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Abstract 

Nature's value as an asset is unmistakable, evident through the tangible benefits it 

provides, such as agricultural yields and tourist attractions. These services, known as ecosystem 

services (ES), are easy to appreciate due to their direct market connections. However, implicit 

ES, like climate regulation and flood control, are often overlooked until their absence becomes 

painfully evident, demonstrated by disasters such as Hurricane Katrina (Daily et al., 2009) and 

the 2012 Midwest flash drought event (Cui et al., 2019), as well as with large development 

projects, such as the channelization and subsequent re-meandering of the Kissimmee River 

(Wohl et al., 2015). 

While wetlands are recognized to contribute to ecological integrity, human well-being, 

and national resilience (Mitsch et al., 2015), population growth and economic development have 

historically led to the transformation of these critical habitats (Reis et al., 2017). The rapid 

conversion of wetland habitat has largely degraded wetland ES, especially affecting inland 

wetlands (Mitsch et al., 2015). An apparent gap exists between wetland conservation policies and 

site-level decision-making (Gomez-Baggethun et al., 2010, Guerry et al., 2015), often stemming 

from inadequate documentation of wetland ES costs and benefits at the local and regional levels 

(Watkin et al., 2019; Ramsar Convention, 2015; Ruhl et al., 2021). 

This research accepted the hypothesis that ES Decision Support Tools (ES-DSTs) are 

capable of quantifying site-specific freshwater wetland ES. Pilot studies were employed to 

highlight the potential of ES-DSTs to bridge the gap between high-level wetland conservation 

policies and on-the-ground implementation by improving ES accounting. These quantitative 

metrics lay the groundwork for ES valuation, a crucial preparatory phase to conducting a BCA. 



1 

 

1.0 Introduction 

1.1 Problem Overview and Significance 

Nature's value as an asset is unmistakable, evident through the tangible benefits it 

provides, such as agricultural yields and tourist attractions. These amenities are known as 

ecosystem services (ES). The stocks of biotic and abiotic resources stored in ecosystems’ soil, 

water, air, and plant and animal biomass are called natural capital. Natural capital sustains 

society in the form of ES, providing direct and indirect benefits to society through the production 

of various goods (e.g., food) and services (e.g., carbon sequestration) (Reid et al., 2005). 

Although it is easy to grasp the importance of explicit ES with direct market connections, 

like agriculture and tourism, implicit ES, such as climate regulation and flood control, often go 

unnoticed until they are depleted. This is evident through historic natural disasters like Hurricane 

Katrina (Daily et al., 2009) and the 2012 Midwest flash drought event (Jin et al., 2019) or in 

major development projects like the Kissimmee River channelization and re-meandering (Wohl 

et al., 2015). 

Wetlands, among Earth's most productive ecosystems, play a crucial role in maintaining 

ecological integrity, human well-being, and national resilience (Mitsch et al., 2015). Despite their 

significance, wetlands have been consistently transformed due to population growth and 

economic expansion (Reis et al., 2017). The fertile soils and freshwater resources offered by 

inland wetlands has made them especially vulnerable to human development, especially for 

agriculture (USGS, 1996). The decline of freshwater wetland habitats (75%) due to land use 

change between 1997 and 2011 resulted in wetland ES losses between $2.7 and $2.8 trillion per 

year in 2007 USD (Costanza et al., 2014). While nationwide efforts are underway to safeguard 

and rehabilitate coastal wetlands (Bridges et al., 2022), efforts to conserve freshwater wetlands 
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receive comparatively fewer resources. This disparity requires immediate attention when 

considering the crucial role of freshwater wetland ES in combating the impacts of climate 

change. 

Despite efforts to respond to this need (Salzman et al., 2006; Ramsar Convention, 2015; 

Ruhl et al., 2021), there remains a lack of standard principles and guidelines to assess, report, 

and track inland wetland status and trends. Consequently, inadequate communication of wetland 

ES costs and benefits to local and regional decision-makers hinders conservation efforts (Watkin 

et al., 2019). Effective communication and informed decision-making are pivotal to achieving 

wetland conservation goals. To promote wetland conservation, it is crucial to establish clear, 

unambiguous measures to document inland wetland status (Ruhl et al., 2021). 

ES quantification is one means of emphasizing nature's importance within the framework 

of societal value. The rising interest in characterizing and valuing ES for landscape and 

watershed management has driven the development of tools termed by this research as ES 

Decision-Support Tools (ES-DSTs). These tools have the potential to bridge the gap between 

knowledge and application, providing technological solutions to guide decision-making (Guerry, 

et al., 2015). 

This research employs case studies to demonstrate the effectiveness of ES-DSTs as ES 

quantification tools. It aims to validate the hypothesis that ES-DSTs can quantify both explicit 

and implicit site-specific wetland ecosystem services. These assessments, which provide 

numerical documentation of environmental and social factors, facilitate more comprehensive 

reporting on ES. This, in turn, will lead to a better representation of the true benefits of wetland 

ES in landscape-scale benefit-cost analyses (BCAs) for use in local and regional decision-

making. 
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2.0 Literature Review 

2.1 Nature-Based Solutions (NBS): Wetlands for Benefit Optimization 

The extent of nature’s contributions to societal maintenance is not well-understood, 

which may account for the recalcitrance of human consumption patterns, even as the decline of 

ES on a global scale becomes increasingly discernable. ES sustain human life, provide food, 

water, shelter and support the human experience with various forms of recreation and 

entertainment (Costanza et al., 1998). 

The Millennium Ecosystem Assessment (MA) categorized ES based on the type of 

product or service provided. Provisioning services are tangible products humans derive directly 

from ecosystems such as timber, food, drinking water, and natural gas. Regulating services refer 

to benefits provided to society through ecosystem processes like climate regulation, water 

purification, pollination, and decomposition. Cultural services are nonmaterial benefits such as 

aesthetic value, recreation and things which provide physical and mental health. Supporting 

services are indirect benefits to humans in that they support all other services such as soil 

formation, nutrient and water cycling, and photosynthesis (Figure 2-1) (Reid et al., 2005). Total 

exhaustion of ES and natural capital stocks would pose serious threats to human wellbeing and 

lead to missed opportunities for economic expansion (IPBES, 2019). 
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Figure 2-1. Millennium Ecosystem Assessment (2005) Ecosystem Services classification. 

Nature-Based Solutions (NBS) has become a common umbrella term to enwrap a range 

of different approaches which apply the ES concept and is defined formally as, “actions to 

protect, sustainably manage, and restore natural and modified ecosystems that address societal 

challenges effectively and adaptively, simultaneously benefiting people and nature (Singh, 

2023).” Wetlands are frequently considered NBS (Watkin et al., 2019), as they provide for 

cleaner water and cooler temperatures, help to control flooding extremes, promote greater 

biodiversity, support indigenous populations, and improve economic viability (Mitsch et al., 

2015). Despite these facts, the average percentage of global wetland loss is somewhere between 

54-57%, with up to 90% loss in the most degraded habitats (Reis et al., 2017). Whether natural, 

restored or created, wetlands are ecologically, socially, and economically valuable ecosystems 

(Mitsch et al., 2015). 

Oklahoma is one of the most biodiverse states in the U.S., with claim to 12 U.S. 

Environmental Protection Agency (USEPA) Level III ecoregions, spanning from the High Plains 
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to the Ozark Highlands (Woods et al., 2005). Most prevalent of all are habitats featuring tall-, 

mixed- and short-grass prairies, with a variety of wildflowers and sparse number of trees and 

shrubs interspersed, often found along riparian zones (USEPA, 2012). The area of interest for 

this research, northeastern Oklahoma, consists mostly of the Central Irregular Plains and the 

Ozark Highlands ecoregions. 

Characterized by low, gently rolling hills and broad floodplains, the Central Irregular 

Plains ecoregion separates the Ozark Highlands from the Central Oklahoma/Texas Plains, where 

tallgrass prairies meet dryer upland forests (ODWC, 1996). Wetland habitats, such as in-channel 

wetlands and depressional areas, are dispersed throughout this region (Walters et al., 2010). 

However, what remains today is only a fraction of the original wetland area prior to conversion 

to support agricultural operations and urbanization (USGS, 2009). 

Dominated by low mountains formed by the eroding Ozark Plateau, the Ozark Highlands 

support various tallgrass species as well as taller, oak-hickory forest communities, mingling to 

create ecologically rich bottomland hardwood forests along floodplains (ODWC, 1996). The 

unique hydrodynamics of this landscape create features like seasonal wetlands and oxbow lakes 

(OWRB, 2019). Similar to the Central Irregular Plains ecoregion, much of this native forest- and 

prairieland was logged and displaced during the early part of the 20th century, again, trading 

essential habitat for economic gain (ODWC, 1996). 

Along the transition between terrestrial and deepwater aquatic habitats, in the zones 

known as ecotones, a unique set of ecological conditions often form, creating the perfect 

environment in terms of hydrology, vegetation, and substrate, to support a wetland habitat 

(Mitsch and Gosselink, 2015). Due to this interconnectivity, the degradation and fragmentation 

of terrestrial habitats directly affects the occurrence and quality of wetland habitats. Considering 
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that nearly 76% of Oklahoma’s 18.2 million hectares of potential terrestrial habitat are presently 

under agricultural production (ODAFF, 2022), the extent and condition of aquatic ecosystems in 

the state is of concern. Between 1780 and 1980, agricultural expansion, along with intensified 

urbanization, contributed to the direct loss of an estimated 67% of wetlands in Oklahoma, 

amounting to a decrease in area from 1,150,000 to 384,000 hectares, with about 45% of that loss 

occurring between 1950 and 1980 (Dahl, 1990). The continued loss of wetland habitats and 

conversion of critical natural landscapes not only threatens fish and wildlife, but also human 

wellbeing, which relies heavily on the ES provided by these critical ecosystems. 

Wetlands have the capacity to address numerous environmental and socio-economic 

challenges, especially related to water quality and supply (Agaton, 2023; Dahl, 1990). 

Considering global trends of explosive population growth, Central Great Plains’ communities 

would greatly benefit from increased wetland habitats. As an illustrative example, following 

expansion of the Dallas-Fort Worth Metropolitan area from 2010 to 2019 (King et al., 2021), the 

North Texas Municipal Water District (NTMWD) East Fork Water Reuse Project constructed 

wetlands to function as a large-scale water recycling facility, naturally filtering sediment, trace 

metals, nutrients, and other pollutants. The project cost was $280 million, offering an economical 

alternative to building a reservoir. In addition to the water supply and quality ES, the associated 

John Bunker Sands Wetlands Center offers educational and recreational opportunities (NTWMD, 

2024). Offering an alternative perspective, the devastation caused by Hurricane Katrina is tied to 

the loss of wetland area in the New Orleans region, reducing the natural buffer which protected 

the city from storm surges. It is estimated that the displacement of over 500,000 hectares of 

wetland and associated ES in New Orleans since the 1930s would have prevented storm damages 

estimated to exceed $100 billion of the total $200 billion damages incurred (Batker et al., 2010). 
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Faced with unique climatic extremes, increasing wetland habitat would lead to increased 

opportunities for ES like water storage and treatment, to address concerns over water insecurity, 

and flood attenuation, to reduce costs associated with disaster risk (Dahl, 1990). 

2.2 Wetland Conservation Progress and Remaining Challenges 

In 1998, Costanza et al. released the first global economic valuation of ES, stimulating a 

cascade of efforts around the topic of ES valuation. The study found that inland wetlands, 

namely swamps and floodplains, had the highest value per unit area than any other inland biome 

(e.g., forests, lakes/rivers, croplands, grasslands/rangelands), only outweighed by coastal 

estuaries (Costanza et al., 1998). Between 1997 and 2011, ES unit values for tidal 

marsh/mangroves increased from $13,786 to $193,843 (+180,057) per hectare per year (ha/yr) in 

2007 USD, while ES values for inland swamps/floodplain decreased from $27,021 to $25,681 (-

1,340) per ha/yr. This was attributed to the emergence of new studies focusing on coastal 

habitats, leading to enhanced understanding and subsequent valuation opportunities, while 

analogous attention was not given to inland habitats (Costanza et al., 2014). 

The MA was a four-year study involving scientists in promoting conservation in policy at 

the national and global scales. This effort ultimately provided a framework to broadly 

characterize the benefits of nature in terms of the “services” they provide, with wide acceptance 

across varied societal backgrounds (Reid et al., 2005). Globally, the MA and Costanza’s efforts 

laid the groundwork for the establishment of initiatives like The Economics of Ecosystems and 

Biodiversity (TEEB) project in 2010, which served to bring the ES concept to mass media 

audiences (2010). The International Panel on Biodiversity and Ecosystem Services (IPBES) was 

established in 2013 to promote better informed decision-making by providing periodic reports on 

the status and trends of nature (Díaz et al., 2019) and supplementary summaries catered 
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specifically for policymakers (IPBES, 2019). In 2015, the U.N. adopted the Sustainable 

Development Goals (SDGs), targeted at addressing growing pressures of urbanization, climate 

change, and water insecurity (King et al., 2021). 

At a national level, the U.S. is working to make NBS a priority to help fulfill the UN 

SDGs. Federal entities such as the USEPA, U.S. Army Corps of Engineers (USACE) and U.S. 

Forest Service (USFS) adopted policies calling for consideration of ES in decision-making about 

forests, wetlands, and other ecosystems (Ruhl et al., 2021). The establishment of the USACE’s 

Engineering With Nature® (EWN®) initiative, in particular, is changing the way the U.S. 

approaches engineering and infrastructure challenges, seeking to identify ways to apply or 

supplement NBS to deliver economic, environmental, and social benefit (King et al., 2021). Most 

recently, the Biden administration announced the undertaking of the first ever National Nature 

Assessment in April of 2022, aimed specifically at taking inventory of the state of the nation’s 

lands, waters, and wildlife (Tallis et al., 2008). 

Although there is growing evidence of progress for wetland ES conservation at the global 

and national levels, these advancements are not well reflected in site-scale resource decision-

making (Guerry et al. 2015). Existing studies relating ES to a decision-context have focused on 

topics such as ES mapping, quantification, valuation, and stakeholder engagement, or on one of 

the various approaches to integrating ES into political decisions (Martinez-Harms et al., 2015). 

To effectively operationalize integration of the ES concept into site-level decision-making, 

practitioners must move beyond education campaigns about general ES importance and push 

toward developing practicable applications (National Research Council, 2005; Martinez-Harms 

et al., 2015; Guerry et al. 2015). 
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2.3 Bridging the Site-Level Implementation Gap 

Addressing the gap between high-level policies and practical site-level ES documentation 

requires aligning nature investments with profitability (Daily et al., 2009). Traditional benefit-

cost analyses (BCAs) are commonly used for wetland management decisions but tend to 

prioritize economic assets over natural ones (Windhoffer et al., 2022). To enhance wetland policy 

and management, it is crucial to incorporate both explicit and implicit wetland ES values into 

BCAs, with economic ES valuation offering a direct comparison method (Maler et al., 2008). 

The development of ES-DSTs provides technological solutions that can bridge the policy-to-

application gap by aiding local decision-making (Gomez-Baggethun et al., 2010). 

3.0 Research Hypothesis and Objectives 

This thesis assesses the potential of ES-DSTs to bridge the gap in site-level wetland 

conservation policy implementation. It is hypothesized that ES-DSTs can effectively quantify 

explicit and implicit site-specific wetland ES values, providing numerical estimates for 

environmental and social aspects. These estimates will enhance landscape-level ES analyses, 

contributing to more comprehensive representation of wetland ES in large-scale BCAs 

commonly used in local and regional decision-making. The study objectives include (1) 

identifying the most suitable ES-DSTs for pilot application through descriptive review methods; 

(2) demonstrating practical application by deploying selected ES-DSTs in specific case study 

sites to quantify ES; (3) exploring ways to integrate site-specific biodiversity indicators into the 

ES evaluation process; and (4) assessing how well ES-DSTs align with stakeholder priorities by 

soliciting educated partner feedback. 
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4.0 Methods 

4.1 Site Selection 

Three wetland sites in northeastern Oklahoma were identified to develop two case 

studies, each of which emphasizes different elements of each ES-DST applied in this research. 

Focusing on areas in Oklahoma, as shown in Figure 4-1, these three sites are located within two 

12-digit hydrologic unit code (HUC) watersheds. The Lake Frances site sits between Arkansas 

and Oklahoma, just near the border, within the Illinois River Watershed (IRW) also called the 

Lake Frances Illinois River watershed. The Southeast Commerce and Mayer Ranch passive 

treatment systems (SECPTS and MRPTS) are located within the larger Tar Creek Watershed, 

which extends from Kansas into northeastern Oklahoma (USGS, 2024). 

 

Figure 4-1. Pilot Study Watersheds: (1) Tar Creek Watershed and (2) Lake Frances/Illinois River 

Watershed within Oklahoma 

4.1.1 Lake Frances near the Illinois River 

The first case study application focused on assessing the ES provided by a recently 

established bottomland hardwood forest ecosystem, a site colloquially known as Lake Frances. 
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This application serves as a prime example of how ES-DSTs can be employed to create 

comprehensive site-level summaries of ES value. 

Located near Watts, Oklahoma, just southwest of Siloam Springs, Arkansas, Lake 

Frances (Figure 4-2) was formed after dam construction on the Illinois River in 1931 (Gade, 

1990). In collaboration with the Grand River Dam Authority (GRDA), this research is 

concentrated on exploring the southern region of the Lake Frances area, with aspirations for 

future expansion. 

 

Figure 4-2. Lake Frances within the Illinois River Watershed. 

Lake Frances was once a popular local reservoir until a final dam failure occurred in 

1990, causing the lake to drain. This transformed the local reservoir, with significant implications 
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for the surrounding ecosystems and the provision of ES at the site. The shift from a man-made 

reservoir to a channelized flow in the Illinois River resulted in the establishment of a newly 

grown bottomland hardwood forest (BHF) (Figure 4-3), marking a remarkable ecological 

transition (Gade, 1990). 

 

Figure 4-3. Focus area: southern floodplain of Lake Frances. 

Lake Frances is connected to the greater IRW (HUC-12 111101030606), a water body 

well-known to face complex water quality challenges. Streams and rivers within the IRW often 

fail to meet water quality criteria, being listed under the 303(d) program for issues like low 

dissolved oxygen, and elevated chlorophyll-a, total phosphorus, enterococcus, and Escherichia 

coli concentrations (DEQ, 2022). These problems are due to upstream influences of non-point 

source discharges from stormwater and agricultural operations as well as point source discharges 
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of municipal wastewater. Adding to these concerns is the expected population growth in 

northwest Arkansas to more than double in the next 20 years, putting even more pressure on the 

1,513-hectare IRW (NWAMTP, 2021). The deteriorating water quality in the streams within the 

IRW is of paramount concern due to its significant impact on the provision of crucial ES. 

The newly established BHF is likely to contribute to enhanced biodiversity and improved 

habitat (King and Allen, 1996). This, in turn, supports other critical ES such as pollination, pest 

control, and the maintenance of genetic diversity. Moreover, BHFs play a crucial role in water 

regulation and quality improvement. The uniquely adapted BHF trees help stabilize riverbanks, 

reduce erosion, and filter pollutants from runoff (Kellison and Young, 1997). These benefits are 

especially significant given the potential for downstream impacts on communities that rely on 

the IRW for drinking water and agricultural purposes. 

BHFs are also highly effective carbon sinks, contributing significantly to local and global 

climate change mitigation efforts by capturing emissions and storing carbon within the soil and 

biomass (Streeter et al., 2023). Additionally, aesthetic and recreational values associated with a 

thriving BHF can positively impact the well-being of local communities, providing opportunities 

for outdoor recreation, including hiking, birdwatching, and nature appreciation. These 

recreational activities contribute to the mental and physical health of residents, fostering a sense 

of connection to nature and promoting environmental awareness (Gear et al., 2023). 

The transition from a reservoir to a BHF and the provision of associated ES, such as 

biodiversity support, water regulation, carbon sequestration, and recreational opportunities, have 

far-reaching implications for ecosystems within the IRW and beyond. Understanding and 

appreciating these ES can inform conservation and management strategies to ensure the 

sustained health and resilience of the Lake Frances BHF and the broader IRW ecosystem. 
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4.1.2 Mayer Ranch and Southeast Commerce Passive Treatment Systems 

In the second case study, the objective was to assess the potential of passive treatment 

systems (PTS) designed to tackle ecotoxic trace metals in mine drainage to offer ancillary ES, 

focusing on the Southeast Commerce PTS (SECPTS) and Mayer Ranch PTS (MRPTS). The 

application exemplifies the capacity for ES-DSTs to be used to document ecological success, or 

the lack of, in legacy pollution restoration projects. 

Located in northeast Oklahoma within the Tri-State Lead-Zinc Mining District, the Tar 

Creek Watershed (HUC-12 110702060106) is a portion of a designated Superfund Site, as it is 

afflicted by contamination due to mine water discharge and runoff from mine tailings containing 

lead, zinc, cadmium, and other pollutants (Nairn et al., 2020). The contamination was of such 

magnitude that the site was classified as suffering from "irreversible man-made damage," a 

daunting designation when confronting the formidable challenge of Superfund or brownfield 

restoration (USEPA, 2000). Effectively addressing the issue with ecological engineering, the 

University of Oklahoma’s (OU) Center for Restoration of Ecosystems and Watersheds (CREW) 

operates two full-scale PTS near Commerce, Oklahoma, SECPTS and MRPTS (McCann and 

Nairn, 2022), located in close proximity within the same first-order 152-hectare study watershed, 

hereon called the Unnamed Tributary Watershed (UTW) (Figure 4-4). 
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Figure 4-4. Unnamed Tributary Watershed within the larger Tar Creek Watershed. 

When addressing environmental contamination at USEPA-designated brownfield and 

Superfund sites, the associated remediation costs can be prohibitively high (Nairn et al., 2011). 

Reports reveal that the USEPA allocates over $240 million annually for Superfund remediation 

efforts nationwide, a figure which only provides a partial overview of the total project cost 

(USGAO, 2011). Three decades ago, the USEPA estimated that up to 23,000 kilometers of 

freshwater streams are impacted by mine drainage, having devastating consequences on the 

aquatic ecology (USEPA, 1994a). This context sets the stage for understanding the importance of 
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considering cost-effective alternatives in the form of well-designed and operated PTS for 

reclaiming ES within legacy mining watersheds. 

Mine drainage is a costly environmental hazard, devastating local ecology, with 

repercussions that extend to society, especially affecting agricultural, municipal, and industrial 

operations. Among its detrimental effects is compromised water quality, characterized by low pH 

levels, increased sulfate concentrations, and elevated trace metal levels. Wetlands provide an 

array of ES that, when innovatively harnessed, can help restore functions of degraded watersheds 

and ecosystems (Porter and Nairn, 2008). PTSs are ecologically engineered wetlands tailored to 

mitigate ecotoxicity, offering a cost-effective, low-maintenance alternative to traditional 

treatment methods such as active chemical treatments (Brumley, 2014). 

CREW PTS applications have demonstrated efficacy in mitigating the impacts of 

ecotoxic trace metals in mine drainage (Nairn et al., 2023), offering a cost-effective, nature-based 

method. To ensure a comprehensive evaluation of the ES closely linked with the positive 

outcomes of these systems, the first-order UTW is employed as the focus watershed for ES-DST 

application (Figure 4-5). 
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Figure 4-5. Mayer Ranch and Southeast Commerce passive treatment systems within the 

Unnamed Tributary Watershed. 

The PTSs are strategically located to intercept mine water discharges, with MRPTS and 

SECPTS receiving drainage from three surface seeps. Operating continuously since 2008, 

MRPTS comprises ten process units: a single oxidation pond diverges into two treatment trains, 

incorporating surface flow wetlands, vertical flow bioreactors, re-aeration ponds, and horizontal 

flow limestone beds, ultimately reuniting in a single polishing pond (Nairn et al., 2020). Inspired 

by the success of MRPTS, the implementation of SECPTS in 2017 has expedited ecological 
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progress in the area, featuring four process units: an oxidation pond, surface flow wetland, 

vertical flow bioreactor, and final polishing unit (McCann and Nairn, 2022) (Figure 4-6). 

 
Figure 4-6. Mayer Ranch (bottom right) and Southeast Commerce (top left) passive treatment 

systems. 

Water quality improvements of these systems are clear, as evidenced by the positive 

effects on in-stream water quality, leading to notable increases in the richness of fish species. 

This impact has been documented through consistent monitoring at MRPTS by CREW, even 

prompting the implementation of SECPTS (Nairn et al., 2023). Nevertheless, there persists a 

challenge in comprehensively documenting the subsidiary ecological improvements of PTS. The 

complex and unstructured nature of restoration outcomes makes it difficult to fully illustrate 

ancillary ES provided by this targeted NBS. A failure to effectively communicate the full suite of 
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benefits provided by PTS, could potentially impede duplication and scaling of these, and similar, 

innovative NBS. 

The case study within the UTW demonstrates how PTS can serve as a low-maintenance, 

natural infrastructure for restoring ES in legacy mining watersheds. The approach used for this 

research was to utilize ES-DSTs to quantify ES values at these PTS sites, shedding light on the 

adaptability and limitations of each tool. The aim of this application was to demonstrate ES 

quantification in order to provide an efficient and standardized method for potential widespread 

use. 

4.2 Tool Selection 

4.2.1 Descriptive Review for Tool Selection 

A descriptive review was conducted to determine ES-DSTs most suited to the objectives 

for application of this study. In step one, review objectives were defined as (1) providing insights 

into the landscape of ES-DSTs and (2) identifying ES-DSTs suitable for inland wetland ES 

valuation. Step two involved searching various databases, mainly Google Scholar, Web of 

Science, and Scopus, to identify potential ES-DSTs and assessing their relevance to the review 

objectives by employing non-exhaustive search strategies using key terms such as "ecosystem 

service," "valuation/quantification," "decision support tools," and related variations (Templier 

and Paré, 2015). 

In step three, screening criteria were established, which helped identify ES-DSTs 

potentially suitable for pilot study application (Figure 4-7). Articles were filtered to include 

literature that was (a) in English, (b) from credible journals, and (c) relevant to inland wetland 

ES valuation. Due to the wide-breadth of existing ES-DSTs, a secondary screening was 

employed to narrow the selection of ES-DSTs based on these additional criteria: (a) open-access 
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availability, (b) capability to assess multiple ES, (c) readiness for application, and (d) suitability 

for site-scale decision-making (Templier and Paré, 2015). 

 

Figure 4-7. Ecosystem Services Decision Support Tools identified from screening processes. 

Step four involved using quality assessment criteria, adapted from the Critical Appraisal 

Skills Programme's (CASP) checklist, to note potential biases in the selected ES-DSTs without 

formal quality assurance. These criteria employed the use of six quality assessment questions to 

evaluate elements such as the clarity of research objectives, appropriateness of research design, 

adequacy of data analysis methods, presentation of findings, achievement of study objectives, 

and identification of potential conflicts of interest (CASP, 2023). In Step five, the ES-DSTs 

which surpassed each screening step, were reviewed for their applicability to study purpose, 

location, data collection, and analysis methods. This step provided an additional basis from 

which to determine ES-DSTs likely suitable for the present research objectives (Thomas and 

Harden, 2008). 
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Following primary screening, secondary screening, and data quality assurance, two 

standout tools, the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) and the 

Ecosystem Services Identification and Inventory (ESII) tool, emerged as meeting all six quality 

assessment criteria. InVEST stands out as a well-documented tool with an impressive track 

record, boasting over 12 peer-reviewed studies that pass each of the criteria (Sharp et al., 2018). 

Released in 2008, InVEST was developed by The Natural Capital project to fill a need for widely 

accessible ES tools with robust operational performance, demonstrated by studies like Gómez-

Baggethun (2014). 

ESII, though not be as extensively documented as InVEST, demonstrated promise where 

applied, with each observed peer-reviewed study successfully meeting all quality assessment 

criteria. Developed in 2011 by a collaboration between The Nature Conservancy (TNC), the 

Dow Chemical Company (Dow) and the EcoMetrix Solutions Group, ESII was uniquely 

designed to aid Dow and similar corporations in ES assessments; however, the tool is under 

refinement to fill broader needs of ES evaluation (TNC et al., 2016). The ESII tool was selected 

as the secondary ES-DST for application due to its consistent ability to meet diverse research 

objectives with simple methods, indicating promising potential for broad use. 

4.3 Tool Setup and Requirements 

4.3.1 InVEST Setup 

InVEST, a widely used ES modeling tool, strongly emphasizes the importance of 

conducting analyses at the watershed level (Arcidiacono, 2015; Sharp et al, 2018). InVEST was 

tested for both the watershed and site-scale. Subsequently, the outputs generated by InVEST 

were interpreted to discern any discrepancies or variations between the two scales. This 
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comprehensive approach allowed for a thorough examination of the tool's performance across 

varying spatial scales, shedding light on tool applicability and reliability for widespread use. 

4.3.2 InVEST Requirements: RouteDEM and DelineateIt 

The cornerstone input for all InVEST models is a reliable Digital Elevation Model 

(DEM). Recognizing the critical importance of accurate DEMs, InVEST offers standalone 

hydrological tools, such as RouteDEM and DelineateIt, which are instrumental for refining input 

DEMs. Although RouteDEM and DelineateIt serve similar functions, their combined application 

offers a comprehensive approach to inspecting the input DEM thoroughly. This proactive 

approach allows for the identification and rectification of any potential issues in the DEM, thus 

minimizing errors and enhancing the robustness of subsequent modeling analyses (Sharp et al., 

2018). 

The RouteDEM model was designed as a standalone tool to address deficiencies found in 

commonly used flow direction and flow accumulation algorithms. By leveraging advanced 

calculations of flow accumulation and direction, this tool effectively generates stream networks 

and delineates watersheds while addressing common issues such as hydrological sinks and errors 

stemming from plateaus. Among the various input requirements listed for RouteDEM (Table 4-

1), the DEM raster stands out as the most critical component essential for ensuring the accuracy 

and reliability of the model (Sharp et al., 2018). 

Table 4-1. Input requirements for RouteDEM and DelineateIt (Sharp et al., 2018). 

RouteDEM Inputs Input Type 

Input Value 

Source IRW UTW 

Digital Elevation Model (DEM) Raster (meters) 273-378 m 235-258 m USGS, 2019 

Threshold Flow Accumulation Number (unitless) 1000 Sharp et al., 2018 
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Tiled DEM datasets, obtained from the US Geological Survey’s (USGS) National Map 

viewer at a 10-meter (1/3 arc-second) resolution (USGS, 2019), were processed according to the 

InVEST User Guide using ArcGIS Pro Version 3.1. The raw DEM tiles were first reprojected to 

the Universal Traverse Mercator coordinate system (WGS 1984 UTM zone 15S) to ensure model 

compatibility before being merged into a single raster using the Mosaic to New Raster tool. 

Bilinear interpolation was used for resampling to prevent flow accumulation calculation errors. 

The DEM was then examined for missing data values and filled using the Focal Mean function 

within the Raster Calculator. Using the ArcGIS Hydrology Fill tool, any remaining gaps in the 

resulting DEM were filled (Sharp et al., 2018). 

To ensure high-quality outputs from InVEST’s freshwater models, the input DEM must 

have continuous streams, requiring a Threshold Flow Accumulation (TFA) value to help calibrate 

the RouteDEM model. The TFA is a user-defined value which relates to the stream density and 

structure of outputs. Specifically, the TFA adjusts the grid size, changing the level of detail to fit 

various user needs. Functionally, it defines stream channels by establishing a minimum threshold 

of upslope pixels that contribute flow to a downslope pixel (Sharp et al., 2018). 

Various TFA values were tested between 100 and 1,000, per the User Guide. The final 

TFA value was selected by comparing each of the outputs to a real-world stream map, then 

selecting the one which is most consistent with true conditions (Sharp et al., 2018). This research 

used the USGS StreamStats tool for reference; however, it was used with caution as the software 

is known to skew outputs at smaller scales (USGS, 2020b). To ensure the best fit is acquired, the 

watersheds were also assessed using Google Earth Pro, making a visual comparison of streams. 

This preparatory process using RouteDEM refined the DEM, ready for further processing by 

InVEST’s DelineateIt tool (Sharp et al., 2018). 
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The DelineateIt model is instrumental in the process, as it takes the filled DEM file 

generated by RouteDEM and produces watershed polygons, a fundamental requirement for many 

of InVEST's freshwater models. These watershed polygons serve as the foundational units for 

aggregating ES outputs. Much of the modeling within InVEST relies on these delineated 

watersheds to analyze and quantify various ecological processes and services. Similar to 

RouteDEM, the inputs for the DelineateIt tool predominantly revolve around the input DEM and 

the user-specified TFA value (Sharp et al., 2019), as was outlined in Table 4-1. 

While the RouteDEM tool creates a filled stream network to test the DEM, DelineateIt 

utilizes the refined DEM data to generate well-defined watershed polygons. DelineateIt is an 

independent watershed modeling tool specifically designed for delineating watersheds for use 

throughout the InVEST application. This model starts by addressing hydrologic sinks to ensure 

accurate calculations throughout, after which it proceeds to compute flow direction and flow 

accumulation. PyGeoprocessing is used to route the DEM, in which the D8 algorithm is 

employed to trace the flow of water across the landscape, accounting for the topographic 

gradients between each pixel and its eight neighboring pixels (Sharp et al, 2018). 

Similar to the calibration process for RouteDEM, the TFA value is crucial for fine-tuning 

the DelineateIt model (Sharp et al, 2018). Values between 100 and 1,000 were again tested 

against real-world watershed geometries, with reference to data from StreamStats and satellite 

imagery (USGS, 2020b). The accuracy of the resulting watershed layer was evaluated by cross-

referencing the unique integer identifications ("ws_id") with actual streams, as detailed in the 

InVEST User Guide. Once the alignment of these identifications was confirmed and the TFA 

value that most accurately reflected the true network was selected, the DEM was deemed 

prepared for further manipulation (Sharp et al., 2018). 
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To tailor the DEM to the study sites, shapefiles of each HUC-12 watershed (Lake 

Frances/Illinois River Watershed and Tar Creek Watershed) were obtained from the USGS’ 

Science in Your Watershed tool (USGS, 2020a). Within the Tar Creek Watershed, the smaller 

UTW watershed was selected as the focal point for PTS evaluation, employing a delineated basin 

shapefile sourced from StreamStats (USGS, 2019). ArcGIS tools were used to generate a one-

kilometer buffer around each watershed polygon and a 100-meter buffer around each study site. 

These buffers acted as a guideline for all subsequent clipping operations, ensuring that sufficient 

data were preserved along the edges of each polygon, as outlined in the User Guide (Sharp et al., 

2018). 

4.3.3 InVEST Requirements: Sediment Delivery Ratio 

The Sediment Delivery Ratio (SDR) model is specifically engineered to evaluate 

sediment dynamics by quantifying the movement of sediment to streams through overland flow. 

This model gauges the retention capacity of vegetation, accounting for various input data such as 

land use and land cover (LULC) types, ground cover management, and various management 

practices (Table 4-2) (Sharp et al., 2018). 
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Table 4-2. Input requirements for the Sediment Delivery Ratio model (Sharp et al., 2018). 

SDR Inputs Input Type 

Input Value 

Source IRW UTW 

Digital Elevation Model (DEM) Raster (meters) 273-378 m 235-258 m USGS, 2019 

Land Use/Land Cover (LULC) Raster - Dewitz, 2023 

Erosivity (R) 
Raster 

MJ·mm/(ha·hr) 

1,448-

5,792 

1,422-

5,687 
SSURGO, 2022 

Soil Erodibility (K) 
Raster 

ton·ha·hr/(ha·MJ·mm) 
0.00-0.64 0.00-0.50 SSURGO, 2023 

Cover Management Factor 

(usle_c) 
Ratio 0.00-0.29 

Woznicki et al, 

2020 

Conservation Practice Factor 

(usle_p) 
Ratio 0.5-1.0 USDA-ARS, 1972 

Borselli K Parameter Number (unitless) 2 Sharp et al., 2018 

Borselli Connectivity Parameter 

(IC0) 
Number (unitless) 0.5 Sharp et al., 2018 

Maximum SDR (SDRMAX) Ratio 0.8 Sharp et al., 2018 

Maximum L (LMAX) Number (meters) 68 24 - 

 

ArcGIS Pro Raster Functions were applied to estimate input parameters according to the 

Revised Universal Soil Loss Equation (RUSLE), a widely utilized method for predicting water-

driven erosion and average annual soil loss (Sharp et al., 2018). Average annual precipitation 

values were calculated from Oklahoma Mesonet weather stations spanning from 2008 to 2022, 

compiled by the Oklahoma Climatological Survey (OCS). Rasters were generated (as 

necessitated by subsequent models) utilizing data from the Miami and Westville monitoring 

stations, assuming consistent values across each study area (OCS, 2023). 

The erosivity (R) factor, representing the intensity of rainfall contributing to erosion, was 

derived from the average annual precipitation data following the guidelines provided in the User 

Guide (Sharp et al., 2018). To compute the R factor, this research adopted the equation 

established by the US Department of Agriculture's (USDA) Agricultural Research Service 

(ARS), which accounts for regional geographical and climatic variations (Benavidez et al, 2018): 

R = (-823.8) + 5.213P    (1) 
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Where 𝑅 = erosivity (megajoule · millimeter hour-1 hectare-1 year-1) and 𝑃 = annual precipitation 

(millimeter year-1). To ensure the reliability of these estimations, global and national maps of 

rainfall erosivity were consulted. These maps revealed that the R values utilized in this study fall 

within a reasonable range of potential values (Panagos et al., 2017, McGehee et al., 2022). 

As directed by the User Guide, USDA's Natural Resources Conservation Service (NRCS) 

Soil Survey Geographic Database (SSURGO) was used as a primary source of soils data for this 

study (Sharp et al., 2018). To obtain regional datasets, the SSURGO Bulk Downloader was 

employed, enabling data extraction at the county level for each of the study sites. The IRW 

analysis required data for Adair (OK001), Benton (AR007), and Washington (AR143) counties, 

while the UTW analysis necessitated data for Ottawa (OK115) county. The SSURGO 

Downloader outputs a variety of features, but this analysis specifically relied on the 

"soilmu_a_[county code]" polygons. These polygons were instrumental in assigning a unique 

"MUKEY" code to each soil type within the areas of interest, allowing for easy referencing and 

application of Web Soil Survey (WSS) data to create soil maps for each study site. Polygon 

features were merged, if required, and then extracted by mask to match the buffer extent of each 

watershed. Within the ArcGIS Portal, the USA Soil Map Units SSURGO feature was used to 

generate individual soil maps for each watershed based on the unique MUKEY identification 

code field (USDA-NRCS SSURGO, 2022). 

The soil erodibility factor, K, is closely tied to soil texture, with clay-rich soils exhibiting 

lower erodibility compared to soils with higher proportions of sand and silt (Benavidez et al., 

2018). Bearing this relationship in mind, the SSURGO erodibility raster was first re-projected 

and then extracted for the respective watersheds. These extracted maps were examined for data 

gaps and inconsistencies. Notably, substantial gaps were observed within the UTW map, with 



28 

 

smaller gaps present throughout the IRW map. Consequently, additional processing steps were 

deemed necessary before the data were utilized in the model. To address these gaps, raster 

interpolation and union functions were applied, generating new erodibility rasters that 

encompassed the entirety of each watershed. The attribute tables of each map were reviewed to 

assess the accuracy of the interpolated data, ensuring that the gaps aligned with known soil 

properties, as indicated by the SSURGO estimates of clay content (USDA-NRCS SSURGO, 

2022). 

The Slope Length (LS) is a unitless gradient factor which encapsulates the combined 

influence of both slope length (L) and slope steepness (S) on erosion dynamics (Benavidez et al., 

2018). LS was calculated from the refined watershed DEMs using the ArcGIS Raster Calculator. 

From the review of approaches detailed by Ansari and Tayfur (2022), the methodology 

developed by Moore and Burch (1986) was employed, which entails the application of a series of 

GIS functions to generate an LS raster. This approach was chosen for its simplicity, while still 

maintaining theoretical underpinnings consistent with more recent, sophisticated methodologies 

proposed by Zhang et al. (2017) and Desmet and Govers (1996). These equations leverage flow 

accumulation and slope rasters to calculate each factor individually before combining them 

through multiplication to generate the LS raster: 

LS = L × S       (2) 

L = [(Flow Accumulation × Cell Size)/22.13]0.4  (3) 

S = [(Sin(Slope°) × 0.01745)/0.0896]1.3    (4) 

where L = slope length in meters and S = slope steepness in degrees (Ansari and Tayfur, 2022). 

Alternatively, a lumped parameter equation can be input into the Raster Calculator as follows: 

LS = Power("Flow_Accumulation"*Cell Size/22.13,0.4) 

         *Power(0.01745*(Sin("Slope_Degrees"))/0.0896,1.3)   (5) 
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Specific equations used in this research for the IRW and UTW comprise: 

LS_IRW = Power("flow_accum_IRW"*9.319731266905947/22.13,0.4) 

                  *Power(0.01745*(Sin("slope_degrees_IRW"))/0.0896,1.3)  (6) 

LS_UTW = Power("flow_accum_100_UTW_Copy"*9.319731266905901/22.13,0.4) 

                   *Power(0.01745*(Sin("slope_degrees_UTW")    (7) 

From the resulting LS rasters, the maximum allowable value for the LS parameter (LMAX) was 

determined to be 68 meters for IRW and 24 meters for UTW. 

InVEST models commonly necessitate a biophysical input table. The SDR model requires a 

biophysical input table containing the following fields: (1) lucode (LULC code), (2) usle_c 

(cover management factor), and (3) usle_p (support practice factor) (Sharp et al., 2018). 

To assess cover management and support practice factors accurately, comprehensive land use 

and land cover (LULC) maps for each watershed were derived using the latest data from the 

National Land Cover Database (NLCD) (Dewitz, 2023). The cell count for each class was then 

multiplied by the original cell size area of the LULC raster (90 square meters) to compute 

estimations of area on a square meter basis, later converted to hectares (Tables A1 and A2). 

The cover management factor (C) is a key component of the RUSLE equation 

(Benavidez et al., 2018). Woznicki et al. (2020) delineated its categorization based on LULC 

class with values ranging from 0 to 1. The C-factor represents erosion potential, with 0 denoting 

no erosion susceptibility and 1 signifying high erosion susceptibility (Sharp et al., 2018). In 

tandem with the C factor, the P factor, delineating support practices for erosion control, similarly 

adopts a ratio scale ranging from 0 to 1. A P factor of 1 indicates high erosion potential due to a 

lack of support practices, while a value of 0 signifies less erosion potential as a result of more 

effective conservation measures (Benavidez et al., 2018). These values were derived by 

consulting USDA-ARS (1972), which assigns P-factors based on both LULC class and percent 
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slope. To assess percentage slope, a raster was generated from SSURGO data, with its 

symbology reclassified to align with the USDA-ARS (1972) slope categories. Table A3 contains 

the final biophysical input table, denoting the land-cover management (usle_c) factors and 

conservation practice (usle_p) factors applicable to each LULC category. 

Finally, the SDR model was calibrated utilizing the recommended default value of 0.8 for 

the maximum theoretical SDR (SDRMAX) (Sharp et al., 2018). Another crucial parameter within 

the SDR model was the Borselli K parameter, which establishes the link between sediment 

inflow into the stream and the hydrologic connectivity index (IC0). In accordance with InVEST 

guidelines, both K and IC0 were set to their default values of 2 and 0.5, respectively (Sharp et al., 

2018). 

4.3.4 InVEST Requirements: Nutrient Delivery Ratio 

The Nutrient Delivery Ratio (NDR) model tracks and maps the transport of nutrients to 

streams. The input parameters from Table 4-3 were used to model the ES of nutrient retention, 

quantified based on estimates of point sources, including industrial waste and wastewater 

effluent, as well as non-point sources stemming from agricultural fields and residential areas 

(Sharp et al., 2018). 
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Table 4-3. Input requirements for the Nutrient Delivery Ratio model (Sharp et al, 2018). 

NDR Inputs Input Type 

Input Value 

Source IRW UTW 

Digital Elevation Model (DEM) Raster (meters) 273-378 m 235-258 m USGS, 2019 

Land Use/Land Cover (LULC) Raster - Dewitz, 2023 

Nutrient Runoff Proxy (RP) Raster (unitless) 1,269 1,249 OCS, 2023 

Phosphorus Load (load_p) Number (kg×(ha×yr)-1) 0.30 0.10-4.46 

Han et al., 2021, 

Yepez and Nairn, 

2012 

Maximum Phosphorus 

Retention Efficiency (eff_p) 
Number (kg×(ha×yr)-1) 0.15-0.80 0.15-0.88 

Han et al., 2021, 

Yepez and Nairn, 

2012 

Phosphorus Critical Retention 

Length (crit_lens_p) 
Number (meters) 1.00-30.00 

Daigneault et al., 

2018 

Nitrogen Load (load_n) Number (kg×(ha×yr)-1) 2.40 2.20-66.00 

Han et al., 2021, 

Yepez and Nairn, 

2012 

Maximum Nitrogen Retention 

Efficiency (eff_n) 
Number (kg×(ha×yr)-1) 0.08-0.85 0.08-0.70 

Han et al., 2021, 

Yepez and Nairn, 

2012 

Nitrogen Critical Retention 

Length (crit_lens_n) 
Number (meters) 1.00-30.00 

Daigneault et al., 

2018 

Dissolved Nitrogen 

(prop_subsurface_n) 
Ratio 0.00-0.8 Sharp et al., 2018 

Borselli K Parameter Number (unitless) 2 Sharp et al., 2018 

Subsurface Critical Length 

(Nitrogen) 
Number (meters) 150 

Hooftman et al., 

2023 

Subsurface Maximum Retention 

Efficiency (Nitrogen) 
Number (unitless) 0.8 

Hooftman et al., 

2023 

The Nutrient Runoff Proxy (RP) raster, which signifies the potential for nutrient transport 

via runoff, was set equal to average annual precipitation to be normalized by the model (Sharp et 

al., 2018). Apart from obtaining the average annual precipitation estimate from Oklahoma 

Mesonet data (OCS, 2023), as discussed in the SDR model section, minimal manipulation was 

required on the part of the practitioner (Sharp et al., 2018). 

The NDR biophysical input table requires a range of water quality parameters, sourced 

from the literature and assigned based on LULC class. These parameters include influent 

phosphorus and nitrogen loadings, percent retention efficiencies, critical distances for maximum 
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retention efficiencies, and proportional dissolved subsurface retention for nitrogen only (Sharp et 

al., 2018). 

Nutrient parameters for each study watershed were sourced from various relevant 

literature. Values for total phosphorus and nitrogen loads were obtained from Storm et al. (2000), 

which employs the Soil and Water Assessment Tool (SWAT) to estimate nonpoint source nutrient 

by 11-digit HUC watershed and LULC class for the state of Oklahoma. Average annual total 

nitrogen and phosphorus exports in kilograms per hectare per year used are listed in Tables 4-7 

and 4-8. For open water classes, values for wetlands for each watershed were used. 

Retention efficiencies (ret_eff) by LULC class for each watershed were derived from Han 

et al. (2021). Critical retention length (crit_len) estimates in meters were derived from 

Daigneault et al. (2018), a pertinent study conducted by The Nature Conservancy. Following 

InVEST recommendations, a value of 0.8 was assigned for subsurface dissolved nitrogen 

retention (DI) in vegetated LULC classes, while a value of 0 was assigned for unvegetated 

LULC classes. Subsurface critical length represents the distance at which soil retention reaches 

maximum capacity, and subsurface maximum retention efficiency is the peak efficiency for 

subsurface flow (Sharp et al., 2018). These parameters apply to nitrogen only and were obtained 

from Hooftman et al. (2023). Values for each watershed can be found in Tables A4 and A5. 

4.3.5 InVEST Requirements: Annual Water Yield 

The Annual Water Yield (AWY) model assesses the ES of freshwater provision by 

estimating the contributions to water yield from different LULC classes across a landscape. The 

output offers valuable insights into the impact of land use on water yield, considering factors 

such as soil-water characteristics, seasonal variations, and vegetative coverage (Table 4-4) (Sharp 

et al., 2018). 
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Table 4-4. Input requirements for the AWY model (Sharp et al., 2018). 

AWY Inputs Input Type 

Input Value 

Source IRW UTW 

Digital Elevation Model (DEM) Raster (meters) 273-378 m 235-258 m USGS, 2019 

Land Use/Land Cover (LULC) Raster - Dewitz, 2023 

Average Precipitation Raster (mm×yr-1) 1,269 1,249 OCS, 2023 

Annual Evapotranspiration Raster (mm) 20.00 21 OCS, 2023 

Root Restricting Zone Depth Raster (mm) 180-1,500 
1,140-

1,500 
SSURGO, 2022 

Plant Available Water Content Raster (unitless) 
0.074-

0.220 

0.160-

0.200 
SSURGO, 2022 

Vegetation Indicator (lulc_veg) Number (unitless) 0-1 Sharp et al., 2018 

Maximum Root Depth 

(root_depth) 
Number (mm) 495-1,303 

1,140-

1,500 
SSURGO, 2022 

Crop Coefficient (Kc) Number (unitless) 0.26-1.10 
FAO, 2017; Sharp 

et al., 2018 

Seasonality (Z) Parameter Number (unitless) 12 
Yang et al., 2019; 

Hamel et al., 2015 

The initial step for AWY involves generating the annual evapotranspiration raster. 

Utilizing the average annual precipitation raster derived from data collected at the Miami and 

Westville monitoring stations (OCS, 2023), a reference evapotranspiration (ET0) raster was 

generated. As outlined in the User Guide, ET0 can be computed using the modified Hargreaves' 

equation, as follows (Sharp et al., 2018): 

ET0 = 0.0005304 × RA × (TAVG + 17) × (TD – 0.0123P)0.76   (8) 

Where, RA = extraterrestrial radiation (Megajoule meters-2 day-1), TAVG = average temperature 

per month (°C), TD = difference between mean daily maximum and mean daily minimum 

temperature per month (°C), and P = precipitation (millimeters day-1). Parameters were derived 

from the Oklahoma Mesonet data for long-term averages (OCS, 2023). Table A6 presents the 

calculated values for each month spanning from 2008 to 2022 (OCS, 2023). 

Rasters for root-restricting zone depth and plant-available water content were created 

using SSURGO soil maps. The UTW extent displayed several null values for mining land (Mp) 

map units. Considering that highly compacted mine soils, under worst-case conditions, typically 
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offer less than two feet of effective rooting depth, a value of 98 was assigned to each Mp map 

unit (Sheoran et al., 2010). Additionally, within the IRW, various infrastructure features such as 

pits or dams also contained null values. In such cases, the lowest value within the IRW range was 

assigned. Furthermore, both the UTW and IRW soil maps had null values for water (W) map 

units, which were addressed by averaging the surrounding map units for each null data point. The 

root-restricting zone depth, initially provided in centimeters, was converted to millimeters to 

align with InVEST requirements (NRCS-USDA SSURGO, 2022). 

The plant-available water content field was computed by dividing the Root Zone 

Available Water Storage, an estimate of volumetric plant-available water, by the soil depth to the 

root-restricting zone (NRCS-USDA SSURGO, 2022). Similar to the process for root-restricting 

zone depth, these data were examined for null or missing values. If necessary, such values were 

filled as described above. The final input maps were then prepared in raster format using the 

Polygon to Raster function. 

The biophysical input table required by the AWY model requires the following fields: (1) 

lucode (LULC code), (2) lulc_veg (0 = no vegetation, 1 = some vegetation) (3) root_depth 

(maximum root depth), and (4) kc (evapotranspiration coefficients). A code indicating the 

presence or absence of vegetation for each LULC class was required to determine actual 

evapotranspiration (AET). Presence was denoted by 1 and absence by 0, reflecting the dominant 

condition of each class. However, InVEST specifies that all wetlands and urban areas should be 

assigned a value of 0, as the model's calculations are optimized under this assumption (Sharp et 

al., 2018). Furthermore, the maximum root depth was acquired from the root depth raster, 

selecting maximum values which correlate to each LULC class. 
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The evapotranspiration coefficient (kc) values, often called crop coefficients, were obtained 

to represent each of the LULC classes. In most cases, values were derived from the Food and 

Agriculture Organization (FAO), where the coefficients by growth stage (kcini, kcmid, kcend) were 

converted to an annual average (FAO, 2017). The kc calculator provided by InVEST was then 

used to calculate the values. For barren land cover, the kc value was set to 0.5, as suggested by 

InVEST (Sharp et al., 2018). The kc values for developed classes were determined using 

Equation 9: 

Urban KC = f × 0.1 + [(1 – f) × 0.6]     (9) 

where f is the percent of impervious cover for the focus urban land cover (Sharp et al., 2018). 

The percentage of impervious surface within each developed class was derived from the 

standard NLCD classification. According to this classification, the imperviousness factor (f) falls 

within specific ranges: up to 20% for open space, 20-49% for low intensity, 50-79% for medium 

intensity, and 80% or more for high intensity (Dewitz, 2023). To assign values to f, comparisons 

were made between the LULC map and a map of percent impervious surfaces. The f values were 

0.1 for open space, 0.3 for low intensity development, 0.7 for medium intensity development, 

and 0.9 for high intensity development. Tables A7 and A8 present the results of these calculations 

alongside other biophysical table components. 

The seasonality parameter (Z) is an empirical constant ranging between 1 and 30, which 

captures the nuanced seasonal heterogeneity influencing hydrologic dynamics. The Z parameter 

was used to calibrate the model. Drawing from recommendations in the literature (Yang et al., 

2019; Hamel et al., 2015), values of 7, 12, and 22 were chosen for comparison and evaluation. 

The water demand table serves as an optional input crucial for allocating consumptive 

water use estimates across various LULC classes. This allocation is typically based on localized 
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insights into water supply and demand dynamics. Numerous methodologies exist for estimating 

the volume of water extracted or reallocated by each LULC class (Sharp et al., 2018). Given the 

intricate expertise and extensive dedication required for an exhaustive water budget analysis of 

each study watershed, a simplified approach was adopted. 

County-level statistics derived from the USGS’ 2015 national water use estimates were 

employed. This study only utilized estimates of agricultural and urban water use, in line with 

InVEST recommendations, which suggest estimating water use across agricultural, urban, and 

industrial sectors (Sharp et al., 2018). Although an attempt was made to investigate the water use 

of industrial sectors, the lack of sufficient data made inclusion of this aspect unfeasible. 

In the case of urban classes, water use was assessed on a per-person basis and then 

multiplied by the population per raster cell to ascertain water consumption within the watershed 

area for each county. In estimating agricultural water use, the values assume that all allocated 

water, whether for agricultural crops or livestock, does not return to the watershed. These values 

were calculated on a per pixel basis, independent of population. Looking ahead, as records of 

reclaimed water resources become accessible, additional calculations can incorporate the impact 

of recycled water. Throughout these calculations, it was assumed that water use was evenly 

distributed across each relevant land use class and that population was consistent across each 

county area (Sharp et al., 2018). 

As the values do not directly align with any singular LULC classification, certain 

assumptions were necessary for their allocation. As outlined in Table A9, for each county, 

agricultural water use estimates were assigned to the Hay/Pasture and Cultivated Crops LULC 

classes. Meanwhile, combined public and domestic supply were attributed to all urban classes, 
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irrespective of the intensity of development. Table A10 offers an overview of total water usage 

by watershed. 

4.3.6 InVEST Requirements: Carbon Storage and Sequestration 

The Carbon Storage and Sequestration (CSS) model evaluates carbon stored or 

sequestered over time within terrestrial ecosystems by examining carbon density. This model 

simplifies carbon dynamics by assessing four primary carbon pools (aboveground biomass, 

belowground biomass, soil, and dead matter) for each LULC class (Sharp et al., 2018). Refer to 

Table 4-5 for input requirements and the values employed in this study. 

Table 4-5. Input requirements for the CSS model (Sharp et al., 2018). 

CSS Inputs Input Type 

Input Value 

Source IRW UTW 

Land Use/Land Cover (LULC) Raster - Dewitz, 2023 

Aboveground Carbon Density 

(c_above) 
Number (Mg×ha-1) 0.00-49.28 See Table 4-18 

Belowground Carbon Density 

(c_below) 
Number (Mg×ha-1) 0.00-14.66 See Table 4-18 

Soil Carbon Density (c_soil) Number (Mg×ha-1) 0.00-99.91 See Table 4-18 

Dead Carbon Density (c_dead) Number (Mg×ha-1) 0.00-20.5 See Table 4-18 

Carbon density, also known as biomass density, denotes the measure of carbon stock per 

unit area, typically expressed in metric tonnes (or megagrams) per hectare. The CSS biophysical 

input table requires values of average carbon storage per each LULC class, determining total 

carbon stored based on estimates from aboveground biomass (AGB), belowground biomass 

(BGB), soil, and dead matter. While data for aboveground and belowground soil carbon stocks 

are generally accessible, and soil organic carbon can be acquired from SSURGO data, 

information on dead carbon matter is not frequently included in carbon analyses (Sharp et al., 

2018). Obtaining regional data is complicated by the fact that most available data are provided at 

the country to continent-level scale. 
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Although site-specific data on carbon storage to generate local field estimates for each 

carbon pool is preferred, this study used values derived from literature (Sharp et al., 2018). Scant 

information is available for soil carbon densities specific to each LULC class for either of the 

study sites. However, diverse data on carbon pools per LULC type are available for semi-arid, 

temperate climates. A variety of studies were consulted to establish baseline estimates for each 

watershed. 

Baseline carbon stock ranges for the US were established using density data outlined by 

Tan et al. (2015). These ranges were developed by US agencies, providing a comprehensive 

carbon stock estimate per unit area for each LULC class that aligns with recommendations put 

out by the IPCC. Estimates for AGB, BGB, soil and dead carbon pools (Table A11) were derived 

from various literature sources (Table A12). 

4.3.7 InVEST Requirements: Habitat Quality 

The InVEST Habitat Quality (HQ) model assesses habitat quality by analyzing the spatial 

distribution of LULC alongside potential threats to local biodiversity. Although biodiversity itself 

is not classified as an ES, it plays a crucial role in ES production. The HQ model offers estimates 

of landscape degradation extent, offering crucial insights to guide conservation strategies and 

priorities. Detailed inputs for this model are outlined in Table 4-6 (Sharp et al., 2018). 
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Table 4-6. Input requirements for the HQ model (Sharp et al., 2018). 

HQ Inputs Input Type 

Input Value 

Source IRW UTW 

Digital Elevation Model (DEM) Raster (meters) 273-378 m 235-258 m USGS, 2019 

Land Use/Land Cover (LULC) Raster - Dewitz, 2023 

Name of Threats Text 

Roads, 

dairy, beef, 

poultry, 

swine, 

wastewater 

Roads, 

mine 

discharges 

Ma et al., 2022, 

USDA, 2017; 

EPA, 2023, 

OSMF, 2018 

Maximum Distance of Threat 

Impact (max_dist) 
Number (meters) 10-100 10 See Table 1-19 

Weight of Threat Impact 

(weight) 
Number (unitless) 0.6-0.8 See Table 1-19 

Type of Threat Decay (decay) Exponential/linear Exponential Sharp et al., 2018 

Threats Map Raster - 

Ma et al., 2022, 

USDA, 2017; 

EPA, 2023, 

OSMF, 2018 

Habitat Suitability (habitat) Ratio 0.3-1.0 
Chen et al., 2023; 

Wang et al., 2023 

Relative Sensitivity to Threat Ratio 0.2-0.8 

Ma et al., 2022, 

USDA, 2017; 

EPA, 2023 

Half Saturation Constant (k) Number (unitless) 0.5 Sharp et al., 2018 

The central component of the HQ model is the threats table, detailing critical habitat 

threats, including the type of threat (threat), the distance over which the threat extends its impact 

(max_dist), and the relative importance or weight assigned to each threat impact (weight) (Sharp 

et al., 2018). In this study, site-specific threats were chosen based on local knowledge of the 

watershed areas. The selected threats for each site were mapped using various sources to inform 

estimations of threat weight and habitat sensitivity parameters, ultimately developing a threat 

distribution raster. 

Paved roads are a common urban threat to biodiversity. As such, they were incorporated 

for both watersheds to establish a baseline for determining threat weights for each site-specific 

concern. Polygon features for roads were derived from Open Street Maps data for Oklahoma and 

Arkansas, and these features were clipped to the areas of interest (OSMF, 2018). 
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The IRW area confronts a multitude of habitat threats, most prominently, agricultural 

activities and wastewater facilities. Among agricultural threats, operations such as swine, cattle, 

and poultry farming stand out. To evaluate agricultural threats, comprehensive data on operations 

by county as of 2017, encompassing dairy and beef cattle, poultry, and swine lots, were procured 

from the USEPA’s EnviroAtlas (2022). Data on the size and distribution of wastewater facilities 

were obtained from the USEPA's facility registry system (2023). However, mapping revealed no 

facilities within the watershed area, posing a significant challenge in assessing potential threats. 

In the UTW area, pollution stemming from mine water discharge emerges as the primary 

concern affecting local habitats. Using Google Earth, discharge points were pinpointed and 

mapped, with resulting data exported to ArcGIS to produce a threats raster specific to the UTW. 

The raster reveals the presence of six discharge points spanning the UTW region, with three 

located in SECPTS and three in MRPTS. 

Threat weights were assigned based on their expected ecological impact compared to a 

baseline weight obtained for roads from Ma et al. (2022). For roads, a distance of ten kilometers 

was assigned. For the IRW, a distance of 100 kilometers was used to account for water quality 

impacts downstream. For the UTW, a 10-kilometer distance was used for all threats to capture 

the effects of mine pollution and urbanization across individual sites with minimal overlap. The 

decay function utilized for all threats followed an exponential pattern, effectively modulating the 

spatial influence of threats. This function accounts for diminishing effects as distance from the 

point of impact increases, reaching its maximum impact distance (Sharp et al., 2018). More 

detailed information regarding these site-specific threats can be found in Tables A13 and A14. 

The HQ model necessitates an additional input table to define the suitability of each 

habitat for wildlife and the vulnerability of these habitats to specific threats. For each LULC 
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class, habitat suitability was represented by a ratio ranging from 0 (unsuitable for species) to 1 

(highly suitable for species) (Sharp et al., 2018). These values were derived from Chen et al. 

(2023). The sensitivity ratios also range from 0 to 1, estimating the impact of a threat on habitats 

per LULC class (Sharp et al., 2018). Sensitivity values for most LULC classes were derived from 

Ma et al. (2022), whereas wetland sensitivity values were sourced from Wang et al. (2023). 

In the context of the IRW area, the relative sensitivity of habitats to specific agricultural 

threats was delineated using USDA data on swine, poultry, beef, and dairy cattle operations 

(USDA, 2017). The sensitivity weights were divided into three classes, each signifying varying 

levels of impact. The lowest class received a ratio of 0.4, the intermediate class was allotted a 

ratio of 0.6, and the highest class was assigned a ratio of 0.8. These ratios were then aligned with 

each LULC class through the overlay of ArcGIS rasters to estimate prevailing conditions 

(USDA, 2017). 

Regarding wastewater discharge, sensitivity values were determined based on the 

USEPA's facility registry system for wastewater operations, factoring in facility distribution and 

size within each LULC class to assign relative values ranging from 0.4 to 0.8 (USEPA, 2023). 

Detailed indicators for habitat suitability and sensitivity specific to the IRW site are outlined in 

Table A15. 

For mining discharges across all LULC classes throughout the UTW site, sensitivity 

estimates were established at 0.8, reflecting the significant ecological impact typically associated 

with such discharges. While a sensitivity value of 1 would be justified for areas directly impacted 

by mining activities due to their heightened potential for ecological harm, a ratio of 0.8 was 

employed to acknowledge the partial mitigation of sensitivity resulting from containment efforts 
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provided by the PTSs. Detailed indicators delineating suitability and sensitivity at the PTS site 

can be referenced in Table A16. 

Last of the HQ required inputs, the half-saturation (k) constant was an essential parameter 

for the decay function. Following InVEST recommendation, this was initially set at 0.05, 

however, adjustments were made during model calibration to optimize results (Sharp et al., 

2018). 

4.3.8 InVEST Requirements: Urban Stormwater Retention 

The Urban Stormwater Retention (USWR) model employs a generalized urban water 

balance equation to estimate surface runoff, runoff retention, and retention values (Sharp et al., 

2018). The model was exclusively used for the IRW extent, as stormwater retention was not 

relevant to the objectives of the PTS sites within the UTW. The requirements and IRW inputs for 

the USWR model are detailed in Table 4-7. 

Table 4-7. Input requirements for the USWR model (Sharp et al., 2018). 

USWR Inputs Input Type 

Input Value 

Source IRW 

Land Use/Land Cover (LULC) Raster - 
Dewitz, 

2023 

Soil Hydrologic Groups Raster (A-D) - 
SSURGO, 

2022 

Runoff Coefficient for Soil 

Group A (rc_a) 
Ratio 0.00-0.88 

Meixler et 

al., 2010 

Runoff Coefficient for Soil 

Group B (rc_b) 
Ratio 0.00-0.89 

Meixler et 

al., 2010 

Runoff Coefficient for Soil 

Group C (rc_c) 
Ratio 0.00-0.89 

Meixler et 

al., 2010 

Runoff Coefficient for Soil 

Group D (rc_d) 
Ratio 0.00-0.89 

Meixler et 

al., 2010 

Road Centerlines Shapefile - 
OSMF, 

2018 

Replacement Cost $/m3 5.3 
OSMF, 

2018 

Average Precipitation Raster (mm×yr-1) 1,269 
OCS, 

2023 
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The USWR input table requires runoff coefficient ratios for each of the relevant soil 

groups, a parameter which is based on hydrologic soil groups. Hydrologic soil groups, labeled as 

A, B, C, and D in USDA SSURGO data, needed to be translated into numeric values for 

InVEST. This translation was done by exporting soil map data to an Excel table and using if/then 

equations to assign values (USDA-ARS, SSURGO, 2022). For areas with missing data in the 

IRW dataset, the predominant soil group "D" was assigned. A new field called "Hydro_Code" 

was added to the attribute table of the SSURGO map to store these assigned values and export 

raster data. Then, to assign stormwater runoff coefficients per LULC class, estimates were 

produced based on curve numbers per soil group. Values used (Table A17) were acquired from 

Meixler et al. (2010). 

InVEST’s USWR model employs a replacement cost method to estimate the value of a 

natural feature's retention service based on the equivalent cost of stormwater retention devices. 

This value can be extracted from either best management practices (BMP) cost estimates or 

green infrastructure construction costs (Sharp et al., 2018). Focusing the analysis on the retention 

capacity of the Lake Frances floodplain within the IRW, construction costs for bioretention cells 

were derived from the USEPA's Costs and Benefits of Storm Water BMPs, providing a 

replacement value of approximately $5.30 per cubic meter of basin (USEPA, 1997). 

4.3.9 InVEST Requirements: Urban Flood Risk Mitigation 

The Urban Flood Risk Mitigation (UFRM) model, though similar to the USWR model, is 

distinct in its exclusive focus on runoff retention. It aims to emphasize the benefits of natural 

infrastructure, like floodplains or constructed wetlands, to effectively mitigate flood hazards. 

Implemented in both study sites, the UFRM model primarily evaluates the available space for 
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water storage in floodplains or basins (Sharp et al., 2018). Detailed input requirements for the 

UFRM model can be referenced in Table 4-8. 

Table 4-8. Input requirements for the UFRM model (Sharp et al., 2018). 

UFRM Inputs Input Type 

Input Value 

Source IRW UTW 

Land Use/Land Cover (LULC) Raster 273-378 m 235-258 m Dewitz, 2023 

Soil Hydrologic Groups Raster - SSURGO, 2022 

Curve Number Group A (cn_a) Ratio 30-89 
USDA-NRCS, 

2004 

Curve Number Group B (cn_b) Ratio 55-92 
USDA-NRCS, 

2004 

Curve Number Group C (cn_c) Ratio 70-94 
USDA-NRCS, 

2004 

Curve Number Group D (cn_d) Ratio 77-95 
USDA-NRCS, 

2004 

Rainfall Depth (P) Number (mm) 16.8-142 16.9-146 OCS, 2023 

Rainfall data for flood risk events was sourced from the National Oceanic and 

Atmospheric Administration’s (NOAA) National Weather Station (NWS) Precipitation 

Frequency Data Server (PFDS) (NWS-NOAA, 2017). For both watershed locations, data were 

provided for a 10-year return period, covering two storm durations: 5-minute high-intensity 

storms and 24-hour moderate-intensity storms. For the Watts, Oklahoma station (ID: 34-9382), 

the 10-year return period yields 0.661 inches (16.79 mm) for 5-minute storms and 5.57 inches 

(141.48 mm) for 24-hour storms. Meanwhile, the Miami, Oklahoma station (ID: 86-0081) 

reports 0.665 inches (16.89 mm) for 5-minute storms and 5.73 inches (145.54 mm) for 24-hour 

storms in a 10-year return scenario (NWS-NOAA, 2017). 

Curve numbers (CN) (Table A18) were determined based on hydrologic soil groups for 

each site. Assumptions reflect the dominant conditions for each LULC class. For developed 

areas, it was assumed that 85% of surfaces are impervious. To provide a conservative estimate, 

LULC classes such as hay/pasture, herbaceous, scrub-shrub, and woody were presumed to be in 

"Fair Condition." In recognition of the growing trend toward regenerative and sustainable 
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agriculture, cultivated cropland and wetlands were categorized as being in "Good Condition." 

Barren land was depicted as bare soil, representing a worst-case scenario for this class (USDA-

NRCS, 2004). 

4.3.10 ESII Setup 

The ESII tool has two workspaces, including a web interface and a mobile application 

(TNC et al., 2016). In this study, the web interface served as the primary platform for site 

preparation and data processing, while the mobile application played a crucial role in facilitating 

field data collection. 

The desktop version of the application was employed to begin an analysis at the site-

scale, with three sites designated for Lake Frances, MRPTS, and SECPTS. Site boundaries were 

preliminarily delineated to encompass the respective areas for analysis. Subsequently, within 

each site, a Data Collection Effort (DCE) was established by outlining boundaries around the 

specific focus area targeted for analysis. To further refine the analysis, map units were 

incorporated to denote even smaller units within a DCE, segmented based on areas featuring 

similar habitat features (TNC et al., 2016). 

The DCE for the Lake Frances site was focused on the southern floodplain, due to limited 

site accessibility. For both MRPTS and SECPTS, site boundaries included a large extent of the 

surrounding terrestrial landscape, but each DCE focused only on the PTS. For MRPTS, ten map 

units were established, representing each of the individual process units. For SECPTS, 

boundaries for map units were drawn around each of the four process units. Map units at Lake 

Frances were developed in the field after establishing similar habitats, considering that aerial 

imagery would mistakenly assume a single habitat type across the entirety of the DCE. Lake 

Frances was initially divided into six total map units based on initial site reconnaissance; 
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however, after collecting primary data, the inputs were normalized across three dominant habitat 

types, ultimately aligning with the site’s vegetative characteristics, hydrologic regimes and 

elevation profile. 

4.3.11 ESII Requirements: Regional Inputs 

Requirements for the ESII tool include a mixture of primary and secondary data. 

Although some of the secondary data inputs are based on inputs used for the InVEST tool, most 

are determined using ESII’s User Guide recommendations in order to assess user friendliness 

(TNC et al., 2016). 

Once sites were set up, regional data, called Site Questions, were required, with a total of 

13 inputs (TNC et al., 2016). Of these site questions, the majority were climatological data, with 

the exception of two questions that were related to air and water quality. The first three of these 

parameters required data on summer maximum high temperature (°F), annual average 

temperature (°F), and the annual average precipitation in inches. As recommended by ESII, data 

were obtained from the nearest NOAA weather stations, using the Miami and Westville, 

Oklahoma sites for reference (TNC et al., 2016; NWS-NOAA, 2017). 

Average annual solar radiation, measured in kilowatts per meter per day, was obtained by 

zooming into each site using data from the National Solar Radiation Database (Sengupta et al., 

2018). Additionally, average precipitation estimates for 24-hour durations corresponding to both 

25- and 2-year storm events were sourced from NWS-NOAA’s Precipitation Frequency Data 

Server (PFDS) (TNC et al., 2016; NWS-NOAA, 2017). Further details regarding precipitation 

data can be found in the InVEST section. 

To ascertain the suitable wind power class in meters per second, the regional wind speed 

was estimated utilizing a map of annual average wind speeds sourced from the National 
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Renewable Energy Laboratory, as recommended by ESII guidelines (NREL, 2017; TNC et al., 

2016). Based on this analysis, the average wind speed was found to be approximately between 5 

to 5.9 meters per second. According to NREL's wind power classification system, this places all 

sites within wind class 4, indicating a "good" resource potential (NREL, 2009). 

To determine the average number of days per growing season at each site, ESII suggests 

referencing a global raster of length of growing period (LGP) zones (TNC et al., 2016). 

Specifically, for Lake Frances, the LGP fell between 210 and 239 days, whereas for the PTS 

sites, it ranged between 180 and 209 days (Van Velthuizen et al., 2007). To derive the final input 

values, the average of these LGP ranges was computed. 

Mean annual relative humidity percentages were sourced from NOAA’s National Centers 

for Environmental Information (NCEI) data tables on comparative climatological data, obtained 

from the nearest site to each location (NOAA-NCEI, 2018). Additionally, ESII necessitates 

maximum monthly values for average solar radiation, measured in British thermal units per 

square foot per day (BTU/ft2/d). These specific values were extracted from the NREL Solar 

Radiation Data Manual for Buildings (NREL, 1995). 

Average nitrogen and particulate matter removal rates in pounds per acre per year 

(lbs/acre/yr) were the final two requirements for regional data. For these data, state-level 

estimates are provided by ESII and suggested for use (TNC et al., 2016). Table 4-27 lists the site 

questions and regional inputs used. 
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Table 4-9. Regional requirements for Lake Frances and both passive treatment systems (TNC et 

al., 2016). 

Regional Inputs Units 

Input Value 

Source LF PTS 

Maximum Average Temperature 

(Summer) 
°F 88.6 89.8 NWS-NOAA, 2017 

Average Temperature (Summer) °F 77.6 78.7 NWS-NOAA, 2017 

Average Precipitation (Annual) Inches 45.43 44.00 NWS-NOAA, 2017 

Average Solar Radiation (Annual) kWh/m/day  4-4.5  4-5 Sengupta et al., 2018  

Average Precipitation Expected in 

24 hrs for a 25-year Storm Event 
Inches 6.62 6.92 NWS-NOAA, 2017 

Average Precipitation Expected in 

24 hrs for a 2-year Storm Event 
Inches 4.00 3.96 NWS-NOAA, 2017 

Wind Power Class Class 4 4 NREL, 2017 

Average Length of Growing 

Season 
Days 225 195 

Van Velthuizen et 

al., 2007 

Latitude Degrees 70.5 68.5 Google Earth 

Average Relative Humidity 

(Annual) 
Percent 0.705 0.685 NOAA-NCEI, 2018 

Max. Average Incidental Solar 

Radiation Monthly Value 
BTU/ft2/day 2100 2110 NREL, 1995 

Average Particulate Matter (PM10) 

Removal Rate 
lbs/ac/yr 4.66 4.35 TNC et al., 2016 

Average Nitrogen Removal Rate lbs/ac/yr 26.1 25.5 TNC et al., 2016 

For more in-depth, site-specific analyses, survey questions were answered in the field per 

each map unit of each site. This included a total of 69 questions per map unit. The survey 

questions for the ESII tool are categorized within four dominant categories by type: (1) habitat, 

(2) vegetation, (3) surface, and (4) screen (TNC et al., 2016). Each of these categories and what 

inputs are required for each are described in greater detail below. 

4.3.12 ESII Requirements: Habitat Survey 

The habitat survey questions offer insights to help characterize each map unit per site 

based on prevailing habitat conditions (TNC et al., 2016). Each of the habitat survey questions 

and their corresponding responses are provided in Table B1. 



49 

 

Broadly, primary habitat type options include (1) undeveloped or agricultural, (2) 

developed or managed, and (3) aquatic. Within each category lie sub-categories, or secondary 

habitat types, allowing for more nuanced descriptions of each map unit habitat, such as mixed 

forest or man-made aquatic structures (TNC et al., 2016). 

At Lake Frances, most map units belong to the category of undeveloped or agricultural 

land, with secondary habitat selections including both “Forest” and “Wet Areas.” Additionally, an 

inner channel runs between the main floodplain and higher elevation land, characterized as 

aquatic, with a secondary habitat selection of “Stream/River (Perennial).” For MRPTS and 

SECPTS, the primary category for all map units was aquatic. The most pertinent secondary 

habitat identified was “other aquatic habitat or man-made aquatic structures.” 

4.3.13 ESII Requirements: Vegetation Survey Questions 

The vegetation survey questions included a wide range of input requirements, mostly 

pertaining to the dominant types and conditions of vegetation per each map unit (TNC et al., 

2016). The vegetation survey questions and corresponding inputs for Lake Frances and the PTSs 

are outlined in Table B2. 

While visual estimates constituted the primary method for answering vegetation-related 

questions, certain inputs necessitated specific ranges of vegetation height. To ensure accurate 

characterization and prevent oversimplification of data for the selected sites, primary data 

collection was conducted to provide a more detailed understanding of terrestrial vegetation and 

soil characteristics. At the PTS sites, vegetative features were either directly measured or visually 

estimated in the field, following the ESII field guide (TNC et al., 2016). Conversely, the diverse 

and intricate habitats of the Lake Frances site demanded a more thorough vegetative analysis. 
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Expanding on the vegetation survey conducted at the Lake Frances site, habitat 

vegetation was characterized following protocols outlined by the USEPA for assessing wetland 

vegetation as a proxy for ecosystem condition (USEPA, 2002). The National Riparian Core 

Protocol (Merritt et al., 2017) was also integrated where applicable. In preparation for field 

sampling, sites were mapped, primarily using Google Earth and ArcGIS. Other GIS resources 

were also integrated as needed, including the National Wetlands Inventory Mapper (USFWS, 

2019), the USDA NRCS Gateway (NRCS, 2023), and the USGS EarthExplorer (Water 

Resources Mission Area, 2022). Trendlines were then drawn to identify sampling transects, 

following the valley formation, channel orientation or other topographical features present at 

each site. Perpendicular lines were added across the trendline, creating transects from which 

sampling locations were roughly distributed across the site (Figure 4-8) (Merritt et al., 2017). 

 

Figure 4-8. Lake Frances (point i) locations for vegetation and soil sampling. 
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The point-quarter method was employed to derive ground estimates of forest density at Lake 

Frances. Random points were selected along the transects, and at each point, the area was 

divided into 90° hemispheres, resulting in four quarters or areas for analysis. Within each 

hemisphere, the nearest tree was identified, and the distances between the center point and the 

nearest trees were recorded, resulting in a total of four distance measurements (USEPA, 2002). 

From these data, estimates of population density (Np), population density variance, and standard 

error were calculated. Specifically, the population density (Np), variance, and standard error 

calculations were based on the number of points (n) and the distances between point i and the 

nearest tree in hemisphere j (r2ij) (USEPA, 2002), where: 

(1) Np = [4 × (4n - 1)] / ( × r2ij) 

(2) Variance Np = Np
2 / [4 × (4n - 1)] 

(3) Standard Error Np = (Variance Np / 4n)1/2 

At each point, for each 90° quadrant, additional measurements were taken to characterize 

woody and herbaceous vegetation, applying the Riparian Core field sampling protocol (Merritt et 

al., 2017). For each nearest tree, measurements of tree diameter and stem diameter at breast 

height (about 1.37 meters) were recorded (USEPA, 2002; Merritt et al., 2017). 

Further investigation was conducted to characterize representative strata of vegetation, 

including trees, shrubs, and grass-like species. Functional species groups were categorized by 

relative height, where grass-like species (hereon grasses) were characterized by low vegetation 

(< 1.5 meters), shrubs by mid-story vegetation (1.5-5 meters), and trees by canopy (> 5 meters) 

(Merritt et al., 2017). The size of quadrants ranged between 10-30 square meters, depending on 

whether cover was dominated by trees or grasses (USEPA, 2002). Standing within each 



52 

 

quadrant, estimates of percent areal cover (canopy cover for trees) per functional group (trees, 

shrubs, grasses) were visually assessed and reported relative to quadrant area. 

The average height of shrubs and grasses were measured using measuring tape, while 

average tree height was measured from the perspective of the point-quarter position, using a 

clinometer and basic trigonometry. The clinometer was pointed toward the highest point of the 

tree of interest, where the tangent angle (i.e., clinometer angle) was determined. Multiplying the 

tangent angle by the distance to the tree provides reliable estimates of tree height (Brohman and 

Bryant, 2004). Lastly, canopy condition criteria outlined in Table 4-10 were fitted to evaluate the 

general condition of each functional group and dominant ground cover categories were 

established from Table 4-11 (Merritt et al., 2017). 

Table 4-10. Canopy condition assessment criteria (Merritt et al., 2017). 

Condition Description 

(1) Critically Stressed Major leaf death and/or branch die back (>50% of canopy 

volume affected) 

(2) Significantly Stressed Prominent leaf death or branch die back (21-50% of canopy 

volume affected) 

(3) Stressed Minimal leaf death or branch die back (11-20% of canopy 

volume affected) 

(4) Mildly Stressed Little or no sign of leaf water stress/no water stress related 

leaf death (5-10% of canopy volume affected) 

(5) Vigorous No sign of leaf water stress/very healthy-looking canopy 

(<5% of canopy volume affected) 
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Table 4-11. Ground cover categories (Merritt et al., 2017). 

Code Description 

Physical 

BARE1 Bare soil - sand (>0.1 mm) 

BARE2 Bare soil - clay silt (0.1-2.0 mm) 

GRAV Gravel (>2.0-75 mm) 

COBB Cobble (75-250 mm) 

BOUL Boulder (>600 mm) 

BEDR Bedrock 

WATE Water 

Organic 

BAVE Basal vegetation 

CML Bryophyte - cryptograms, mosses and lichens 

WOOD Wood 

LITT 
Litter; including dead plant material and animal 

droppings 

4.3.14 ESII Requirements: Surface Survey 

ESII’s surface survey encompassed the majority of inquiries, much of which covered 

topics concerning prevailing surface conditions, placing particular emphasis on topsoil attributes, 

hydrological dynamics, and the ramifications of disturbances (TNC et al., 2016). Due to the 

length of this section, the surface survey was split into three tables, the first of which 

encompasses survey questions related to ground surface and slope (Table B3). 

To gain a comprehensive understanding of ground surface properties and their influence 

on site hydrology, soil color, moisture, and bulk density measurements were collected for each 

site. To represent each map unit across the three sites, three soil core samples were collected per 

map unit location between July and September of 2023, resulting in nine samples from Lake 

Frances, 18 from MRPTS, and 12 from SECPTS. Soil cores were collected by pushing a 2.54-

centimeter diameter soil probe into the soil to a depth of approximately 25 centimeters. The 

topmost 15 centimeters of soil was carefully measured and cut before being extracted to exclude 

the discernable litter layer. Each 15-centimeter core was transferred into a low-density 
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polyethylene (LDPE) bag, taped off, and labeled after removing the head space before being put 

on ice for laboratory analysis. 

Due to sludge build-up (e.g., iron oxides) and exogenous material in the process units, the 

samples were taken from the berms at the PTS sites to focus on the site’s native soil properties. 

Sample locations for Lake Frances are identified as "point i" in the vegetative analysis (Figure 4-

7), while sample locations for MRPTS and SECPTS are detailed in Figures 4-9 and 4-10. 

 

Figure 4-9. Soil sampling locations at Mayer Ranch. 

 

Figure 4-10. Soil sampling locations at Southeast Commerce. 
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Soil color evaluation followed the standard procedure, employing a Munsell color chart 

to classify soil based on hue, value, and chroma, thereby providing insights into both physical 

and chemical soil properties (Munsell, 2010). With the known volume of the core used for 

sampling, bulk density was determined. Aluminum tins of pre-determined weight were labeled, 

and the soil cores were carefully transferred onto them for weighing. The weight of each sample 

was recorded, after which they were placed in a drying oven set at 105°C for 24-48 hours. 

Following the drying period, the samples were removed from the oven and re-weighed to 

determine the loss of moisture (Carter, 2017). Bulk density was then calculated using equations 

10 and 11: 

Mass of Dry Soil (g) = Mass of Tin with Dry Soil – Mass of Empty Tin   (10) 

Bulk Density (g/cm3) = Mass of Dry Soil (g) / Volume of Core (cm3)    (11) 

Where the volume of the core used for data collection was 76 cubic centimeters. From the 

bulk density calculations, the percentage of sample moisture weight (i.e., soil moisture) was 

estimated using equations 12-14 (Carter, 2017). 

Moisture Content (g) = Mass of Tin with Moist Soil -Mass of Tin with Dry Soil  (12) 

Mass of Moist Soil (g) = Mass of Tin with Moist Soil – Mass of Empty Tin  (13) 

Soil Moisture (%) = Moisture Content (g) / Mass of Moist Soil (g) × 100%   (14) 

For surface inquiries concerning the hydrologic regime of each map unit (Table B4), the 

majority of questions necessitated visual estimation and the utilization of GIS. For inquiries 

regarding map unit saturation, inundation, or its absence, both visual field assessments and 

comprehensive knowledge of each site were used. Similarly, queries pertaining to water flow, the 

presence of seeps/springs, and surface sheens were addressed based on thorough field 

observations. The sinuosity degree was specifically pertinent to the Lake Frances site and was 
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approximated utilizing Google Earth Pro. Likewise, the average bankfull width and height, and 

Ordinary High Water (OHW) width and height for Lake Frances map units, were gauged using 

Google Earth elevation differentials. These measurements were subsequently verified in the field 

with a tape measure. The final set of surface survey questions pertains to percent coverage, solely 

necessitating visual estimation of surface characteristics and assessment of the extent of human-

caused disturbances (Table B5) (TNC et al., 2016). 

4.3.15 ESII Requirements: Screen Survey 

ESII’s concluding survey category centers on screening features (Table B6), 

encompassing relative markers to denote the elevation of each map unit in comparison to its 

surroundings and the density of vegetation, which offers noise dampening effects. 

The first question in this section entails evaluating the elevation of each map unit relative 

to neighboring ones. To gather this information, lines were created between map units using 

Google Earth, and the elevation profile was analyzed to determine whether a map unit was 

positioned “higher,” “lower,” or “higher and lower” compared to its surroundings. At Lake 

Frances, the prevalence of microtopography across the site often results in inputs categorized as 

“higher and lower.” At each PTS site, inputs indicate “higher” elevation for each oxidation pond, 

“higher and lower” for intermediary units, and “lower” for final polishing units. 

The final input pertains to the degree of visual screening created by foliage density, 

which was visually estimated in the field. Inputs for map units at each PTS site were 

predominantly categorized as “bare,” indicating minimal vegetation obstruction across the site. 

In contrast, Lake Frances inputs include categories such as “moderate” and “dense,” reflecting 

varying levels of foliage density (TNC et al., 2016). 
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4.4 Tracking Wildlife at Lake Frances 

Camera traps were incorporated as a sampling technique for tracking and monitoring 

wildlife. Camera traps are often used to assess terrestrial wildlife occupancy and species richness 

(Wearn and Glover-Kapfer, 2019). Wildlife cameras can be used for a variety of inventory 

purposes, however, techniques for standard analysis are not well-developed (Meek et al., 2014). 

For this reason, the present research took an exploratory approach to the use of camera trap 

studies to provide insight into habitat wildlife biodiversity using simple quantitative measures 

per deployment time. The deliberately biased placement method, outlined by Meek et al., (2014) 

was used to guide wildlife monitoring efforts, incorporating complementary strategies where 

necessary (Caravaggi et al., 2020). 

Deployment locations were determined during on-site reconnaissance visits, set up in 

areas with evidence of animal activity, such as tracks, trails, and burrows (Meek et al., 2014). 

Because these data were incorporated to investigate the use of camera trap surveys as a 

supplemental wetland conservation monitoring method, a simple approach was taken in which 

notable events per deployment time per camera were recorded. Because a deliberately biased 

deployment method was adopted, final wildlife camera locations are provided in Figure 5-37 

under the Results section. 

4.5 Data Analysis Methods  

4.5.1 Qualitative Evaluation 

Results of ES-DSTs were qualitatively assessed relative to evaluative criteria to identify 

ES-DSTs most applicable for use in inland wetland habitats. Evaluative criteria (Table 4-12) 

were defined based on factors related to tool accessibility, flexibility, and practicality, outlining 
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tool operation, unique features, limitations, opportunities, and recommendations for suitable 

applications (Bagstad et al., 2013). 

Table 4-12. Evaluative criteria adapted from Bagstad et al. (2013). 

Criterion Description 

(1) Level of Site-Specificity  ES-DSTs that require greater inputs of site-specific data are 

considered superior alternatives to those with less site-

specific data-based tools.  

(2) Services Evaluated  ES-DSTs which consider more types of services 

(provisioning, regulating, cultural and supporting) were 

regarded as more useful than those which consider less 

service types.  

(3) Value Output  The value output was evaluated in terms of its ability to be 

incorporated into a BCA, favoring common metrics with 

specific values and ranges of values over classified ranking 

systems or metrics of biodiversity which are not easily 

comparable.  

(4) Spatial Scalability  The ability to adapt ES-DSTs for use at the site-level 

decision-context makes them favorable for decision-making 

purposes and are further regarded as favorable in this study.  

(5) Level of Difficulty  User-friendly ES-DSTs that support a wider range of 

applications were considered favorable, as they present less 

technical obstacles for general practitioners. The success of 

this study was dependent on its ability to identify ES-DSTs 

with interdisciplinary functionality.  

(6) Time Requirement  Convenience is pivotal in terms of implementation. ES-

DSTs with timely procedures are favorable for widespread 

use and were regarded as better in this analysis.  

4.5.2 Educated Partner ES Analysis 

Because the decision-making process was heavily reliant on public support, 

understanding of the varied uses and interactions with ES at each application site was vital (Ruhl 

et al., 2021). In this study, OU CREW partners were used as a proxy for stakeholders, casually 

engaged in-person and through email to help answer any questions and identify relative ES 

priorities at each site. Though not a traditional approach, this effort allowed for each ES-DST to 

be evaluated based on its capacity to reflect stakeholder interests, without diving into a timely 

stakeholder analysis requiring extensive preparation. 
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Hereon referred to as educated partners, interested individuals from relevant partner 

associations representing government agencies, educational institutions, environmental agencies, 

tribal nations, and nonprofits were engaged through email and in-person to provide feedback on 

relevant site ES. Two prompts were provided: “(1) According to personal knowledge and 

experiences associated with the site, rank the eight/ten provided ES in order of LEAST (1) to 

MOST (8/10) important. Keep in mind that the term ‘important,’ is intentionally nonspecific, as 

the word itself comes with personal biases based on individual knowledge and experiences. (2) 

Produce brief explanations/arguments for why the top three to five ES were selected as having 

higher importance. Feel free to provide explanations/arguments for the remaining ES.” 

Responses from each application were subsequently used to inform how well each ES-DST’s 

output reflects local priorities regarding ES using a casual rank-ordering methodology as a 

comparative basis. 

Educated partners for the initial LF application were chosen based on their familiarity 

with the site. In no specific order, ES determined relevant to LF along with descriptions are 

provided in Table 4-13. Provided this list, responses were garnered from representatives of 

locally involved organizations such as the GRDA, the OCC, the Illinois River Watershed 

Partnership (IRWP), and Bio x Design® Ecological Restoration and Ecosystem Design 

Consulting. 

  



60 

 

Table 4-13. Lake Frances ecosystem services for educated partner feedback. 

ES at Lake Frances near the Illinois River 

1. Water Yield  The site's contribution to the supply of surface water downstream based 

on the quantity of runoff flowing to surrounding areas, helping to ensure 

a reliable source of water for various uses.  

2. Carbon Storage 

and Sequestration  

The site's capacity to capture, store, and remove carbon from the 

atmosphere and water over time, helping to mitigate climate change by 

reducing greenhouse gas levels.  

3. Flood Risk 

Mitigation  

The site's ability to naturally reduce the risk of flooding in by absorbing 

excess rainwater and slowing down flow, thereby minimizing flood 

hazards.  

4. Stormwater 

Retention  

The site's capability to capture and retain rainwater runoff, allowing it to 

infiltrate the ground and recharge aquifers, which helps manage 

stormwater pollutants and maintain groundwater levels.  

5. Nutrient 

Retention  

The site's capacity to capture and retain nutrients from water, preventing 

excessive nutrient runoff into water bodies and reducing the risk of water 

pollution and eutrophication.  

6. Sediment 

Retention  

The site's ability to capture and hold sediment, preventing it from 

entering water bodies and maintaining water quality by reducing 

turbidity and sediment-related issues.  

7. Plant Pollination  The site's role in supporting pollinators, such as birds, bees, and 

butterflies, which are essential for the production of crops like fruits, 

vegetables, and other agricultural products.  

8. Scenic Quality  The site's capacity to provide visually pleasing and aesthetically 

appealing natural landscapes or vistas, enhancing the overall beauty and 

attractiveness of the area.  

9. Recreation and 

Tourism  

The site's ability to support a variety of human recreational activities and 

tourism experiences, including kayaking, fishing, hiking, and more, 

which contribute to the site's value as a destination for visitors.  

10. Habitat Quality  The site's suitability for sustaining diverse and healthy ecosystems, 

including its ability to provide suitable conditions and resources for 

various species, thereby supporting biodiversity and ecological balance.  

For the subsequent application aimed at understanding ES at the PTSs in Commerce, 

Oklahoma, key personnel from CREW as well as primary agencies leading local cleanup 

endeavors were consulted. The ES associated with the PTSs are listed in Table 4-14, which 

yielded valuable insights from partners including the USEPA, the Department of Environmental 

Quality (DEQ), and the Quapaw Nation. 
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Table 4-14. Mayer Ranch and Southeast Commerce ecosystem services provided for educated 

partner feedback. 

ES at Mayer Ranch and Southeast Commerce Passive Treatment Systems  

1. Carbon Storage 

and Sequestration  

The ability of wetlands and other vegetated areas in the site to sequester 

carbon dioxide from the atmosphere, helping to mitigate the effects of 

climate change by storing carbon in plant biomass and soil.  

2. Contaminant 

Buffering  

The site's capacity to buffer contaminants, such as trace metals, nutrients, 

organic substances and more from water, preventing excessive pollution 

runoff into water bodies.  

3. Pollination  The site's role in supporting pollinators, such as birds, bees, and 

butterflies, which is essential for the growth and sustainment of various 

forms of vegetation.  

4. Scenic Quality  The site's capacity to enhance the aesthetic quality of a location, creating 

natural landscapes which improve overall attractiveness of an area.  

5. Habitat Quality  The site’s ability to create valuable habitats for a variety of wildlife, 

including mammals, birds, amphibians, insects, and aquatic species. This 

supports overall biodiversity and enhances the ecological value of the 

area.  

6. Education and 

Research  

The site's ability to support a variety of learning experiences, providing 

opportunities to explore various environmental topics, such as ecosystem 

dynamics, pollution removal mechanisms, and ecological engineering 

applications.  

7. Economic 

Benefits  

The site's ability to offer economic benefits to local communities, 

whether by avoiding costly wastewater treatment infrastructure or by 

improving downstream fish habitat with no need for in-stream 

interference.  

8. Non-Potable 

Water Yield  

The site's contribution to non-potable water supply, based on the quantity 

of effluent water helping to fill non-potable resource needs for uses like 

crop irrigation.  

5.0 Results 

5.1 Vegetation and Soil Analyses 

5.1.1 Vegetation at Lake Frances 

The results of the vegetation survey conducted at Lake Frances are summarized in Table 

5-1. These findings served as a foundation for enhancing the map units of the Lake Frances site. 

The six map units at the Lake Frances site were classified into three primary habitat types, 

combined due to similarities in vegetation, topsoil characteristics, relative elevation profiles. 
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Table 5-1. Average vegetation measures for Lake Frances map units. 

Category Parameter 

Averages per Map Unit (by sample location i) 

Highland (1,2,3) Midland (4,5) Floodplain (6,7,8) 

Tree 

Measurements 
Distance, r (m) 6.23 3.61 4.43 

Trunk diameter 

(m) 
0.78 0.95 1.2 

Areal Cover 

(% of 100%) 
Low (<1.5m) 54 39 49 

Med. (1.5-5m) 19 38 24 

Canopy (>5m) 27 24 27 

Vegetation 

Height (m) 
Grasses 0.6 0.18 0.41 

Shrubs 1.59 0.99 0.61 

Trees 15.73 11.68 15.08 

Vegetation 

Condition 
Grasses 3 3 3 

Shrubs 3 4 3 

Trees 4 3 3 

Dominant 

Ground Cover 
BAVE  LITT LITT  

The population density of trees in Lake Frances was determined to be 0.16 trees per 

square meter, offering insight into the distribution of trees within the area. Additionally, the 

variance (0.00005) and standard error (0.0006) were low, indicating the precision of the density 

estimate. The low variability suggests consistent measurements across the site, although potential 

errors in field estimates cannot be ruled out. 

5.1.2 Soils at Lake Frances, MRPTS, and SECPTS 

This section highlights how the soils results were incorporated for ES-DST use, with 

detailed data on bulk density, moisture content, and soil color provided in Tables A19, A20, and 

A21 for reference. Soil parameters of soil color, bulk density and soil moisture content informed 

responses to ESII survey questions. 

LF hue/value/chroma results showed a dominant soil condition that is yellow-red in color 

and moderately dark in hue, suggesting a moderately low saturation. For MRPTS and SECPTS 
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soil color varied between yellow-red and yellow-green, from light to moderately dark hues, 

similarly indicating a moderately low saturation. 

Bulk density measurements served multiple purposes, primarily as a surrogate indicator 

for soil disturbance (Campbell, 1994), where higher bulk densities correlate with increased soil 

disturbance due to higher compaction. Timlin et al. (2004) suggests that bulk density, when 

considered with soil moisture content, can also offer insights into soil characteristics such as 

saturation and permeability. 

Soil saturation was gauged by assessing bulk density and soil moisture content, as bulk 

density relates to soil compaction and pore space, while soil moisture content reflects water 

volume. Permeability was assessed through its inverse relationship to bulk density, where high 

compaction suggests low infiltration rates and groundwater recharge rates (Timlin et al., 2004). 

The distribution of bulk density and soil moisture measurements across each site by sample 

number are presented in Figures 5-2 and 5-3. 

 

Figure 5-2. Soil bulk density: Lake Frances, Southeast Commerce, and Mayer Ranch. 
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Figure 5-3. Soil moisture content: Lake Frances, Southeast Commerce, and Mayer Ranch. 

Soils at LF had an average bulk density of 1.6 g/cm3, suggesting moderate to high levels 

of compaction. Bulk densities for MRPTS and SECPTS also exhibited a moderate level of 

compaction. MRPTS had the lowest average of all sites with a bulk density of 1.4 g/cm3, while 

SECPTS had the highest, with an average bulk density of 1.7 g/cm3. 

While the dominant soil condition was moderately saturated at LF due to an average soil 

moisture of 21%, the 9% minimum suggests that some areas may be very dry. Average soil 

moisture at MRPTS and SECPTS was 17%, suggesting the prevailing condition of soils was 

moderately saturated. 

5.2 ES-DST Results 

To assess reliability, InVEST and ESII outputs were evaluated against relevant observed 

data and modeled values. Tables C1 and C2 provide site summaries of ES outputs as compared to 

reference ranges or values. Outputs were discussed using terminology such as "over-estimation" 

and "under-estimation" to offer a relative comparison to observed values. Since these data have 

not been validated and calibrated at the site-level, conclusions were based on inference and 

should therefore be interpreted with caution. 
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5.2.1 InVEST Outputs Overview 

While InVEST provides diverse data for various applications, this research focused on 

analyzing its ES outputs. The results from the preparatory tools, RouteDEM and DelineateIt, are 

briefly outlined followed by descriptions of InVEST’s ES model outputs, employed to assess 

seven different ES. 

The TFA input was used to calibrate RouteDEM, yielding a best match value of 1,000. 

Values ranging between 100 and 1,000 were tested. A TFA value below 1,000 led to the creation 

of non-existent streams compared to real-world data, while values greater than 1,000 

oversimplified the stream networks. 

The primary output of the RouteDEM tool was the filled DEM file for each watershed 

and each site. The elevation profile for the IRW ranged from 273 to 378 meters (m) above mean 

sea level (AMSL) and from 277 to 286 m for LF (Figure 5-3). UTW elevation ranged from 237 

to 253 m, 240 to 242 m for MRPTS, and 242 and 243 m for SECPTS (Figure 5-4). 

 

Figure 5-3. Digital elevation model: (a) Illinois River Watershed and (b) Lake Frances. 
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Figure 5-4. Digital elevation model: (a) Unnamed Tributary Watershed, (b) Mayer Ranch, and 

(c) Southeast Commerce. 

The DelineateIt tool generated watershed boundaries utilizing the output derived from 

RouteDEM (Figure 5-5). These shapefiles served as storage areas for aggregating the results of 

ES models that require watershed-level estimation but were ultimately not relevant for site-scale 

analyses (TNC et al., 2016). 

 

Figure 5-5. Watershed boundaries: (a) Illinois River Watershed and (b) Unnamed Tributary 

Watershed. 
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5.2.2 InVEST SDR Outputs: Erosion Control 

The SDR model produced six rasters, encompassing various aspects of sediment 

dynamics, such as total potential soil loss, sediment yield, sediment deposition, avoided erosion 

and avoided export. Relevant to this research, the avoided export map was used to assess the ES 

of erosion control. 

The amount of sediment reaching the stream served as a benchmark for comparing model 

outputs against observed data (Sharp et al., 2018). For the IRW, sediment export varied from 0 to 

110 tonnes per hectare per year (t/ha/yr), whereas a range of 0 to 2.3 t/ha/yr estimated for LF. 

Monitoring at the Arkansas/Oklahoma state-line in 2005 reported an average sediment yield of 

0.23 t/ha/yr for the IRW, suggesting outputs may be high and perhaps overestimated (Nelson et 

al., 2006). 

Sediment export data for Ballard Creek was referenced to evaluate LF outputs, in which 

an average benchmark value of 0.17 t/ha/yr was reported (Nelson et al., 2006). Observations 

used to calibrate a hydrological model by Pai et al. (2011) reported an average export rate of 0.26 

t/ha/yr. Considering these findings, the simulated sediment export for LF appears to be within 

reasonable range of observed data. 

Sediment retention outputs for IRW and LF (Figure 5-6) were consistent with literature 

findings. For IRW, sediment retention peaked at 3,420 t/ha/yr, with an average of 30 t/ha/yr. 

When considering just LF, sediment retention peaked at 485 t/ha/yr, with an average of 10 

t/ha/yr. 
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Figure 5-6. Sediment retention: (a) Illinois River Watershed and (b) Lake Frances. 

Although data on sediment retention at the watershed level are relatively scarce, 

information on BHFs was accessible for assessing the reliability of site-level outputs for LF. 

Across the site, average retention was below 10 t/ha/yr, with a range from 0.001 to 485 t/ha/yr. 

The average value aligned well with existing literature on expected retention by Midwest BHF 

wetlands; Anderson and Mitsch (2006) reported an average of 8 t/ha/yr, while Kleiss (1995) 

reported a range between 0.1 and 13 t/ha/yr. 

Maximum sediment retention for the UTW was 685 t/ha/yr, 145 t/ha/yr for MRPTS, and 

20 t/ha/yr for SECPTS. The average retention for the UTW and MRPTS was less than 10 t/ha/yr, 

and below 5 t/ha/yr for SECPTS (Figure 5-7). 
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Figure 5-7. Sediment retention: (a) Unnamed Tributary Watershed, (b) Mayer Ranch, and (c) 

Southeast Commerce. 

Sediment export for the UTW ranged from 0 to 6 t/ha/yr, a range similar to that reported 

by Douglas-Mankin et al. (2004) for the Spring River watershed, in which observations fell 

between 0.2 and 1.3 t/ha/yr. Sediment retention estimates were below 15 t/ha/yr for MRPTS and 

less than 5 t/ha/yr for SECPTS. In related systems at the Olentangy River Wetland Research 

Park, sediment retention reportedly ranged from 43 to 47 t/ha/yr (Anderson and Mitsch, 2006). 

Outputs for MRPTS and SECPTS fell below this range, suggesting they may have been 

underestimated. Regional disparities could explain this variation, as a riverine system further 

northeast would likely receive and consequently retain more sediment compared to Midwest 

systems. A study by Dunne et al. (2010) reported sediment removal rates ranging between 2.6 

and 30 t/ha/yr for a large-scale constructed wetland, aligning with outputs for MRPTS and 

SECPTS. 

5.2.3 InVEST NDR Outputs: Nutrient Retention 

The NDR model generated four rasters, including maps of phosphorus and nitrogen 

surface export, nitrogen subsurface export, and total nitrogen export. Although the NDR model 
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does not offer a direct quantification of nutrient retention services, the InVEST recommended 

method to estimate the retention service for each nutrient was applied, which involved 

subtracting the total nutrient export raster from the modified nutrient load raster (an intermediate 

output). The result was a quantitative estimate for both phosphorus and nitrogen retention (Sharp 

et al., 2018). 

Employing a similar approach to the sediment analysis, nutrient export was used to 

evaluate the accuracy of NDR outputs. For the IRW, an the model estimated nitrogen loading to 

be less than 6 kilograms per hectare per year (kg/ha/yr), consistent with the 4.5 kg/ha/yr 

estimation outlined in the 2010 Watershed Based Plan for the IRW (Thralls, 2010). Phosphorus 

loading was estimated to range from 0.0003 to 1.6 kg/ha/yr for the IRW, aligning with findings 

reported by Thralls (2010), Storm et al. (2010), and Scott et al. (2011), which ranged from 0.03 

to 1.06 kg/ha/yr. 

At the site level, nutrient loads for both parameters at LF were lower than reported 

values. Literature sources indicated higher average nitrogen loads for Ballard Creek compared to 

the modeled load, with an expected load of approximately 12 kg/ha/yr (Pai et al., 2011; Nelson et 

al., 2006), while the simulated load ranged between 0.1 and 2 kg/ha/yr. Phosphorus loading at LF 

was between 0.0005 and 0.21 kg/ha/yr. Compared to the loading range between 1.5 and 1.6 

kg/ha/yr reported in literature (Nelson et al., 2006; Pai et al., 2011), loading outputs were low, 

signaling that underestimation was possible. 

Nitrogen retention for the IRW ranged from 0.07 to 21 kg/ha/yr, and from 0.08 to 4 

kg/ha/yr for LF. Phosphorus retention varied between 0.006 and 3 kg/ha/yr for the IRW and 

between 0.007 and 0.76 kg/ha/yr for LF (Figure 5-8). 
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Figure 5-8. (1) Nitrogen retention and (2) phosphorus retention: (a) Illinois River Watershed and 

(b) Lake Frances. 

Considering the disparity between modeled and observed export for LF, it was expected 

that resulting nutrient retention maps would also deviate from relevant literature. Confirming 

this, nitrogen retention reached an average of 0.7 kg/ha/yr and maximum of only 4 kg/ha/yr, a 

low value considering the range of 100 to 200 kg/ha/yr reported by Gordon et al. (2020), 

suggesting potential underestimation. Phosphorus retention for LF was 0.3 kg/ha/yr on average, 

which is within scope of the range reported for BHF wetlands between 1.7 and 5 kg/ha/yr 

(Gordon et al., 2020). 
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Outputs for nutrient export from the UTW deviated from expectations based on literature-

derived loading measurements. Nitrogen export ranged from 0.03 to 5 kg/ha/yr, while 

phosphorus export ranged from 0.007 to 0.8 kg/ha/yr. These data align with average nutrient 

yield measurements of 4.9 N kg/ha/yr and 0.6 P kg/ha/yr from Robertson et al. (2019), but they 

fall below nutrient loading estimates, reported by Douglas-Mankin et al. (2004) to range between 

8 and 15 N kg/ha/yr and 1 and 2 P kg/ha/yr. Nutrient retention outputs varied from observed data 

findings, with relatively low estimates suggesting outputs for the UTW, MRPTS and SECPTS 

could be underestimations (Figure 5-9). 
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Figure 5-9. (1) Nitrogen retention and (2) phosphorus retention: (a) Unnamed Tributary 

Watershed, (b) Mayer Ranch, and (c) Southeast Commerce. 

Nitrogen retention for the UTW, MRPTS, and SECPTS was 5 kg/ha/yr on average. For 

the UTW, retention peaked at 7.5 kg/ha/yr, 6.5 kg/ha/yr for MRPTS, and 6 kg/ha/yr for SECPTS, 

diverging from the 100 to 400 kg/ha/yr range reported by Mitsch et al. (2014). Phosphorus 

retention was 3.0 kg/ha/yr on average for the UTW and MRPTS, and 0.7 kg/ha/yr for SECPTS. 

These outputs were low compared to reported values for wetlands ranging from 5 to 50 kg/ha/yr, 

with values for constructed wetlands between 21 and 26 kg/ha/yr (Mitsch et al., 2014). This 

suggests potential underestimation. 
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5.2.4 InVEST AWY Outputs: Water Provisioning 

The AWY model produced five outputs, comprising a parameter log, two raster files, and 

a shapefile accompanied by two CSV files. The key ES output generated by the AWY model was 

the estimated water yield raster - a proxy for the ES of potential water provisioning. Outputs for 

the IRW and LF ranged from 10 to 12 cubic meters per hectare per year (m3/ha/yr), with 

averages of 11 m3/ha/yr for the IRW and 10.5 m3/ha/yr for LF (Figure 5-10). 

 

Figure 5-10. Water yield: (a) Illinois River Watershed and (b) Lake Frances. 

Compared to runoff retention estimates between 247 and 357 m3/ha/yr reported by Salata 

et al. (2021), outputs for LF were low, potentially indicating underestimation compared to 

realistic measurements. Runoff volume for various watersheds throughout Oklahoma and 

Arkansas was reported to range from 50 to 5,615 m3/ha/yr, reaffirming that InVEST AWY 

outputs may low or even underestimated (Holmes et al., 2011). 

For the UTW, MRPTS, and SECPTS, water yield outputs ranged from 10 to 12 m3/ha/yr 

(Figure 5-11). The average water yield was 10.8 m3/ha/yr for the UTW and 11.5 m3/ha/yr for 

both MRPTS and SECPTS. 
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Figure 5-11. Water yield: (a) Unnamed Tributary Watershed, (b) Mayer Ranch, and (c) Southeast 

Commerce. 

Compared to estimates of runoff retention aggregated by Salata et al. (2021), outputs for 

MRPTS and SECPTS were low, potentially suggesting underestimation. This is further supported 

when compared to a wider range of runoff volumes reported for Oklahoma/Arkansas between 50 

and 5,615 m3/ha/yr (Holmes et al., 2011). 

5.2.5 InVEST CSS Outputs: Carbon Stock 

The CSS model yielded three outputs: a parameter log, a summary report of CSS data, 

and a carbon storage map. The carbon storage output estimates the cumulative carbon content 

contained within a given unit area, considering above- and below-ground carbon as well as soil 

and dead biomass (Sharp et al., 2018). While carbon storage alone is not classified as an ES, the 

carbon storage data can serve as a baseline for ongoing sequestration monitoring. Tracking 

storage annually, subsequent studies could leverage the CSS model to estimate carbon 

sequestration rates. 

Results for the IRW and LF demonstrated strong alignment with regional observations 

and comparable studies on carbon stocks. Maximum carbon storage for the IRW and LF peaked 
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at 182 metric tonnes per hectare (t/ha), with average values of 75 t/ha for the IRW and 100 t/ha 

for LF (Figure 5-12). 

 

Figure 5-12. Carbon stock: (a) Illinois River Watershed and (b) Lake Frances. 

Carbon storage outputs for the IRW and LF aligned with values from Sperow (2020), 

which reported a wide range of 50 to 100 t/ha for carbon storage within northeast Oklahoma 

based on 2019 IPCC guidelines. Modeled outputs for the Kiamichi River ranging from 0 to 9 t/ha 

were low compared to outputs from this study, suggesting possible overestimation (Castro et al., 

2015). A similar InVEST study reported an average carbon storage capacity of 130 t/ha for the 

Midwest (Walston et al., 2021), reaffirming that IRW carbon storage outputs likely fell within an 

appropriate range of literature observations. 

Rheinhardt et al. (2012) reported carbon storage ranging from 18 to 242 t/ha for riparian 

forested habitats, aligning with LF outputs. Additionally, an average carbon density of 200 t/ha 

for freshwater wetlands within the interior plains region was reported by Nahlik et al. (2016). 

Considering both sources, LF outputs were within practical bounds of real-world carbon storage 

measurements. 
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Maximum carbon storage at UTW reached 182 t/ha, with an average of 4 t/ha. For 

MRPTS, carbon storage ranged between 2.7 and 30 t/ha with an average of 18 t/ha. Carbon 

storage at SECPTS peaked at 3 t/ha, with an average value of 2 t/ha (Figure 5-13). 

 

Figure 5-13. Carbon stock: (a) Unnamed Tributary Watershed, (b) Mayer Ranch, and (c) 

Southeast Commerce. 

For the UTW, carbon storage diverged from values reported by Sperow (2020) between 

50 and 100 t/ha. Outputs also fell below the average carbon storage capacity of 130 t/ha for the 

Midwest reported by Walston et al. (2021). UTW outputs were consistent with findings by 

Dhakal et al. (2023), which reported net ecosystem exchange (NEE) for northeast Oklahoma 

between 4.7 and 6.3 t/ha. 

Similar to the UTW, outputs for MRPTS and SECPTS showed some inconsistencies with 

comparable data on carbon storage. Carbon storage at MRPTS and SECPTS aligned with Nowak 

(2021), which reported a range from 30 to 110 t/ha for carbon storage within constructed 

wetlands. Compared to carbon storage estimates for northeastern Oklahoma reported to range 

between 4.7 to 6.3 t/ha (Dhakal et al., 2023), SECPTS outputs were low and potentially 
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underestimated, while outputs for MRPTS were high and possibly overestimated (Dhakal et al., 

2023). 

5.2.6 InVEST HQ Outputs: Habitat Degradation and Quality 

The HQ model generated three key outputs, including a parameter log and two rasters. 

These rasters provide spatial representations of scores assigned to denote relative levels of 

habitat degradation and habitat quality. While these outputs do not offer quantitative biodiversity 

measures, they are indicators of potential habitat extent and quality, offering guidance to pinpoint 

areas suitable for conservation and protection (Sharp et al., 2018). 

The habitat degradation raster provides a unitless measure to indicate relative landscape 

disturbance. Higher values indicate greater degrees of disturbance, whereas a value of zero 

suggests no degradation. Habitat quality, also unitless, indicates the quality of habitat provided 

relative to surrounding pixels. Values approaching 1 signify higher quality habitat, while a value 

of 0 reflects unfavorable conditions. 

Habitat degradation scores for the IRW and LF ranged between 0 and 0.7, with an 

average of 0.4. Habitat quality for the IRW and LF followed an inverse pattern, ranging from 0 to 

0.6 with an average of 0.5 (Figure 5-14). 
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Figure 5-14. (1) Habitat degradation and (2) habitat quality: (a) Illinois River Watershed and 

(b) Lake Frances. 

Habitat degradation and quality outputs for the IRW and LF demonstrated increased 

degradation and diminished quality nearest impervious areas (e.g. roads, railroads, urban areas). 

While habitat degradation was high for impervious surfaces at LF, it was highest for the Illinois 

River, indicating the riverine habitat experiences greater degradation compared to surrounding 

terrestrial habitats. 

LF results were correlated with wildlife camera trapping data presented later in this 

thesis. The habitat quality outputs aligned with the spatial distribution of notable events (Figure 
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5-38), in which higher percentages of species captures corresponded with the lowest degradation 

scores and the highest habitat quality scores at LF. 

For the UTW, habitat degradation scores ranged from 0 to 0.2, with an average score of 

0.1. While MRPTS outputs indicated some degradation, estimated to peak at 0.1, SECPTS was 

given a score of 0, indicating no degradation. Habitat quality for the UTW peaked at a score of 

1.0, while MRPTS capped at 0.6, and SECPTS scored 0 (Figure 5-15). 

 

 

Figure 5-15. (1) Habitat degradation and (2) habitat quality: (a) Unnamed Tributary Watershed, 

(b) Mayer Ranch, and (c) Southeast Commerce. 
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Habitat degradation near the Tar Creek outflow had the highest score for the UTW, 

suggesting stream presence had a greater impact than mine water discharges or urban areas. 

Habitat quality declined in developed areas, mirroring the pattern seen in the IRW. There was a 

notable improvement in habitat quality near the MRPTS outflow into the UTW. 

The influence throughout the process units was well reflected by the pattern of habitat 

degradation at MRPTS, however, the modest high degradation score of 0.1 suggests that the 

weight of the impact of mine water discharge was not well integrated into the model. Habitat 

quality for MRPTS showed little variability, only suggesting decreased habitat quality within the 

oxidation unit. Meanwhile, habitat degradation and quality at SECPTS scored 0 across the site, 

highlighting a possible limitation for site-scale applications. 

5.2.7 InVEST USWR Outputs: Stormwater Retention 

There were five raster outputs from the USWR model, including maps of retention and 

runoff volumes, stormwater retention, runoff ratios, and retention value. Relevant to the ES of 

stormwater retention are maps of retention volume in cubic meters per hectare per year 

(m3/ha/yr) and retention value in dollars per hectare per year ($/ha/yr). 

Reported values on runoff volumes were consulted to evaluate output validity, assuming 

that retention volumes would be within the same order of magnitude. For the IRW, retention 

volumes ranged between 1,395 and 12,700 m3/ha/yr, with a narrower range of 7,100 and 12,700 

m3/ha/yr for LF (Figure 5-16). Average retention volume for both the IRW and LF was 10,000 

m3/ha/yr. 
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Figure 5-16. Stormwater retention: (a) Illinois River Watershed and (b) Lake Frances. 

Laine (1959) reported an average runoff for the IRW of 35,400 m3/ha/yr, more than 

double the average of the IRW and LF outputs. Although the outputs were not within close range 

of this estimate, it should be expected that retention would be lower than runoff for any given 

water balance. Holmes et al. (2011) reported mean annual runoff for Arkansas and Oklahoma 

ranging between 50 and 5,615 m3/ha/yr, indicating retention volumes were within reasonable 

range of real-world values. 

The retention value map shows the monetary value of stormwater retention, estimated 

based on the replacement costs associated with traditional grey infrastructure. For the IRW, 

retention values range from $7,400 to $68,000 per ha/yr, while for LF, values ranged from 

$37,650 to $68,000 per ha/yr (Figure 5-17). 
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Figure 5-17. Stormwater retention value: (a) Illinois River Watershed and (b) Lake Frances. 

A summary of proposed values for green infrastructure reported a replacement value of 

$305,700 per ha/yr for bioretention services (FEMA, 2022), indicating that outputs were low and 

may be underestimated. Hellman et al. (2018) reported a range from $100 to $1,532 per ha/yr, 

alternatively inferring that outputs were high and may be overestimated. Watson et al. (2016) 

reported avoided damage costs for flood attenuation provided by wetlands and floodplains 

ranging between $100 and $9,000 per ha/yr. Considering all sources together, the range from 

$100 to $306,000 per ha/yr points to the average value of $55,000 for bioretention at LF being a 

reasonable estimate, though it fell within the upper end of values. 

5.2.8 InVEST Outputs: Flood Attenuation (UFRM) 

The UFRM model generated five outputs, including a parameter log, three rasters, and a 

shapefile of watershed results. Output maps include average runoff retention index values, runoff 

retention volumes, and flood volume. The runoff retention outputs were used to assess the ES of 

flood attenuation at each site. 
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Results varied considerably between the 5-minute and 24-hour rainfall event duration 

intervals. For both LF and IRW, runoff retention volumes reached 168 cubic meters per hectare 

per year (m3/ha/yr) for a 16.8 mm rainfall depth and 1,420 m3/ha/yr for a 142 mm depth (Figure 

5-18). 

 

Figure 5-18. Runoff retention for rain depths of (1) 16.8 mm and (2) 142 mm: (a) Illinois River 

Watershed and (b) Lake Frances. 

At a rainfall depth of 16.8 mm, the average runoff retention volume for the IRW and LF 

was 160 m3/ha/yr, whereas a depth of 142 mm yielded an average retention volume of 800 
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m3/ha/yr. Runoff retention reported by Salata et al. (2021) ranged between 247 and 357 m3/ha/yr, 

suggesting outputs were low for the 16.8 mm rainfall depth and possibly underestimated, while 

outputs were high or overestimated for the 142 mm depth. Compared to mean annual runoff for 

Arkansas and Oklahoma reported by Holmes et al. (2011), ranging from 50 to 5,615 m3/ha/yr, 

retention volumes were within reasonable range of observed runoff volumes. 

For the UTW, retention volumes peaked at 170 m3/ha/yr for a rainfall depth of 16.9 mm 

and 1,460 m3/ha/yr for a depth of 146 mm. At MRPTS, peak retention volumes were 160 

m3/ha/yr for a 16.9 mm depth and 450 m3/ha/yr for a 146 mm depth. SECPTS retention volumes 

were estimated to be 95 m3/ha/yr across the site for a 16.9 mm depth and 150 m3/ha/yr for a 146 

mm depth (Figure 5-19). 
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Figure 5-19. Runoff retention for rain depths of (1) 16.9 mm and (2) 146 mm: (a) Unnamed 

Tributary Watershed, (b) Mayer Ranch, and (c) Southeast Commerce. 

For a rainfall depth of 16.9 mm, average runoff retention volume for the UTW and 

MRPTS was 130 m3/ha/yr, increasing to 280 m3/ha/yr for a depth of 146 mm. At SECPTS, 

retention volumes were 95 m3/ha/yr for a depth of 16.9 mm and 150 m3/ha/yr for a depth of 146 

mm. Compared to runoff retention values reported by Salata et al. (2021) ranging between 247 

and 357 m3/ha/yr, outputs were low or perhaps underestimated for the 16.9 mm rainfall event, 

but within range for the depth of 146 mm. Runoff volumes reported by Holmes et al. (2011) for 
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Arkansas and Oklahoma ranging between 50 and 5,615 m3/ha/yr suggest that outputs for the 

UTW, MRPTS, and SECPTS fell within reasonable range of expectations for the region. 

5.2.9 ESII Outputs Overview 

ESII outputs come in two forms: (1) percent performance and (2) engineering units (TNC 

et al., 2016). While percent performance results offer unique, informative measures, this research 

focused on the latter. In total, ESII generated 13 model results describing the performance of six 

ES including climate regulation, water quality regulation, water provisioning, water quantity 

control, erosion regulation, and aesthetic quality (TNC et al., 2016). 

Percent performance scores gauge the suitability of a habitat to support a specific ES, 

producing a percentage relative to the highest potential performance for that service and 

landscape type (Guertin et al., 2019). Percent performance metrics, though not the primary focus, 

provided unique and informative benchmarks to facilitate direct comparisons between ES within 

a site (TNC et al., 2016). Though only highlights of ES percent performance results are discussed 

for illustrative purposes, Tables C3, C4, and C5 outline results in detail. 

At LF, the highest performing ES was air quality regulation as nitrogen removal (72%), 

followed by water quantity control (68%), and erosion regulation (63%). Compared to reference 

habitats, nitrogen removal had a high performance (>70%), while water quantity control, erosion 

regulation, noise attenuation, visual habitat quality, particulate matter removal, air and water 

temperature regulation, water filtration, nitrogen removal, and carbon uptake received medium 

performance scores (30-70%). Water provisioning and mass wasting fell within the low 

performance category (0-9%) (TNC et al., 2016). 

At MRPTS and SECPTS, the highest performing ES was water quantity control (95%), 

followed by air quality control as particulate removal (56% and 57%) and erosion control (56% 
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and 57%). Percent performance benchmarks indicated water quantity control was a high 

performance ES, while erosion control and air particulate matter removal were medium 

performing ES. Low performing ES at the PTSs included atmospheric nitrogen removal, mass 

wasting, noise attenuation, visual habitat quality, air and water temperature regulation, carbon 

uptake, and, surprisingly, water filtration. Given that the design purpose of the PTSs is to tackle 

contaminants, the outcome reveals a potential limitation of ESII in capturing the complex 

dynamics of a PTS (TNC et al., 2016). 

Outputs in engineering units offered quantitative measures of ES performance across 

each site. Tables C6, C7 and C8 list the complete set of results. To understand ES at each site, 

results were discussed for the site as a whole and per map unit (Figures 5-20 and 5-21) (TNC et 

al., 2016). 

 

Figure 5-20. ESII map units: Lake Frances. 

 

Figure 5-21. ESII map units: (a) Mayer Ranch and (b) Southeast Commerce. 
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5.2.10 ESII Outputs: Water Provisioning 

ESII water provisioning outputs predict a habitat's capacity to provide water for essential 

use, reflecting the landscape's capability to capture, infiltrate, and store water. The ESII water 

provisioning outputs for LF (Figure 5-22) aligned reasonably well with the literature, reaching a 

maximum of 733 m3/ha/yr. 

 

Figure 5-22. Water provisioning: Lake Frances. 

Compared to the range of runoff retention outputs reported by Salata et al. (2021) 

between 247 and 357 m3/ha/yr, the LF water provisioning average of 300 m3/ha/yr appears to be 

within reasonable range. Holmes et al. (2011) reported a range of mean annual runoff values for 

Arkansas and Oklahoma between 52 and 5,615 m3/ha/yr, further supporting that output volumes 

were, at a minimum, realistic. 

Water provisioning outputs for MRPTS and SECPTS were high compared to literature 

values, indicating potential overestimation. On average, MRPTS and SECPTS were estimated to 

retain approximately 7,800 m3/ha/yr (Figure 5-23). 
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Figure 5-23. Water provisioning: (a) Mayer Ranch and (b) Southeast Commerce. 

Estimates of runoff retention from Salata et al. (2021) and Holmes et al. (2011) suggest 

that outputs were likely overestimated for MRPTS and SECPTS. This discrepancy is likely due 

to inaccurate interpretation of input data, which accounts for the presence and influence of seeps 

at the site but does not request additional detail concerning seep type or discharge rate. Further, 

while habitat types include an option for man-made aquatic infrastructure, the selection does not 

specify infrastructure purpose, incorrectly operating under the assumption that the PTSs were 

retention ponds. The combination of these two factors can likely explain the overestimation, 

however, this highlights remaining limitations for ESII as a tool for PTS applications. 

5.2.11 ESII Outputs: Air Quality Regulation (NOX and PM10 Removal) 

Air quality regulation was modeled as removal rates of two air filtration parameters: 

atmospheric nitrogen (NOX) and particulate matter (PM10). NOX removal amounted to 2.6 

kilograms per hectare per year (kg/ha/yr) and 14 kg/ha/yr for PM10 removal across LF (Figure 5-

24). 
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Figure 5-24. (1) Air nitrogen removal and (2) particulate matter removal: Lake Frances. 

While LF outputs for NOX removal exceed the 0.006 to 0.01 kg/ha/yr range reported by 

Mayer et al. (2007), with a maximum and average of 2.6 kg/ha/yr, which indicates possible 

overestimation. Gil-Alana et al. (2020) estimated an average PM10 removal of 0.2 kg/ha/yr for 

Oklahoma, with values peaking at 0.86 kg/ha/yr. Comparatively, PM10 removal at LF was high, 

with an average value of 14 kg/ha/yr, potentially suggesting overestimation. 

For MRPTS and SECPTS, air quality removal rates for both parameters were nearly 

negligible, with a maximum NOX removal of 0.004 kg/ha/yr for MRPTS and 0.005 kg/ha/yr for 

SECPTS. PM10 removal peaked at 0.02 kg/ha/yr for MRPTS and 0.03 kg/ha/yr for SECPTS 

(Figure 5-25). 
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Figure 5-25. (1) Air nitrogen removal and (2) particulate matter removal: (a) Mayer Ranch, and 

(b) Southeast Commerce. 

Compared to nitrogen removal rates ranging between 0.006 and 0.01 kg/ha/yr reported by 

Mayer et al. (2007), MRPTS and SECPTS values were low, possibly indicating overestimation. 

A study assessing constructed wetland denitrification observed an average NOX removal of 938 

kg/ha/yr (Mander et al., 2021), substantially exceeding the maximum estimated values of 0.004 

kg/ha/yr for MRPTS and 0.005 kg/ha/yr for SECPTS. Removal rates in constructed wetlands 

were reported by Groh et al. (2015) to range from 152 to 1,013 kg/ha/yr, supporting the 

conjecture that outputs were low and perhaps underestimated. 
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PM10 removal at MRPTS peaked at 0.02 kg/ha/yr, while SECPTS exhibited a slightly 

higher peak at 0.03 kg/ha/yr. Outputs were low compared to the average of 0.2 kg/ha/yr and 

maximum value of 0.9 kg/ha/yr reported by Gil-Alana et al. (2020), suggesting possible 

underestimation of PM10 removal outputs. 

5.2.12 ESII Outputs: Climate Regulation (Reduction Shade) 

ESII generates reduction shade measures as a proxy for temperature control, a function 

which contributes to the ES of climate regulation. For LF outputs, reduction shade showed little 

variation across the site (Figure 5-26). 

 

Figure 5-26. Reduction shade: Lake Frances. 

For LF, reduction shade was 7, 850 Joules per hectare per year (J/ha/yr) except for within 

the inner channel, with sparser vegetative cover. This resulted in an average value of 7,500 

J/ha/yr for LF. Guertin et al. (2019) reported a value of 115,000 J/ha/yr for an ecologically 

restored site, suggesting LF values were low and could be underestimated. 

MRPTS and SECPTS outputs demonstrated variation between process units. In line with 

logical reasoning, reduction shade increased with vegetation density (Figure 5-27). 
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Figure 5-27. Reduction shade: (a) Mayer Ranch and (b) Southeast Commerce. 

At MRPTS and SECPTS, reduction shade was greatest within the OPs, coinciding with 

the highest accumulation of iron sludge material. Denser vegetation correlated with higher 

reduction shade values. Guertin et al. (2019) reports an average of 70,000 J/ha/yr reduction shade 

for an unrestored site, suggesting MRPTS and SECPTS outputs were low and may be 

underestimates of real-world values. 

5.2.13 ESII Outputs: Water Quality Control (NOX and TSS Removal) 

ESII’s water quality control model outputs maps of nitrogen (NOX) and total suspended 

solids (TSS) removal in milligrams per liter per year (mg/l/yr). NOX removal at LF peaked at 

0.85 mg/l/yr, with an average of 0.22 mg/l/yr, while TSS removal reached 52 mg/l/yr, with an 

average of 13 mg/l/yr (Figure 5-28). 
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Figure 5-28. (1) Nitrogen removal and (2) total suspended solids removal: Lake Frances. 

Hunter et al. (2009) reported nutrient removal of forested wetlands ranging from 2.3 

mg/l/yr to as much as 68 mg/l/yr, suggesting that NOX removal for LF was low or 

underestimated. The 1.6 mg/l/yr nitrogen reduction rate reported by Thralls (2010) further 

supports that LF outputs were low and may be underestimated. Thralls (2010) also reported mean 

TSS loads ranging from 40 to 165 mg/l/yr. While not a direct comparison for TSS removal, this 

suggests that removal estimates were within reasonable range of load rates. 

For MRPTS and SECPTS, maximum NOX removal reached 0.86 mg/l/yr, with an 

average removal of 0.18 mg/l/yr. TSS removal for MRPTS peaked at 26 mg/l/yr, with an average 

of 7.6 mg/l/yr. TSS at SECPTS reached 30 mg/l/yr, with an average removal rate of 8 mg/l/yr 

(Figure 5-29). 
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Figure 5-29. (1) Nitrogen removal and (2) total suspended solids removal: (a) Mayer Ranch and 

(b) Southeast Commerce. 

Outputs of nitrogen removal for the PTSs were contrasted with passive nitrogen reduction 

systems' data reported by Anderson and Hirst (2015), ranging from 23 to 97 mg/l/yr. This may 

suggest underestimation of MRPTS and SECPTS outputs, further corroborated when compared 

against the average NOX removal rate of 96 mg/l/yr reported by Dzakpasu et al. (2011). 
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5.2.14 ESII Outputs: Water Quantity Control (Runoff Retention) 

ESII water quantity control outputs offer insight into a habitat’s capacity to absorb the 

surge of a 25-year storm event. For LF, water quantity control reached a maximum runoff 

retention volume of 24,700 m3/yr (Figure 5-30). 

 

Figure 5-30. Runoff retention: Lake Frances. 

Average runoff retention for LF was 235 m3/ha/yr, aligning with runoff retention data 

reported by Salata et al. (2021), with values ranging between 247 and 357 m3/ha/yr. Holmes et al. 

(2011) reported mean annual runoff volumes between 50 and 5,615 m3/ha/yr, further supporting 

that outputs were within reasonable range of observed values. 

For MRPTS and SECPTS, there was no variation in runoff retention between process 

units. Overall, outputs were low, peaking at 2.18 for MRPTS and 1.15 m3/ha/yr for SECPTS 

(Figure 5-31). 
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Figure 5-31. Runoff retention: (a) Mayer Ranch and (b) Southeast Commerce. 

The average retention volume for MRPTS was 2.0 m3/ha/yr and 1.0 m3/ha/yr for 

SECPTS. Compared to retention estimates reported by Salata et al. (2021) and runoff volumes 

recorded by Holmes et al. (2011), runoff retention outputs were low, suggesting potential 

underestimation. 

5.3 Evaluative Criteria Results 

Results of ES-DSTs were qualitatively assessed relative to evaluative criteria to identify 

ES-DSTs most applicable for use in inland wetland habitats. The qualitative findings from the 

application of ES-DSTs were evaluated against predefined criteria, drawing conclusions based on 

personal experience with the application process. The evaluative criteria results were given either 

low, medium, or high performance scores (Table 5-1). 

Table 5-1. ES-DST tool comparison relative to evaluative criteria. 

Predefined Criteria InVEST ESII 

(1) Level of Site-Specificity  Medium High 

(2) Services Evaluated  High Medium 

(3) Value Output High Medium 

(4) Spatial Scalability  Medium High 

(5) Level of Difficulty  Medium Low 

(6) Time Requirement  Medium Medium 
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The degree of site-specificity for each ES-DST was determined by assessing the extent of 

site-specific requirements, which include primary data and regionally derived secondary inputs. 

InVEST received a medium rating for site-specificity due to its emphasis on modeled inputs. 

ESII received a high rating for site-specificity because it mandated and provided instruction for 

field observations. 

Versatility was assessed based on which types of services (provisioning, regulating, 

cultural, and supporting) were evaluated by each tool. InVEST was rated high because it can 

evaluate a total of 18 services spanning all four ES categories of ES. The ESII tool was also 

given a medium rating, addressing three out of the four ES categories in its outputs. 

The suitability of output values from each tool for integration into a BCA focused on 

identifying metrics that can be commonly employed and easily compared, such as specific 

quantitative values and well-defined value ranges. InVEST outputs are deemed highly conducive 

for BCA incorporation, providing a diverse array of traditional engineering measurements that 

are useful for economic valuation. While most InVEST models do not explicitly provide 

economic valuation, the quantitative outputs still serve as a foundation for valuation. ESII was 

assigned a medium rating for its potential to be integrated into a BCA, given that its outputs 

primarily consist of engineering measurements. For any tool, data should be calibrated and 

validated before valuation is performed. 

Spatial adaptability was regarded as favorable for ES-DSTs compared to those with 

limited or inflexible capabilities. InVEST was attributed a medium rating for spatial adaptability, 

as it allows for site-level analyses; however, its optimal effectiveness was observed at the 

watershed-scale, meaning conducting analyses at the site-level compromised the quality of 
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resulting data. ESII received a high spatial adaptability rating due to its remarkable scalability, 

developed for user-defined sites and habitat units, with virtually no limits to its applicability. 

Application difficulty was gauged by the level of user-friendliness it offered. InVEST 

was given a medium rating due to the prerequisite GIS proficiency requirement for data 

preparation. InVEST offers a comprehensive User Guide and various supplementary resources, 

including example data sets and an online user forum where expert guidance is readily available. 

The ESII tool was given a low difficulty rating due to its straightforward step-by-step approach. 

ESII also offers extensive support, including the ESII User’s Guide, which provides PDF 

documents and videos covering various topics of tool usage, from initial workspace preparation 

to result interpretation. 

Time considerations were evaluated based on convenience, with an emphasis on 

timeliness for tool implementation and application. InVEST received a medium rating because 

running each of the models was quick, however, preparing input data can be time-consuming, 

especially for practitioners with limited GIS experience. ESII was given a medium time 

requirement rating, as the field surveys can be time-intensive, but executing the ESII models was 

simple and fast, contributing to a balanced overall time profile. 

5.4 Educated Partner Feedback Results 

Educated partners were provided ten ES determined to be relevant to the LF site. They 

were tasked with ranking these ES from most to least important, assigning a value of 10 to the 

most important ES and a value of 1 to the least important. These values were then added to 

develop a cumulative score for each ES. Analysis of educated partner feedback for LF (Table 5-

2) generally aligned with outputs generated by the ES-DSTs. However, notable disparities 
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emerged, highlighting the importance of selecting the appropriate analytical tool for 

comprehensive evaluation. 

Table 5-2. Lake Frances: educated partner feedback cumulative scores. 

Rank Service Score 

1 Nutrient Retention 39 

2 Flood Risk Mitigation 32 

3 Stormwater Retention 31 

4 Sediment Retention 29 

5 Habitat Quality 22 

6 Water Yield 20 

7 Carbon Storage 19 

8 Recreation/Education 12 

9 Plant Pollination 9 

10 Scenic Quality 7 

Educated partner responses regarded nutrient retention as the most important ES at LF. 

Comparatively, ES-DST outputs underestimate the importance of nutrient retention. Both the 

InVEST and ESII tools suggested there was negligible retention occurring at LF, on the contrary, 

indicating that the site may even be contributing to nutrient loads. This discrepancy between 

educated partner assessments and modeling outputs highlights the need for careful interpretation 

and integration of diverse sources of information in ES assessments. 

Per educated partner responses, stormwater retention emerges as the third most vital ES 

at LF. This ranking is consistent with the well-documented capacity of BHFs to effectively 

capture and store runoff (King and Allen, 1996). It is logical that educated partner possessing 

local knowledge of the site, and thus understanding the significant impact of stormwater runoff 

on water quality and flooding frequencies downstream of the site, would accord such high 

importance to stormwater retention. 

When compared to tool outputs, the perceived value of stormwater retention at the site 

aligned well with InVEST’s interpretations. While ESII does not directly assess this service, 
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insights into stormwater retention at the site can be inferred based water quantity control and 

water filtration outputs. ESII regards water quantity control as the second most important ES at 

LF, while water filtration was the least, diverging from educated partner perspectives. 

Considering this, InVEST may be a more appropriate tool selection for gathering ES data to 

inform decisions with an emphasis on stormwater retention. 

For MRPTS and SECPTS, educated partners were presented with a list of eight ES 

deemed relevant to the sites (Table 5-13). They were tasked with ranking these ES from most (8) 

to least important (1). These values were summed to calculate a cumulative score for each ES. 

The educated partner feedback for the PTSs (Table 5-3) highlights the pivotal role of human 

perspectives in the decision-making process. 

Table 5-3. Mayer Ranch and Southeast Commerce: educated partner feedback cumulative scores. 

Rank Service Score 

1 Contaminant Buffering 32 

2 Habitat Quality 25 

3 
Education and 

Research 
22 

4 Economic Benefits 18 

5 Plant Pollination 18 

6 Carbon Storage 13 

7 Scenic Quality 11 

8 
Non-Potable Water 

Yield  
5 

Educated partner responses revealed that contaminant buffering was considered the most 

critical ES at the PTSs. ES-DST outputs exhibited a diminished emphasis on water quality 

buffering, a discrepancy which was attributed to the limited flexibility of the tools in representing 

PTSs realistically. This underscores the need for enhanced flexibility and customization options 

within ES-DSTs to better reflect the complex dynamics of PTSs designed for pollutant buffering 

in mine-affected environments. 
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Habitat quality was regarded as the second most important ES for the PTS sites according 

to educated partner input. InVEST results demonstrated that habitat provided by MRPTS 

surpasses that of surrounding habitats within the UTW, aligning with anecdotal site observations. 

ESII outputs do not explicitly depict this aspect, suggesting that InVEST is better equipped to 

provide decision-makers with valuable information for prioritizing wildlife conservation efforts 

based on habitat quality indicators. 

Collective educated partner feedback highlights the perceived value of cultural services at 

the PTS sites, with the ES of education and research ranked as the third most important. This 

highlights a significant gap in both InVEST and ESII—neither tool explicitly addresses cultural 

services beyond recreation and aesthetic quality. This limitation underscores the need for greater 

consideration and creative integration of cultural services into ES-DSTs. 

5.5 Camera Trapping Results 

In this study, a more refined approach to wildlife observation was adopted. Instead of 

calculating traditional detection rates over time, the focus was on capturing noteworthy events to 

provide insights into animal activity and habitat suitability. This adaptation was necessary due to 

the limitations of the detection rate approach, revealed during capture processing. When applied 

to a small sample size, the detection rate approach likely distorts accurate species estimates. To 

improve statistical power and accuracy, it is advisable to employ a larger sample size in future 

studies (Kolowski et al, 2021). 

This research recorded notable events, including events that capture relatively rare 

species sightings, multiple consecutive occurrences, and species interactions. In twelve (Figure 

5-32) deployments across distinct habitat locations at LF, a total of 291 notable captures were 



104 

 

recorded, within which 12 different species were identified between late January to early 

December 2023. 

 

Figure 5-32. Map of wildlife camera deployments at Lake Frances. 

 Identified species include the nine-banded armadillo (Dasypus novemcinctus), 

Southeastern coyote (Canis latrans), white-tailed deer (Odocoileus virginianus), Great Pyrenees 

dog (Canis lupus familiaris), North American possum (Didelphis virginiana), woodchuck 

(Marmota monax), raccoon (Procyon lotor), North American river otter (Lutra canadensis), fox 

squirrel (Sciurus niger), an unknown snake species, Northern cardinal (Cardinalis cardinalis), 

and American crow (Corvus brachyrhynchos). A snapshot of species presence and individual 

species occurrence rates per camera deployment is provided in Table 5-14. More detailed 

information on notable captures and representative images for each camera during each 

deployment are presented in Table D1. 
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For each deployment, the percentage capture of total events was calculated to visually 

assess the spatial distribution of species across the site (Figure 5-33). An emerging trend 

indicates increasing species occurrence with distance from the developed road area. Furthermore, 

this trend appears to correlate with proximity to water bodies, demonstrated by higher species 

occurrence rates coinciding with the presence of inner channels within the floodplain. This 

relationship was illustrated through the findings from deployments LF1_3, LF2_1, and to a lesser 

extent, LF4_3. 

 

Figure 5-33. Spatial distribution of notable events by percent of captures per location of a total 

of 291 occurrences. 

Species richness exhibits a similar pattern, with a greater number of species observed at 

locations farther from the roadway and in closer proximity to the river within the floodplain 

areas. For instance, deployment LF1_3 recorded a total of nine distinct species, while 

deployment LF2_1 documented four species. Conversely, deployments LF2_2 and LF3_2 
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recorded no wildlife species, indicating a stark contrast in species richness across the site. This 

observation underscores the influence of environmental factors such as proximity to water bodies 

and habitat quality on species diversity within the study area. Notable events are documented in 

Table D2, but Table 5-4 provides a snapshot of species’ richness and the composition of observed 

communities during each deployment. 

Table 5-4. Species richness snapshot and composition per deployment. 

Deployment Richness Species Composition Date 

LF1_1 3 80% Deer, 10% Coyote, 10% Raccoon 1/23 - 3/29/2023 

LF1_2 1 100% Deer 7/25 - 9/2/2023 

LF1_3 9 44% Armadillo, 20% Deer, 11% 

Raccoon, 8% Squirrel, 7% Possum, 6% 

River Otter, 2% Coyote, 1% Snake, 1% 

Woodchuck 

9/2 - 12/8/2023 

LF2_1 4 44% Armadillo, 33% Deer, 13% 

Squirrel, 10% Possum 

1/23 - 3/29/2023 

LF2_2 0 - 7/25 - 9/2/2023 

LF2_3 NA NA Stolen 

LF3_1 3 74% Deer, 21% Squirrel, 5% Dog 3/29 - 5/25/2023 

LF3_2 0 - 7/25 - 9/2/2023 

LF3_3 1 100% Deer 9/2 - 12/8/2023 

LF4_1 2 60% Deer, 40% Squirrel 3/29 - 5/25/2023 

LF4_2 4 57% Deer, 14% Squirrel, 14% Crow, 

14% Cardinal 

7/25 - 9/2/2023 

LF4_3 1 100% Deer 9/2 - 12/8/2023 

Wildlife occurrence and richness were not observed to be influenced by the date of 

deployment. However, it is pertinent to advocate for more extensive investigations into the 

seasonal variability of wildlife patterns.  A comprehensive understanding of seasonal changes in 

wildlife dynamics is crucial for elucidating the underlying mechanisms driving ecological 

processes and for informing conservation and management strategies tailored to different times 

of the year. 

Kolowski et al. (2021) emphasized the importance of using larger sample sizes in wildlife 

camera trapping studies to improve statistical power and accuracy. Their findings underscore the 



107 

 

potential of this approach in obtaining reliable estimates of species occurrence and distribution, 

ultimately contributing to better-informed conservation decisions. Moreover, employing a larger 

sample size facilitates the detection of rare or elusive species that are often missed in smaller 

sample sizes. This is particularly important for conservation efforts, as accurate assessments of 

species presence and abundance are essential for effective management and conservation 

planning. 

It is imperative for future studies to delve deeper into the temporal dynamics of wildlife 

at the LF site, employing a statistically robust design to attain a comprehensive understanding. 

Investigating seasonal variations and long-term temporal changes in wildlife communities is of 

utmost importance. By scrutinizing seasonal patterns more closely, future studies could unveil 

more nuanced shifts in species behavior, habitat utilization, and community dynamics that often 

elude detection in short-term analyses. For example, many studies use occupancy models to 

interpret how the spatial distribution of species is influenced across different seasons. This 

approach allows researchers to assess not only the presence or absence of species but also their 

habitat preferences and patterns of movement over time (Premathilake and Jackson, 2018). By 

incorporating such methodologies, future investigations can capture the intricate interplay 

between environmental factors and wildlife dynamics, thereby enhancing our understanding of 

ecosystem functioning and informing more effective conservation strategies. 

6.0 Conclusions 

6.1 Quantifying Site-Level ES 

6.1.1 Lake Frances: BHFs Enhance ES for Water Security and Beyond 

Drawing upon a comprehensive analysis of outputs from both InVEST and ESII, 

supplemented by educated partner consultations, key ES at LF included stormwater retention and 
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flood attenuation. While educated partner responses underscored nutrient retention as a crucial 

ES at the site, the InVEST and ESII tools do not accord this ES with the same level of import, 

producing low, potentially underestimated, outputs for both nitrogen and phosphorus. This 

discrepancy stresses the importance of taking a multifaceted approach, integrating stakeholder 

insights alongside analytical tools to ensure a nuanced understanding of ecosystem dynamics 

according to local priorities. 

The LF case study employed ES-DSTs to illustrate how BHFs serve as natural sinks to 

mitigate the consequences of excess runoff and water pollution. The results could inform the 

site’s capacity as natural infrastructure for stormwater management. Integration of wildlife 

camera traps served to demonstrate the site’s importance as a habitat corridor for local wildlife. 

Demonstrated by the educated partner responses, the ES-DST outputs, and the wildlife 

observations, LF appears to be a natural ES hotspot. These data could, at a minimum, provide 

supporting evidence for preserving LF as natural infrastructure. 

6.1.2 MRPTS and SECPTS: Restoring ES Beyond Water Quality in Mine-Impacted Habitats 

Considering InVEST and ESII outputs plus educated partner consultations, the priority 

and highest performing ES at the PTSs included contaminant buffering and habitat quality. While 

educated partner feedback emphasizes the importance of cultural services, ranking 

education/research as the third most important ES at the PTSs, neither tool explicitly addresses 

cultural services beyond recreation and aesthetic quality. Addressing this gap is crucial for 

ensuring a holistic understanding of ES to inform decisions about conservation and management 

strategies moving forward. 

The PTS case study demonstrates how NBS and other nature-based restoration 

approaches can be leveraged to tackle complex water quality challenges, while simultaneously 
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enhancing ancillary ES, thus increasing the overall value of the infrastructure. ES-DST outputs 

provided visual and numerical representation of the myriad benefits offered by this targeted 

ecologically engineered NBS, yet constraints were encountered. Foremost, educated partner 

responses shed light on the limitations of InVEST and ESII in capturing unique site-specific 

influences, such as those found in mine-impacted landscapes. Nonetheless, this PTS pilot study 

illustrated how nature-based technologies can be harnessed to document the restoration of 

primary and ancillary ES at similarly irreversibly damaged (USEPA, 2000) Superfund and 

brownfield sites (Nairn et al., 2001). 

6.2 ES-DSTs, like InVEST and ESII, Offer Quantitative Approaches to ES Analysis 

This research investigated the use of ES-DSTs for assessing both explicit and implicit 

freshwater wetland ES. A pilot study approach was adopted to illustrate the effectiveness of 

selected ES-DSTs for quantifying site-level ES. Subjective evaluation of the tool application 

process revealed various insights about the varying strengths and weaknesses between InVEST 

and ESII, suggesting that tool selection plays a pivotal role in ES assessments. While InVEST 

provides a broad array of models for generating comprehensive ES data, its capability to deliver 

accurate site-specific evaluations is limited. ESII, while designed to guide targeted site-level ES 

assessments, does include options to incorporate unique influences, such as mine water 

discharge. Depending on the objectives of an ES assessment, multiple ES-DSTs could be applied 

to integrate results for improved quantification of ES. Regardless of the tool or tools applied, 

site-level calibration is necessary prior to valuation for BCA integration. 

6.2.1 InVEST: Decoding Nature's Value to Empower Decision-Making 

Given the White House's endorsement of initiatives aimed at integrating ES into BCAs, 

there is a pressing call for proactive efforts to address data gaps that encompass the multifaceted 
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benefits at the site-level (OMB, 2024). Quantitative documentation of ES presence and 

effectiveness empowers decision-makers to compare between outcomes of conventional and 

nature-based infrastructure scenarios. InVEST, using a simple framework to link ES production 

functions to beneficiaries, holds potential as a conduit for site-scale quantitative ES analyses. 

Offering a medium degree of site-specificity, InVEST evaluated a versatile range of 

services across three of the four MA ES categories, producing outputs which were well-suited for 

integration into a valuation equation for BCA integration. InVEST received a medium rating for 

difficulty and time considerations because of the prerequisite of GIS knowledge and timely GIS 

preparation phase, although, comprehensive support and resources were provided. 

InVEST outputs were readily applicable for use in landscape development projects, 

especially amenable to for use in engineering, construction or other infrastructure planning and 

design fields. Once data is validated and calibrated at the site level, InVEST outputs can be 

valued by plugging them into cost-based valuation equations and integrating regional economic 

data. The findings of this research indicate that InVEST, when compared to other ES-DSTs, 

stands out as one of the most effective options for evaluating site-specific ecosystem benefits and 

translating them into a BCA. 

6.2.2 ESII: Integrating Sustainability into Business-As-Usual Approaches 

The timelier the consideration of nature-based alternatives during the planning and design 

of infrastructure decisions, the greater the feasibility of their integration (Guertin et al., 2019). 

With both international and national sustainability objectives at the forefront of media attention, 

ESII presents a straightforward method for integrating nature into corporate development 

strategies. ESII is an effective instrument to help guide businesses looking to showcase corporate 
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commitment to the SDGs through site-level ES assessments. Despite its primary focus on the 

corporate realm, ESII's adaptability makes it applicable across diverse fields and situations. 

ESII stands out for its emphasis on site-specificity, tailoring analyses to user-defined site 

maps. It offers versatility by generating a wide array of outputs that aid in understanding decision 

trade-offs. Although ESII does not value ES overtly, the outputs were suitable to be input into 

standard cost-based valuation methods with regional economic data to facilitate integration into a 

BCA (Badamfirooz, 2021). Despite ESII’s lengthy list of input requirements, it boasts a 

relatively efficient and simple step-by-step process, suggesting the tool has potential for 

widespread application. 

6.3 Generating Unique, Site-Specific Measures to Improve ES Tracking 

6.3.1 Engaging Stakeholders to Drive Site-Specific ES Investigation 

Incorporating stakeholder perspectives is paramount in conducting comprehensive ES 

investigations (NESP, 2016). By understanding the intricate interactions between a site and its 

stakeholders, researchers can gain insights into a local community's willingness to invest in, or 

pay (WTP) for, the protection and enhancement of ES. Through dialogue and collaboration with 

stakeholders, researchers can identify valuable context and firsthand knowledge to understand 

key ES priorities and concerns. Stakeholder involvement also fosters a sense of ownership and 

responsibility among local communities towards their surrounding environment. This 

participatory approach not only enriches ES investigations but also promotes the development of 

interdisciplinary strategies for preserving ecosystem health and resilience (NESP, 2016). 

6.3.2 Incorporating Wildlife Cameras for Biodiversity Tracking 

The exploratory wildlife study conducted at LF demonstrated the utility of camera traps 

for wildlife tracking and monitoring. While traditional quantitative biodiversity metric were not 
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employed due to concerns about data accuracy given the small sample size, this study introduced 

the concept of notable captures: a practical quantitative approach for short-term wildlife 

observation studies. Long-term, the approach could be leveraged to track significant changes in 

wildlife populations, behaviors, interactions and more, serving as an indicator of habitat quality 

improvement. 

For LF, the analysis of notable events revealed low biodiversity across the site, in which 

species richness and occurrence appears to be lowest near urbanized areas (i.e roads, railroads) 

and highest near freshwater resources, such as the inner channel and Illinois River. Given the 

simplified nature of this approach, it must be acknowledged that other factors likely influenced 

these patterns. The findings of this study merely highlight the need for further investigation. 

6.4 Future Directions: Refining and Valuing ES-DST Outputs 

While internal valuation processes are ideal for ES-DSTs, neither InVEST nor ESII 

provided explicit values for all ES outputs. Future research endeavors could consider employing 

external valuation methods. However, before proceeding with the valuation of ES-DST outputs, 

validation and uncertainty assessments are critical to ensuring the credibility and reliability of the 

results. To effectively assess and report uncertainty, three key steps should be followed: 

(1) Sensitivity Analysis: Sensitivity analyses entail systematically adjusting input parameters to 

evaluate their impact on the model outcomes. This process helps identify which factors exert 

the most significant influence on the results, highlighting areas where further investigation or 

data refinement may be needed (Cariboni et al., 2007). While this study included a sensitivity 

analysis, a more comprehensive examination would be warranted prior to valuation. 

(2) Ensemble Analysis: An ensemble analysis, similar to the approach taken for this research, 

combines the use of multiple ES-DSTs to produce a range of potential outcomes. By 
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considering a spectrum of possible futures, ensemble analyses provide decision-makers with 

a nuanced understanding of the uncertainty inherent in the model predictions (Willcock et al., 

2020). 

(3) Scenario Comparisons: Scenario comparisons involve evaluating outputs across alternative 

scenarios that reflect different conditions, such as changes in land use, policy interventions, 

or socio-economic trends. By exploring various plausible situations, scenario comparisons 

help decision-makers anticipate and prepare for uncertainty, enabling them to make more 

adaptive decisions. 

Numerous ES valuation methods are available which are potentially suitable for assessing 

site-level ES across the study sites analyzed in this research. Reid et al. (2005) offered a 

comprehensive overview of the diverse interpretations of ES "value," acknowledging its 

subjective nature. Depending on the valuation objectives, either monetary or non-monetary 

quantitative values can be calculated. 

Non-monetary valuation, although beneficial for conservation purposes, often results in 

misunderstandings of ES values among non-specialists. Nevertheless, four non-monetary 

valuation methods were deemed potentially suitable for establishing quantitative values (Table 

E1) with emergy analysis standing out for its unique approach. 

Emergy analysis assesses energy memory (hence the "m" in emergy), valuing an ES as 

the aggregate of all energy inputs contributing to a service or good, standardized to a common 

basis known as solar emergy (seJ) using a conversion factor called the Unit Emergy Value (UEV) 

(Nadalini et al., 2021). An emergy analysis previously conducted at the PTSs, for example, 

provided insight into the ecological value of water purification services by considering all energy 
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inputs involved in system operation, including solar energy, embodied energy of materials, labor, 

and more (Winfrey et al., 2015). 

Monetary valuation approaches offer broader applicability for ES accounting and 

reporting, as the dollar value is universal, transcending professional disciplines and 

socioeconomic statuses. This research identified thirteen monetary methods to help value ES at a 

site (Table E2). 

Because market prices are ultimately determined by social perspectives of value, stated-

preference approaches, especially contingent valuation (i.e. willingness to pay (WTP), 

willingness to accept (WTA), or willingness to sell (WTS)), could be supplemented into any 

valuation to act as a compass, akin to how educated partner responses were used in this research 

(Selivanov and Hlaváčková, 2021). Market-based and cost-based methods employ real economic 

data to estimate ES values. For instance, flood attenuation provided by natural infrastructure 

such as a BHF, could be valued as the expense of replacing ES benefits with built infrastructure 

according to the replacement cost method. 

… 

In conclusion, this research accepted the hypothesis that ES-DSTs are capable of 

quantitatively assessing site-specific freshwater wetland ES. The results of these pilot studies 

highlight the potential of ES-DSTs to bridge the gap between global and national wetland 

conservation policies and on-the-ground implementation by improving ES accounting. These 

quantitative metrics lay the groundwork for ES valuation, a crucial preparatory phase to 

conducting a BCA. 
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8.0 Appendices 

8.1 Appendix A: Supporting Data 

Table A1. Illinois River Watershed: land use/land cover distribution (page 29).  

LULC Class Code Area (ha) Coverage (%) 

Open Water 11 11.10 0.73 

Developed, Open Space 21 83.10 5.49 

Developed, Low Intensity 22 37.10 2.45 

Developed, Medium Intensity 23 28.10 1.86 

Developed, High Intensity 24 11.60 0.77 

Barren Land 31 1.30 0.09 

Deciduous Forest 41 590.00 39.0 

Evergreen Forest 42 8.94 0.59 

Mixed Forest 43 45.30 2.99 

Shrub/Scrub 52 7.93 0.52 

Herbaceous 71 9.40 0.62 

Hay/Pasture 81 658.00 43.50 

Woody Wetlands 90 18.80 1.24 

Emergent Herbaceous Wetlands 95 1.76 0.12 

TOTAL IRW AREA:   1513   
 

Table A2. Unnamed Tributary Watershed: land use/land cover distribution (page 29). 

LULC Class Code Area (ha) Coverage (%) 

Open Water 11 0.86 0.57 

Developed, Open Space 21 10.20 6.71 

Developed, Low Intensity 22 21.20 13.90 

Developed, Medium Intensity 23 14.40 9.47 

Developed, High Intensity 24 6.30 4.14 

Barren Land 31 3.65 2.40 

Deciduous Forest 41 3.45 2.27 

Mixed Forest 43 0.24 0.16 

Herbaceous 71 1.13 0.74 

Hay/Pasture 81 51.20 33.70 

Cultivated Crops 82 34.10 22.40 

Woody Wetlands 90 5.27 3.47 

Emergent Herbaceous Wetlands 95 0.22 0.14 

TOTAL UTW AREA:   152   
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Table A3. Illinois River Watershed and Unnamed Tributary Watershed: Sediment Delivery Ratio 

model biophysical input table (page 30). 

NLCD LULC Class lucode usle_c usle_p 

Open Water 11 0.00 1.0 

Developed, Open Space 21 0.03 1.0 

Developed, Low Intensity 22 0.03 1.0 

Developed, Medium Intensity 23 0.03 1.0 

Developed, High Intensity 24 0.03 1.0 

Barren Land 31 0.29 1.0 

Deciduous Forest 41 0.002 1.0 

Evergreen Forest 42 0.002 1.0 

Mixed Forest 43 0.002 1.0 

Shrub/Scrub 52 0.04 1.0 

Herbaceous 71 0.01 1.0 

Hay/Pasture 81 0.07 0.5 

Cultivated Crops 82 0.17 0.6 

Woody Wetlands 90 0.001 1.0 

Emergent Herbaceous Wetlands 95 0.001 1.0 

 

Table A4. Illinois River Watershed: Nutrient Delivery Ratio model biophysical input table (page 

32). 

LULC Class 

Load 

(kg/(ha·yr)) 

ret_eff 

(%) 

crit_len 

(m) 

DI 

(%) 

P N P N P N N 

Open Water 0.4 1.1 0.69 0.1 1 1 0 

Developed, Open Space 0.7 4.2 0.24 0.3 10 10 0 

Developed, Low Intensity 0.7 4.2 0.24 0.2 5 10 0 

Developed, Medium Intensity 0.7 4.2 0.24 0.2 5 10 0 

Developed, High Intensity 0.7 4.2 0.24 0.08 5 10 0 

Barren Land 2.7 22 0.24 0.3 10 10 0 

Deciduous Forest 0.01 0.5 0.7 0.7 30 30 0.8 

Evergreen Forest 0.01 0.5 0.7 0.7 30 30 0.8 

Mixed Forest 0.01 0.5 0.7 0.7 30 30 0.8 

Shrub/Scrub 0.2 0.7 0.6 0.6 30 30 0.8 

Herbaceous 0.8 2.4 0.7 0.54 30 30 0.8 

Hay/Pasture 0.8 2.4 0.8 0.45 30 30 0.8 

Woody Wetlands 0.4 1.1 0.38 0.85 30 30 0.8 

Emergent Herbaceous Wetlands 0.4 1.1 0.35 0.72 30 30 0.8 
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Table A5. Unnamed Tributary Watershed: Nutrient Delivery Ratio model biophysical input table 

(page 32). 

LULC Class 

Load 

(kg/(ha·yr)) 

ret_eff 

(%) 

crit_len 

(m) 

DI 

(%) 

P N P N P N N 

Open Water 0.2 0.7 0.88 0.38 1 1 0 

Developed, Open Space 0.96 7.4 0.24 0.3 10 10 0 

Developed, Low Intensity 0.96 7.4 0.24 0.2 5 10 0 

Developed, Medium Intensity 0.96 7.4 0.24 0.2 5 10 0 

Developed, High Intensity 0.96 7.4 0.24 0.08 5 10 0 

Barren Land 1.1 8.2 0.24 0.3 10 10 0 

Deciduous Forest 0.6 0.04 0.7 0.7 30 30 0.8 

Mixed Forest 0.6 0.04 0.7 0.7 30 30 0.8 

Herbaceous 3.5 1.3 0.7 0.54 30 30 0.8 

Hay/Pasture 3.5 1.3 0.8 0.45 30 30 0.8 

Cultivated Crops 1.7 7.1 0.15 0.15 30 30 0.8 

Woody Wetlands 0.2 0.7 0.88 0.38 30 30 0.8 

Emergent Herbaceous Wetlands 0.2 0.7 0.88 0.38 30 30 0.8 

 

Table A6. Calculated reference evapotranspiration for Westville and Miami, Oklahoma Mesonet 

Stations (page 33). 

Weather Parameter Westville (IRW) Miami (UTW) 

Annual Rainfall (mm) 1269 1249 

Average Temperature (°C) 15 15 

Average Temperature Difference (°C) 11 12 

Average Solar Radiation (MJ/m2·d) 16 16 

Annual Evapotranspiration (mm) 240 252 
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Table A7. Illinois River Watershed: Annual Water Yield biophysical input table (page 35).  

LULC Class lucode lulc_veg root_depth Kc  
Open Water 11 0 1500 0.87  

Developed, Open Space 21 0 1500 0.55  

Developed, Low Intensity 22 0 1500 0.45  

Developed, Medium Intensity 23 0 1500 0.25  

Developed, High Intensity 24 0 1500 0.15  

Barren Land 31 0 1480 0.5  

Deciduous Forest 41 1 1500 0.96  

Evergreen Forest 42 1 1500 0.96  

Mixed Forest 43 1 1500 0.96  

Shrub/Scrub 52 1 440 0.9  

Herbaceous 71 1 1480 0.9  

Hay/Pasture 81 1 1500 0.7  

Woody Wetlands 90 0 1500 0.8  

Emergent Herbaceous Wetlands 95 0 1500 0.8  

 

Table A8. Unnamed Tributary Watershed: Annual Water Yield biophysical input table (page 35). 

LULC Class lucode lulc_veg root_depth Kc  
Open Water 11 0 1500 0.87  

Developed, Open Space 21 0 1500 0.55  

Developed, Low Intensity 22 0 1500 0.45  

Developed, Medium Intensity 23 0 1500 0.25  

Developed, High Intensity 24 0 1500 0.15  

Barren Land 31 0 1500 0.5  

Deciduous Forest 41 1 1500 0.96  

Mixed Forest 43 1 1500 0.96  

Herbaceous 71 1 980 0.9  

Hay/Pasture 81 1 1500 0.7  

Cultivated Crops 82 1 1500 0.77  

Woody Wetlands 90 0 1500 0.8  

Emergent Herbaceous Wetlands 95 0 1500 0.8  
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Table A9. Estimates of consumptive water use per county (page 36). 

Category A
D
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Urban Water Use (m3/cell/year) 12.4 32.4 59.9 10.4 8.8 

Public Supply (m3/cell/year) 9.4 28.6 35.4 0.10 3.70 

Domestic Supply (m3/cell/year) 3.00 3.90 24.4 10.3 5.1 

Agricultural Water Use (m3/cell/year) 1.20 1.10 1.50 1.10 0.80 

Urban Cell Count (Developed, Open 

Space; Low, Medium, and High Intensity) 
2,880 226 13,600 1,030 5,780 

Agricultural Cell Count (Hay/Pasture; 

Cultivated Crops) 
15,000 705 45,400 12,000 9,480 

Total Urban Use (m3/year) 35,700 7,300 816,000 10,700 51,000 

Total Agricultural Use (m3/year) 17,800 800 66,400 13,000 7,950 

Table A10. Illinois River Watershed and Unnamed Tributary Watershed: Total consumptive water 

use (page 36). 

 Urban Agricultural Total 

IRW (m3/year) 869,677 97,917 967,594 

UTW (m3/year) 50,949 7,954 58,904 

 

Table A11. Illinois River Watershed and Unnamed Tributary Watershed: Carbon biomass pools 

(page 38). 

LULC Class 

Carbon Biomass (Mg/ha) 

AGB BGB SOIL DEAD TOTAL CONUS Estimate 

Open Water 0 0 0 0 0 0 

Developed 0.4 0.59 1.73 0 2.72 4.6 +/- 2.9 

Barren Land 0.4 0.59 1.73 0 2.72 4.6 +/- 2.9 

Forested 30.55 14.66 82.29 13 140.5 142.25 +/- 19.5 

Shrub/Scrub 3.47 8.11 21.4 0.2 33.18 32.55 +/- 4.6 

Herbaceous 3.47 8.11 21.4 0.2 33.18 32.55 +/- 4.6 

Hay/Pasture 5.2 0.89 21.4 1.7 29.19 33.25 +/- 9.3 

Cultivated Crops 5.2 0.89 40.8 1.7 48.59 41.25 +/- 10.1 

Woody Wetlands 49.28 12.83 99.91 20.05 182.07 176.6 +/- 51.6 

Emergent Herbaceous 

Wetlands 
35.24 9.18 99.91 0 144.33 176.6 +/- 51.6 
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Table A12. Literature references for carbon biomass pools (page 38). 

LULC Class 

Literature Sources 

AG BG SOIL DEAD 

Open Water 
Tomasso and 

Leighton, 2015 

Tomasso and 

Leighton, 2016 

Tomasso and 

Leighton, 2017 

Tomasso and 

Leighton, 2018 

Developed 
Adelisardou et al., 

2022 

Tomasso and 

Leighton, 2015 

Adelisardou et al., 

2022 

Tomasso and 

Leighton, 2015 

Barren Land 
Adelisardou et al., 

2022 

Tomasso and 

Leighton, 2015 

Adelisardou et al., 

2022 

Tomasso and 

Leighton, 2015 

Forested Hu et al., 2023 Hu et al., 2023 Hu et al., 2023 Hu et al., 2023 

Shrub/Scrub 
Dionizio et al., 

2020 

Dionizio et al., 

2020 

Mendez-Estrella 

et al., 2017 

Tomasso and 

Leighton, 2015 

Herbaceous 
Dionizio et al., 

2020 

Dionizio et al., 

2020 

Mendez-Estrella 

et al., 2017 

Tomasso and 

Leighton, 2015 

Hay/Pasture 
Tomasso and 

Leighton, 2014 

Tomasso and 

Leighton, 2015 

Mendez-Estrella 

et al., 2017 

Tomasso and 

Leighton, 2015 

Cultivated Crops 
Tomasso and 

Leighton, 2014 

Tomasso and 

Leighton, 2015 

Mendez-Estrella 

et al., 2017 

Tomasso and 

Leighton, 2015 

Woody Wetlands 
Tomasso and 

Leighton, 2014 

Tomasso and 

Leighton, 2015 

Tomasso and 

Leighton, 2016 

Tomasso and 

Leighton, 2017 

Emergent Herbaceous 

Wetlands 

Tomasso and 

Leighton, 2014 

Tomasso and 

Leighton, 2015 

Tomasso and 

Leighton, 2016 

Tomasso and 

Leighton, 2017 

 

Table A13. Illinois River Watershed: Habitat Quality threats input table (page 40). 

Threat Maximum Distance of Impact (km) Impact Weight 

ROADS 10 0.6 

DAIRY 100 0.8 

BEEF 100 0.8 

POULTRY 100 0.8 

SWINE 100 0.8 

WASTEWATER 100 0.8 

 

Table A14. Unnamed Tributary Watershed: Habitat Quality threats input table (see page 40). 

Threat Maximum Distance of Impact (km) Impact Weight 

ROADS 10 0.6 

DISCHARGES 10 0.8 

  



140 

 

Table A15. Illinois River Watershed: Habitat Quality sensitivity table (page 41). 

LULC Class 
Habitat 

Suitability 

Habitat Sensitivity 

R
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Open Water 1 0.5 0.5 0.5 0.5 0.5 

Developed, Open Space 0.6 0.3 0.6 0.6 0.8 0.8 

Barren Land 1 0.4 0.8 0.4 0.4 0.4 

Deciduous Forest 1 0.4 0.8 0.4 0.4 0.4 

Evergreen Forest 1 0.4 0.8 0.4 0.4 0.4 

Mixed Forest 1 0.7 0.6 0.6 0.8 0.8 

Shrub/Scrub 1 0.6 0.4 0.8 0.6 0.6 

Herbaceous 0.3 0.2 0.4 0.8 0.4 0.6 

Hay/Pasture 0.3 0.2 0.4 0.8 0.4 0.6 

Woody Wetlands 1 0.7 0.6 0.6 0.4 0.6 

Emergent Herbaceous 

Wetlands 
1 0.7 0.6 0.6 0.4 0.6 

 

Table A16. Unnamed Tributary Watershed: Habitat Quality sensitivity table (page 42). 

LULC Class 
Habitat 

Suitability 

Habitat Sensitivity 
R

O
A

D
S

 

D
IS

C
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E

S
 

Open Water 1 0.5 0.8 

Developed, Open Space 0.6 0.3 0.8 

Barren Land 1 0.4 0.8 

Deciduous Forest 1 0.4 0.8 

Mixed Forest 1 0.4 0.8 

Shrub/Scrub 1 0.7 0.8 

Herbaceous 1 0.6 0.8 

Hay/Pasture 0.3 0.2 0.8 

Cultivated Crops 0.3 0.2 0.8 

Woody Wetlands 1 0.7 0.8 

Emergent Herbaceous Wetlands 1 0.7 0.8 
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Table A17. Illinois River Watershed: Urban Stormwater Retention runoff coefficients (page 43). 

LULC Class 

Runoff Coefficients 

A B C D 

Open Water 0 0 0 0 

Developed, Open Space 0.4 0.44 0.49 0.54 

Developed, Low Intensity 0.4 0.44 0.49 0.54 

Developed, Medium Intensity 0.88 0.89 0.89 0.89 

Developed, High Intensity 0.88 0.89 0.89 0.89 

Barren Land 0.67 0.68 0.7 0.72 

Deciduous Forest 0.14 0.18 0.2 0.25 

Evergreen Forest 0.14 0.18 0.2 0.25 

Mixed Forest 0.14 0.18 0.2 0.25 

Shrub/Scrub 0.3 0.37 0.44 0.5 

Grassland/ Herbaceous 0.3 0.37 0.44 0.5 

Hay/Pasture 0.25 0.34 0.42 0.5 

Cultivated Crops 0.18 0.21 0.25 0.29 

Woody Wetlands 0.1 0.1 0.1 0.1 

Emergent Herbaceous Wetlands 0.1 0.1 0.1 0.1 

 

Table A18. Illinois River Watershed: Urban Stormwater Retention curve numbers (page 44). 

LULC Class 

Curve Numbers 

A B C D 

Open Water NA NA NA NA 

Developed, Open Space 49 69 79 84 

Developed, Low Intensity 89 92 94 95 

Developed, Medium Intensity 89 92 94 95 

Developed, High Intensity 89 92 94 95 

Barren Land 77 86 91 94 

Deciduous Forest 36 60 73 79 

Evergreen Forest 36 60 73 79 

Mixed Forest 36 60 73 79 

Shrub/Scrub 35 56 70 77 

Grassland/ Herbaceous 62 71 81 89 

Hay/Pasture 49 69 79 84 

Cultivated Crops 63 75 83 87 

Woody Wetlands 30 55 70 77 

Emergent Herbaceous Wetlands 30 55 70 77 
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Table A19. Lake Frances soil sample measurements. 

ID Date Hue/Value/Chroma 
Moisture 

Content (%) 

Bulk 

Density 

(g/cm3) 

1 7/25/2023 10YR/4/4 17.25 1.61 

2 7/25/2023 10YR/3/4 8.6 1.79 

3 7/25/2023 10YR/4/3 21.06 1.68 

4 9/2/2023 2.5YR/3/2 23.7 1.67 

5 9/2/2023 2.5YR/3/2 22.94 1.52 

6 9/2/2023 2.5YR/3/2 18.39 1.69 

7 8/7/2023 10YR/2/2 25.01 1.53 

8 8/7/2023 10YR/3/2 25.49 1.55 

9 8/7/2023 10YR/2/2 22.77 1.52 

 

Table A20. Mayer Ranch soil sample measurements. 

Nearest PTS 

Unit 
ID Date Hue/Value/Chroma 

Moisture 

Content (%) 

Bulk 

Density 

(g/cm3) 

Oxidation 

Pond (C1) 
1 (N) 6/11/2023 10YR/3/3 19.48 1.63 

2 (S) 7/14/2023 10YR/2/1 18.91 1.06 

3 (N) 9/7/2023 10YR/3/4 25.74 1.36 

Surface Flow 

Wetlands (C2) 
4 (N) 6/11/2023 10YR/4/2 13.97 1.45 

5 (S) 7/14/2023 10YR/2/2 25.88 1.82 

6 (N) 9/7/2023 10YR/3/2 15.76 1.59 

Vertical Flow 

Bioreactors 

(C3) 

7 (N) 6/11/2023 2.5Y/4/3 13.93 1.08 

8 (S) 7/14/2023 10YR/3/1 17.62 1.33 

9 (N) 9/7/2023 10YR/3/3 16.46 1.53 

Reaeration 

Ponds (C4) 
10 (N) 6/11/2023 2.5Y/3/3 15.44 1.56 

11 (S) 7/14/2023 10YR/3/1 15.94 1.07 

12 (N) 9/7/2023 10YR/4/2 14.88 1.72 

Horizontal 

Flow 

Limestone 

Beds (C5) 

13 (N) 6/11/2023 10YR/3/4 17.65 1.4 

14 (S) 7/14/2023 10YR/4/2 15.26 1.55 

15 (N) 9/7/2023 10YR/3/3 15.28 1.61 

Final 

Polishing 

Wetland (C6) 

16 (N) 6/11/2023 10YR/2/1 16.34 1.4 

17 (S) 7/14/2023 10YR/2/1 19.34 1.22 

18 (N) 9/7/2023 10YR/3/6 13.86 1.58 
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Table A21. Southeast Commerce soil sample measurements. 

Nearest PTS 

Unit 
ID Date Hue/Value/Chroma 

Moisture 

Content (%) 

Bulk 

Density 

(g/cm3) 

Oxidation 

Pond (C1) 
1 (S) 6/12/2023 2.5Y/4/4 13.48 1.85 

2 (N) 7/14/2023 10YR/4/2 19.44 1.81 

3 (N) 9/8/2023 10YR/2/2 21.76 1.59 

Surface Flow 

Wetland (C2) 
4 (S) 6/12/2023 10YR/3/3 18.65 1.48 

5 (N) 7/14/2023 10YR/5/4 16.06 1.98 

6 (N) 9/8/2023 10YR/5/4 12.49 1.3 

Vertical Flow 

Bioreactor 

(C3) 

7 (S) 6/12/2023 10YR/3/3 16.24 1.25 

8 (N) 7/14/2023 10YR/6/4 18.31 2.43 

9 (N) 9/8/2023 10YR/5/4 14.77 1.66 

Final 

Polishing 

Wetland (C6) 

10 (S) 6/12/2023 10YR/3/3 20.48 1.75 

11 (N) 7/14/2023 10YR/5/4 18.09 1.74 

12 (N) 9/8/2023 10YR/6/4 8.82 1.28 

 

8.2 Appendix B: ESII Survey Questions 

Table B1. ESII habitat survey questions (page 48). 

ESII Habitat Survey 

Which of the following best describes the map unit habitat type? Select only one. (a) 

Undeveloped or Agriculture, (b) Developed or Managed, (c) Aquatic 

From the provided additional secondary habitats, which best describes the map unit habitat type 

in further detail? (a) Bare Ground, (b) Pasture/Range, (c) Cultivated/Cropland, (d) Orchard/Tree 

Farm, (e) Grassland/Meadow, (f) Brush Scrub/Shrub, (g) Forest, (h) Mixed Forest/Grassland, (i) 

Wet Areas, (j) Other, (k) Building/Structure, (l) Impervious Area, (m) Pervious Area, (n) 

Landscaped Areas, (o) Athletic/Recreational Fields, (p) Bioswale/Green Roof/Detention Pond, (q) 

Low Density Residential (>1ac lot), (r) Medium Density Residential (1-1/4 ac lot), (s) High 

Density Residential (<1/4 ac lot), (t) Low Density Commercial/Business Complex (Office Park), 

(u) High Density Commercial/Business Complex (Urban), (v) Industrial Complex, (w) 

Berm/Levee, (x) Stabilized Bank, (y) Other developed or managed, (z) Stream/River (Perennial), 

(aa) Stream/River (Ephemeral/Intermittent), (bb) Pond, (cc) Lake, (dd) Beach/Bar/Bank, (ee) 

Drainage Ditch/Canal (Perennial), (ff)  Drainage Ditch/Canal (Ephemeral/Intermittent), (gg) 

Culvert (Perennial), (hh) Culvert (Intermittent/ Ephemeral), (ii) Catchment/Impoundment/ 

Reservoir/Holding Pond, (jj) Other aquatic habitat or manmade aquatic structures 
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Table B2. ESII vegetation survey questions (page 49). 

ESII Vegetation Survey 

Which vegetation type is dominant within the map unit? Select one. (a) No vegetation present, 

(b) Only aquatic vegetation present, (c) Moss/lichen, (d) Non-woody, soft and green stemmed 

plants, (e) Low shrub (<1.8’), (f) Medium shrub (1.8’-6.5’), (g) Tall shrub(>6.5’), (h) 

Seedling(<1” dbh), (i) Sapling/pole (1”-9” dbh), (j) Small tree(10”-14”dbh), (k) Medium tree(15”-

19” dbh), (l) Large tree(20”-29” dbh), (m) Large tree(30”-48” dbh); , (n) Large tree (>48” dbh) 

What is the average height of the dominant vegetation? (a) 0-3.5’, (b) 3.5-7’, (c) 7-16’, (d) 16-

33’, (e) 33-82’, (f) 82-164’, (g) >164’ 

What type of shrub or tree is dominant? (a) Deciduous (broad leaf), (b) Deciduous (needle), (c) 

Evergreen (broad leaf), (d) Evergreen (needle), (e) Mixed 

What is the TOTAL area of the map unit occupied by standing stems and/or trunks of 

vegetation? (a) Negligible, (b) <5%, (c) 5-10%, (d) 10-30%, (e) 30-60%, (f) 60-90%, (g) >90% 

What is the TOTAL aerial cover of each group within the map unit? (a) Negligible, (b) <5%, (c) 

5-10%, (d) 10-30%, (e) 30-60%, (f) 60-90%, (g) >90% 

Non—woody  ̧soft and green stems group Tree group 

Shrub group  
What is the total aerial cover along the map unit's edge? (a) Negligible, (b) <10%, (c) 10-30%, 

(d) 30-60%, (e) 60-90%, (f) >90%  

Non—woody  ̧soft and green stems group Tree group      Shrub Group 

What is the total cover for all aquatic vegetation (emergent¸ submergent and floating mat) 

within the map unit? (a) Negligible, (b) <10%, (c) 10-30%, (d) 30-60%, (e) 60-90%, (f) >90%  

Emergent Floating mats                                      Submergent 
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Table B3. ESII surface survey (ground surface and slope) questions (page 53). 

ESII Surface Survey (ground surface and slope) 

What is the dominant material exposed to the sun? (a) Grass, (b) Deciduous, (c) Coniferous, (d) 

Evergreen, (e) Light Soil, (f) Dark Soil, (g) Gravel, (h) Concrete, (i) Asphalt, (j) Water, (k) Not 

Exposed, (l) Other 

What is the average density of the stems/branches? (a) Very sparse (<10%), (b) Sparse (10-30%), 

(c) Medium (30-60%), (d) Dense (60-90%), (e) Very dense (>90%)  

What is the average thickness of the litter/duff layer? (a) <1”, (b) 1-2”, (c) 2-3”, (d) 3-4”, (e) 4-

6”, (f) 6-8”, (g) >8” 

Which type of natural or man-made material is dominant? Select bed material for aquatic. (a) 

Organic material, (b) Clay (<0.002” dia.), (c) Silt (0.002”-0.05” dia.), (d) Sand (0.05”-0.1” dia.), 

(e) Gravel (0.1”-4” dia.), (f) Cobble (4”-10” dia.), (g) Rocks (10”-24” dia.), (h) Boulders (>24” 

dia.), (i) Bedrock, (j) Man-made pervious/porous surface, (k) Man-made impervious, (l) Unknown  

What is the predominant slope (gradient) of the map unit? (a) No slope (0°), (b) <3% (1-2°), (c) 

3-5% (2-3°), (d) 5-10% (3-6°), (e) 10-15% (6-9°), (f) 15-20% (9-11°), (g) 20-40% (11-22°), (h) 

40-60% (22-31°), (i) 60-80% (31-39°), (j) 80-100% (39-45°), (k) 100-150% (45-56°), (l) >150% 

(>56°)  

If "<3% (1-2°)" is selected AND the map has flowing water (i.e. stream/river)¸ then select one 

of the following. If flowing water is NOT present¸ select 1-2% (1-1.5°). (a) <1% (<1°), (b) 1-2% 

(1-1.5°), (c) 2-3% (1.5-2°) 

If there is a predominant slope¸ what is the longest length of the map unit along the fall-line? 

(a) 0-5’, (b) 5-10’, (c) 10-20’, (d) 20-30’, (e) 30-50’, (f) 50-100’, (g) 100-200’, (h) >200’  

How permeable is the soil? (a) High (sand and gravel), (b) Moderate (sand with some clay or silt), 

(c) Low (clay or silt with some sand), (d) Very Low (mostly clay), (e) None of the above 
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Table B4. ESII surface survey (hydrologic regime) questions (page 56). 

ESII Surface Survey (hydrologic regime) 

Does the map unit become saturated/inundated during the course of a normal year? (a) No, (b) 

Saturated, (c) Inundated 

If the map unit is saturated or inundated during the course of a normal year¸ is the saturation 

or inundation occasional¸ seasonal¸ or permanent? (a) Occasional, (b) Seasonal, (c) Permanent 

If the map unit is saturated/inundated during a normal year¸ what is the salinity regime? (a) 

Fresh Water, (b) Brackish Water, (c) Sea Water, (d) Brine, (e) None, (f) Other 

If saturated/inundated, what type of water motion is present? (a) Flowing, (b) Still 

Is the map unit within a low¸ medium¸ or high sinuosity (degree of curve or bend) system? (a) 

Low Sinuosity, (b) Medium Sinuosity, (c) High Sinuosity 

What is your level of certainty for the stream dimension measurements? (a) High (measured 

heights and widths), (b) Medium (estimated with fixed length device), (c) Low (estimated)  

When water is present¸ what is the predominant depth? (a) Not present, (b) <1’, (c) 1-2’, (d) 2-4’, 

(e) 4-6’, (f) >6’ 

What area of the map unit is made up of¸ or affected by¸ a seep or spring? (a) No seep or spring 

present, (b) <1 ft², (c) 1-10 ft², (d) >10 ft² 

Are surface sheens (iridescent or rainbow—like films) present? (a) No, (b) Yes 

Are the surface sheens natural (from bacteria) or unknown? (a) Natural, (b) Unknown 

Is the map unit adjacent to a developed area (industrial plant¸ road¸ ag. field)? (a) No, (b) Yes 

Is the map unit adjacent to areas of permanent open water? (a) No, (b) Yes 

What direction is the center of the map unit from the adjacent open water area? Select all that 

apply. (a) North, (b) East, (c) South, (d) West 

What is the average bankfull width for the map unit? [open answer] 

What is the average bankfull height for the map unit? [open answer] 

What is the average Ordinary High Water (OHW) width for the map unit? [open answer] 

What is the average height to Ordinary High Water (OHW) for the map unit? [open answer] 
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Table B5. ESII surface survey (percent coverage) questions (page 56). 

ESII Surface Survey (percent coverage) 

For each of the following questions, select from the following options: (a) Negligible, (b) <10%, 

(c) 10-30%, (d) 30-60%, (e) 60-90%, (f) >90%  

What percent of the map unit's ground is covered by stems/branches less than 3 inches in 

diameter? 

What percent of the map unit contains microtopography? 

What percent of the map unit is made up of depressional areas (areas greater than 6 inches in 

depth)? 

If the map unit is saturated or inundated during the course of a normal year  ̧what percent of the 

map unit is affected by saturation or inundation (this may be based on local knowledge of the 

site)? 

What percent of the map unit contains open water that is free of vegetation or other obstructions?  

What percent of the map unit shows evidence of recent manmade VEGETATION disturbance? 

What percent of the map unit shows evidence of manmade SOIL disturbance? 

What percent of the soil disturbance is due to compaction (by construction  ̧agriculture  ̧etc.)? 

What percent of the soil disturbance is due to tillage practices or comprised of overturned soil? 

For each of the following questions, select from the following options: (a) Negligible, (b) <5%, 

(c) 5-10%, (d) 10-30%, (e) 30-60%, (f) 60-90%, (g) >90% 

What percent of the map unit is covered by litter/duff? 

What percent of the map unit's surface is exposed (not covered by living or dead vegetation)? 

How much do each of the following contribute to the composition of the exposed surface? (Sum 

must be ≤100%) 

Organic material; Clay (<0.002 dia.)" Rocks (10 - 24 dia.)" 

Silt (0.002 - 0.05 dia.)" Boulders (>24 dia.)" 

Sand (0.05 - 0.1 dia.)" Man-made pervious surface 

Gravel (0.1 - 4 dia.)" Man-made impervious surface 

Cobble (4 - 10 dia.)" Unknown/Other 

Table B6. ESII screen survey questions (page 56). 

ESII Screen Survey (relative screening) 

What is the relative elevation of the map unit? That is¸ is it higher or lower than surrounding 

map units? (a) Higher, (b) Lower, (c) Higher and Lower, (d) On same elevation) 

On average¸ what is the height difference from surrounding map units (difference from ground 

level)? (a) <7 ft', (b) 7-16', (c) 16-33', (d) 33-82', (e) 82-164', (f) >164' 

What is the degree of screening provided by foliage within the map unit? Assume that this is 

being estimated at a time when leaves are present? (a) Bare (surveyor not obscured regardless of 

distance), (b) Sparse (surveyor ceases to be visible at 30 yards away), (c) Moderate (surveyor 

ceases to be visible at 15 yards away), (d) Dense (surveyor ceases to be visible at 5 yards away) 
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8.3 Appendix C: Decision-Support Tool Outputs 
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Table C3. Lake Frances: ESII percent performance outputs. 

ES Category Lake Frances ES Score (%) Relative Rank 

Aesthetic 

Quality 
Noise Attenuation 50.9% 6 

Visual Quality 56.5% 5 

Air Quality 

Regulation 
Nitrogen Removal 72.1% 1 

Particulate Removal 61.4% 4 

Climate 

Regulation 
Air Temperature Regulation 39.4% 9 

Carbon Uptake 41.0% 8 

Erosion 

Control 
Erosion Regulation 63.2% 3 

Mass Wasting 9.10% 12 

Water 

Provisioning Water Retention 0.40% 13 

Water Quality 

Control 
Water Filtration 35.4% 10 

Nitrogen Removal 47.1% 7 

Water Temperature 

Regulation 
33.1% 11 

Flood Control Water Quantity Control 67.7%   2   

Table C4. Mayer Ranch: ESII percent performance outputs. 

ES Category Mayer Ranch ES Score (%) Relative Rank 

Aesthetic 

Quality 
Noise Attenuation 10.2% 10 

Visual Quality 10.7% 9 

Air Quality 

Regulation 
Nitrogen Removal 0.10% 13 

Particulate Removal 56.2% 2 

Climate 

Regulation 
Air Temperature Regulation 13.0% 8 

Carbon Uptake 5.7% 12 

Erosion 

Control 
Erosion Regulation 55.8% 3 

Mass Wasting 9.10% 11 

Water 

Provisioning Water Retention 38.9% 5 

Water Quality 

Control 
Water Filtration 17.2% 7 

Nitrogen Removal 47.5% 4 

Water Temperature 

Regulation 
20.4% 6 

Flood Control Water Quantity Control 95.0%   1   
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Table C5. Southeast Commerce: ESII percent performance outputs. 

ES Category Southeast Commerce ES Score (%) Relative Rank 

Aesthetic 

Quality 
Noise Attenuation 10.0% 10 

Visual Quality 12.1% 9 

Air Quality 

Regulation 
Nitrogen Removal 0.10% 13 

Particulate Removal 57.1% 3 

Climate 

Regulation 
Air Temperature Regulation 13.7% 8 

Carbon Uptake 5.68% 12 

Erosion 

Control 
Erosion Regulation 57.2% 2 

Mass Wasting 9.10% 11 

Water 

Provisioning Water Retention 55.4% 4 

Water Quality 

Control 
Water Filtration 20.1% 6 

Nitrogen Removal 49.4% 5 

Water Temperature 

Regulation 
20.1% 7 

Flood Control Water Quantity Control 95.0% 1 

Table C6. Lake Frances: ESII engineering outputs. 

ES Category Parameter LF Output Units 

Climate 

Control 
Reduction Shade (Area 

Weighted Average) 
829,000 joules/square meter/hour 

Total Reduction Shade 5.92E+11 joules/site/hour 

Air Quality 

Regulation 
Total NOx Removal 268 kilograms/site/year 

Total PM Removal 1,500 kilograms/site/year 

Water 

Provisioning 
Retention (Area Weighted 

Average) 
733 cubic meters/hectare/year 

Total Retention 52,300 cubic meters/site/year 

Water Quality 

Control 
NOx Removal (Area 

Weighted Average) 
0.22 milligrams/liter/year 

Maximum NOx Removal 0.85 milligrams/liter/year 

TSS Removal (Area 

Weighted Average) 
13.0 milligrams/liter/year 

Maximum TSS Removal 52.0 milligrams/liter/year 

Water 

Quantity 

Control 

Quantity Runoff Across 

Site 
35.0 millimeters/year 

Total Quantity Runoff 24,700 cubic meters/site/year 
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Table C7. Mayer Ranch: ESII engineering outputs. 

ES Category Parameter MRPTS Output Units 

Climate 

Control 
Reduction Shade (Area 

Weighted Average) 
468,000 joules/square meter/hour 

Total Reduction Shade 8.05E+08 joules/site/hour 

Air Quality 

Regulation 
Total NOx Removal 0.009 kilogram/site/year 

Total PM Removal 0.05 kilogram/site/year 

Water 

Provisioning 
Retention (Area Weighted 

Average) 
8,150 cubic meters/hectare/year 

Total Retention 13,700 cubic meters/site/year 

Water Quality 

Control 
NOx Removal (Area 

Weighted Average) 
0.18 milligrams/liter/year 

Maximum NOx Removal 0.86 milligrams/liter/year 

TSS Removal (Area 

Weighted Average) 
7.59 milligrams/liter/year 

Maximum TSS Removal 26.0 milligrams/liter/year 

Water 

Quantity 

Control 

Quantity Runoff Across 

Site 
0.25 millimeters/year 

Total Quantity Runoff 2.18 cubic meters/site/year 

Table C8. Southeast Commerce: ESII engineering outputs. 

ES Category Parameter SECPTS Output Units 

Climate 

Control 
Reduction Shade (Area 

Weighted Average) 
468,000 joules/square meter/hour 

Total Reduction Shade 4.22E+08 joules/site/hour 

Air Quality 

Regulation 
Total NOx Removal 0.005 kilogram/site/year 

Total PM Removal 0.03 kilogram/site/year 

Water 

Provisioning 
Retention (Area Weighted 

Average) 
8,150 cubic meters/hectare/year 

Total Retention 7,270 cubic meters/site/year 

Water Quality 

Control 
NOx Removal (Area 

Weighted Average) 
0.19 milligrams/liter/year 

Maximum NOx Removal 0.89 milligrams/liter/year 

TSS Removal (Area 

Weighted Average) 
8.11 milligrams/liter/year 

Maximum TSS Removal 30.0 milligrams/liter/year 

Water 

Quantity 

Control 

Quantity Runoff Across 

Site 
0.25 millimeters/year 

Total Quantity Runoff 1.15 cubic meters/site/year 
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8.4 Appendix D: Wildlife Camera Outputs 

Table D1. Species occurrence per deployment and percent of total 291 notable events. 

Species per 

Deployment 

L
F

1
_

1
 

L
F

1
_

2
 

L
F

1
_

3
 

L
F

2
_

1
 

L
F

2
_

2
 

L
F

2
_

3
 

L
F

3
_

1
 

L
F

3
_

2
 

L
F

3
_

3
 

L
F

4
_

1
 

L
F

4
_

2
 

L
F

4
_

3
 

Armadillo 0 0 47 17 0 NA 0 0 0 0 0 0 

Coyote 1 0 2 0 0 NA 0 0 0 0 0 0 

Deer 8 7 21 13 0 NA 14 0 16 3 4 81 

Dog 0 0 0 0 0 NA 1 0 0 0 0 0 

Possum 0 0 8 4 0 NA 0 0 0 0 0 0 

Woodchuck 0 0 1 0 0 NA 0 0 0 0 0 0 

Raccoon 1 0 12 0 0 NA 0 0 0 0 0 0 

River Otter 0 0 6 0 0 NA 0 0 0 0 0 0 

Squirrel 0 0 9 5 0 NA 4 0 0 2 1 0 

Snake 0 0 1 0 0 NA 0 0 0 0 0 0 

Cardinal 0 0 0 0 0 NA 0 0 0 0 1 0 

Crow 0 0 0 0 0 NA 0 0 0 0 1 0 

Events: 10 7 107 39 0 NA 19 0 16 5 7 81 

Percent: 3 2 37 13 0 NA 7 0 6 2 2 28 
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Table D2. Notable events at Lake Frances categorized by each camera (LF0[X]) during the first 

and second deployment periods. 

Notable Events (Camera ID: LF01_1)   

EVENT PHOTO ID COMMENTS  

1 103 to 111 Coyote hunting 

deer  

2 112 to 114 Deer activity 

during nighttime 
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3 118 to 120 Racoon hunting 

for insects in 

water-logged 

depressional 

area 

 

4 124 to 129 Deer activity 

during nighttime 
 

5 133 to 143 Deer activity 

during nighttime 
 

6 145 to 150 Deer activity 

during nighttime 

(multiple) 
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7 154 to 165 Deer activity 

during nighttime 

(multiple) 

 

8 175 Deer activity 

during nighttime 
 

9 274 to 279 Deer activity 

during nighttime 
 

10 280 to 282 Deer activity 

during nighttime 
 

 

Notable Events (Camera ID: LF01_2)   
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EVENT PHOTO ID COMMENTS  

11 25 to 27 Deer activity 

during nighttime 
 

12 31 to 33 Deer activity 

during nighttime 

(multiple) 

 

13 40 to 60 Deer activity 

during nighttime 

(multiple) 

 

14 85 to 89 Deer activity 

during daytime 
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15 91 to 108 Deer activity 

during nighttime 

(multiple) 

 

16 109 to 111 Deer activity 

during daytime 
 

17 112 to 114 Deer activity 

during daytime 
 

 

Notable Events (Camera ID: LF01_3) 

EVENT PHOTO ID EVENT 
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18 577 to 578 Possum 

activity 

during 

nighttime 

 

 

 

19 579 to 592 Armadillo 

activity 

during 

nighttime 

 

20 599 Woodchuck 

activity 

during 

nighttime 

 

21 601 to 602 Armadillo 

activity 

during 

nighttime 

 



160 

 

22 605 Possum 

activity 

during 

nighttime 

 

23 607 to 614 Deer (buck) 

activity 

during 

nighttime 

 

24 615 to 616 Armadillo 

activity 

during 

nighttime 

 

25 617 Raccoon 

activity 

during 

nighttime 

 



161 

 

26 619 Armadillo 

activity 

during 

nighttime 

 

27 621 to 631 Deer 

(multiple) 

activity 

during 

daytime 

 

28 633 to 658 Armadillo 

(multiple) 

activity 

during 

nighttime 

 

29 659 Deer activity 

during 

daytime 
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30 661 Raccoon 

activity 

during 

nighttime 

 

31 663 Possum 

activity 

during 

nighttime 

 

32 665 to 666 Armadillo 

activity 

during 

nighttime 

 

33 667 Raccoon 

activity 

during 

nighttime 
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34 669 to 670 Possum 

activity 

during 

nighttime 

 

35 671 to 676 Deer (buck) 

activity 

during 

daytime 

 

36 677 to 678 Armadillo 

activity 

during 

nighttime 

 

37 679 Squirrel 

activity 

during 

daytime 
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38 681 to 682 Armadillo 

activity 

during 

nighttime 

 

39 683 to 686 Raccoon 

(multiple) 

foraging for 

grubs during 

nighttime 

 

40 687 River otter 

activity 

during 

nighttime 

 

41 689 to 690 Raccoon 

activity 

during 

nighttime 
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42 691 River otter 

activity 

during 

nighttime 

 

43 691 to 693 River otter 

activity 

during 

daytime; 

apparent 

rainfall 

 

44 695 Deer activity 

during 

nighttime 

 

45 697 Raccoon 

activity 

during 

nighttime 

 



166 

 

46 699 to 700 Armadillo 

activity 

during 

nighttime 

 

47 701 Squirrel 

activity 

during 

daytime 

 

48 703 to 705 Armadillo 

activity 

during 

nighttime 

 

49 709 to 712 Armadillo 

activity 

during 

nighttime 

 



167 

 

50 713 to 714 Deer activity 

during 

nighttime 

 

51 717 Deer activity 

during 

nighttime 

 

52 719 Deer activity 

during 

nighttime 

 

53 721 Armadillo 

activity 

during 

nighttime 
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54 723 to 724 Possum 

activity 

during 

nighttime 

 

55 725 to 726 Armadillo 

activity 

during 

nighttime 

 

56 727 to 728 Squirrel 

activity 

during 

daytime 

 

57 729 Armadillo 

activity 

during 

nighttime 

 



169 

 

58 733 to 736 River otter 

(multiple) 

activity 

during 

nighttime 

 

59 737 to 738 Deer activity 

during 

daytime 

 

60 739 River otter 

activity 

during 

daytime 

 

61 741 Armadillo 

activity 

during 

nighttime 
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62 743 to 747 Armadillo 

activity 

during 

nighttime 

 

63 749 Armadillo 

activity 

during 

nighttime 

 

64 751 Armadillo 

activity 

during 

nighttime 

 

65 753 Armadillo 

activity 

during 

nighttime 
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66 755 Armadillo 

activity 

during 

nighttime 

 

67 757 Armadillo 

activity 

during 

nighttime 

 

68 759 to 760 Raccoon 

activity 

during 

nighttime 

 

69 761 Armadillo 

activity 

during 

nighttime 
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70 763 Armadillo 

activity 

during 

nighttime 

 

71 765 Armadillo 

activity 

during 

nighttime 

 

72 767 to 769 Armadillo 

activity 

during 

nighttime 

 

73 771 to 773 Deer (doe and 

fawn) activity 

during 

daytime 

 



173 

 

74 775 Deer (fawn) 

activity 

during 

daytime 

 

75 777 Deer (doe) 

activity 

during 

daytime 

 

76 779 Armadillo 

activity 

during 

nighttime 

 

77 781 Armadillo 

activity 

during 

nighttime 

 



174 

 

78 783 Armadillo 

activity 

during 

nighttime 

 

 

 

79 785 to 787 Deer (fawn) 

activity 

during 

daytime 

 

80 791 to 797 Armadillo 

activity 

during 

nighttime 

 

81 805 Armadillo 

activity 

during 

nighttime 

 



175 

 

82 807 Armadillo 

activity 

during 

nighttime 

 

83 811 Coyote 

activity 

during 

nighttime 

 

84 813 to 815 Armadillo 

activity 

during 

nighttime 

 

85 823 to 824 Squirrel 

activity 

during 

daytime 

 



176 

 

86 825 Armadillo 

activity 

during 

nighttime 

 

87 827 Deer activity 

during 

daytime 
 

88 831 to 835 Armadillo 

activity 

during 

nighttime 

 

89 837 to 839 Armadillo 

activity 

during 

nighttime 

 



177 

 

90 841 to 843 Squirrel 

activity 

during 

daytime 

 

91 845 Squirrel 

activity 

during 

daytime 

 

92 847 Squirrel 

activity 

during 

daytime 

 

93 849 Squirrel 

activity 

during 

daytime 

 



178 

 

94 851 to 852 River otter 

(multiple) 

activity 

during 

daytime 

 

95 853 Snake activity 

during 

nighttime 

 

96 855 to 856 Raccoon 

activity 

during 

nighttime 

 

97 857 to 859 Armadillo 

activity 

during 

nighttime 

 



179 

 

98 861 to 867 Deer (doe and 

fawn) activity 

during 

daytime 

 

99 869 to 872 Deer (doe and 

fawn) activity 

during 

daytime 

 

100 873 to 877 Armadillo 

activity 

during 

nighttime 

 



180 

 

101 879 to 880 Armadillo 

activity 

during 

nighttime 

 

102 883 to 884 Raccoon 

activity 

during 

nighttime 

 

103 885 Armadillo 

activity 

during 

nighttime 

 

104 887 to 888 Possum 

activity 

during 

nighttime 

 



181 

 

105 895 to 899 Armadillo 

activity 

during 

nighttime 

 

106 907 to 908 Armadillo 

activity 

during 

nighttime 

 

107 909 to 910 Coyote 

activity 

during 

nighttime 

 

108 911 Deer activity 

during 

nighttime 

 



182 

 

109 913 Raccoon 

activity 

during 

nighttime 

 

110 915 to 919 Armadillo 

activity 

during 

nighttime 

 

111 921 Deer activity 

during 

nighttime 

 

112 923 to 926 Raccoon 

activity 

during 

nighttime 

 



183 

 

113 927 to 932 Deer activity 

during 

nighttime 

 

114 935 to 936 Armadillo 

activity 

during 

nighttime 

 

115 937 to 939 Raccoon 

(mom and 

baby) activity 

during 

nighttime 

 



184 

 

116 941 to 948 Deer activity 

during 

daytime 

 

117 949 Armadillo 

activity 

during 

nighttime 

 

118 951 Possum 

activity 

during 

nighttime 

 

 

 

119 953 Armadillo 

activity 

during 

daytime 

 



185 

 

120 955 to 956 Armadillo 

activity 

during 

daytime 

 

121 957 to 958 Squirrel 

activity 

during 

daytime 

 

122 959 to 960 Armadillo 

activity 

during 

daytime 

 

123 961 to 963 Deer activity 

during 

nighttime 

 



186 

 

124 965 to 966 Possum 

activity 

during 

nighttime 

 

 

Notable Events (Camera ID: LF02_1)   

EVENT PHOTO ID COMMENTS  

125 49 to 54 Armadillo 

activity near 

burrow during 

nighttime 

 

126 55 to 57 Possum activity 

near armadillo 

burrow during 

nighttime 

 



187 

 

127 58 to 60 Deer activity 

during 

nighttime; 

snowfall 

 

128 61 to 63 Armadillo 

activity near 

burrow during 

nighttime 

 

129 64 to 66 Squirrel activity 

during daytime  

130 67 to 72 Deer activity 

during nighttime  



188 

 

131 76 to 78 Deer activity 

during nighttime  

132 79 to 81 Armadillo 

activity during 

nighttime 

 

133 85 to 87 Deer activity 

during nighttime  

134 88 to 90 Possum activity 

during nighttime  



189 

 

135 91 to 93 Squirrel activity 

during daytime  

136 94 to 95 Possum activity 

during nighttime  

137 96 Deer activity 

during nighttime  

138 97 to 111 Armadillo 

activity during 

nighttime 

 



190 

 

139 115 to 117 Armadillo 

activity during 

nighttime; 

defensive 

behavior 

 

140 121 to 138 Deer activity 

during nighttime 
 

141 139 to 141 Armadillo 

activity during 

nighttime 

 

142 142 to 144 Deer activity 

during nighttime 
 



191 

 

143 145 to 147 Squirrel activity 

during daytime  

144 148 to 180 Armadillo 

activity during 

nighttime 

 

145 181 to 189 Deer activity 

during nighttime  

146 190 to 201 Armadillo 

activity during 

nighttime 

 



192 

 

147 202 to 206 Squirrel activity 

in armadillo 

burrow during 

daytime 

 

148 208 to 219 Armadillo 

activity during 

nighttime 

 

149 220 to 237 Deer activity 

during nighttime  

150 238 to 240 Squirrel activity 

near armadillo 

burrow during 

daytime 

 



193 

 

151 241 to 243 Armadillo 

activity during 

nighttime 

 

152 247 to 258 Armadillo 

activity during 

nighttime 

 

153 259 to 261 Possum activity 

during nighttime  

154 262 to 264 Armadillo 

activity during 

nighttime 

 



194 

 

155 268 to 270 Armadillo 

activity during 

nighttime 

 

156 274 to 276 Armadillo 

activity during 

nighttime 

 

157 289 to 291 Armadillo 

activity during 

nighttime 

 

158 295 to 297 Deer activity 

during nighttime  



195 

 

159 301 to 318 Armadillo 

activity during 

nighttime 

 

160 331 to 339 Armadillo 

activity during 

nighttime 

 

161 340 to 342 Deer activity 

during nighttime 

(multiple) 

 

162 358 to 369 Deer activity 

during daytime  



196 

 

163 373 to 387 Deer activity 

during nighttime  

 

Notable Events (Camera ID: LF02_2) 

EVENT PHOTO ID COMMENTS 

- NA No notable 

wildlife 

 

Notable Events (Camera ID: LF02_3) 

EVENT PHOTO ID COMMENTS 

- NA Camera stolen; 

unable to report 

wildlife findings 

 

Notable Events (Camera ID: LF03_1)   

EVENT PHOTO ID COMMENTS  

164 4 to 6 Deer activity 

during nighttime 
 



197 

 

165 10 to 12 Squirrel activity 

during daytime 
 

166 13 to 15 Deer activity 

during daytime 
 

167 16 to 39 Deer activity 

during nighttime 

(multiple) 

 

168 40 to 42 Squirrel activity 

during daytime 
 



198 

 

169 43 to 57 Deer activity 

during nighttime 
 

170 64 to 66 Squirrel activity 

during daytime 
 

171 79 to 81 Deer activity 

during nighttime 
 

172 82 to 84 Squirrel activity 

during daytime 
 



199 

 

173 88 to 96 Deer activity 

during 

nighttime; 

significant 

vegetative 

growth 

 

174 121 to 123 Deer activity 

during 

nighttime; 

overflow effect 

on vegetation 

 

175 127 to 144 Deer activity 

during nighttime 
 

176 148 to 150 Deer activity 

during daytime 
 



200 

 

177 151 to 153 Deer activity 

during nighttime 
 

178 160 to 163 Deer activity 

during nighttime 
 

179 166 to 168 Deer activity 

during daytime 
 

180 175 Deer activity 

during daytime 
 



201 

 

181 181 to 183 Dog activity 

during daytime 
 

182 184 to 210 Deer activity 

during daytime 
 

 

Notable Events (Camera ID: LF03_2) 

EVENT PHOTO ID COMMENTS 

- NA No notable 

wildlife 

 

Notable Events (Camera ID: LF03_3)   

EVENT PHOTO ID COMMENTS  

183 152 to 153 Deer activity 

during daytime 
 



202 

 

184 156 to 161 Deer (multiple) 

activity during 

daytime 

 

185 166 to 167 Deer (multiple) 

activity during 

daytime 

 

186 178 to 179 Deer (buck) 

activity during 

daytime 

 

187 180 to 182 Deer (multiple) 

activity during 

daytime 

 



203 

 

188 184 to 202 Deer (multiple) 

activity during 

daytime 

 

189 204 to 211 Deer (multiple) 

activity during 

daytime 

 

190 212 to 223 Deer (multiple) 

activity during 

daytime 

 

191 225 to 242 Deer (multiple) 

activity during 

daytime 

 



204 

 

192 244 to 246 Deer (multiple) 

activity during 

daytime 

 

193 248 to 281 Deer (multiple) 

activity during 

daytime 

 

194 284 to 286 Deer (multiple) 

activity during 

daytime 

 

195 288 to 289 Deer (multiple) 

activity during 

daytime 

 



205 

 

196 292 to 298 Deer (multiple) 

activity during 

daytime 

 

197 299 to 301 Deer (multiple) 

activity during 

daytime 

 

198 304 to 333 Deer (multiple) 

activity during 

daytime 

 

 

Notable Events (Camera ID: LF04_1)   

EVENT PHOTO ID COMMENTS  
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199 1 to 15 Deer activity 

during nighttime  

200 16 to 17 Squirrel activity 

during daytime 
 

201 19 to 24 Deer activity 

during nighttime 
 

202 25 to 26 Squirrel activity 

during daytime 
 



207 

 

203 30 to 33 Deer activity 

during nighttime 
 

 

Notable Events (Camera ID: LF04_2)   

EVENT PHOTO ID COMMENTS  

204 754 to 768 Deer activity 

during nighttime 
 

205 769 to 771 Deer activity 

during daytime 
 



208 

 

206 793 to 801 Deer activity 

during 

nighttime; 

possibly 

pregnant 

 

207 805 to 810 Deer activity 

during nighttime 
 

208 820 to 824 Squirrel activity 

during daytime 
 

209 829 to 831 Crow activity 

during daytime 
 



209 

 

210 832 to 834 Northern 

Cardinal activity 

during daytime 

 

 

Notable Events (Camera ID: LF04_3)   

EVENT PHOTO ID COMMENTS  

211 71 to 73 Deer activity 

during daytime 
 

212 74 to 76 Deer (multiple) 

activity during 

nighttime 

 



210 

 

213 77 to 78 Deer (multiple) 

activity during 

daytime 

 

214 79 to 82 Deer activity 

during daytime 

 

215 83 to 86 Deer (multiple) 

activity during 

daytime 

 

216 87 to 88 Deer activity 

during daytime 
 



211 

 

217 89 to 92 Deer (multiple) 

activity during 

daytime 

 

218 97 to 100 Deer (multiple) 

activity during 

daytime 

 

219 101 to 104 Deer activity 

during daytime 

 

220 105 to 112 Deer (multiple) 

activity during 

daytime 

 



212 

 

221 113 to 120 Deer (multiple) 

activity during 

daytime 

 

222 121 to 122 Deer activity 

during daytime 
 

223 123 to 124 Deer activity 

during daytime 
 

224 125 to 130 Deer activity 

during daytime 
 



213 

 

225 131 to 132 Deer activity 

during daytime 
 

226 133 to 138 Deer activity 

during daytime 
 

227 139 to 142 Deer activity 

during daytime 
 

228 143 to 144 Deer activity 

during daytime 
 



214 

 

229 145 to 146 Deer activity 

during daytime 
 

230 147 to 148 Deer activity 

during daytime 
 

231 149 to 152 Deer activity 

during daytime 

 

232 157 to 160 Deer activity 

during daytime 
 



215 

 

233 161 to 176 Deer (multiple) 

activity during 

daytime 

 

234 177 to 180 Deer activity 

during daytime 
 

235 181 to 184 Deer (multiple) 

activity during 

daytime 

 



216 

 

236 189 to 194 Deer activity 

during nighttime 
 

237 197 to 198 Deer activity 

during daytime 
 

238 199 to 204 Deer (multiple) 

activity during 

daytime 

 

239 205 to 208 Deer activity 

during nighttime 
 



217 

 

240 211 to 218 Deer activity 

during daytime 
 

241 219 to 228 Deer (multiple) 

activity during 

daytime 

 

242 229 to 230 Deer activity 

during nighttime 
 

243 231 to 232 Deer activity 

during nighttime 
 



218 

 

244 233 to 238 Deer activity 

during daytime 
 

245 239 to 240 Deer (multiple) 

activity during 

daytime 

 

246 241 to 248 Deer activity 

during nighttime 
 

247 249 to 250 Deer activity 

during daytime 
 



219 

 

248 251 to 254 Deer activity 

during daytime 
 

249 255 to 258 Deer activity 

during daytime 

 

250 259 to 260 Deer activity 

during daytime 

 

251 261 to 262 Deer activity 

during daytime 
 



220 

 

252 263 to 264 Deer activity 

during daytime 
 

253 265 to 266 Deer activity 

during daytime 

 

254 267 to 270 Deer activity 

during daytime 

 

255 271 to 275 Deer activity 

during daytime 
 



221 

 

256 277 to 280 Deer activity 

during daytime 
 

257 281 to 286 Deer activity 

during daytime 
 

258 287 to 290 Deer activity 

during daytime 
 

259 291 to 296 Deer activity 

during daytime 

 



222 

 

260 297 to 298 Deer activity 

during daytime 
 

261 299 to 302 Deer activity 

during daytime 
 

262 305 to 306 Deer activity 

during daytime 
 

263 307 to 308 Deer activity 

during daytime 

 



223 

 

264 309 to 310 Deer activity 

during daytime 
 

265 311 to 312 Deer activity 

during daytime 
 

266 313 to 316 Deer activity 

during daytime 
 

267 317 to 322 Deer activity 

during nighttime 
 



224 

 

268 323 to 327 Deer activity 

during daytime 
 

269 329 to 332 Deer activity 

during daytime 
 

270 333 to 334 Deer activity 

during daytime 
 

271 336 Deer activity 

during daytime 
 



225 

 

272 337 to 340 Deer activity 

during nighttime 
 

273 341 to 342 Deer activity 

during daytime 
 

274 345 to 346 Deer activity 

during daytime 
 

275 347 to 348 Deer (multiple) 

activity during 

daytime 

 



226 

 

276 349 to 350 Deer activity 

during daytime 
 

277 351 to 352 Deer activity 

during daytime 
 

278 355 to 356 Deer activity 

during nighttime 
 

279 357 Deer activity 

during daytime 
 



227 

 

280 358 to 367 Deer (multiple) 

activity during 

daytime 

 

281 368 to 369 Deer activity 

during daytime 
 

282 370 to 371 Deer activity 

during nighttime 
 

283 372 to 373 Deer activity 

during daytime 
 



228 

 

284 374 to 375 Deer activity 

during daytime  

285 376 to 377 Deer (multiple) 

activity during 

daytime 

 

286 378 to 379 Deer activity 

during nighttime 
 

287 380 to 381 Deer activity 

during nighttime 
 



229 

 

288 382 to 383 Deer activity 

during nighttime 
 

289 384 to 385 Deer activity 

during nighttime 
 

290 386 to 387 Deer (multiple) 

activity during 

nighttime 

 

291 390 to 391 Deer activity 

during nighttime 
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8.5 Appendix E: Ecosystem Services Valuation 

Table E1. Non-monetary ecosystem service valuation methods. 

Non-Monetary ES Valuation Methods Applicable ES 

→ Sociocultural Approaches assess stakeholder perspectives to elicit social ES values 
1 Measures of Preference 

Uses survey techniques (e.g. rating, ranking) to escribe social values based 

on stakeholder ES perceptions (Sarvašová et al., 2014) 
All 

2 Time Use 

Asks questions to assess willingness to give up time (WTT) in exchange for 

higher value ES (Burkhard and Maes, 2017) 
All 

3 Photo-Elicitation Survey 

Asks questions about ES-related photos to gauge social ES preferences and 

willingness-to-pay (WTP) (Burkhard and Maes, 2017) 
All 

→ Other Non-Monetary Approaches which quantify ES 
4 Emergy Analysis 

Values ES as the energy expended to produce an ES (Martin et al., 2013) All 
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Table E2. Monetary ecosystem service valuation methods. 

Monetary ES Valuation Methods Applicable ES 

→ Market-Based Approaches use actual market cost data for an ES or proxy service/good 
1 Market Price (i.e. Gross Revenue) 

Uses real market prices of goods/services (Carson and Bergstrom, 2003) Market-Driven ES 

2 Production Function 

Values ES as its contribution to the production of a marketed 

good/service (National Research Council, 2005) 
Market-Driven ES 

→ Revealed Preference Approaches observe consumer market behavior to value ES 
3 Travel Cost 

Values ES with data on travel costs and visitor rates (Liu et al., 2010) 
Recreation/Tourism 

4 Hedonic Pricing 

Links realestate fluctuations to ES value changes (Sarvašová et al., 2014) 
Realestate-Related 

ES 

 

→ Stated Preference Approaches elicit public responses to assess social ES value 
5 Contingent Valuation 

Asks questions about hypothetical ES scenarios to assess willingness to 

pay (WTP), willingness to accept (WTA), or willingness to sell (WTS) 

(Selivanov and Hlaváčková, 2021) 

All 

6 Choice Modeling ( i.e. Conjoint Analysis) 

Asks questions about tradeoffs between ES and other goods/services to 

elicit willingness to pay (WTP) values (Sarvašová et al., 2014) 
All 

7 Group Deliberation 

Applies a stated-preference method to a group setting (Selivanov and 

Hlaváčková, 2021) 
All 

 

→ Cost-Based Approaches use costs of substituting ES function as its value 
8 Replacement Cost 

Values ES as cost of replacing its function with human-made 

goods/services (Turner et al., 2016) 

ES with Engineered 

Counterpart 

9 Restoration Cost 

Values ES as cost of restoring a degraded habitat (Brander et al., 2018) All 

10 Opportunity Cost 

Values ES as the benefits foregone from alternative uses of the resources 

involved (Brander et al., 2018) 
All 

11 Damage Cost Avoided 

Values ES as cost of damages that would have occurred in ES absence 

(National Research Council, 2005) 
Regulating ES 

12 Social Cost of Carbon (SCC) 

Values cost/benefit of damages incurred/avoided due to the emission of 

one tonne of carbon dioxide in a given year (Brander et al., 2018) 

Carbon 

Sequestration 

13 Value Transfer (i.e. Benefit Transfer) 

Values non-marketed ES by transferring data from one location to a 

separate, but ecologically similar location (King et al., 2000) 

All 

 


