Table 6-6.  Carbon content in the Suwannee River Basin, Florida. 
Carbon pools Carbon value 

(kg C m-2) 
Area Carbon 

budget  
(Tg C yr-1)  

Period Sources 

Top soil (0-20 cm) 3.8 19,480 km2 75 2008/09 Rapid Assessment and Modeling of 
Changes in Soil Carbon Storage 
and Turnover in a Southern 
Landscape (Grunwald et al., 2011a) 

Deep soil (0-100 cm) 8.6 19,480 km2 168 1925-
2011 

gSURRGO database (Natural 
Resources Conservation Service 
(NRCS), 2013) 

Biomass 4.7 19,480 km2 92 1999-
2002 

National Biomass and Carbon 
Dataset (NBCD2000 Version 2.0) 
(Kellnorfer et al., 2013) 

Surface watera 0.002 23,092 km2 0.05 2000-
2010 

Suwannee River Water 
Management District (SRWMD) and 
U.S. Geological Survey; this 
dissertation 

aCalculated from drainage areas with outlets to the Gulf of Mexico. 
 
Table 6-7.  Carbon fluxes in the Suwannee River Basin, Florida. 

Carbon fluxes Units Fluxes Carbon budget 
in the area 

Period Sources 

Net primary productivity 19,480 km2 9 kg C m-2 yr-1 175 Tg C 2000-2009 MODIS17 for North American 
Carbon Program (NACP) 
(2009) 

Atmosphere (CO2)  19,665 km2 0.1 kg m-2 yr-1 2 Tg C 1999-2008 Vulcan Project (Gurney et al., 
2009) 

Humana 337,812 people 
in the basin 

1 kg CO2 day-1 0.03 Tg C 2010 Carbon Dioxide Information 
Analysis Center (CDIAC), 
(2013); U.S. Census, (2010b) 

aThe rate of carbon dioxide exhalation is approximately 1 kg/day/person. An amount of kg CO2 was converted to kg C in 
the table. 
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Figure 6-1.  Conceptual model illustrating the key variables used to predict the overall ecosystem service scores as a 

function of carbon sequestration, climate regulation, and nutrient cycling under multiple socio-ecological drivers. 
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Figure 6-2.  Results of the Bayesian Belief Network when all scenarios (BU, Business as Usual; GP, Go toward 

Projection; GE, Gain Economic value; GA, Go with Awareness) are equally likely.  
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Figure 6-3.  Results of the Bayesian Belief Network for scenario BU (Business as Usual).  
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Figure 6-4.  Results of the Bayesian Belief Network for scenario GP (Go toward the Projection). 

 
  



 

259 

 
Figure 6-5.  Results of the Bayesian Belief Network for scenario GE (Gain Economic value). 
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Figure 6-6.  Results of the Bayesian Belief Network for scenario GA (Go with Awareness). 
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APPENDIX 
SURVEY INSTRUMENT 

 

Ecosystem Services Survey in the Suwannee River Basin 
This survey is being conducted by the Soil and Water Science Department at the 

University of Florida to evaluate people’s perceptions and values of ecosystem services 

in the Suwannee River Basin. The survey is being given to a random sample of 

households throughout 15 counties in the Suwannee River Water Management District 

(SRWMD). 

Your participation on this survey is voluntary, and you do not have to answer any 

question that you do not wish to, however your full participation would be greatly 

appreciated. There are no direct benefits or risks to you for participating in the study.  

Please have an adult (age 18 or older) in your household complete this survey. The 

survey will require about 10 minutes to complete. Your responses will be anonymous 

and results will be published only in summary form. 

If you have any questions about this survey, you may contact the investigator (see 

below) or the faculty advisor Alan W. Hodges (telephone 352-392-1881 ext. 312, email 

awhodges@ufl.edu). For questions about your rights as a research participant, contact 

the University of Florida Institutional Review Board (telephone 352-392-0433). 

Thank you for your cooperation! 

Sincerely, Pasicha Chaikaew Ph.D. student, Principal Investigator 

University of Florida 

Soil and Water Science Department 

PO Box 110290, Gainesville, FL  32611 
Telephone 352-392-1812, email pasicha@ufl.edu 
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Section 1: Ecosystem services in your community 

Ecosystem services refer to the tangible and intangible benefits that people obtain from ecosystems, such as 

providing agricultural products, purifying air and water, cycling soil nutrients, stabilizing climate, providing 

wildlife habitats and human recreation.   

1. How familiar are you with the following terms about ecosystem services?  Please circle the number 

that represents your level of familiarity with each term, from “not familiar” (1) to “very familiar” (3). 

Ecosystem services terms Not 
familiar  

Somewhat 
familiar 

Very 
familiar 

Don’t 
know 

Climate regulation 1 2 3 X 

Carbon storage 1 2 3 X 

Water quality protection 1 2 3 X 

Nutrient cycling 1 2 3 X 

2. What types of ecosystem services are important to you in the Suwannee River Basin? Please circle 

the number that represents the importance of each type of ecosystem service, from “not important” (1) 

to “very important” (3). 

Ecosystem service Not 
important 

Somewhat 
important 

Very 
important 

Don’t 
know 

Agricultural production 1 2 3 X 

Forest production 1 2 3 X 

Good water quality 1 2 3 X 

Clean air 1 2 3 X 

Renewing soil fertility 1 2 3 X 

Nature recreation and tourism 1 2 3 X 

3. What are your concerns regarding possible impacts of current environmental conditions that affect 

your quality of life? Please circle the number representing your degree of concern about each 

environmental condition, from “not worried” (1) to “very worried” (3). 

Environmental condition Not 
worried  

Somewhat 
worried 

Very 
worried 

Don’t 
know 

Global climate change 1 2 3 X 

Poor water quality 1 2 3 X 

Poor soil fertility  1 2 3 X 

Low agricultural productivity 1 2 3 X 
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Section 2: Climate regulation 

4. Please indicate your level of agreement with the statement “global climate change is caused by 

human activities” by circling the number representing your opinion, from “Do not believe at all” (1) to 

“Completely believe” (5). 

Do not 

believe 

at all 

 Somewhat 

believe 

 Completely 

believe 

Don’t 

know 

1 2 3 4 5 X 

5. Based on your experience, what effects attributed to climate change have you observed in your 

community during the past 10 years or more (check any that apply).  

□  More frequent droughts or low rainfall 

□  More floods 

□  More frequent natural fires 

□  Increase in the intensity of storms or hurricanes 

□  Other effects. Please specify_______________________________ 

□  Have not observed any changes 

6. In your opinion, should state and local government policies be more or less aggressive in dealing 

with climate change? Please circle the number representing your opinion, from “much less 

aggressive” (1) to “much more aggressive” (5). 

Much  less 

aggressive 

 No change  Much 

more 

aggressive 

Don’t 

know 

1 2 3 4 5 X 

 

Section 3: Soil carbon sequestration (storage) 

7. Consider the figure below showing that one of the important ways to reduce carbon dioxide (CO2) 

emissions in the atmosphere is to capture carbon into the biomass of plants or soils. Within the 

Suwannee River Water Management District, forestry and agriculture are dominant land uses that can 

play an important role in moderating climate change by increasing the storage of carbon in plants and 

the soil.  
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How do you think soil carbon stocks have been changed in your area in the past 30 years? 

□  Have increased 

□  Have decreased 

□  No significant change 

□  Don’t know 

 

Section 4: Nutrient cycling 

8. Theoretically soils become more fertile and plant production increases when nitrogen and 

phosphorus are added. However, an excess of nutrients applied can affect water quality in nearby 

surface water bodies and groundwater. To what degree do you agree with the statement: “Productivity 

should remain high in spite of what happens in the river”?  

Not agree 

at all 

 Somewhat 

agree 

 Very 

much 

agree 

Don’t 

know 

1 2 3 4 5 X 
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9. What type of activities do you think most degrade the water quality in your area. Please check all that 

apply. 

□  Rainfall runoff from farms (i.e. tree plantations, row crops, livestock) 

□  Rainfall runoff from urban areas (i.e. parking lots, streets, yards) 

□  Industry discharges 

□  Leakage from septic systems 

□  Other pollution sources.   

Please specify___________________________________ 

□  Don’t know  

10. What are the best ways, in your opinion, to improve water quality in rivers or streams in your area? 

Please rank the following options in order of preference (1 = most preferred, 4 = least preferred) 

Stricter land use controls   _____ 

State regulations for surface water runoff _____ 

Educate residents about water conditions _____ 

Building water treatment facilities   _____ 

Other measures    _____ 

Please specify_________________________________  

Don’t know     _____ 

 

Section 5: Economic valuation 

Suppose that a program was implemented in your area to protect ecosystem services and improve 

environmental quality. The program would be financed through either voluntary donations, annual taxes or 

utility fees. The program would be organized in terms of four attributes: 

 Type of ecosystem services to be managed –1) climate/carbon storage, 2) nutrient control, 3) 

agricultural and forestry production. 

 Program administration – 1) taxes levies by the Suwanee River Water Management District (SRWMD), 

2) taxes or utility fees levied by county government, or 3) donations to non-government organizations 

(NGO). 

 Location of area to be managed – The area within the Suwannee River Water Management District 

that should be managed: 1) 
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 anywhere within the district, 2) within 20 miles of your home, or 3) within 5 miles of your home.  

 Willingness to pay - Amount per household annually you would be willing to spend over a period of 5 

years to pay for the program: 1) $5, 2) $25, or 3) $50. 

11. Please indicate your preference for how the environmental protection/improvement program 

should be designed in the following series of five choices between two different programs by 

checking the box below (A vs. B), or check if neither program is preferred or acceptable. Assume 

that you can choose only ONE program for each choice.  

 

CHOICE 1 

 Program A Program B  

Type of ecosystem 
services to be managed 

Climate/carbon  
regulation 

Nutrient 
control 

 

Program administration SRWMD taxes 

Donation to 
Non 

Government 
Organization 

 

Not interested 
in either 
program 

Location of area to be 
managed 

Anywhere 
within Water 
Management 

District 

Within 20 
miles of my 

home 

 

Willingness to pay per 
year 

$5 $50 
 

Please mark the program 
you would prefer 
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CHOICE 2 

 Program A Program B  

Type of ecosystem 
services to be managed 

Climate/carbon  
regulation 

Nutrient 
control 

 

Program administration 

Donation to 
Non 

Government 
Organization 

County taxes 

 

Not interested 
in either 
program 

Location of area to be 
managed 

Within 5 miles 
of my home 

Anywhere 
within Water 
Management 

District 

 

Willingness to pay per 
year 

$25 $5 
 

Please mark the program 
you would prefer 

   

 

 

CHOICE 3 

 Program A Program B  

Type of ecosystem 
services to be managed 

Nutrient control 
Agricultural 

/forestry 
production 

 

Program administration County taxes SRWMD taxes 

 

Not 
interested in 

either 
program 

Location of area to be 
managed 

Within 5 miles 
of my home 

Anywhere 
within Water 
Management 

District 

 

Willingness to pay per 
year 

$5 $50 
 

Please mark the program 
you would prefer 
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CHOICE 4 

 Program A Program B  

Type of ecosystem 
services to be managed 

Agricultural/ 
forestry 

production 

Climate/carbon  
regulation 

 

Program administration SRWMD taxes 

Donation to 
Non 

Government 
Organization 

 

Not 
interested in 

either 
program 

Location of area to be 
managed 

Within 5 miles 
of my home 

Anywhere 
within Water 
Management 

District 

 

Willingness to pay per 
year 

$50 $25  

Please mark the program 
you would prefer 

   

 

 

CHOICE 5 

 Program A Program B  

Type of ecosystem 
services to be managed 

Agricultural 
/forestry 

production 

Climate/carbon  
regulation 

 

Program administration 

Donation to 
Non 

Government 
Organization 

County taxes 

 

Not 
interested in 

either 
program 

Location of area to be 
managed 

Within 20 miles 
of my home 

Within 5 miles 
of my home 

 

Willingness to pay per 
year 

$5 $50 
 

Please mark the program 
you would prefer 
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