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ABSTRACT

ECOSYSTEM SERVICE VALUATION FOR WILDFIRE MITIGATION PRIORITIZATION

DECISION-MAKING IN COLORADO

Wildfire presents a sizeable threat to ecosystem service values in Colorado and the Western
U.S. If ecosystem services (ES), or the benefits that we obtain from natural ecosystems, are to be
fully accounted for and protected in wildfire management, they must be properly valued. Monetary
valuation has hitherto been the primary method for capturing the market and non-market value of
an ES. Monetary valuation, while a powerful tool, is not applicable for all ES. Socio-cultural
valuation, or non-monetary valuation, attempts to expand the scope of what ES can be valued and
how they are valued for decision-makers. In this two-part thesis I explore both monetary and non-
monetary valuation of ES in Colorado. Chapter One is an original research study that utilizes public
participatory geospatial information systems (PPGIS) methods to capture socio-cultural ES values
at risk of wildfire in the Big Thompson watershed. This study uses participatory data collection
and spatial hotspot analysis, combining public ES perceptions and modeled wildfire risk data to
locate potential priority zones for incorporating social values into wildfire management. Chapter
Two is a cost-benefit analysis that I contributed to as part of a larger team that uses economic
valuation to assess the values at risk from wildfire in the water catchments surrounding the Denver
metropolitan area. In this study, the net economic benefits of wildfire mitigation investments
carried out by the Forests to Faucets partnership were measured under different modeling
assumptions. The research across these two chapters represents two different, but complimentary

ways to incorporate a wide range of ES values into wildfire risk assessments.
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THESIS OVERVIEW

Wildfire in the Western United States presents a very significant, and increasingly
dangerous, threat to many things that people value. Wildfires across the region have been larger,
more frequent, and longer lasting every year (Calkin et al., 2014; Stephens et al., 2016). Hotter
and drier summers as a result of climate change have combined with decades of over grown forests
from costly fire exclusion policies to create a perfect storm of extreme wildfire conditions (Rocca
et al.,, 2014; Adams, 2013). Fuels reduction, in the form of prescribed burning or mechanical
thinning, has been adopted by many forest managers, in order to reduce the likelihood that fires
will ignite, that surface fires will grow into crown fires, and increase the effectiveness of
firefighting once a fire is ignited (Dennison et al., 2014; Stephens et al., 2016). Decisions about
where, when, and how much to employ these wildfire risk mitigation strategies, however, requires
understanding both the probability of future wildfire on a landscape and assessing which values at

risk will be protected and which values are being traded off as a result (Thompson et al., 2011)

Having a clear understanding of tradeoffs requires measuring the values that are present.
Valuation is an estimation of an ecosystem service’s worth, utility, or meaningfulness to those that
benefit from it. Monetary valuation is a common approach that captures instrumental values in
dollar amounts that are easily understood and transferrable (Christie et al., 2012). Cost-based
economic valuation methods are effective at communicating how much money could be saved by
employing wildfire mitigation strategies at one location vs another, or for assessing the benefits
from wildfire mitigation investments after they have been implemented (Jones et al., 2017). Some
values, however, cannot be communicated easily in monetary units, and are subsequently not
accounted for in this decision-making process. Non-monetary, socio-cultural valuation is a suite

of methods that attempts to capture ecosystem service values using other metrics (Christie et al.,



2012). Non-monetary methods can have the added bonus of capturing group values, health and
wellness valuations, or more in-depth assessments of multiple values (Christie et al., 2012). Simply
because the value of something cannot be communicated in dollars does not mean that it is less

important to people and should not be considered in decision-making.

In this thesis, I present two examples of ecosystem service valuation used to inform and
prioritize values at risk in wildfire mitigation strategies in Colorado. Chapter One of this thesis is
an original research project that measures socio-cultural values of ecosystem services through
participatory mapping in the Big Thompson River watershed. In this chapter, we were interested
in understanding the spatial and non-spatial dynamics of socio-cultural value of these services, and
how it was threatened by wildfire. We approached these questions through a random household
mapping survey, and the results were analyzed to locate several overlapping hotspots of both socio-
cultural value, and wildfire hazard. This methodology seeks to increase public participation in
decision-making, and to spatially identify potential value tradeoffs of different beneficiary groups.
Chapter Two is a cost-benefit analysis study that utilizes economic valuation of values at risk
conducted across the watershed catchment area that services the Denver metropolitan area. The
primary research question for this study was concerned with quantifying the net economic benefits
of wildfire mitigation investments from the Forests to Faucets partnership between Denver Water
and the USFS. Watershed values were divided into two categories: “source water protection” (e.g.
drinking water infrastructure, water treatability, and water-based recreation) and “community and
environmental stewardship” (e.g. property loss, recovery & rehabilitation, suppression costs,
recreation, and endangered wildlife habitat). The protection of these wide-ranging values present

in the Denver catchment area were quantified monetarily under different modeling scenarios in an



attempt to quantify the full range of values protected so far by the partnership, and to guide future

prioritizations of wildfire mitigation activities.

Thus, this thesis is written as two parts, consisting of deliverables for Denver Water and
The Colorado Water Institute, that funded the respective projects. Both chapters will be published
as journal articles. The funding for Chapter One comes from the Colorado Water Institute. The
genesis of this project was in the Fall of 2018 when a proposal was submitted and accepted by the
institute. The data collection devices were developed in the Spring and Summer of 2019 by myself,
and all data were collected through online surveys in the Summer and Fall of 2019. Data analysis
and refining was conducted through the Spring and Summer of 2020, with the final deliverables
for the Colorado Water Institute completed in August, 2020. I intend to publish this article in the
journal ‘Society and Natural Resources’ as first author. Chapter Two was funded and completed
in partnership with Denver Water and the Colorado Fire Restoration Institute between Spring,
2019 and Spring, 2020. Dr. Kelly Jones and Brett Wolk were the leads on the project and Ben
Gannon conducted the wildfire modeling. 1 contributed to the literature review, economic
valuation of recreation and property values, and writing in the report. This project provided me
with the opportunity to participate in a collaborative and interdisciplinary approach to ecosystem
services valuation, and I will be a co-author on a future peer-reviewed journal article led by Dr.

Jones.



CHAPTER ONE

PUBLIC PARTICIPATORY GIS FOR ECOSYSTEM SERVICE VALUATION — BIG

THOMPSON WATERSHED, COLORADO

1. INTRODUCTION

Human well-being is predicated on the ecological processes and functions that lead to
ecosystem goods and services. Forests, for example, provide timber and non-timber products for
construction, decoration, or medicine, regulate climate by acting as carbon sinks, supply fresh
water to municipalities and agriculture, facilitate the formation of fertile soil, and provide a
destination for recreation and tourism. All of these benefits that people obtain from ecosystems
are called Ecosystem Services (ES) (Millennium Ecosystem Assessment [MA], 2005). These
essential services are facing increased threats from development, over-use, and natural disasters
exacerbated by climate change (MA, 2003; Flannigan et al., 2009; Rocca et al., 2014). In the
Western United States, wildfire presents a particularly critical threat to the delivery of many ES
benefits (Rocca et al., 2014; Schoennagel et al., 2004; Mantgem et al., 2013). Wildfire has been
shown to increase delivery of sediment and organic compounds to water supplies after increased
post-fire erosion (Ice et al., 2004; Cawson et al., 2012), degrade air quality causing respiratory
health impacts (Lynch, 2004), and threaten access to recreation and tourism activities. The ES
concept can thus be a tool for navigating the decisions presented by both the increases in demand

for these services and the increased threats that wildfire poses.

The goal of using the ES concept is improved natural resource management decision-making,
but this is only possible if preferences and values for services can be properly measured. Because

one ecosystem can provide such a wide number of services, tradeoffs are inevitable. ES valuation



and preference assessment can be used to inform these challenging ES tradeoff decisions. ES
valuation can lead to more effective and equitable conservation management decisions by creating
a better understanding of who benefits and who loses. In the past, economic valuation methods
have been the primary approach for measuring ES value (Laurans et al., 2013). Capturing only the
economic value of ESs, however, tends to overemphasize instrumental values that are more easily
quantified in this way (Pascual et al., 2010). Instrumental values are the contributions that nature
provides toward a good quality of life, and can be quantified economically from both use and non-

use values (Diaz et al., 2015).

Because not all ES values are easily monetized, there has been a push to increase the role of
non-monetary valuation methods to inform decision-making processes (Brown et al., 2012; Chan
et al., 2012; Scholte et al., 2015; Pascual et al., 2017). Socio-cultural valuation utilizes non-
monetary methods to capture both instrumental and relational values (i.e. the values that are found
within relationships either among people or between people and nature) (Diaz et al., 2015). This
provides added benefits to the valuation process by being able to consider a wider range of material
and non-material benefits (Scholte et al., 2015; Chan et al., 2012; Plieninger et al., 2013).
Understanding the non-monetary ways in which ES affects human well-being allows us to begin
to better describe the benefits that they provide to people, and to increase participation in the
management process. Socio-cultural valuation tends to be a more participatory process than
economic valuation, allowing management prescriptions to better connect to the on-the-ground
needs and preferences of beneficiaries who are most directly impacted. One method that has been
used to encourage participation in valuation is the mapping of ES landscape values through public
participatory GIS (PPGIS) (Brown et al., 2012; Ryan, 2011; Wolff et al., 2015; Brown &

Fagerholm, 2015; Brown & Raymond, 2014; Chen et al., 2009).



Much of the recent focus on public participation in ES assessments has been centered around
mapping (Fagerholm et al., 2019; De Vreese et al., 2016; Wolff et al., 2017). The spatial aspect of
many ES lends itself to the use of mapping as a method to capture and illustrate value preferences
(Anderson et al., 2009). Participatory mapping creates collaboratively built spatial representations
of socio-cultural ES demand, and provides a useful visual representation of the location of values.
Spatial valuation information can be integrated with ecological and biophysical data to help
identify changes and threats to values over time (Brown et al., 2012). PPGIS is useful for
identifying hotspots, or areas of high social or ecological value (Alessa, 2008), and it can be used
to predict how demographic or land use shifts impact held values or change the values in a
community entirely (Brown et al., 2012). A primary goal of PPGIS is to harness geospatial
technologies to bring previously unheard voices into the management process (Brown et al., 2012).
The way that PPGIS is employed can range from mapping using paper and pencil to more
technologically intensive computer-based mapping applications. Always though, the aim is to

connect communities to the ecosystem management process.

PPGIS has been an increasingly popular ES assessment method (Garcia-Nieto et al., 2015;
Brown and Fagerholm, 2015). While there are a few studies conducted in the Western U.S. (Brown
et al., 2012), there are no known studies evaluating ES values in the Western U.S. in the context
of how they might be threatened by wildfire risk. To address this gap in the literature we provide
a geographically unique socio-cultural ES assessment and identify wildfire threats to these ES
values. Thus, the overarching research goal of this study is to characterize spatially and non-
spatially the socio-cultural ES demand preferences of beneficiaries of the Big Thompson
watershed in Colorado, U.S. and to identify areas where wildfire represents a threat to these values.

Our goal is guided by the following research questions:



1. Which ES are most important to beneficiaries?

2. How is ES demand spatially distributed?

3. What are the important drivers (biophysical and socio-economic) of ES demand?

4. Where does wildfire pose a threat to ES demand?

In the following sections we outline the context that necessitates this ES assessment, including
the growing threat posed by wildfire in Colorado and the Western U.S., the ES framework, and
the social and biophysical characteristics that lead to ES demand. Then we describe the methods
and analyses by which we will answer our research questions, review our results, and discuss the
implications of our findings and recommendations for future research. This analysis is an attempt
to increase the equity of ES valuation by generating an understanding of people’s preferences for
ecosystem management and making that information available to decision-makers, and to opening
the door to incorporating non-monetary value assessments more broadly in wildfire management.
This paper should be of interest to a broad audience, including natural resource managers interested
in increasing participation in their decision-making processes by incorporating a wider range of
non-monetary ES values and preferences. This paper also outlines a method that can be used by
wildfire managers to spatially assess the threat posed by wildfire to ES values. Additionally, by
understanding the biophysical and socio-economic drivers of ES demand, we can better predict
where ES value will be concentrated, and which values will be held by which groups of people.
This knowledge can inform managers to better anticipate tradeoffs across groups as well as how

their management decisions will impact the values held by certain individuals.

2. BACKGROUND

2.1. Wildfire



Since the 1980s, forest fires in the Western U.S. have consistently increased in severity and
frequency (Miller et al., 2009). The mean and maximum fire size, and total area burned is now
comparable to pre-1940s levels when fire exclusion practices were first implemented as national
policy (Miller et al., 2009; Dennison et al., 2014; Adams, 2013). The blame for worsening fire
conditions can be attributed to a combination of factors, including past fire management practices,
decreased snowpack, hotter and drier summers, and increased development in forested areas
(Schoennagel et al., 2004; Veblen et al., 2000; Westerling et al., 2003, Westerling et al., 2006).
Colorado’s Front Range has not been immune to this trend, as the two of the largest fires in the
state’s history have occurred there in the last decade (the Cameron Peak fire in 2020, and the High

Park fire in 2012).

Wildfire risk in the U.S. has been further complicated by increased expansion of the wildland-
urban interface (WUI). As more people move to the WUI and demand for space increases,
significant financial and social pressures are being placed on the proper management of wildfire
risk (Mell et al., 2010). Billions of dollars are spent each year on preventing, fighting, and
rebuilding after wildfires (Adams, 2013). Population increases have the compounding effect of
increasing the likelihood of fire ignition while making fire events costlier in dollars, human life,
and well-being (Calkin et al., 2014). Mitigation efforts to combat increased risk have included
fuels reduction and the creation of defensible space communities. While not entirely eliminating
fire risk, these strategies have been shown through fire activity modelling to reduce the likelihood
and extent of the most destructive crown fires (Evans et al., 2015). The use of community wildfire
protection plans (CWPPs) to identify and prioritize areas for hazardous fuel reduction treatments
has increased in recent years (Evans et al., 2015). Properly identified and executed fuel treatments

have been shown to reduce the spread of spot fires ahead of a main fire, reduce the occurrence of



falling embers which can ignite homes miles away, and made fighting fires more effective (Miller

etal., 2017).

In Colorado, the protection of source drinking water has been the impetus for wildfire
mitigation spatial prioritizations (Jones et al., 2017; Meldrum et al., 2014; Hohner et al., 2016). In
the Big Thompson watershed and elsewhere in Colorado, freshwater supply is a critical value at
risk that is increasingly threatened by wildfire. In fact, watersheds along the Colorado Front Range
are among the top 10% nationally of watersheds at risk from development, insects, and wildland
fire (Weidner & Todd, 2011). These threats to freshwater supplies have been borne out in the form
of increased sediment transfer, and have led to steep price tags for municipalities and downstream
water utilities. For example, after large wildfires in the early 2000s, Denver Water realized the
importance of fuels mitigation, as post-fire sedimentation management cost the utility more than
$26 million (Gartner et al., 2014). Facilitating the recovery of vegetation to mediate runoff from
burned areas leads to decreased post-fire water quality response (Martin, 2016). This creates
scenarios where it is often economically advantageous for water utilities to invest in wildfire risk
reduction in order to protect at-risk water resources (Jones et al., 2017). In the Big Thompson and
Cache La Poudre watersheds in Colorado, similarly costly sedimentation following catastrophic
wildfires led to investments in wildfire risk management and built infrastructure as cost-avoidance
strategies (Gartner et al., 2014). Of course, water is not the only ES at risk, and with more people

moving into these areas comes increased demand for ESs, as well as shifts in ES preferences.

Economic growth has the tendency to shift ES demand away from necessity (i.e. food, water,
shelter) and toward luxury goods (i.e. recreation, aesthetics) (Nelson et al., 2006). Wildfire
represents a significant threat to recreational opportunities when large fires cause complete

closures of trails or parks (Sanchez et al., 2016). However, modelling has predicted that recreation



and tourism visitation and welfare increases following low severity fire as opposed to intense
crown fires (Hesseln et al., 2003; Sanchez et al., 2016). The fallout from decreased visitation and
closures due to fire can lead to economic hardships for many communities and business that are
reliant on tourism during summer months (Colorado Public Radio, 2018). Understanding the full
suite of ES values present is an important first step in understanding what values may become

threatened by wildfire.

2.2. Ecosystem Services and Socio-Cultural Valuation

In 2015 the Intergovernmental Science-policy Platform on Biodiversity and Ecosystem
Services (IPBES) contributed an updated framework to the ES discipline referred to as Nature’s
Contribution to People (NCP). Initial frameworks were built on ecological and economic valuation
methods that conceptualized ES benefits as “stocks” and “flows” from nature to people (de Groot
et al., 2002; MA, 2003). Critics of the MA approach point to the exclusion of social sciences,
humanities, and local and indigenous knowledge in ES valuations, leading to increased alienation,
commodification of nature, and social inequity (Diaz et al., 2018). The NCP framework recognizes
culture as a central contributing factor to the links formed between people and nature, and seeks
to ameliorate these shortcomings that have caused valuation of cultural resources in ES policy to
lag behind others (Diaz et al., 2018). In our study, we employ the NCP framework in order to

contribute to efforts to include a wider range of perspectives in ES assessments, broadly.

The initial NCP framework included 18 contributions from nature divided into three semi-
overlapping groups: material, non-material, and regulating. The semi-overlapping nature of the
groups give the generalized framework flexibility to be used in different contexts based on
applicable local knowledge and human-environment relationships (Diaz et al., 2018; Pascual et

al., 2017). Material NCPs are materials or objects in nature that are often consumed, but whose

10



physical existence contribute to human well-being (Diaz et al., 2018). Examples include food,
energy and other consumed natural materials. Non-material contributes are “nature’s effects on
subjective or psychological aspects underpinning people’s quality of life” and are often realized
through experiences, inspiration, or relational connections with nature (Diaz et al., 2018; Chan et
al., 2012). Examples here are non-consumptive recreation, social cohesion, and spiritual value.
Finally, regulating contributions are “aspects of organisms and ecosystems that modify
environmental conditions experience by people” (Diaz et al., 2018). These regulate the creation of
material and non-material ESs and often affect people more indirectly. The boundaries between

these three groups can often be blurred and are heavily context-dependent.

The same ES can have both material and non-material dimensions, and in many cases the non-
material aspects of an ES may have greater importance than the material benefits it provides. For
example, a fisherman gets a material benefits from fishing through the procurement of food, but
also gets non-material benefits from the cultural traditions, social relationships, and personal
identity that goes along with being a fisherman (Chan et al., 2012). Non-material benefits are
difficult to parse out from material ones, and are therefore hard to properly value, manage, and
protect. In fact, some have gone so far as to say the relationships between people and environments
that produce non-material benefits are “woven together into the fabric of the world” and often

transcend classification (Jackson & Palmer, 2015).

Most ES valuation uses economic methods to capture the instrumental value of an ES to the
individual. These methods translate values into monetary units and can be useful in situations
where ES are readily exchanged through market transactions, and where individual utility or
rational choice are sufficient for describing the value of an ES (Christie et al., 2012). For example,

there may be a going market price for a unit of timber in a certain region. A quantifiable loss of

11



timber due to fire or other disruption, therefore has a quantifiable loss. That particular ES can be
assigned a monetary value that is easily understood. However, even in this example, the market
value of the lost timber does not capture the entire value lost. Other ES values such as the cultural
experience of the logging communities, spiritual value, or simply the existence of the forest
ecosystem are overlooked as invisible externalities if the economic value of timber is the only

thing considered.

More recently, a suite of methods often referred to as “socio-cultural ES valuation” or “non-
monetary valuation” has been developed. These methods are able to capture relational values, as
well as instrumental values, and are more effective at describing ES value more broadly. Socio-
cultural valuation methods can be divided generally into two categories: revealed value methods
and stated value methods (Scholte et al., 2015). Revealed value approaches include behavioral
observation and document research. Both of these methods seek to understand values of an
individual or group through direct observation either of actions and decisions, or of documents,
images or other media produced by an organization (Scholte et al., 2015; Beck et al., 2010). Stated
value methods for socio-cultural valuation have been more popular (Scholte et al., 2015), and
include the use of questionnaires, interviews, and focus groups. Questionnaires are often aimed at
understanding the individual’s importance ranking of ESs, while in-depth interviews allow for
more flexibility to obtain a deeper understanding of the “how” and “why” of an individual’s ES
values (Christie et al., 2012; Scholte et al., 2015). Finally, focus groups allow the researcher to
step away from individual-centered conceptions of ES value and gain understanding of group-held

values (Spash, 2007; Scholte et al., 2015).

When attempting to classify benefits from nature and measure material and non-material

values, it is important to understand the background and context of the beneficiaries. The ability

12



of an individual to express demand for a particular ES (or group of ESs) is dependent upon their
socio-cultural context and personal characteristics (Scholte et al., 2015). A person’s unique life
experiences lead them to knowledge about, perception of, and use of the ES in various ways
(Scholte et al., 2015). ES that more directly benefit users, such as provision of clean water, are
more visible, and therefore more easily perceived, used, and valued (Brown et al., 2012; Brown,
2004). Other less visible services may be just as important to the individual’s well-being but may
be less visible, less understood, and under-valued (e.g. regulating services like carbon
sequestration or air quality regulation) (Brown et al., 2012; Brown, 2004). ES perceptions are
molded by the physical characteristics as well as the social construction of the landscape (Daniel
et al., 2012). People value a landscape not only for its utility, but also for the way in which they

relate to it through personal and community relationships (Chan et al., 2012).

In sum, socio-cultural valuation is an attempt to apply the ES concept in practice while
avoiding the commodification of nature. Rather than conceptualize ES as a fixed stock of resources
from which benefit can be extracted, socio-cultural valuation seeks to understand the relational
web of social-ecological actors (Jackson & Palmer, 2015). Value may come from extraction or
consumption of ES, but it also comes from relationships within social-ecological connections.
These relational values are contextual within the social-ecological system, and are molded by both

social and biophysical dimensions (Chan et al., 2012).

2.3. Mapping Ecosystem Service Demand

ES value is related to both its supply and demand, and the relationships between the two within
the biophysical and socio-economic context. ES value arises from the relationships between the

ecosystem and the beneficiaries. Those relationships have inherent spatial quality, and the ability
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of an ecosystem to supply services affects the ways in which a society can use, and subsequently,

value them (Martin-Lopez et al., 2014; Plieninger et al., 2013; Scholte et al., 2015).

Mapping ES demand is a useful valuation method for both researchers and decision-makers
for a number of important reasons. First, mapping allows for the spatial characterization of demand
on a landscape. Second, mapping expands spatial understanding of potential drivers of ES demand,
including ecological conditions, social and economic factors, and how these relate spatially to
delivery and perception of ESs (Wolff et al., 2015; Wolff et al., 2017; Nelson et al., 2006). Third,
mapping creates a way to easily communicate and operationalize ES demand for decision-making
since maps are easily understandable, and commonly used in natural resource decision making

(Wolff et al., 2015).

While complex relationships between ES supply and demand impact human values, there have
been calls for increased attention to be paid to mapping ES demand to explicitly capture people’s
preferences for ES (Burkhard et al., 2012; Schroter et al., 2012). Previous studies have found that
ES demand is not always directly driven by supply and that mapping allows for an effective
visualization of this mismatch (Burkhard et al., 2010). ES value mapping has been carried out
through surveys, workshops, and collaborative community exercises (Garcia-Nieto et al., 2015).
The participatory nature of these methods attempts to empower a diverse group of stakeholders to

contribute, and is central to the democratic process of non-monetary valuation.

Some studies have applied ES mapping techniques to identify zones of social and ecological
value, making spatially explicit the overlapping relationships between ES supply, demand, social
context, and the environment (Fagerholm et al., 2019; De Vreese et al., 2016; Alessa et al., 2008).
Fagerholm et al. found that ES perceptions (i.e. demand) hotspots were related with forest and

water land types, and with people’s relationship with and accessibility to the landscape (2019).
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Other studies have found correlations between various ES, and identified “bundles” that were
useful for managing trade-offs, and for understanding which services are perceived to co-occur
(De Vreese et al., 2016). Overlaps between social and ecological value are identified as social-
ecological hotspots, and have utility for ecosystem management (Alessa et al., 2008; Fagerholm

etal., 2019).

2.3.1. Public Participatory GIS

Public participatory GIS (PPGIS) is a tool that involves creating spatial data through
collaboratively engaging stakeholders. This method can be useful for capturing a wide range of
ES values held by individuals and groups in many different areas. A subtle difference exists
between participatory GIS (PGIS) and PPGIS. The latter is more focused on achieving
representativeness, and the former hones in on the perspectives of a selected group of stakeholders
(Brown et al., 2015). Both participatory mapping methods can be effective for explaining ES

preferences in different situations.

While many PPGIS studies have been completed, the relative recentness of the
methodology has created a lack of consensus as to best practices (Brown & Fagerholm, 2015;
Brown et al., 2015; Brown et al, 2012; Brown, 2012; Anderson et al., 2009; Fagerholm et al., 2019;
Sieber, 2006). Previous PPGIS studies have varied in the services mapped, the stakeholders
targeted, and the approach through which the sampling and mapping were conducted. The types
of ES mapped have been developed primarily either through a predetermined typology or left
open-ended and allowed to emerge during the mapping process (Brown and Fagerholm, 2015).
The Millennium Ecosystem Assessment typology has been a common choice for ES mapping

(MA, 2003; Brown and Fagerholm, 2015), prior to the development of other ES frameworks (Diaz,

15



2018; Pascual et al., 2017) that have been used in more recent PPGIS studies (Fagerholm et al.,

2019).

In regards to who is being surveyed, a mixed sampling of the public and “experts” has been
useful for identifying a range of values (Brown, 2004; Brown et al., 2012; Herndndez-Morcillo et
al., 2013). Less visible supporting and regulating services often require greater expertise to
properly identify, therefore a public survey has been shown to be more effective at identifying
cultural and provisioning services (or non-material and material contributions), rather than the
more intellectually challenging ESs (Brown et al., 2012; Brown and Fagerholm, 2015). Other
studies have seen benefits from sampling different groups of stakeholders to compare values and
anticipate conflict areas (Garcia-Nieto et al., 2015). A random household or landowner survey is
the most common sampling method, and sample sizes in these surveys have ranged from 22 to
1905 participants (Brown and Fagerholm, 2015). Other sampling methods have included targeted

sampling and sampling through “stakeholder workshops™.

Finally, the mapping approaches and the technology used to map ESs has broken down
into two varieties: hardcopy paper mapping and digital mapping on a computer (Brown and
Fagerholm, 2015). Paper mapping involves marking paper maps with pencil, pen, stickers, or
placing cubes to indicate value. These methods have been employed in person and through the
mail where participants mark paper maps and return them in the mail, and have the benefit of being
accessible to communities without computer or internet access. Computer mapping — where viable
— has the benefit of ease of access through online mapping services, and requires fewer physical
materials to carry out. For marking the locations of services, points have been found to be both the

most common method (Brown and Fagerholm, 2015), and the least cognitively challenging for
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participants (Brown and Pullar, 2012). Polygons have also been used to map ESs, but this method

occurs less frequently than points.

3. METHODS

3.1. Study Area

The area of focus for this study is the Big Thompson watershed in Colorado. The Big
Thompson, located 50 miles northwest of Denver, encompasses approximately 900 square miles
from the Continental Divide east to the Front Range and Colorado Plains (Figure 1.1). The
headwaters of the river are located within the boundary of Rocky Mountain National Park. As it
flows eastward it becomes diverted by a system of canals, pipelines, and reservoirs that deliver
fresh water to towns and cities along the northern Front Range, including Fort Collins, Loveland,
Longmont, and Greely. The watershed is vital for the livelihoods of these towns and cities by
supplying fresh drinking water to over half a million people, as well as water for corn, wheat,
vegetable, and livestock operations in some of the most important agricultural counties in the state
(U.S. Census Bureau, 2019). The watershed has several terminal reservoirs including Carter Lake,
Lake Estes, Boulder Reservoir, and Horsetooth Reservoir that both store drinking water and
provide recreational opportunities. The Big Thompson watershed provides people with many
cultural ES, such as recreation and aesthetic beauty. Large areas of public land in the watershed,
including the Arapaho & Roosevelt National Forest, are home to hundreds of miles of hiking and
biking trails. The ES that The Big Thompson provides to residents and visitors have been
threatened by wildfires both within the extent of the watershed and in surrounding counties within
the last two decades. Significant wildfire events in the area include the Big Elk Fire in Estes park

in 2002, the Picnic Rock Fire northwest of Fort Collins in 2004, the Fourmile Canyon Fire west of
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Boulder in 2010, the High Park Fire in Roosevelt National Forest in 2012 (Colorado Forest

Service, 2013), and the Cameron Peak Fire in 2020.

Due to the complex nature of water diversion from the Big Thompson river, the extent of
freshwater delivery and therefore the extent of ES delivery extends beyond the HUC-8 watershed
boundary. Boundary selection began with the HUC-8 watershed boundary and then knowledge of
water supply, wildfire risk, and the location of major towns and cities within and surrounding the
watershed extent guided the decision on where to ultimately define the study and surveyed areas
(Figure 1.1). A 15-kilometer buffer was created around the study area boundary, and census blocks

that intersected that buffer were included in the target household sample for this study, as described

below.
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Figure 1.1: Map of the Big Thompson Watershed study area.
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The study extent in figure 1.1 falls mostly within Larimer county, with some smaller areas in
Boulder and Weld counties. The 2019 population estimates for this extent is just above 350,000.
This population is mostly white (93%), and educated (96% high school, 46% bachelor’s degree or
higher). The median household income (USD 2018) is $67,664, and the broadband internet access
rate is high (88%) (Census QuickFacts, 2019). There are over 130,000 households in the study

area, placing the estimated persons per household at ~2.5.

3.2. PPGIS Tool and Survey Assessment

We developed a PPGIS survey tool using the web mapping platform Maptionnaire (Appendix
Al). Participants were asked to map their home location and the location of places in the watershed
that they value based on for a variety of reasons. Participants were given a list of 13 ES and
definitions from which they could choose to map (Table 1.1), and were not limited in the number
of points that they could map. During mapping, a GIS layer of the study area boundary (Figure

1.1) was laid over the map and participants were asked to map locations only within the boundary.

We drew upon ES typologies from previous participatory valuation studies (Brown, 2012;
Fagerholm et al., 2019; Pascual et al., 2017), with adaptation based on local context, to develop
our ES typology. The final typology of 13 ESs (Table 1.1) was used with the goal of capturing a
range of material, non-material, and regulating ESs (Diaz et al., 2018). As is the case with other
participatory ES assessments, the typology here was chosen to understand subjective perceptions
of benefits as well as direct use (Fagerholm et al., 2019; Brown et al., 2012). Thus, the ES list was
operationalized and framed for the individual perspective through a series of “I value” statements,

placing the focus on the individual’s perceptions of ES value.

19



Table 1.1: Ecosystem service typology and definitions.

Ecosystem Service Category | Survey Definition (“I value these
places because...”
Food Material They provide me plants or animals

to eat including meat, fish, fruits,
vegetables, or mushrooms.

Natural Materials Material They provide me with coal, wood
products, animal feed, firewood,
fuel, or other natural materials I use.

Recreation Non- They provide me with recreation
material activities.

Social Interaction Non- They provide me with opportunities
material for social interaction.

Aesthetics Non- The scenery or the views.
material

Cultural Significance Non- The local culture, heritage, or
material history.

Spiritual Value Non- They are sacred, religious, or
material spiritually special to me.

Intellectual/Educational | Non- They give me the opportunity to

Value material think creatively and to be inspired

by nature.

Existence Value Non- They exist, no matter how I or
material others use them.

Habitat/Biodiversity Regulating | They provide a variety of plants,

wildlife, other living organisms,
and ecosystems.

Water Regulating | Their capacity to provide and
preserve clean water.

Air Regulating | Their capacity to provide and
preserve clean air.

Soil/Erosion Control Regulating | Their capacity to provide and

preserve quality soil, and to prevent
excess erosion.

Using the same typology of 13 ESs, respondents were asked to evaluate their ranked preference
for each through a value allocation exercise. Each respondent was given a hypothetical 100 USD
and asked to assign a dollar amount from the total 100 based on what they believe are the most
important services in the watershed to protect (Appendix 1). The value allocation portion of the
survey was given before the mapping portion. This choice was made to help respondents consider
the provided definitions, and their perceptions and values of each of the 13 ESs prior to mapping,

so the mapping portion would be less cognitively challenging.
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Finally, respondents were surveyed with a short list of social and demographic questions.
These questions were aimed at understanding the respondent’s relationship with the landscape.
Specifically, we asked about their residential status, length of residency in Colorado, watershed
familiarity, land ownership, how owned land is used, household characteristics (e.g. number of
adults and children in household, occupation, income), and personal characteristics (e.g. sex, age,

education) (Appendix A).

Prior to deployment of the complete survey, the typology and questionnaire were pre-tested
with a group of 12 graduate students at Colorado State University from a variety of different
departments. The wording of the ES definitions and demographic questions was honed based on

feedback from these pre-tests.

3.3. Data Collection

To solicit participation in the PPGIS assessment, a survey was distributed to a random list of
households in census blocks that intersected with the 15km buffer zone around the watershed study
area. Based on the number of households in the surveyed area, at a 95% confidence level, the initial
target response rate was 400. A postcard with information about the goals and applications of the
survey and a link to complete the survey online was sent to 2,000 residential addresses. Among
the 2,000 households, about 10% (n=190) had an email address associated with their home address.
These households were sent follow-on emails once a week for six weeks. After six weeks following
the initial round of postcards, a random subset of 1,000 households were sent a second round of
postcards. Additionally, the survey was given to the Big Thompson watershed Coalition to
distribute in their quarterly newsletter, and was posted in various outdoor recreation and

community social media groups in the area. There was no way to guarantee that someone did not
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receive solicitation for the survey from multiple sources. In total, the survey was available to be

completed online for three months from August to November, 2019.

3.4. Data Analysis

Descriptions of the data analyses are described below based on the guiding research questions:

3.4.1. Which ES are in highest demand?

Consistent with previous studies (Fagerholm et al., 2019; Diaz et al., 2018), we considered
both mapped ES points and the allocation of the hypothetical 100 USD as contributing to the
expression of ES demand. The two metrics were multiplied together to calculate the demand metric
— a weighted preference scale — for each of the 13 ES listed in Table 1.1. The metric takes into
account both spatial and non-spatial aspects of ES demand while ensuring that a respondent’s

demand is considered even if a particular ES was not mapped (Eqn 1.1).

Equation 1.1: ES Demand = Allocated $ * (1+ # mapped points)

The results of Eqn. 1 provide a categorization of ranked ES preferences (i.e. demand) of
the sampled population across the 13 ES presented in the survey. Respondents’ demand values

were joined to each of their corresponding mapped points.

3.4.2. How is ES demand spatially distributed?

A kernel density estimation (KDE) of the mapped points within the study area was
calculated. KDE creates a raster surface based on a point distribution. This is used as a visualization
tool, but can also be correlated with other density surfaces. Each mapped point location was
assigned its demand value and then the value of the raster surface smoothly decreases away from

the point within a search radius (Silverman, 1986). A KDE surface was created for the entire point
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distribution and for each of the 13 individual ES distributions. The KDE surfaces for the 13
individual ESs were correlated against each other using the band collection statistics tool in
ArcGIS Pro. The result of these correlations tells us which ESs co-occur on the landscape most
frequently (Plieninger et al., 2013; Hernandez-Morcillo et al., 2013). These exploratory analyses

are conducted to see which spatial distributions are most and least similar to one another.

A 5km? hexagon grid was laid over the study area, and the demand values of the mapped
points were summed within each grid cell. The demand value of each grid cell was then used as
the weighting variable for calculating spatial autocorrelation and for detecting demand hotspots.
In reviewing the literature there was not a consensus on what to set as the resolution for the grid,
however, Skm? was within the acceptable range based on the number of points and the size of the

study area (Hengl, 2006).

Spatial autocorrelation, as measured by Moran’s Index is a measurement of the degree to
which values in a spatial distribution are clustered, dispersed, or randomly distributed, and is
calculated based on both the feature location and feature value (Moran, 1950). The null hypothesis
for the Moran’s [ statistic states that the analysis variable is randomly spatially distributed.
Rejecting the null hypothesis can occur either with a dispersed or clustered distribution. Moran’s
I was calculated for each cell in the hexagon grid to indicate whether ES demand is randomly
distributed, clustered, or dispersed on the landscape. Our hypothesis was that ES preferences

would not be randomly distributed but clustered due to accessibility and popularity.

Hotspot analysis detects the location of clustered features with similarly high or similarly
low values when compared to neighboring values. The Getis-Ord Gi* statistic considers a feature’s
value in the context of other neighboring features. A high value may not be a significant hotspot

if it is not surrounded by other similarly high values (Getis & Ord, 1992). The summed ES demand
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of mapped points is the test variable used to identify hex cells that are hot or cold spots. The results

of this test tell us the location of hexagon cells with statistically high or low ES demand.

3.4.3. How does ES demand differ with landscape characteristics?

To understand the biophysical demand associations, four landscape characteristics were
considered: accessibility (e.g. average slope, total road length, total publicly accessible area,
average distance of mapped points from home, total building footprint), land cover (e.g. total area
of water, developed, barren, forest, shrub/scrubland, herbaceous, pasture/cultivated, wetlands, and
land cover variety), land ownership (e.g. private, local, state, federal), and aesthetic quality (e.g.
total water area, total stream/river length, maximum elevation). The ES demand value of each
Skm2 hexagon grid cell was used as the dependent variable for these Spearman’s correlations.
Significant correlations were considered at 90%, 95%, and 99% significant levels. All data sources
for biophysical variables are detailed in Appendix 2. We hypothesized that ES demand on the
landscape would increase with increased accessibility, increased aesthetic quality, and that water
sources (captured both under land cover and independent data layer) would have a strong

association with demand.

3.4.4. How does ES demand differ with socio-economic characteristics?

A number of socio-economic demand correlations were tested against the respondent’s ES
demand for the five ESs with the highest demand. The reasoning for only looking at the most
popular ESs was to explore what factors may change feelings about the most important ESs in the
watershed. Land ownership and state residency were tested using independent samples t-tests.
Familiarity, location, education, work, and income were tested using ANOVAs. Age was tested

using a Pearson correlation. The null hypotheses for each test was that mean demand would not
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differ between groups. Based on previous studies (Fagerholm et al., 2019; Brown et al., 2012;
Garcio-Nieto et al., 2015), we hypothesized that higher education would lead to increased demand
for less visible ESs and regulating ESs. We also hypothesized that land ownership and higher
income would lead to increased demand for ESs with a cost or some barrier to entry (i.e.
recreation). Due to the importance and emphasis of water as a resource in this area, we also
hypothesized that older respondents, Colorado residents, and respondents with a higher self-

reported familiarity with the watershed would have a higher demand for water.

3.4.5. How does the spatial distribution of ES demand compare to wildfire hazard?

The same hotspot analysis that was conducted for ES demand (3.4.2) was conducted using
previously modeled maximum wildfire hazard values within the Skm2 hexagon grid (Gannon et
al., 2019). Total wildfire hazard takes into account the 25-year burn probability using the Large
Fire Simulator (FSim; Finney et al., 2011; Gannon et al., 2019), and crown fire activity (CFA)
modelling using FlamMap 5.0 (Finney et al., 2015; Gannon et al., 2019). Wildfire hazard,
therefore, takes into account burn probability, and how the fire behaves once burning (Gannon et
al., 2019). By overlapping ES demand hotspots with wildfire hotspots, we identify socio-cultural

priority management zones for mitigating wildfire risk.

4. RESULTS

In total, 98 individuals responded to at least a portion of the survey — a response rate of 5
percent. This rate is lower than other internet-based PPGIS studies in Colorado (Brown et al.,
2012) and other regions (Fagerholm et al., 2019). Eighty-four individuals completed the value
allocation exercise. The responses from these 84 individuals were used for all non-spatial analyses

because their participation in value allocation indicates a level of demand for ESs. Only
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respondents who mapped at least one ES point were included in spatial analyses. It is impossible
to determine the reason for their non-participation in the mapping portion, but it could be due to
time restrictions or lack of comfort using the mapping tool. Therefore, we operate under the
assumption that these respondents hold ES preferences, even if not captured spatially, that should

still be reported in the results. Of these 84 respondents, 72 mapped at least one ES value.

A majority of the 84 respondents (n=44) reported Fort Collins as the nearest municipality,
followed by Loveland (n=21), Estes Park (n=13), and Lyons (n=6). Respondents were
overwhelmingly Colorado residents (n=58). Respondents were approximately evenly divided
between homeowners (n=34) and non-homeowners (n=32), and between males (n=36) and females
(n=31). Overall, the respondents were more educated that the census average, with the largest
group (n=26) being graduate degree holders (MS or PhD), and the next largest group (n=23) being
bachelor’s degree holders. The average respondent was middle-aged (48 yrs). Middle to upper
income households were overrepresented, with the majority of respondents reporting annual

household incomes greater than $65k (n=47).

Generally, increasing our sample size would allow us to make more confident conclusions
about ES perceptions of the populace in our region as a whole. Other difficulties arose in the open-
endedness of the mapping portion of our survey. Other studies have contemplated whether or not
to restrict or require respondents to map a certain number of points in a PGIS (Brown et al., 2012,
Brown and Fagerholm, 2015). The ultimate quality of our data could have been improved if we
could have guaranteed a certain number of points from each respondent. This would have also had

the added benefit of weighting the spatial aspect of each respondent’s ES demand more equally.

4.1. Non-spatial Distribution of ES Demand

26



In total, participants mapped 415 ES point locations (4.94 points/person). The most commonly

mapped ES were recreation (n=105) and aesthetics (n=78), followed by biodiversity/habitat

(n=42), and water (n=35). When mapped points were clipped to the 15km buffer area, the number

of points dropped to 396, and to 321 when just the watershed study area was considered (Table

1.2). Water was allocated the largest number of hypothetical dollars (average of $24.37 out of

hypothetical $100), followed by biodiversity/habitat ($16.00), air ($11.02), and recreation ($10.08)

(Table 1.2). The demand (Eqn. 1) for ES followed a similar pattern, with the highest demand

expressed for

water,

biodiversity/habitat,

and

recreation.

Table 1.2: Summary of mapped ES points, allocated value, and ES demand within the watershed boundary.

ES

Water
Biodiversity/Habitat
Recreation

Air

Aesthetics
Soil/Erosion Control
Food

Existence Value
Cultural Significance
Natural Material
Intellectual/Education
Spiritual

Social Interaction
Total

Total (15km Buffer Area)
Total (Study Area)

# Mapped
Points
35

42

105

17

78

20

12

24

16

8

14

13

31
415
396
321

Mean
Allocated
24.37

16.00
10.08
11.02
6.81
6.79
6.65
5.13
3.77
2.62
2.35
2.18
1.31

$

StdDev
Allocated
19.55

16.25
9.93
12.28
7.87
6.74
8.75
10.87
5.10
4.76
3.94
5.55
2.60

$

Mean
Demand
35.05

26.67
26.58
15.31
15.08
9.08
8.44
7.67
5.20
3.15
2.99
2.92
2.18

StdDev
Demand
33.72

35.18
32.89
23.34
21.17
10.81
12.94
20.84
8.24
5.85
5.06
7.01
4.96
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4.2. Spatial Distribution of ES Demand

Kernel density estimation (KDE) visualization shows ES clustering in several areas: Estes
Park, along Highway 34, and near several recreational reservoirs (Figure 1.2). KDE visualizations
of the most mapped ESs display variations in the density of mapped points at different locations
(Figure 1.3). For all four ESs visualized, Estes Park, Highway 34, and water sources were highly
mapped to varying degrees (Figure 1.3). Cultural value and aesthetics are the most strongly
correlated KDE raster surfaces (0.71), followed by habitat/biodiversity and water (0.65), and
recreation and education (0.65). Spiritual and social values were the most strongly negatively

correlated (-0.95) (Appendix C).
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Global Moran’s Index calculated for ES demand on the 5 km? hexagon grids resulted in a

significant positive autocorrelation (I1=0.045, z=2.87, p=0.004). This result indicates that the

demand values of the hexagon grid cells are significantly clustered. In other words, grid cells are

more likely to be near other cells with similar demand values than they are to be near cells with

different demand values. A significant Moran’s Index suggests that there are spatial processes

underlying the distribution of demand in the watershed. Hotspot analysis using the Getis-Ord Gi*

statistic resulted in 37 hotspots at the p<.10 significance level, 29 hotspots at p<.05, and 19

hotspots at p<.01 (Figure 1.4).
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Figure 1.3: Kernel density estimations for the mapped point distributions of the four most mapped ES types.

4.3. Biophysical Correlations
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Two of the five accessibility variables showed significant positive correlation with ES demand:
total road length (r(192)= 0.178, p = 0.008) and total footprint of buildings (r(192) = 0.228, p =
0.0006). Both of these variables were significantly moderately positively correlated with ES
demand at the 95 percent confidence level. Of the land cover variables, ES demand showed
positive correlation with Water (r(192) = 0.176, p = 0.007), Developed (1(0.159, p=0.014), and
Shrub/Scrubland (r(192) = 0.165, p =0.011). ES demand was also positively correlated with land
cover variety (r(192) =0.163, p = 0.012) (Table 1.3). Land ownership variables were weakly and
insignificantly correlated with ES demand at the 95 percent confidence level, but were significant
at the 90 percent level. Two of the three aesthetic quality landscape variables were significantly
correlated with ES demand. Total water footprint was significantly positively correlated at the 99
percent confidence level (r(192) = 0.175, p = 0.007), and maximum elevation was significantly

negatively correlated at the 95% confidence level (r(192) =-0.128, p = 0.038) (Table 1.3).

4.4. Socio-Economic Correlations

Among the top five ESs (Water, Biodiversity/Habitat, Recreation, Air, Aesthetics), watershed
familiarity did not have a significant impact on demand (Figure 1.5). Location had a significant
impact on Habitat/Biodiversity demand at the p<.01 level [F(3, 29.51) = 5.43, p=0.004]. The
Games-Howell post hoc comparison test indicated respondents from Lyons (Xbar = 9.17, SD =
6.65) expressed significantly lower Habitat/Biodiversity demand than Fort Collins (Xbar = 25.36,
SD = 27.60) and Loveland (Xbar = 23.62, SD = 18.43), but each other comparison based on

location was insignificant.

Education had a significant impact on demand for Recreation at the p<.05 level [F(3, 21.10) =
4.40. p = 0.02] (Figure 1.5). Post hoc comparisons using the Games-Howell test indicated

respondents with graduate degrees (MS/PhD) expressed significantly higher Recreation demand
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(Xbar = 38.27, SD = 40.81) than those with some college (Xbar = 10.8, SD = 10.08). All other
education comparisons did not show significant differences in demand. Work, Income, Age, Land
Ownership, and Colorado Residency did not have a significant impact on demand for the top five

ESs at the p<.01 level (Figure 1.5).

4.5. Wildfire Threat to ES Demand

Hotspot detection of the maximum wildfire hazard within the 5 km? grid cells resulted in 58
hotspots at the p<.10 significance level, 51 hotspots at p<.05, and 33 hotspots at p<.01. Of these
wildfire hazard zones, 16 overlapped with ES demand hotspots. Wildfire hotspots overlapped with
ES demand in the central and western parts of the watershed, near Estes Park, along Highway 34,

and along the North Fork of the Big Thompson River in Glen Haven (Figure 1.4)
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Table 1.3: Correlations of ES demand by biophysical landscape variables.
Significance levels: *90% **95% ***99%

Variable Coefficient p-value
Accessibility

Distance from home (Mean) -0.075 0.153
Public Access (Total Area) -0.096 0.096
Slope (Mean) -0.057 0.218
Roads (Total Length) 0.178 0.008***
Buildings (Total Footprint) 0.228 0.006%**
Land Cover

Water 0.176 0.007%**
Developed 0.159 0.014%*
Barren -0.035 0.313
Forest -0.203 0.002%**
Shrub/Scrub 0.165 0.011**
Herbaceous -0.126 0.040
Pasture/Cultivated 0.055 0.225
Wetlands -0.086 0.116
Variety (total # land types) 0.163 0.012**
Land Ownership

Private 0.072 0.160
Local 0.100 0.083*
State -0.099 0.086*
Federal -0.099 0.085*
Aesthetic Quality

Water 0.175 0.007%**
Streams/Rivers (Total Length) 0.050 0.243
Elevation (Maximum) -0.128 0.038**
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5. DISCUSSION

This study identifies the types and locations of ES values as perceived by those who receive
benefits from the Big Thompson watershed in Colorado in the Western U.S. We explore ES
demand drivers in the form of socio-economic and biophysical correlations. We also identify areas
where ES values are most threatened by wildfire. Other PPGIS studies have correlated socio-
economic and biophysical variables with ES demand (Fagerholm et al., 2019; Wolff et al., De
Vreese et al., 2016). Hotspot detection has also been used previously to identify overlapping zones
of biophysical and social value (Alessa et al., 2008). Our study provides a unique contribution to
the PPGIS field both geographically as a new exploration in the Big Thompson watershed, and by
adapting ES hotspot detection overlap methods to identify wildfire-threatened zones of ES

demand.

Importantly, our study represents the preferences of this unique group of respondents. Given
our response rate and geographic scope, our results should not be generalized broadly. There may
have also been biases introduced due to the internet-based nature or our survey, and the
overrepresentation of higher income, higher education, and people from Fort Collins compared to
the population of the watershed as a whole. Despite these caveats, the information obtained in this
analysis has utility for managers in this study area as a baseline for understanding how the
landscape influences ES demand for this population. Additionally, these methodologies build upon
existing PPGIS work, and contribute to the growing body of understanding of how to utilize
geospatial technologies to capture ES preferences to inform practical management problems. Our
study provides an example of how these tools can be used to better incorporate socio-cultural
values into wildfire prioritization decisions. Below we reflect on the implications of our results for

future socio-cultural ES valuation and for identifying threats to ES values such as wildfire.
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5.1. PPGIS for Socio-Cultural Valuation of ES

Water, habitat/biodiversity, and recreation are the most important ES benefits to respondents
of our survey, with aesthetics also a highly mapped ES. Water, recreation, and aesthetics as the
highest demanded ESs is consistent with the findings of other PPGIS studies (Brown et al., 2012;
Fagerholm et al., 2019). However, the high rate at which participants mapped habitat and
biodiversity is unique in the PPGIS literature for a random household survey (Brown & Fagerholm,
2015). This divergence from the literature could be due to our sampling being skewed toward
higher educated respondents, a contributing factor in proclivity of people to map less visible ESs
(Brown et al., 2012; Brown and Fagerholm et al., 2015). Another explanation for the greater
emphasis of this ES could be that communities in the watershed are more aware of biodiversity.
The local wildlife is a draw for many who move to or visit the area, and viewing large mammals
such as elk and moose brings many residents and tourists to Estes Park and the upper Big
Thompson watershed every year. This connection to wildlife has economic value for the
community with the influx of tourism, and relational value with the connection to the wildlife

itself. A future study may be able to explore this connection more deeply.

The results of our analysis indicate that underlying spatial processes are driving the overall
distribution of ES demand. There are co-occurrences of perceived benefits between several pairs
of ESs. Aesthetics is strongly correlated with cultural value, social interaction, water, and
recreation. Notably, three of the four regulating ESs (habitat/biodiversity, water, and air) are all
strongly correlated with one another, indicating consistency in perceptions of these types of
benefits. There is also a strong correlation between water and recreation, two ES values that co-
occur in areas of aquatic recreation on the rivers and reservoirs in the watershed. The attraction of

the upper areas of the watershed near Estes Park is evidenced by the spatial distribution of mapped
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points. Most mapped points, and in particular aesthetics points, are clustered around Estes Park
(Figure 1.3). Other studies have found that high elevation areas — particularly ones with high
visitation due to the presence of Rocky Mountain National Park — are often clusters of aesthetic
value (Brown, 2004; Brown & Reed, 2009). Estes Park is a central attraction for tourism, social
events, wildlife viewing, and recreation in the watershed, and all types of ES points were mapped
around it. However, even if this result is expected, it remains useful for understanding the location
of ES perceptions of these respondents, and it reaffirms our preconceptions of the social

importance of Estes Park.

The other cluster of points that stands out is located around Carter Lake. Again, all 13 ES types
were mapped here but it is a notable cluster of recreation points (Figure 1.3). Carter Lake is an
important recreational location in the watershed. It was created as part of the Big Thompson Project
as a drinking water reservoir, and is a popular spot in the watershed for a variety of recreational
activities (Larimer County, n.d.). Carter Lake is the second largest reservoir in the vicinity of the
study area after Horsetooth reservoir near Fort Collins. However, Horsetooth was excluded just
outside of the study area boundary. We can anticipate that an expanded study area would have
shown a cluster of recreational and other points around Horsetooth, especially with the majority
of respondents coming from Fort Collins. However, Carter Lake remains an important feature in

the Big Thompson watershed, as indicated by our results.

The most striking trends that we found among biophysical landscape correlations with ES
demand show altered landscapes as producing the greatest social value. The strongest correlations
among ES and landscape variables were with the total building footprint and the length of roads.
Accessibility to benefits has been a consistently important demand driver across PGIS studies

(Brown et al., 2012; Shroter et al., 2014; Fagerholm et al., 2019), and our results are consistent
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with that finding. The connection of ES value to the built environment is indicative of modern
human-environment relationships, particularly with respect to the growing WUI. Places on the
landscape that facilitate interactions between people and their environment are more likely to
produce perceived benefits (Brown, 2004). People will map places they are more familiar with and
places that they interact with most easily, and buildings and roads are proxies for ease-of-access.
However, this does not mean that these locations are the same locations necessary for the supply
or provisions of those same ES, and in fact they may represent threats to supplies of those ES (MA,
2003). In this area in particular many open water sources are part of the built environment (e.g.
man-made reservoirs), and the presence of surface water was another strongly correlated
biophysical variable driving demand. Brown et al. found a similar result in Colorado with open
water being the most overrepresented landcover type in their ES mapping results (2012). The
importance of water as a natural resource is widely understood among the populace of the western
U.S. and the Colorado Front Range in particular. The distribution of water for municipalities and
for agriculture in this arid region is at the forefront of many natural resource management
decisions. Therefore, it is understandable that beneficiaries would represent their awareness of

water in their participation in the PPGIS.

Among the five most important ES, we find that some social variables drive demand for
aesthetics, recreation, and water. Higher income leads to aesthetic values, familiarity and education
lead to recreation values, and age, location (i.e. Loveland respondents), and education lead to water
values. These results are similar to those of previous studies that showed increases in income lead
toward higher valuation of “non-essential” benefits (Hernandez-Morcillo et al., 2013), and that
higher education leads to greater perception of “less visible” supporting or regulating ES (Brown

et al., 2012). As the respondents of this survey skew more toward higher income and education,
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these perspectives may be overrepresented. The relationship between familiarity and recreation
demand has an unclear direction of causation. Individuals who engage in regular recreation
activities may become more familiar with the landscape through those activities, rather than
familiarity being the cause of demand. Previous studies have found familiarity to be one of the
most important socio-economic drivers of demand (Brown, 2004; Brown, 2012). However, our
study indicates that familiarity is not associated with four of the five most important ES in this
study. Age was positively correlated with demand for water benefits, which may be due to an
increased awareness of water’s importance among older individuals who have lived in the area for
longer. Our results stray somewhat from other PGIS studies that found stronger connections to
land ownership and work as indicators of demand (Fagerholm et al., 2019; Bryan et al., 2010;
Brown, 2004). In our study, the respondents work, land ownership, and state residency did not
indicate differences in demand. This may be due to our limited scope geographically and our

response rate compared to previous research.

5.2. Mapping as a Tool to Include Socio-Cultural Value in Wildfire Mitigation Activities

Our results represent an answer to the call for “a better characterization of non-market
resources at risk” of wildfire (Thompson & Calkin, 2011). The hotspot overlap zones of ES
demand and wildfire hazard were located around access points to upper watershed areas and water
sources (Estes Park and along Highway 34 and the Big Thompson River). Among the sixteen
zones of overlapping hotspots, five were in or around Estes Park, ten were along Highway 34, and
one was in the town of Glen Haven. These hotspot results reinforce the importance of access and
open water. It also suggests that accessibility (i.e. the presence of roads) is related to both socio-
cultural demand and wildfire hazard. The number one predictor of wildfire ignition is the presence

of roads (Narayanaraj & Wimberley, 2012), so it makes sense that the overlap of wildfire and ES
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hotspots would be tied to roads. Additionally, our results confirm the importance of water-based
ES in prioritizing wildfire mitigation activities. While many organizations (e.g., USFS, water
utilities) already make wildfire mitigation decisions based on risk to source drinking water (e.g.,
Jones et al., 2017), our PPGIS assessment suggests that local beneficiaries also prioritize water as

the most important ES in the Big Thompson watershed.

The greatest potential application of our findings for wildfire management lies in the
connections made between the socio-economic demand correlations and the spatial distribution of
demand. By pairing social variables and locational data, our results can inform managers about
whose ES values are being prioritized when a certain area is targeted for wildfire mitigation
activities. Accounting for and managing non-market ES values at risk remains a significant
roadblock for effective wildfire management planning (Thompson and Calkin, 2011). Our study
enhances the understanding of social preferences for ES in this region, an important step towards
reducing uncertainty in wildfire risk management equations (Calkin et al., 2008; Thompson and
Calkin, 2011). By honing in on specific characteristics of ES preference between social groups,
managers could further reduce uncertainty for difficult value tradeoff decisions. Furthermore, we
can use this connection between the social and the spatial aspects of ES demand to emphasize
protecting disadvantaged communities in natural resource management. More broadly, this can be
applied to understand distinctions between held values of different groups, and how the spatial
dynamics of natural resource management impacts groups differently. While questions of
environmental justice are beyond the scope of this study, federal management agencies are
important arbiters for the equitable distribution of wildfire risks, as well as ES benefits (Adams &
Charnley, 2020). PPGIS and socio-cultural ES valuation is an avenue by which environmental

justice can be better incorporated into wildfire mitigation decision-making.
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6. CONCLUSION

Socio-cultural valuation of ES can allow a broader representation of people’s values in
natural resource management decisions. Our analysis of ES demand and the associations with
demand in the Big Thompson watershed gives a snapshot into what is important to people in that
area, and our spatial analyses paint a picture of where benefit perceptions are concentrated. By
overlapping socio-cultural and wildfire hotspots, managers can determine where benefits are
threatened in their risk mitigation planning. By connecting these overlap areas to both biophysical
and social demand drivers, managers could predict how the outcomes of their decisions will impact
different groups. This type of overlap analysis can be an important tool for taking ES values into
account when planning for values at risk from wildfire and other threats to ES in Colorado and

beyond.

Future studies can build on the PPGIS framework presented here by reaching a broader suite
of stakeholders and decision makers. Our study was limited by its overrepresentation of voices
that skew toward higher income and higher education. A greater effort to include the voices of
those typically underrepresented in natural resources decision-making (i.e. poor and working
people) would be a powerful addition in future PPGIS studies (Adams & Charnley, 2020).
Additionally, future analyses could examine community and group ES benefits, an important
aspect of ES demand that can vary from individual demand, and how it relates to or is different
from individual demand for ES in PPGIS studies. Overall, this paper contributes to a greater
understanding of socio-cultural ES values at risk in the Big Thompson watershed, and can be used
as a decision-support tool for incorporating socio-cultural values in future wildfire management

strategies.
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CHAPTER TWO

A COST-BENEFIT ANALYSIS OF DENVER’S FORESTS TO FAUCETS PROGRAM, 2011-

2019

Authors: Kelly Jones, Luke Chamberlain, Ben Gannon, and Brett Wolk

EXECUTIVE SUMMARY

The purpose of this report is to estimate the net economic benefits (total benefits minus total
costs) from investing in proactive wildfire mitigation and source water protection by the Forests
to Faucets (F2F) initiative in the watersheds serving Denver Water between the years 2011-2019.
Previous assessments of wildfire mitigation impacts on source water protection have considered
how future prioritization and the spatial extent of F2F treatments can influence economic return
on investments. This study provides a retrospective analysis of the actual costs and benefits of F2F
investments to date and incorporates a wider range of values at risk beyond source water protection

in the calculation of net benefits from wildfire mitigation activities under the F2F program.

To address F2F program accomplishments, we implemented a wildfire risk assessment that
included fire behavior modeling and effects assessments for pre-mitigation conditions (baseline
conditions) and compared these to two post-mitigation scenarios: (1) only considering mitigation
activities on federal lands within Denver Water’s Zones of Concern (ZOC), which approximates
the work targeted by funding from Denver Water, and (2) considering all (ALL) mitigation
activities on federal lands reported within a five-mile radius of Denver Water’s collection system,
which approximates the combined impacts of the Denver Water and US Forest Service partnership.
The values at risk quantified in this study were classified as: (1) Source Water Protection, which

captures the values of protecting drinking water, including infrastructure protection, and reservoir-
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based recreation, and (2) Community and Environmental Stewardship, which captures several co-
benefits from wildfire mitigation activities conducted under the F2F program, including private

home loss, suppression costs, and lost access to terrestrial recreation sites.

We present eight sets of results based on a combination of assumptions about burn probability
(conditional vs expected fire occurrence) and wildfire behavior following fuel treatments (assumed
vs modeled treatment effectiveness), which provides bookends to the expected range of benefits,
for the two post-mitigation scenarios. At the top end of these bookends we estimate expected
benefits to values at risk from wildfire mitigation at USD 88 million within the ZOC and USD 153
million for the full study extent (ALL). At the bottom end of these bookends we estimate the
expected benefits to values at risk at USD 12 million within the ZOC extent and USD 26 million
for the full study extent (ALL). The estimated fuel treatment costs for these two extents are USD

22 million (ZOC) and USD 63 million (ALL).

The net economic benefits (total benefits minus total costs) of the F2F program ranges from a
high of USD 66 million (ZOC) and USD 90 million (ALL) conditional on wildfire occurring and
assumed treatment effectiveness, to a low of negative USD 10 million (ZOC) and negative USD
37 million (ALL) under expected wildfire occurrence and modeled treatment effectiveness, when
wildfire is followed by extreme rainfall events. While we tried to capture the full range of
additional values at risk beyond source water protection in our analysis, we acknowledge
additional benefits likely remain unaccounted for. A sensitivity analysis that doubles the economic
value of avoided costs shows that under these more optimistic scenarios the F2F program would
result in a as much as USD 154 million (ZOC) and USD 243 million (ALL) in net benefits under

conditional fire occurrence and assumed treatment effectiveness, to a low of USD 2 million (ZOC)
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and negative USD 11 million (ALL) under expected fire occurrence and modeled treatment

effectiveness.

Overall, these findings suggest that the F2F program is providing important benefits to Denver
Water, the US Forest Service, and surrounding communities. However, our findings also highlight
that the net benefits from the F2F program have been constrained by a combination of limits on
the potential for wildfire and severe erosion in the watersheds serving Denver Water, the high costs
of fuel treatment, and the placement of past wildfire mitigation activities. Specific to the latter,
past F2F treatments were not always located in the highest risk areas due to a number of factors
including accessibility, operability, and land ownership. The economic impacts of future wildfire
mitigation activities in the F2F program could be improved with better spatial prioritization of

treatments where the highest amount of risk can be reduced.

The report below is structured as follows. In section 1 we provide an overview of the F2F
program and the goals of this analysis. Section 2 provides a general literature review on what is
known regarding the effects of wildfire on values at risk. The details of our methodological
approach, including how we define the study area extent, databases used for spatial information
on fuel treatments, and our modeling approach, are found in Section 3. The results of our analysis
are detailed in Section 4 and Section 5 provides a discussion about these results and suggestions

for the F2F program.

1. INTRODUCTION

Previous wildfires in the watersheds surrounding the Denver metropolitan area in Colorado
signaled the vulnerability of the region’s water supplies to extreme fires. In 1996, the Buffalo

Creek fire burned 11,600 acres of the Upper South Platte Watershed at mostly high severity. The
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fire combined with an estimated 100-year return interval rainstorm to cause extreme erosion,
flooding, and transport of sediment and debris into Strontia Springs Reservoir (Moody & Martin,
2001). Only six years later, the 2002 Hayman fire burned another 138,000 acres of the Upper South
Platte Watershed. The large areas of high severity impacts and tree mortality from the fire led to
widespread erosion, flooding, sedimentation, and water quality impacts during subsequent
rainstorms. As a result, Denver Water spent more than USD 33 million on erosion control,
rehabilitation, and dredging to lessen the impacts to Strontia Springs and Cheesman Reservoirs

(Lynch, 2004; Jones et al., 2017).

In order to proactively mitigate the impacts of extreme wildfire on the watersheds surrounding
the Denver metropolitan area, Denver Water and the US Forest Service (USFS) started
collaborative efforts in 2010 to strategically invest in forest management through the Forests to
Faucets (F2F) partnership (Denver Water/USFS Partnership, 2017). The partnership focus is
financing wildfire risk mitigation through fuel treatments on federal and non-federal lands that are
important source areas for drinking water supplies. The F2F partnership began with a 5-year
agreement between 2011-2016 that treated an estimated 48,000 acres. Denver Water contributed
USD 14.5 million and USFS contributed USD 21.5 million to phase one of this partnership. A
second 5-year agreement for the years 2017-2021 supported projects reducing wildfire risk on an
estimated 39,000 acres, with the two partners contributing USD 11.5 million and USD 14.6 million
respectively. The second phase included the Colorado State Forest Service and Natural Resources
Conservation Service as additional partners to mitigate risk of wildfires on high priority non-
federal lands to compliment the federal lands focus. While the majority of these funds are spent
on proactive wildfire mitigation efforts (e.g., mechanical thinning), money is also allocated to

reforestation and noxious weed control. Wildfire risk reduction efforts on federal lands are focused
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on the Arapaho-Roosevelt, Pike-San Isabel, and White River National Forests. Funds contributed
by Denver Water are focused primarily on previously identified zones of concern (ZOC) within
watersheds that supply their drinking water (J.W. Associates, N.D.). While the main goal of these
investments is source water protection, Denver Water recognizes the benefits to community and
environmental stewardship values (cO-benefits) in their watersheds and works with stakeholders

to partner on mutually beneficial projects.

While the costs incurred due to a wildfire event can be devastating, less is known about the
efficacy of avoiding or reducing these costs through proactively investing in wildfire risk
mitigation activities such as thinning and prescribed fire (Agee & Skinner, 2005, Reinhardt et al.,
2008, ERI, 2013, Milne et al., 2014). A handful of studies have estimated the return on investment
(ROI) or net economic benefits (total benefits minus total costs) of wildfire mitigation activities
for source water protection through cost-benefit analysis (Flagstaff Watershed Protection Project
Monitoring Committee, 2014; Buckley et al., 2014; Kruse et al., 2016; Jones et al., 2017). The
majority of these studies are prospective assessments (ex-ante analysis) that rely on predictions of
what might happen in the future, versus retrospective assessments (ex-post analysis) that look at
past activities. Prospective assessments are able to spatially target wildfire mitigation activities to
the areas that will have the highest impact on values at risk (e.g., Jones et al., 2017), thus optimizing
the potential benefits from wildfire mitigation activities. Prospective assessments suggest that
treatment prioritization is important for program efficiency due to widely varying protection
benefits across spatial locations and treatment types (Kalies & Kent, 2016, Sidman et al., 2016,
Jones et al., 2017). Some of these prospective assessments find that the avoided costs to source
water protection are small relative to other avoided impacts to values at risk, such as home and

structure loss, wildfire suppression costs, and impacts to rural recreation economies (e.g., Buckley
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et al., 2014). There are fewer retrospective assessments of the efficiency of actual investments in
wildfire mitigation activities for source water protection, where on-the-ground realities can
influence where and how wildfire risk mitigation work is done despite efforts to focus work in the

highest priority areas (USDA, N.D.).

The purpose of this study is to estimate the net economic benefits from investments in wildfire
mitigation and source water protection through the F2F partnership in the watersheds serving
Denver Water between the years 2011-2019. This covers F2F phase one and the first three years
of F2F phase two. While previous prospective assessments of the impacts of wildfire mitigation
on source water protection have considered how future prioritization and extent of treatments could
influence ROI in one of Denver Water’s source watersheds (e.g., Jones et al., 2017), in this study
we provide a retrospective (ex-post) cost-benefit analysis of actual F2F investments to date and
incorporate a wider range of values at risk in the calculation of net benefits from wildfire mitigation
activities under the F2F partnership. Thus, this analysis contributes to a greater understanding of
how past wildfire mitigation activities have affected future wildfire behavior and values at risks,
and it provides insights into how to improve the effectiveness of future wildfire mitigation

activities aimed at protecting source drinking water supplies.

2. OVERVIEW: IMPACTS OF WILDFIRE ON VALUES AT RISK

Throughout this report, we classify values at risk from wildfire as: (1) Source Water Protection,
which captures the value of protecting drinking water, especially through infrastructure protection,
and water-based recreation, and (2) Community and Environmental Stewardship, which captures
the co-benefits of source water protection. This classification aligns closely with the three priority
areas that guide Denver Water’s investments—drinking water treatability, infrastructure

protection, and community/environmental stewardship—and reflects the modeling approach
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adopted in this assessment. One variation in our classification of values at risk from Denver
Water’s priority areas is that we consider reservoir-based recreation under Source Water Protection
versus under Stewardship, as this aligns with our modeling approach; terrestrial recreation values
are included under Stewardship values. A list of all potential values at risk due to wildfire and
heavy rain events in recently burned areas were identified through meetings in 2019 with Denver
Water and USFS staff involved in the F2F project (Table 2.1). Below we briefly summarize the

peer-reviewed and grey literature about the impacts that wildfire has on these values at risk.

Table 2.1: Potential values at risk from wildfire events identified with Denver Water and USFS staff.

Value Category Potential Values at Risk

Source Water Protection - Reservoir & water delivery infrastructure
- Hydropower generation
- Water quality and treatability due to turbidity/TSS,
manganese, and other chemicals (TOC, N, P)
- Reservoir-based recreation

Community & Environmental - Non-water infrastructure (private homes, utility
Stewardship buildings)

- Wildfire suppression costs

- Post-fire recovery & rehabilitation costs
- Public health impacts

- Recreation

- Wildlife

- Timber

- Carbon storage & sequestration

2.1. Source Water Protection

Sedimentation resulting from post-fire runoff and erosion has negative consequences for
reservoirs, and their related infrastructure, which leads to a number of economic costs. Worldwide,
between 0.5 and 1% of total water storage volume is lost annually due to sedimentation
(Schellenberg et al., 2017), with potentially much greater local impacts (Jones et al., 2017). This

reduces reliability of water supplies for drinking and other purposes, and often results in the need
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to dredge reservoirs to maintain their capacity over time. Sedimentation can also impact reservoir
outlets, straining dam gates and other mechanical structures. If not removed over time, the buildup
of sediment could require dam replacement, which would be cost-prohibitive in many cases.
Sediment may be mobilized gradually by hillslope and channel erosion (Moody and Martin, 2001),
or abruptly by debris flow (Cannon et al., 2010). Debris flows are concerning for their potential to
disrupt water conveyance through open canals or shallow pipelines. High severity wildfires that
remove existing vegetation and change soil properties, exacerbating both erosion and debris flows

processes.

Excessive sediment and debris also pose a risk for hydroelectric power production.
Hydroelectric power is growing in importance for many water utilities, including Denver Water,
as a way to meet sustainable energy targets. One of the key benefits of hydroelectric facilities is
their ability, in conjunction with water storage, to provide flexible power generation. Hydropower

production may be lost if severely degraded water quality prevents conveyance through the system.

Wildfire can directly impair water quality through increased contaminant mobilization and
transport. A variety of water quality indicators may restrict use or increase treatment costs
including sediment, nutrient, and heavy metal concentrations. Surface erosion is the primary
process by which contaminants are mobilized following fire (Smith et al., 2011, Abraham et al.,
2017). This leads to often drastic increases in suspended sediment in surface water sources.
Turbidity levels in three Rocky Mountain Front Range streams showed between 5 and 100-fold
increases in the first year following fire (Rhoades et al., 2018). Other studies in the Rocky
Mountain region of the US have shown post-fire increases in total suspended solids (TSS) of 2-
fold, to over 30-fold (Malmon et al., 2007). Variability in sediment delivery to streams and

reservoirs can be explained by the magnitude, intensity, and frequency of post-fire rainstorms
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(Smith et al., 2011, Robichaud, 2000). The largest increases in sediment concentrations occur after
large intense summer rainstorms (Smith et al., 2011), and in the Colorado Front Range, these

thunderstorms are the primary driver of post-fire erosion and runoff (Wilson et al., 2018).

Suspended sediment also mobilizes and transports other water-quality contaminants
downstream (Cawley et al., 2018). Contaminants of the greatest concern to drinking water supplies
include nitrogen, phosphorus, organic carbon, and trace metals (Smith et al., 2011, Hohner et al.,
2016, Abraham et al., 2017). Nitrogen and organic carbon can be mobilized by surface runoff and
erosion of ash from biomass combustion and soil stores. Contaminants tend to increase
immediately following the fire and peak in the first two years after (Sham et al., 2013). In a long-
term study of the impacts of the Hayman fire in Colorado, post-fire nitrate levels were elevated for
the first 5 years following the fire and remained significantly higher than pre-fire concentrations
for another 8 years (Rhoades et al., 2018). Additionally, fire retardant chemicals like ammonia,
phosphorus, and cyanide used in fire suppression were detected up to 2700 m downstream of
application sites (Sham et al., 2013). Generally, these chemicals were found to dissipate quickly
with time and do not represent a long-term concern (Smith et al., 2011). Sediment and nutrient
concentrations both rise to concerning levels in response to intense rainfall (Murphy et al., 2015),
so sediment yield is often a reasonable proxy for the magnitude of other contaminant concerns.
Increases in water contaminants following fire can increase water treatment costs or require
operational changes to utilize alternative sources (Writer et al., 2014; Warziniack et al., 2017).
Elevated levels of suspended sediment can make bacterial and virus detection more difficult, lead

to greater bacterial growth, and make disinfection more difficult and costly (Smith et al., 2011).

Reservoir-based recreation values can be impacted post-fire due to discoloration of water

resources from sedimentation or algae blooms following contamination. Post-fire sedimentation
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and reduced water quality can result in large fish kills and reduce the insect populations that fish
depend on, reducing fishing and guiding opportunities for years following wildfire. It took more
than 10 years after the Hayman fire before fisheries on the South Platte were recovered to 70% of
their original level (Baca, 2012). Accumulation of debris in reservoirs following post-fire flooding,
including forest vegetation and human infrastructure, often makes boating, fishing, and other
activities less desirable and/or unsafe. Recreation can also be directly impacted due to closures of

reservoirs during wildfires or post-fire flooding.

2.2. Community & Environmental Stewardship

Loss of homes and property (built infrastructure) from fire and post-fire flooding constitutes a
large proportion of community costs incurred from wildfires in Colorado. The 1996 Buffalo Creek
fire caused over USD 1 million in privately insured property losses (Lynch, 2004). The private and
public property damage from post-fire flooding was even greater than the direct damage from the
fire itself. The Hayman fire in 2002 caused close to USD 40 million in insured property losses
(USD 280 per acre) (Lynch, 2004). However, because the Buffalo Creek and Hayman fires burned
primarily on federal lands, the impact to private home loss was lower than when fires occur on
non-federal lands. The 1989 Black Tiger fire outside of Boulder, Colorado caused building
damages close to USD 1,900 per acre and the 2010 Fourmile Canyon fire, also outside of Boulder,
saw insurance claims close to USD 217 million. The costliest wildfire to property in Colorado
was the 2012 Waldo Canyon fire, resulting in over $453 million in insured claims after burning
just over 18,000 acres. This was followed closely by the 2013 Black Forest fire with $420 million
in estimated insurance claims. Nationally, several major fires in California have resulted in billions

of dollars per fire in insured losses (RMIIA, n.d.).
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Fires affect local communities not only through direct damage and destruction of homes and
other structures, but also through lost revenue to local businesses due to restricted access caused
by both fire and post-fire flooding. Fox (2016) estimates that property values decreased 6.7% from
flooding following the Shultz fire near Flagstaff, AZ in 2010. The same study estimated USD 15
million in lost retail sales over a five-year period (Fox, 2016). These losses have been seen in
Colorado as well. Durango restaurant workers saw a drop in USD 300 a day in tip revenue
following the 416 fire in 2018 (Colorado Public Radio, 2018). The 2018 Spring Creek fire caused
business closures resulting in a 50% decrease in store revenue in the community during peak
tourism season (Colorado Public Radio, 2018). The 2012 High Park fire cut the number of rafting
days on the Cache La Poudre in half, resulting in an estimated USD 7 million in losses for the local

economy (Ferrier, 2017).

Suppression costs represent a significant proportion of total fire costs (Lynch, 2004).
Suppression costs are influenced by fire intensity, area burned, and housing values within 20 miles
of ignition (Gebert et al., 2007). During the Bobcat Gulch fire in 2000, suppression expenditures
totaled USD 3.8 million (USD 362 per acre). The Hayman fire in 2002 led to USD 43 million
(USD 400 per acre) being spent on suppression (Lynch, 2004). The nearby High Park fire in 2012
had suppression costs close to USD 38 million (USD 440 per acre) and the 2013 Black Forest fire
led to suppression costs around USD 9 million (USD 650 per acre). In Colorado, wildland fire
suppression expenditures between 1995 and 2004 were on average USD 800 per acre in 2004
dollars (Gebert et al., 2007). The ability of proactive wildfire mitigation to reduce future
suppression costs depends on a number of factors, including the specific fuel treatment activities
(i.e., prescribed burning), the scale of treatments compared to the size of the wildfires that occur,

and proximity of those wildfires to the WUI (Thompson et al. 2013; Loomis et al., 2016). The
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effectiveness of proactive mitigation to reduce fire suppression costs is often dependent on fire
managers knowledge of and decisions to leverage these features to their advantage. When utilized
effectively, fuel treatments provide opportunities to halt fire spread and reduce overall suppression
costs by keeping fire sizes small. Post-fire, recovery and rehabilitation costs are often incurred to

address revegetation needs and erosion control (Lynch, 2004; Sham et al., 2013).

Wildfire events represent a threat to the physical and mental health of people directly adjacent
to and downstream from burned areas. In one Southern California study, the cost of illness due to
wildfires was estimated at USD 9.50 per person per day due solely to the opportunity cost of
missing work. The same study found that community members were willing to pay much more
(USD 84 per person) to avoid the health impacts of the fire (Richardson et al., 2012), indicating
that the total health costs were much higher. Another public health concern created by wildfire is
the mental health impact felt by affected communities. One study found that community members
at lower income tiers and those with negative financial impacts were the most likely to have

significant psychological distress following a fire (Eisenman et al., 2015).

Land-based recreation activities are important to many communities for both community well-
being and attracting tourism. The long-term effects of fire on recreation are mixed. The economic
impact is correlated to accessibility of the area and the severity of the fire (Molina & Silva, 2019).
Economic losses occur primarily when a recreation area becomes completely closed, while lower
intensity fires that don’t result in closures can sometimes increase visitation and satisfaction
(Sanchez et al., 2016). Seasonal losses due to closures of backcountry wilderness have been found
to cost upwards of USD 200 per visiting person; this includes lost revenue for the communities
surrounding wilderness areas (Sanchez et al., 2016). Prescribed fires—even those directly in or

adjacent to recreation areas—have been shown to increase the visitation and value of those

53



recreation areas in the years and decades following treatment (Hesseln et al., 2004). High-intensity
crown fires, however, cause closures, decrease visitation, and diminish overall value (Molina &

Silva, 2019).

The impact of wildfire on wildlife varies considerably by species and fire intensity (Horncastle
et al., 2018; Geary et al., 2019). For example, low to moderate severity fires can increase forage
for ungulates (Cherry et al., 2018) and enhance hunting opportunities for predators (Geary et al.,
2019). However, severe fire events can destroy food sources, impacting small mammals
(Horncastle et al., 2018), and kill large amounts of wildlife, as seen in the 2019 Australian
bushfires. Wildfire can interfere with hunting access or quality resulting in short-term
displacement of hunting, but wildfire may improve hunting in future years. Extreme fires in
Colorado have harmed the habitat of endangered and threatened species, including the Pawnee
Montane Skipper butterfly. The Hayman fire in 2002 destroyed 47% of the species’ habitat (Lynch,
2004). Using an estimate of the willingness to pay to protect the Pawnee Montane Skipper
butterfly’s habitat, the authors found that the lost value in butterfly habitat from the Hayman fire
was about USD 11 million (Lynch, 2004). Loss of timber is also common (Ager, 2019), but is less

relevant economically in central Colorado where timber revenue is low.

Finally, forest ecosystems are important sinks for offsetting and sequestering anthropogenic
carbon emissions. Fire exclusion policies over the last century have led to a buildup of carbon
stocks in many western US forests. When forests are treated for wildfire mitigation—either
through prescribed burns or mechanical thinning—some carbon is lost (Hurteau et al., 2011).
Research suggests there is a tradeoff between maximizing both storage and stability of carbon
stocks in these forests (Hurteau et al., 2019). Restoring forests with thinning and prescribed fire

reduces carbon storage in the short term but increases stability and resilience of the remaining
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carbon stock as it becomes less susceptible to irreversible landscape conversion as a result of
historically uncharacteristic large fire (Liang et al., 2018, Chambers et al., 2016). Reducing tree
density to restore forest structure typically results in a 30-40% decline in carbon, however, several
studies have shown that, in the long-term, carbon is more stable in these conditions compared to

untreated areas (Krofcheck et al., 2017, Liang et al., 2008).

3. METHODS

3.1. Geographic Extent

The full geographic extent for this assessment is the area within a five-mile buffer around
Denver Water’s collection system (Figure 2.1). This extent includes the north and south collection
systems. The south system, which includes storage and conveyance infrastructure in the South
Platte, the Bear Creek, and the Blue River Watersheds, provides 80% of Denver Water’s supply.
The north system is comprised of collection, conveyance, and storage infrastructure in Upper
Williams Fork, Ralston, Fraser River, and South Boulder Creek Watersheds. Wolford Mountain
Reservoir was excluded from this assessment because it does not directly influence drinking water
supply and because no F2F partnership projects were located on the Medicine Bow-Routt National
Forest. Similarly, the Plum Creek Watershed, which drains to Chatfield Reservoir, was excluded
from the assessment for consistency with Denver Water’s representation of their collection system

and because no F2F partnership projects were placed in this watershed.

The full study area (Figure 2.1) covers 3,818,355 acres across Boulder, Clear Creek, Gilpin,
Grand, Jefferson, Park, Summit, Teller, Douglas, and Arapahoe counties, spanning five HUC-8
(medium-sized river basin) watersheds: Upper South Platte River, South Platte Headwaters, St.
Vrain, Colorado River Headwaters, and Blue River. Three national forests—Arapaho-Roosevelt,

Pike-San Isabel, and White River—make up most of the land area (61%). While the wildland urban
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interface (WUI) has been expanding in recent years, population density remains low across much
of the study area. Most of the population is concentrated in small communities along interstate 70,

highways 40 and 285, and in dispersed developments in the foothills west of Denver and Boulder.

3.1.1. Wildfire Mitigation Treatment Extent

For the 2011-2019 period, the F2F program reports completing fuel treatments,
reforestation, and noxious weed control work on about 95,000 federal and non-federal acres within
our study area extent (Figure 2.1; Table 2.2). Around 45,500 of the 95,000 acres reported as F2F
program accomplishments were focused on invasive species removal and planting trees on past
burn scars. These projects were excluded from this analysis. The remaining 49,500 of the 95,000
acres reported as F2F program accomplishments were intended to reduce wildfire hazard with a
mix of forest management actions such as tree cutting, biomass removal, and prescribed fire. These
activities were the focus of this analysis. However, the F2F reported acreage is a running total of
annual accomplishments, and does not account for overlapping activities completed in different

years.

Data on F2F partnership fuel treatments for this assessment were obtained from the USDA
Forest Service Region 2, the three participating national forests, and the USDA Forest Service
FACTS database. Non-spatial accounting of treatment accomplishments from Region 2 were used
to evaluate the completeness of forest-level spatial data. The forests each provided spatial and
attribute data describing the location and type of treatments implemented through the F2F
partnership. The forest-level spatial data only accounted for fuel treatment on approximately
25,000 unique acres, and approximately 7,500 acres from the Arapaho-Roosevelt National Forest
were outside the study area (Figure 2.1). The discrepancy in total area treated is likely due to a

combination of the lag between planning, implementation, and reporting as well as spatial overlap

56



between treatments in different years. The significant acreage treated outside the study area reflects
that USFS match projects were not always constrained to within or nearby the Denver Water

collection system.

To address the time lag in forest-level reporting, we supplemented the forest-level spatial
data with the USFS FACTS enterprise data, which includes spatial and attribute data on planned
and completed treatments. Our assumption was that FACTS activities within the analysis area
(Figure 2.1) and during the partnership timeline primarily represent partnership accomplishments.
A total of 63,345 acres of fuel treatments in the full study area were accounted for in the combined
dataset over the years 2011-2019 (Figure 2.2 & Table 2.2). Fuel treatments were concentrated in
the Pike and San Isabel (44,531 acres), with similar acreages treated in Arapaho-Roosevelt (9,680
acres) and White River (9,134 acres). This analysis does not account for an estimated 2,000 acres
of forestry work Denver Water supported during this time period on non-federal lands. The
>60,000 acres of fuel treatments across the full study extent are the best approximation of the work
on federal lands that has been completed in and nearby Denver Water’s source watersheds, but are

not a perfect representation of the F2F accomplishments.

Denver Water prioritized fuel treatments within their ZOC (Figure 2.2), which represent
the watershed areas thought to be most strongly connected to water supply reservoirs and other
infrastructure. The study area includes all Denver Water ZOC except those around Wolford
Mountain Reservoir as explained earlier. Just over 22,000 of the total treated acres that we mapped
as part of the F2F program or the USDA FACTS database fell within these ZOC. Again, this
acreage does not exactly match the F2F program internal accounting, which shows just over 27,000
acres of hazardous fuel treatment accomplishments within ZOC. For this assessment we provide

cost-benefit calculations for wildfire mitigation activities completed across the entire study area
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(referred to as ALL throughout the report) and separately for the ZOC areas (Figure 2.2), since the

latter are a priority for source water protection.

® DWinfra. points I:] DW collection
DW conveyance
DW reservoirs - Waterbodies

Pike and San Isabel National Forests
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- Arapaho and Roosevelt National Forests
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Figure 2.1: Study area consisting of a five-mile buffer around the extent of Denver Water’s catchment system
included in this assessment.

3.2. Wildfire Mitigation Treatment Activities and Costs

Fuel treatments identified in this assessment from the databases described above were
classified into general canopy and surface fuel treatment categories for modeling (Table 2.2).
Canopy treatments included mechanical thinning, clear cutting, prescribed fire, thinning plus
prescribed fire, and no reported canopy manipulation. Most canopy treatments were mechanical
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thinning (35,296 acres). Surface fuel treatments included prescribed fire (including wildfire
reported as fuel treatment), lop and scatter, mastication, no reported surface fuel modification, and
manage, which represents efforts to reduce residual fuels from tree cutting including biomass
removal and piling and burning. These classifications were used to estimate treatment effects on
canopy and surface fuels and subsequent fire behavior as described in Section 3.4 and the

companion technical report.

Table 2.2: Wildfire mitigation treatments by canopy (bold) and surface fuel (grey italics) type and National Forest
(acres) for the years 2011-2019 included in this analysis.

Reported Canopy Arapaho- Pike-San Isabel White River NF Total
and Fuel Roosevelt NF NF
Treatment Type
Mechanical 3,793 28,952 2,551 35,296
Thinning
No surface fuel 669 24,154 1,889 26,711
modification
Lop and scatter 574 33 201 808
Manage fuel 2,467 4,089 462 7,018
Masticate 82 676 0 759
Prescribed Fire 0 11,085 105 11,190
Thinning + 45 2,828 0 2,873
Prescribed Fire
Clear cut 3,500 0 6,139 9,639
No surface fuel 505 0 791 1,296
modification
Lop and scatter 402 0 0 402
Manage fuel 2,578 0 5,150 7,728
Masticate 14 0 198 212
No Canopy 2,343 1,666 339 4,348
Manipulation
Lop and scatter 350 6 0 356
Manage fuel 1,698 1,635 314 3,647
Masticate 295 24 25 344
Total 9,680 44,531 9,134 63,345

Since F2F and USFS internal project reports do not provide a per acre fuel treatment cost,
the costs of fuel treatment were estimated based on a combination of recent fuel treatment projects
in the study area, published literature sources, and professional opinion. In general, fuel treatment

costs vary by slope and accessibility, and estimates in the literature range between USD 1000 and
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USD 2500 per acre (Skog & Barbour, 2006, Hartsough et al., 2008, Buckley et al., 2014). In a
previous assessment of the impacts of mechanical thinning in Denver Water’s ZOC an average
cost of USD 1500 per acre was used for accessible areas (close to roads and low slopes) and USD

2500 per acre for less accessible areas (Jones et al., 2017).

Fuel treatments considered in this assessment (Figure 2.2) were located in areas with
favorable access and operable terrain, which suggest the lower end of the cost range is
representative of the average treatment costs. Additionally, some of the completed treatments did
not involve canopy manipulation (Table 2.2), which reduces costs, and some areas classified as
prescribed fire were actually wildfires, which were not paid for out of the fuel treatment budget.
To account for these variable treatment types and thus costs, we used an average fuel treatment
cost estimate of USD 1000 per acre for all canopy and fuel treatment types in Table 2.2 in this
assessment. We assumed no additional maintenance costs over the duration of the assessment
period (see Section 3.3). Additionally, we assumed no project revenue from biomass or

merchantable timber since projected revenue from these sources is minimal in the study region.
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Figure 2.2: Summary of previous wildfire mitigation treatments on federal lands within Denver Water’s zones of

concern (ZOC) and outside the ZOC used in this assessment.

3.3. Risk Assessment Framework

Risk is an expected measure of value change from an uncertain process, such as wildfire, that
is quantified as the product of event likelihood and event consequences. For wildfire, the chief
uncertainties are where fires will ignite and under what weather conditions, which influence the
rate and intensity of burning, and thus the fire extent and burn severity. Wildfire risk assessment
relies on various forms of simulation modeling to make spatially explicit estimates of fire

likelihood and fire intensity based on fuels, topography, and weather (Scott et al., 2013, Thompson
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et al., 2016). Given that both the primary objective of most wildfire risk mitigation treatment is to
moderate fire severity and that there is considerable uncertainty in the ability of wildfire treatments
to reduce fire spread in the absence of fire suppression (Agee et al., 2000, Reinhardt et al., 2008),
we focus this assessment on wildfire mitigation treatment effects at changing fire behavior, holding
fire likelihood constant. The assumption that fire likelihood is unchanged could underestimate the
benefit of wildfire mitigation treatment, but previous studies have shown this effect to be small at

the landscape scale (Thompson et al., 2013).

To address F2F program accomplishments, the risk assessment includes fire behavior
modeling and effects assessments for pre-mitigation treatment conditions (baseline conditions) and
comparing these to post-mitigation treatments for: (1) only those mitigation activities within the
Z0C (ZOC treatments), and (2) all mitigation activities within the full analysis extent (ALL
treatments) (Figure 2.2 & Table 2.2). The ZOC treatments scenario is meant to approximate the
areas that were targeted for treatment by Denver Water funding in the partnership, whereas the
ALL treatments scenario represents the combination of the Denver Water prioritized work and
USFS funded match activities within and nearby the larger extent of the full source water collection

system.

We use a 25-year treatment effectiveness time frame to measure benefits from wildfire
mitigation treatments. Fuel treatment longevity in Colorado is an active area of inquiry, but initial
research suggests forest thinning should reduce torching (passive crown fire) for approximately 20
years and crowning (active crown fire) for approximately 40 years (Tinkham et al., 2016) at the
typical regeneration density after forest thinning in Colorado montane zone forests (Francis et al.,
2018). Less information is known about fuel treatment longevity in Colorado subalpine lodgepole

pine and spruce-fir forests. The large diversity of forest types within the geography of the study
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area necessitate broad generalizations, and we acknowledge there is a range of fuel treatment
longevity based on local species composition and growing conditions. Over the 25-year
effectiveness period, we do not explicitly account for any additional maintenance costs. We instead
assume a one-time USD 1000 per acre cost includes both initial treatment costs and any

maintenance costs over time for the acres included in this assessment.

3.4. Wildfire Scenarios and Modeling

3.4.1. Burn Probability

Fire likelihood is represented in this study using burn probability from the US national
probabilistic wildfire risk components (Short et al., 2020) that were modeled with the Large Fire
Simulator (FSim) (Finney et al., 2011). For this application, FSim was used to model large fire
occurrence, growth, and containment over 10,000 future fire seasons based on 2014 fuel
conditions from LANDFIRE (2016) with calibration to approximate the historical fire size
distribution and rate of burning within biophysical regions with similar controls on wildfire
activity. Annual burn probability (ABP) was calculated at 270 m resolution by tallying the number
of times a pixel encountered wildfire divided by the total simulation years. For this assessment,
ABP was resampled to 30 m resolution with bilinear interpolation to match other spatial products
used in the analysis. ABP was also converted to an approximate fuel treatment planning period
burn probability (PPBP) to estimate the likelihood of fuel treatments encountering wildfire over
their effective lifespan using Eqn 2.1.

PPBP =1— (1 — ABP)?® Equation 2.1

We report the effects of wildfire mitigation treatment in this report as both: (1) benefits
conditional on fire occurrence (CONDITIONAL on fire occurrence) and (2) expected benefits
accounting for the probability of fuel treatments encountering wildfire over a 25-year fuel
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treatment effectiveness period (EXPECTED fire occurrence). The first scenario calculates wildfire
mitigation treatment benefits assuming treatments are burned once during the 25-year time frame.
The second scenario calculates the expected treatment benefits accounting for the probability of
the wildfire mitigation activities encountering wildfire as estimated in Eqn 2.1 (with this

probability varying spatially across the landscape).

3.4.2. Fire Behavior

Fire behavior was modeled for each fuel treatment scenario (Table 2.2) with FlamMap 5.0
(Finney et al., 2015). The basic fire behavior module in FlamMap predicts fire attributes for each
pixel assuming heading fire (more extreme behavior compared to flanking or backing fire). We
used Crown Fire Activity (CFA), a prediction of fire type in categories of surface fire, passive
crown fire, and active crown fire (Scott and Reinhardt, 2001), as a proxy for low, moderate, and
high severity burning, respectively. CFA is a reasonable proxy for burn severity in forested
systems because crown fire initiation depends on surface fire intensity and total fire intensity is
increased when more of the canopy is engaged in combustion. The required inputs for FlamMap

include raster surfaces of fuels and topography and constant fuel moisture and weather conditions.

Surface and canopy fuels data from LANDFIRE (2014) representing 2010 conditions were
used as the baseline for the assessment. Surface fuels are represented by categorical fire behavior
fuel models (FBFMs), which represent common fuel loading and arrangements and their
characteristic flame lengths and rates of spread (Scott and Burgan 2005). Canopy fuels are
described in terms of canopy base height (CBH), canopy height (CH), canopy bulk density (CBD),
and canopy cover (CC). The baseline fuels were modified in lodgepole pine forests to correct a
crown fire underprediction bias by changing the FBFM to high load conifer litter (TLS5) and

lowering canopy base height by 30%. Fuel treatment activities (Table 2.2) were classified into
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general canopy and surface fuel types for modeling (Table 2.3; Table 2.4). Canopy fuels were then

modified by treatment type with proportional adjustment factors (Table 2.3) and surface fuels were

modified by treatment type with FBFM reclassifications (Table 2.4) informed from research in

western US dry forests and professional opinion (Stephens & Moghaddas, 2005, Stephens et al.,

2009, Fulé¢ et al., 2012, Ziegler et al., 2017, Heinsch et al., 2018).

Table 2.3: Proportional adjustment factors used to simulate fuel treatment effects on baseline canopy attributes.

Treatment Proportional adjustment factor

CBD CBH cC CH
Thin 0.60 1.20 0.70 1.20
Rx fire 0.92 1.09 0.95 1.13
Thin and Rx fire 0.50 1.20 0.75 1.20
Clearcut 0.05 1.20 0.05 1.20

Table 2.4: Fuels management changes to the fire behavior fuel model (FBFM).

Category  Activities included

FBFM Change

Manage Biomass removal, piling, pile burning Assumed not to categorically change because

None No fuels management reported

Rx fire Broadcast burning

Re-arrange Lop and scatter, mastication

fuels management reduces activity fuels
generated by tree cutting

Assumed not to change because either no fuels
management was needed, or it was not yet
reported

Changed to the lowest intensity FBFM by
category (e.g., timber understory, timber litter)

Changed to slash-blowdown 1, which intensifies
surface fire behavior

Most area burns in the Colorado Front Range under dry, windy conditions (Graham, 2003,

Haas et al., 2015), so fire behavior was modeled for 3rd percentile fuel moistures and 97th

percentile wind speeds (extreme fire weather) from the 16 Remote Automated Weather Stations

(RAWS) located within five kilometers of the analysis area (Table 2.5). These settings were chosen
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to evaluate the performance of fuel treatments under the conditions they are most likely to
encounter wildfire. This represents a conservative evaluation of fuel treatment benefits as they
generally perform best under more moderate conditions (Kalies and Yocum Kent, 2016). Fuel
moisture and 10-minute average wind speed percentiles were calculated from the RAWS data
using FireFamilyPlus 4.1 (Bradshaw & McCormick, 2000). Fuels are classified in terms of the
time required to equilibrate with atmospheric humidity in hours, which is a function of fuel
diameter. Time classes of 1, 10, and 100 hours correspond to 0-0.25, 0.25-1, and 1-3 inches
diameter, respectively. Wind speeds were converted from 10-minute average to 1-min average
wind speeds for modeling per Crosby and Chandler (1966). The wind blowing uphill option was

used in FlamMap to represent a consistent worst-case scenario across aspects.

Table 2.5: Fuel moisture and wind speed used in the fire behavior simulation.

Fuel moisture by class (%) Wind speed
1-hr 10-hr 100-hr Herbaceous Woody mph @ 20 ft
2 3 6 2 63 19

We account for the effects of wildfire mitigation on fire severity in this report as both: (1)
modeled changes to fire severity (MODELED treatment effectiveness) and (2) assumed reduction
in fire severity (ASSUMED treatment effectiveness). The first scenario models change to wildfire
severity due to the primary effects of treatments on canopy and surface fuels as described in Tables
2.3 and 2.4 and the resulting fire behavior predictions from FlamMap. The second scenario
assumes wildfire severity is lowered one level, unless already at low severity. For example, high
severity wildfire changes to moderate severity and moderate severity to low severity. The second
scenario gives the forest manager the benefit of the doubt that an appropriate treatment to mitigate

crown fire hazard was prescribed. The assumed effectiveness scenario was added to this
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assessment because of uncertainty in both the baseline conditions and treatment intensity across

the diverse projects in the analysis area.

3.5. Values at Risk

A collaborative and deliberative process was used with F2F program partners to determine
which values at risk to include in this assessment. As mentioned, we first identified the full list of
values at risk that were of concern to Denver Water and USFS partners (Table 2.1). Next, we
evaluated the list of values based on the likely magnitude of impact and the ability to model them.
We were able to model and monetarily value most values at risk that were of concern, including:
(1) drinking water infrastructure, water treatability, and water-based recreation summarized under
source water protection, and (2) property loss, recovery and rehabilitation costs, suppression costs,
recreation, and endangered species values summarized under community and environmental
stewardship. The data collected and methods used to analyze and monetarily value each of these

values at risk are described below.

We were not able to quantitatively model or monetarily value a few values at risk identified as
priorities (Table 2.1), these included human health impacts and carbon sequestration due to the
lack of high-quality impact models that are compatible with our risk assessment framework. The
expectation is that wildfire treatment will positively affect these values and thus the calculated net
benefits of the F2F program. We excluded timber revenue because there is limited high-value

timber in the study area.

We also made some simplifications in our effect’s analysis for source water protection. Instead
of directly predicting manganese and other contaminant concentrations of concern, we used total

sediment amount as a proxy for the magnitude of change in water quality. Similarly, a unique
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analysis aimed at hydropower disruption based on triggering physical conditions was not
completed. In both these cases, we accounted for post-fire impacts using Denver Water staff input
to rate the importance of each source water infrastructure component for water treatment,
operations, and stewardship as described in the next section and the technical report. Terminal
reservoirs and diversions received high treatment ratings and critical conveyance, storage, or
hydropower facilities received high operations ratings. These simplifications are warranted given
the purpose of this assessment was to estimate program benefits over a broad spatial extent and
multi-decade time span. Adding precision to the accounting of these variables would be best
addressed with Monte Carlo simulation of discrete wildfire and rainfall events, which was beyond

the scope of this assessment.

3.5.1. Source Water Protection

3.5.1.1. Modeling Hillslope Erosion

Reservoir and diversion exposure to post-fire sediment was modeled with linked hillslope
erosion and sediment transport models as described in Gannon et al. (2019) with minor
modifications. A summary of the methods is provided here with the details reserved for the

companion technical report.

The National Hydrography Dataset Plus (NHDPIlus) digital elevation model (DEM) and
watershed network (USEPA and USGS 2012) provided the spatial topology for the analysis.
Hillslope erosion was modeled at 30-m resolution using a Geographic Information System
implementation (Theobald et al., 2010) of the Revised Universal Soil Loss Equation (RUSLE)
(Renard et al., 1997) by modifying the cover and soil erodibility factors to reflect post-fire
conditions by burn severity (Larsen and MacDonald, 2007). To account for rainfall uncertainty,

erosion was modeled at three levels of annual rainfall erosivity—531, 1280, and 5418 MJ mm ha-
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1 h-1—corresponding to the 2, 10, and 100-year return intervals of historical rainfall erosivity from
11 stations located within or nearby the study area (Perica et al., 2013). We emphasize the 100-
year return interval in our findings since Denver Water’s motivation is to mitigate impacts from
extreme fire and rainfall. RUSLE predicts gross hillslope erosion, so an empirical model of
hillslope sediment delivery ratio (hRSDR) from the western US (Wagenbrenner & Robichaud, 2014)
was used to estimate the proportion of sediment delivered to the stream network as a function of
distance to stream. Channel transport was modeled with a channel sediment delivery ratio (cSDR)
model (Frickel et al. 1975) adapted for channel types in the study watersheds to reflect that
sediment transport should increase in efficiency with slope and discharge. We accounted for the
total sediment load to water supply infrastructure over the first three post-fire years when
accounting for physical impacts and costs. The technical report compares the model results to post-
fire observations at multiple scales of measurement to validate that this approach makes reasonable

predictions of post-fire sediment yields in the Upper South Platte.

3.5.1.2. Modeling Debris Flows

In several parts of the collection system, water is conveyed through open canals or shallow
pipelines that are susceptible to blockage or damage from debris flows originating from upstream
catchments (Figure 2.1). These conveyance structures are located primarily in the Upper Fraser
Watershed and neighboring areas of the Blue River Watershed and a limited area of the South
Boulder Creek Watershed. Conveyance infrastructure exposure to debris flow was modeled with
an empirical model of debris flow probability and volume from the USGS (Cannon et al., 2010)
and a channel sediment delivery ratio model for catchments that do not directly contribute to the
conveyance structures. A summary of the methods is provided here with the details reserved for

the companion technical report.

69



First, we delineated appropriate catchments within the contributing areas to vulnerable
conveyance infrastructure to represent potential debris flow initiation zones. The USGS debris
flow model consists of a multiple logistic regression model to predict debris flow probability and
a regression model to predict debris flow volume (Cannon et al.,, 2010). Wildfire and fuel
treatments influence the model via the percent area burned at moderate and high severity variable
in the probability model and the area burned at moderate and high severity variable in the volume
model. Variables related to topography and soils were held constant across scenarios. To
communicate uncertainty in debris flow occurrence and volume due to rainfall variability, debris
flow was modeled for 60-min duration storms with 2, 10, and 100-year return intervals from the
NOAA frequency-duration atlas (Perica et al., 2013). The results of the debris flow model should
be interpreted cautiously because we calculate the expected debris flow volume (m3) as the product
of debris flow probability and potential debris flow volume given the catchment burns. In reality,
debris flows will either occur or not and their volumes would be best predicted by the volume
model alone. For catchments that do not directly contribute to the conveyance infrastructure, debris
was routed to the infrastructure using a sediment delivery ratio model as further described in the

technical report.

3.5.1.3. Estimating an Economic Value for Source Water Protection

Given the diverse impacts to source water protection and sparse data for which to
consistently quantify their precise economic costs across the system, we used a relative weighting
approach to value sediment and debris flow impacts by infrastructure component. Denver Water
staff from multiple departments collaboratively rated the relative importance of sediment impacts
to their infrastructure on a scale from 0 to 100 representing none to highest impact in three

categories: water treatment, operations (including storage, conveyance, hydropower), and
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stewardship (including community and environmental values). The three category relative
importance values were then averaged into a composite importance value for each infrastructure
component. Strontia Springs Reservoir was rated most important (96.7). Denver Water staff
determined that the relative importance of debris flow impacts to conveyance infrastructure was

similar enough to justify equal values.

To approximate the economic cost of sediment impacts throughout the system we indexed
these relative importance values to the combined costs of: future projected dredging costs for
Strontia Springs Reservoir (USD 130 per m3) plus professional estimates of the costs of additional
water treatment chemicals due to water quality impacts, lost hydropower generation, and impacts
to recreation on or around water infrastructure (combined value of USD 20 per m3). Thus, we
indexed relative importance values to USD 150 per m3 to capture the avoided cost to source water
from reduced sediment due to wildfire mitigation activities. The relative indexing helps account
for the fact that Strontia Springs Reservoir is particularly costly to dredge due to poor accessibility
and steep slopes (Jones et al., 2017). Other water infrastructure in Denver Water’s system and
across the US have dredging costs closer to USD 25 per m3 (Jones et al., 2017, Buckley et al.,
2014). We valued debris flow impacts to conveyance infrastructure at USD 20 per m3, which was

the professional estimate of removing debris volume.

The method we adopted for monetary valuation of source water protection is most akin to
the avoided costs method, which measures benefits in terms of the potential costs that would have
been incurred without the project. Alternatively, a replacement cost approach could have been
used. This replacement cost could be in terms of the replacement cost of water, if lost storage
capacity could be substituted by purchasing water elsewhere, or the full replacement cost of water

infrastructure. For example, the City of Loveland, CO commissioned a study that estimated a high-
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end cost of USD 36,860 per acre-foot for all aspects of new storage planning and construction in
2008 (City of Loveland, 2012), which converts to a value of USD 30 per m3 of additional water
storage (replacement cost). Denver Water recently assessed its ability to replace Strontia Springs
Reservoir in the future if sediment concerns were not addressed and determined that the annualized
costs to replace the reservoir (USD 7 million) were significantly more than removing sediment
proactively. Since Denver Water deemed that preventing sediment and maintaining existing
infrastructure (through strategies like the F2F program) is the priority versus replacing
infrastructure retroactively, the avoided costs method is an appropriate approach to capture the

economic benefits from the F2F program in terms of source water protection.

3.5.2.  Community and Environmental Stewardship

3.5.2.1. Non-Water Infrastructure (Private Property and Denver Water Utility Buildings)

The potential for fuel treatments to reduce building loss was estimated using a model of
home loss probability based on landscape characteristics. Price and Bradstock (2013) used multiple
logistic regression to model home loss probability from structures exposed to the Black Saturday
fires in Australia and found that landscape characteristics, in contrast to fine-grained information
on the home ignition zone (Cohen, 2000), explained around 23% of variation in home loss. Their
model predicts that the home loss increases with increasing proportion of crown fire activity and
forest cover within a 1 km radius buffer around the home, the density of structures within a 50 m
buffer radius around the home, and local slope. These findings are consistent with home loss
studies in the US that suggest wildland urban interface disasters occur when extreme fire behavior
close to a community overwhelms firefighting resources (Calkin et al., 2014) and that home loss
is highest in areas of low housing density, which tend to have high proportions of natural

vegetation nearby (Syphard et al., 2019). The low explanatory power of the Price and Bradstock
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(2013) model (R-squared = 0.23) suggests it is not appropriate for determining the fate of an
individual structure. We instead use the model to estimate avoided structure loss and structure loss
value across the entire analysis area assuming that the sum of marginal changes in home loss
probability across many structures will result in an equivalent quantity of avoided home loss.
Home loss value was calculated as the product of the median housing value and conditional
probability of loss by structure. Data sources and details of the model implementation are provided

in the technical report.

Non fire-resistant structures on Denver Water property, like caretaker facilities and
equipment storage, were also included in this calculation. According to asset data sheets there are
a total of 121 vulnerable structures within Denver Water’s collection system. Market values of
these structures were obtained from Denver Water. The combined total replacement value of
Denver Water’s vulnerable non-reservoir assets is around USD 25 million. The median value per

vulnerable structure is approximately USD 240,000.

3.5.2.2. Suppression Costs

To estimate the potential influence of the F2F program on avoided suppression costs we
used Thompson et al.’s (2013) finding that suppression costs would be reduced between 35% on
treated acres, 23% on areas within a 2-mile buffer zone around treatments, and 13% for an entire
landscape following wildfire mitigation. We used the 2-mile buffer avoided suppression costs
estimate from the Thompson et al. (2013) study to approximate the potential avoided suppression
costs in this assessment. First, we calculated the expected area burned within a 2-mile radius of
treatments for the ALL (88,922 acres) and ZOC (30,612 acres) study extents. The area expected
to burn was multiplied by 0.23 (23%) to estimate the avoided area burned by investing in wildfire

risk mitigation. Wildland fire suppression expenditures between 1995 and 2004 were on average
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USD 800 per acre in 2004 dollars (Gebert et al., 2007). The two estimates of avoided area burned
were multiplied by USD 836 per acre (USD 800 in 2011 dollars) to get the avoided suppression
costs attributable to wildfire mitigation. The estimated reduction in suppression costs is based on
expected fire occurrence; this may underestimate the avoided suppression costs for the conditional

fire model.

3.5.2.3. Recovery and Rehabilitation Costs

To estimate a monetary value for recovery and rehabilitation costs we used the estimated
expenditures required to restore these ecosystems post-fire. This includes reforestation around
reservoirs and on burn scars. USFS staff provided an estimate of USD 400-600 per acre tree
planting costs in the study area. This is similar to the USD 450 per acre rehabilitation cost reported

after the Hayman fire (Lynch, 2004).

The total area planted is typically less than the entire burn scar and is concentrated in high
severity burn areas that are far from seed sources. Costs also vary by tree species. To simplify our
estimate, we took the area burned in active crown fire as a proxy for high severity burning and

multiplied it by an average cost of USD 500 per acre.

3.5.2.4. Recreation

To capture terrestrial recreation benefits from wildfire mitigation treatments, we focused
on the potential impacts to hiking trails. Hiking is an important form of recreation in the study
area, and there have been several long-term trail closures that have occurred from fire along the
Front Range (e.g., Coloradan, 2019). The study area has an extensive combined network of hiking
trails with a total of 248 trailheads and >6,000 km of trails in the three national forests and 476

trailheads and >8,720 km of trails in the overall study area. Data on trails were gathered from
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Colorado Parks and Wildlife’s COTREX app that maintains a near-comprehensive state-wide map
(Colorado Parks & Wildlife, 2019). Impacted trails were defined by the length of trail that
overlapped with the extent of active crown fire (i.e., high severity fire). We assumed that high
severity fire would result in closure of that section of trail only, rather than the entire trail network.
We did not account for trail closures due to secondary effects of fire (e.g., erosion, road closures,
complete closure of parks or forests). For the benefit estimations we assumed that any trail closure
due to wildfire would last for one complete season. One year may be a conservative estimate for
trail closures as some trails remain closed for several years following fire (Coloradan, 2019). We
defined “season” as the months from May to October. This has been shown to account for 85% of
national park visitation (Fisichelli et al., 2015), which may not accurately represent visitation to

national forests, but does correspond roughly to hiking seasons and peak months for wildfire.

We assigned economic value to the benefits these trails provide based on visitor demand
and the avoided costs of repairing damaged trails. For visitor demand, we used information on
visitation rates (USDA Forest Service Natural Resource Manager, 2016) and the USGS benefit
transfer toolkit (US Geologic Survey, 2019). The total annual visitation for each national forest in
the study area was multiplied by the percentage of people who reported hiking as their primary
activity in that forest. Then, using aggregated regional survey data from the USGS benefit transfer
toolkit (US Geologic Survey, 2019), we assigned a monetary hiking value per person per day (USD
68 for national forests; USD 51 for other public lands). For trail repair, we estimated the trail
maintenance and construction costs that might be incurred in the event of severe crown fire (USDA
Forest Service, 2014). The final sum of visitation value and repair/maintenance costs was around
USD 40,000 per km of trail. This was used to estimate the total benefit to hiking trails in each

scenario based on the length of trail that avoided fire damage.
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3.5.2.5. Wildlife Habitat

Given the ecological uncertainty in how wildlife, and thus people that value wildlife, may
be affected by wildfire, we focused on the economic impacts of wildfire mitigation activities on
habitat for one endangered species that has been documented as being negatively affected by
wildfire in this study area (Lynch, 2004). Specifically, we estimated the potential impact to the
habitat of the Pawnee Montane Skipper, an endangered butterfly species in Colorado that has been
negatively affected by past wildfires. Based on estimations used from previous willingness to pay
surveys for endangered wildlife habitat in CO of USD 79 per acre in 1996 dollars, we used USD
113 per acre (2011 dollars) to estimate the economic value of protecting Pawnee Montane Skipper

habitat (Lynch, 2004).

3.6. Impact Valuation Framework and Cost-Benefit Calculation

Using the data and methods described above the general steps to conduct the overall net
benefit assessment (total benefits minus total costs) of wildfire risk mitigation activities under the

F2F partnership were as follows:

(1) Estimated the biophysical impact to each value at risk under the four scenarios for no
fuel treatments (baseline), ALL treatments, and ZOC treatments. Scenarios were as follows: (1)
Conditional fire occurrence + Assumed treatment effectiveness; (2) Conditional fire occurrence +
Modeled treatment effectiveness; (3) Expected fire occurrence + Assumed treatment effectiveness;

(4) Expected fire occurrence + Modeled treatment effectiveness.

(2) Calculated the monetary value for each biophysical impact above based on methods
described in Section 3.5. Calculated the change in avoided costs (benefits) to each value at risk as

the difference between the baseline (no fuel treatments) and each post-treatment scenario.
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(3) Calculated the treatment costs for both the ALL and ZOC spatial extents.

(4) Estimated the net benefits (total benefits minus total costs) without discounting and
calculated the net present value (discounted net benefits) in 2011 dollars using a 3% discount rate
following US federal guidelines (USEPA, 2014). For the latter, we distributed treatment costs over
the eight years of the F2F project (2011-2019) and potential benefits over the full 25-year assumed

treatment effectiveness period.

(5) Conducted two sensitivity analyses around net benefit calculations by (1) decreasing
treatment costs to half (USD 500 per acre) and (2) doubling economic benefits (avoided costs).
The first sensitivity analysis takes into account uncertainty in treatment costs for the different fuel
treatment types (Table 2.2) and the second takes into account uncertainty in the monetary values
for identified values at risk (Section 3.5) and the missing values at risk (e.g., health, carbon) in our

benefit calculations.

4. RESULTS

4.1.  Burn Probability and Baseline Fire Behavior

Burn probability varies widely across the source water collection system owing to
differences in fuels and climate (Figure 2.3). There is a stark contrast between the eastern slope of
the Front Range and the high mountains. These areas fall in different fire modeling zones used in
the FSim burn probability analysis (Short et al., 2020) and hence are calibrated to different levels
of historical fire activity. The eastern slope of the Front Range has experienced substantial wildfire
activity (e.g., Buffalo Creek, Snaking, Hi Meadow, and Hayman fires), so the predicted burn
probability is generally high except where these fires have reduced fuels. In contrast, area burned

by fire was historically low in the high mountains due to climate (cooler, wetter, and shorter fire
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season) and fuel differences (forests are primarily lodgepole pine, aspen, and spruce-fir). The short
historical record of fire activity used to calibrate FSim and possibility of increasing fire activity
with a changing climate (Spracklen et al., 2009; Litschert et al., 2012; Sankey et al., 2017) suggest

our expected risk metrics should be interpreting cautiously, especially in high elevation forests.

In this study, we base risk measures on fire likelihood during a 25-year period of fuel
treatment effectiveness. Over this time frame, FSim predicts 231,806 acres of fire activity within
the full analysis extent and 156,871 acres within the Denver Water’s source water collection
system. The maximum pixel-level burn probability is 0.30, highlighting the relatively low
likelihood that any individual unit of the landscape will encounter wildfire. However, wildfire
exposure increases with watershed area, all other things being equal, so many of the water system
components are predicted to experience non-trivial fire activity in the coming decades. Expected
area burned within the undammed contributing area to each infrastructure component is reported
in Table 2.6. Undammed was defined as any catchments with greater than 5% connectivity to the
water infrastructure based on the channel sediment delivery ratio model, which is a liberal estimate
of contributing area compared to the ZOC extent. Strontia Springs Reservoir has the highest
predicted wildfire exposure at just under 54,000 acres, followed by Cheesman Reservoir at 16,000
acres, and Chatfield Reservoir at just over 11,000 acres. Predicted wildfire activity is very low for
high elevation water infrastructure including Antero Reservoir, Dillon Reservoir, and the

conveyance infrastructure in the Blue River and Upper Fraser watersheds.
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Figure 2.3: Mean annual burn probability for baseline conditions modeled with FSim from Short et al. (2020).
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Table 2.6: Undammed contributing area and associated expected area burned over a 25-year time frame from FSim
for infrastructure in Denver Water’s collection system.

Expected Expected Percent
Reservoir and non-reservoir Contributing area  Area Burned Contributing Area
infrastructure (ac) (ac) Burned (%)
Antero Reservoir 113,710 430 0.38%
Bear Creek Diversion 44,934 7,516 16.73%
Chatfield Reservoir 64,837 11,168 17.22%
Cheesman Reservoir 183,685 15,989 8.70%
Dillon Reservoir 173,033 994 0.57%
Eleven Mile Canyon Reservoir 104,143 2,881 2.77%
Fraser Collection East 36,757 818 2.23%
Fraser Collection West 38,036 1,107 2.91%
Gross Reservoir 58,529 2,703 4.62%
Gumlick Tunnel Collection 8,402 67 0.80%
High Line Canal Diversion 12,879 3,034 23.56%
Marston Reservoir Diversion 12,879 3,034 23.56%
Meadow Creek Reservoir 4,532 162 3.57%
Ralston Reservoir 29,580 3,134 10.59%
South Boulder Canal 2,063 318 15.41%
%‘i"vlgrlsi‘l’lulder Canal 9,810 1,681 17.14%
Strontia Springs Reservoir 428,345 53,711 12.54%
Turkey Creek Diversion 32,593 6,406 19.65%
Vasquez Tunnel Diversion 3,934 20 0.51%
Williams Fork Reservoir 128,138 1,772 1.38%

4.2. Changes in Fire Behavior from Wildfire Mitigation Treatments

Crown fire activity, as predicted with FlamMap 5 for baseline conditions, is shown in
Figure 2.4, which we use as a proxy for burn severity by mapping surface, passive crown, and
active crown fire to low, moderate, and high burn severity respectively. Crown fire activity
predictions under extreme fuel moisture and fire weather suggest that fire has potential to burn
48.9% of the analysis area at low severity, 24.5% at moderate severity, and 17.3% at high severity,
and the remaining 9.3% is in a non-burnable state. These percentages do not vary substantially

when limited to Denver Water’s Collection System. Potential burn severity varies widely due to
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differences in fuels and topography across the landscape. Significant areas of the high mountain
peaks have little to no fire potential due to sparse fuels. Areas with grass and shrub dominated
vegetation are predicted to burn at low severity such as South Park, recently burned areas of the
Upper South Platte, vegetated area of the alpine, and valley bottoms in the Upper Colorado basin.
The greatest potential for active crown fire and high severity effects is in the montane zone,
especially where forest density is high and slopes are steep, and subalpine spruce-fir forests, due
to high vertical connectivity between surface and canopy fuels. A mix of moderate and high

severity burning is predicted in areas dominated by lodgepole pine and aspen.

Conditional on modeled fire occurrence, wildfire mitigation treatments are predicted to
reduce fire severity by moderating crown fire activity. When fuel treatment effectiveness is
accounted for by modeling fuel treatment effects (“Modeled treatment effectiveness™) on fuels and
subsequent fire behavior, 21,037 acres of the 63,345 acres in the ALL analysis extent (Table 2.2)
were improved. In contrast, 44,268 acres would be improved if all treatments reduce fire severity
one level (“Assumed treatment effectiveness”). The assumed treatment effectiveness illustrates
that approximately one third of the area treated was predicted to burn as surface fire with low
severity effects before treatment and could therefore not be improved in our assessment model.
Two caveats should be noted with these results: (1) baseline fuel conditions are represented with
remotely sensed data products that may not match the exact conditions on the ground, and (2) fuel
treatment effects were represented with stylized treatments that may not reflect the exact forest
management actions. The most common canopy treatment type, thinning, often reduced modeled
active crown fire to passive crown fire behavior but rarely changed passive crown fire to surface
fire. This is primarily due to the relatively low starting canopy base height assigned to dry forests

by LANDFIRE (2014) and the small proportional change we expect to this variable based on
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previous fuel treatment studies (Table 2.3). The modeled and assumed treatment effectiveness

following treatments should be viewed as book ending the range of possible treatment benefits due

to uncertainty in treatment effectiveness.
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Figure 2.4: Crown fire activity modeled for baseline conditions in the full study extent.

82



4.3. Changes in Values at Risk due to Wildfire Mitigation Treatments

In this section we present eight sets of predictions about changes in values at risk: four
combinations of assumptions about burn probability and wildfire behavior following wildfire
mitigation treatments for the two treatment extents, ALL and ZOC (Table 2.7). The four scenarios
are ordered from highest to lowest in terms of their predicted impacts of wildfire mitigation on
values at risk. The highest estimated benefits from wildfire risk mitigation are found under
“Conditional fire occurrence + Assumed treatment effectiveness”, which assumes that all
treatments encounter wildfire during the 25-year time frame and are effective at reducing wildfire
severity. The lowest estimated benefits from wildfire risk mitigation are found under “Expected
wildfire occurrence + Modeled treatment effectiveness”, which accounts for the likelihood of fuel
treatments encountering wildfire and models treatment effectiveness based on their mean primary

effects on fuels and resulting change in fire behavior predictions.

In Section 4.3.1 we present the predicted changes in values at risk (the avoided costs due
to wildfire mitigation), and in Section 4.3.2 we present the results from the net benefit assessment

without and with discounting.

Table 2.7: Variations considered in modeling the impact of the F2F project on values at risk.

Scenarios ALL Treatments: treatments Z0C Treatments: treatments
that were carried out in the full ~ that were carried out in Denver
study area extent (Figure 2.1). Water’s Zones of Concerns

(Figure 2.2).

Conditional fire occurrence +  This scenario calculates treatment benefits assuming fire will occur

Assumed treatment and assumes that wildfire severity is reduced in all areas where

effectiveness treatments were carried out.

Conditional fire occurrence +  This scenario calculates treatment benefits assuming fire will occur

Modeled treatment and models changes to wildfire severity based on the modeled

effectiveness change in fire behavior due to treatment type.

Expected fire occurrence + This scenario calculates the expected treatment benefits accounting

Assumed treatment for the probability of encountering wildfire over a 25-year

effectiveness
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effectiveness period (i.e., risk reduction) and assumes that wildfire
severity is reduced in all areas where treatments were carried out.

Expected fire occurrence + This scenario calculates the expected treatment benefits accounting
Modeled treatment for the probability of encountering wildfire over a 25-year
effectiveness effectiveness period (i.e., risk reduction) and models changes to

wildfire severity based on the modeled change in fire behavior due
to treatment type.

4.3.1.  Avoided Costs from Wildfire Mitigation

4.3.1.1. Source Water Protection

Below we map the baseline predicted costs to reservoirs, diversions, and conveyance
infrastructure (Figure 2.5) both conditional on fire occurrence (conditional) and accounting for the
likelihood of fire occurrence (expected). Conditional on fire occurrence and 100-year rainfall, fire
impacts to water infrastructure range from 0 to ~16,000 USD per acre and are concentrated in the
watersheds most connected to the highest value infrastructure (Figure 2.5a). This shows that
consequences could be high throughout much of the upper elevation watersheds if fire occurs.
However, fire likelihood is estimated to be low in the high elevation watersheds (Figure 2.3);
hence, the risk (expected impacts) to water infrastructure is more concentrated in the lower portion
of the Upper South Platte above Strontia Springs Reservoir (Figures 2.5a and 2.5b). Accounting
for the likelihood of fire occurrence, the baseline risk to water infrastructure (eNVC) for the 100-
year rainfall ranges from 0 to 4,200 USD per acre (Figure 2.5b). This contrast highlights that
wildfire impacts could be very expensive across a lot of the watershed, but the combination of high
impacts and high burn probability suggest there is much greater benefit to wildfire mitigation

treatments in the lower portion of the Upper South Platte.
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Figure 2.5: Baseline net value change (NVC) to water supply infrastructure under a) Conditional (cNVC) and b)
Expected fire occurrence scenarios for 100-year return interval post-fire rainfall conditions.

In Table 2.8 we present the economic benefits (avoided costs) from the eight sets of results
for avoided sediment delivery to reservoirs and other water infrastructure for three rainfall
intervals. We present results for all relevant source water infrastructure (Table 2.6) and separately
for Strontia Springs Reservoir since the potential benefits to source water protection from avoided
sediment are highest for this feature. Focusing on all infrastructure protection and the full study
area extent, conditional on fire occurrence and under a 100-year rainfall interval, the potential
economic benefits range from USD 29 million to USD 46 million under modeled and assumed
treatment effectiveness, respectively. Expected benefits when factoring in burn probability
(expected fire occurrence) are lower, and under 100-year rainfall are between USD 4 million to
USD 8 million for all infrastructure. When we focus in on treatments made within the ZOC the

total economic benefits are slightly lower, because of the smaller number of acres treated.
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The economic benefits from reduced sedimentation for Strontia Springs Reservoir account
for >60% of all source water protection benefits. Conditional on fire occurrence, wildfire
mitigation treatments around Strontia Springs lead to as much as USD 34 million in benefits when
treatment effectiveness is assumed and USD 19 million when treatment effectiveness is modeled,
under a 100-year rainfall. The predicted economic benefits when accounting for expected fire
occurrence range between USD 4 and USD 7 million depending on how treatment effectiveness

is modeled, following a 100-year rainfall.

Table 2.8: Economic benefits (avoided costs) from reduced sediment to reservoirs and other water infrastructure
over 25-year timeframe at different post-fire rainfall intervals (RI).

All Reservoir and Non-Reservoir Strontia Springs Reservoir (1,000
Water Infrastructure (1,000 USD) USD)

ALL Treatments Z0OC Treatments ALL Treatments ZOC Treatments

Conditional on Fire Occurrence + Assumed Treatment Effectiveness

RI=2 10,600 8,700 7,400 6,500
RI=10 22,600 18,400 16,600 14,600
RI=100 45,600 35,600 34,100 29,00
Conditional on Fire Occurrence + Modeled Treatment Effectiveness
RI=2 8,100 6,600 5,200 4,600
RI=10 17,200 13,900 11,700 10,300
RI=100 28,600 21,700 19,000 15,800
Expected Fire Occurrence + Assumed Treatment Effectiveness
RI=2 1,700 1,500 1,600 1,500
RI=10 3,800 3,400 3,700 3,300
RI=100 7,600 6,700 7,300 6,500
Expected Fire Occurrence + Modeled Treatment Effectiveness
RI=2 1,200 1,100 1,200 1,000
RI=10 2,700 2,400 2,600 2,400
RI=100 4,300 3,700 4,100 3,600

In Table 2.9 we present the economic benefits (avoided costs) from the eight sets of results
for avoided debris flows to canals and pipelines for each rainfall interval. We present results for
all relevant source water infrastructure (Table 2.6) and separately for Fraser Collection East since

the potential benefits from reduced debris flow are highest for this feature. Benefits to conveyance
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infrastructure from reduced debris flow range from USD 7 thousand under “Expected Wildfire
Occurrence and Modeled Treatment Effectiveness” with 100-year rainfall interval, to USD 491
thousand conditional on fire occurrence and assuming treatment effectiveness at a 100-year rainfall
interval. The Fraser Collection East system accounts for >25% of all benefits from reduced debris

flow due to wildfire mitigation treatments.

Table 2.9: Economic benefits (avoided costs) from reduced debris flow to water infrastructure over 25-year
timeframe at different post-fire rainfall intervals (RI).
All Reservoir and Non-Reservoir Fraser Collection East (1,000 USD)
Water Infrastructure (1,000 USD)
ALL Treatments Z0C Treatments ALL Treatments Z0C Treatments
Conditional on Fire Occurrence + Assumed Treatment Effectiveness

RI=2 230 194 123 63
RI=10 315 277 155 84
RI=100 491 459 178 106
Conditional on Fire Occurrence + Modeled Treatment Effectiveness
RI=2 175 108 91 59
RI=10 230 153 115 82
RI=100 321 244 148 121
Expected Wildfire Occurrence + Assumed Treatment Effectiveness
RI=2 5 4 2 1
RI=10 7 6 3 2
RI=100 11 10 3 2
Expected Wildfire Occurrence + Modeled Treatment Effectiveness
RI=2 4 3 1 1
RI=10 5 4 2 1
RI=100 7 6 2 2

Combining the economic benefits (avoided costs) to source water protection from avoided
sediment and avoided debris flow due to wildfire risk mitigation activities shows the total value to
source water protection on the federal lands included in this assessment (Table 2.10). The majority
of this benefit is from reductions in hillslope erosion (Table 2.8) versus reduced debris flows (Table

2.9).
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Assuming treatments encounter wildfire (conditional on fire occurrence) results in between
USD 29-46 million in benefits to source water protection for the full study extent (ALL),
depending on the assumptions around treatment effectiveness, and between USD 22-36 million
within the ZOC, under a 100-year rainfall event. Accounting for the likelihood of treatments
encountering wildfire over the 25-year time period (expected fire occurrence) the predicted
economic benefits to source water protection range between USD 4-8 million for the full study
area (ALL) and USD 4-7 million for treatments carried out within the ZOC, following a 100-year

rainfall event.

Table 2.10: Total economic benefits (avoided costs) to source water protection from avoided sedimentation and
debris flow due to wildfire mitigation over 25-year timeframe at different post-fire rainfall intervals (RI).

All Reservoir and Non-Reservoir Water Infrastructure (1,000 USD)

ALL Treatments Z0C Treatments
Conditional on Fire Occurrence + Assumed Treatment Effectiveness
RI=2 10,800 8,900
RI=10 22,900 18,700
RI=100 46,000 36,100
Conditional on Fire Occurrence + Modeled Treatment Effectiveness
RI=2 8,300 6,700
RI=10 17,400 14,000
RI=100 28,900 22,000
Expected Wildfire Occurrence + Assumed Treatment Effectiveness
RI=2 1,700 1,500
RI=10 3,800 3,400
RI=100 7,600 6,700
Expected Wildfire Occurrence + Modeled Treatment Effectiveness
RI=2 1,200 1,100
RI=10 2,700 2,400
RI=100 4,200 3,700

4.3.1.2. Community & Environmental Stewardship

The benefits to community and environmental stewardship values from wildfire mitigation

on federal lands as part of the F2F program are presented in Table 11. The total benefit to these

88



values at risk is around USD 100 million for the full study extent (ALL) conditional on fire
occurrence, regardless of the assumptions around treatment effectiveness. For the ZOC study
extent, conditional on fire occurrence, the economic benefits are closer to USD 60 million. When
burn probability is factored in (expected fire occurrence) the economic benefits to community and
environmental stewardship values are closer to USD 25 million for the full study area (ALL) and

USD 16 million for the ZOC areas.

The economic benefits from individual values at risk vary considerably in the community
and environmental stewardship category. Suppression costs are the same for all four scenarios
since they are based off total area burned estimates that do not vary by scenario. Avoided
suppression costs are around USD 17 million for the full study area extent (ALL) and USD 6
million within the ZOC. Property loss values are the largest economic benefit under conditional
fire occurrence, at about USD 100 million for the full study extent (ALL) and USD 60 million for
the ZOC area. Recovery and rehabilitation costs are around USD 5 million for the full study area
(ALL) and USD 3 million for the ZOC under conditional fire occurrence. Recreation values are
slightly lower at USD 3 million for the full study extent (ALL) and USD 1 million for the ZOC
areas. Avoided costs to endangered species habitat are about USD 200 thousand conditional on
fire occurrence. The economic benefits to community and environmental stewardship values from
wildfire mitigation drop considerably under expected fire occurrence, since the probability that

treatments encounter wildfire is reduced.

Table 2.11: Total economic benefits (avoided costs) to community and environmental stewardship values over 25-
year timeframe.

Value at Risk Value of Co-Benefits (1,000 USD)
ALL Treatments Z0C Treatments
Conditional on Fire Occurrence + Assumed Treatment Effectiveness
TOTAL 109,400 59,400
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Property loss 81,300 41,800
Suppression costs 17,000 6,000
R y &
eeovery 5,600 3,100
rehabilitation costs
Recreation 2,900 1,100
Endangered spec.les 13 )14
habitat
Conditional on Fire Occurrence + Modeled Treatment Effectiveness
TOTAL 103,100 57,600
Property loss 75,800 40,400
Suppression costs 17,000 6,000
Recovery & 5,100 2,800
rehabilitation costs
Recreation 2,600 1,000
Endangered spec.les 99 203
habitat
Expected Fire Occurrence + Assumed Treatment Effectiveness
TOTAL 24,700 15,700
Property loss 4,100 1,900
Suppression costs 17,000 6,000
Recovery & 867 534
rehabilitation costs
Recreation 299 115
Endangered spec.les 5 49
habitat
Expected Fire Occurrence + Modeled Treatment Effectiveness
TOTAL 24,100 15,500
Property loss 3,600 1,800
Suppression costs 17,000 6,000
R -
Recovery & 800 500
rehabilitation costs
Recreation 270 101
Endangered species 49 46

habitat

Of the co-benefits considered in this assessment, property loss represents the largest
economic benefit (avoided cost) from wildfire mitigation treatments under conditional fire
occurrence. Figure 2.6 presents the spatial patterns of baseline risk to built structures (private

homes and Denver Water buildings) taking into account burn probability as the expected net value
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change (eNVC) per acre. Most of the risk to structures is concentrated in the Upper South Platte
between Highway 285 and Interstate I-70 corridors, Woodland Park, and the Boulder County
foothills due to the combination of high housing density, high proportion of the landscape
predicted to burn as crown fire, and the high burn probability. Risk of structure loss is lower in
Summit County, South Park, the Fraser Valley, and Divide due to lower burn probability. There is
relatively low risk of structure loss where treatments were placed to protect Strontia Springs
Reservoir due to the low housing density and the reduced fuel conditions from the Buffalo Creek,

Hi Meadow, and Hayman fires.
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Figure 2.6: Baseline risk of property loss value. Results were rasterized and smoothed with a 90m radius filter for
display purposes.
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4.3.2.  Cost-Benefit Analysis of F2F Program

The benefits (avoided costs) from wildfire risk mitigation presented above do not account
for the costs of implementing fuel treatments. Based on the reported acres treated (Table 2.2) and
a USD 1000 per acre average treatment cost, the total treatment costs are just over USD 63 million
for the full study area extent (ALL) and USD 22 million for treatments within ZOC between the
years 2011-2019. For the forested area impacting Strontia Springs Reservoir we estimated the total
treatment costs at USD 14 million for the full area (ALL) and USD 7 million for treatments made
within the ZOC. It is important to note that the total treatment costs (ALL) used in this analysis
(USD 63 million) are higher than the total reported budget of the F2F partnership during phase I
and phase Il combined (USD 62 million for the years 2011-2021, with known expenditures on
non-wildfire mitigation activities), which suggests that we may have over-estimated F2F treatment

costs.

Below we take the difference between the benefits reported in Section 4.3.1 and the
treatment costs, to show the net economic returns on federal lands from F2F investments in wildfire
mitigation treatments. Table 2.12 shows the difference in benefits and costs from source water
protection and community and environmental stewardship values under a 100-year rainfall return
interval without discounting and using a 3% discount rate. With no discount rate, our bookends
around net benefits for ALL treatments range between USD 90 million for “Conditional fire
occurrence + Assumed treatment effectiveness” and negative 37 million for “Expected fire
occurrence + Modeled treatment effectiveness”. For the ZOC area, the range is between USD 66
million and negative USD 10 million. Using a 3% discount rate, the net benefits from ALL fuel
treatments range between USD 56 million under “Conditional fire occurrence + Assumed

treatment effectiveness” and negative USD 38 million for “Expected fire occurrence + Modeled
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treatment effectiveness”. Within the ZOC, the range is between USD 45 million and negative USD

11 million.

Table 2.12: Net benefits (benefits minus costs) of F2F program on federal lands from avoided costs to source water
protection and community & environmental stewardship values. Results presented using no discount rate and a 3%

discount rate.

Reservoir and Non-Reservoir Water Infrastructure (1,000 USD)

ALL Treatments Z0C Treatments
Conditional on Fire Occurrence + Assumed Treatment Effectiveness
No discount rate 89,900 66,100
3% discount rate 55,600 45,000
Conditional on Fire Occurrence + Modeled Treatment Effectiveness
No discount rate 66,400 50,200
3% discount rate 38,300 33,300
Expected Fire Occurrence + Assumed Treatment Effectiveness
No discount rate -33,300 -7,000
3% discount rate -35,100 -8,900
Expected Fire Occurrence + Modeled Treatment Effectiveness
No discount rate -37,200 -10,200
3% discount rate -38,000 -11,200

In Table 2.13 we show the net present value (with no discount rate and with a 3% discount

rate) of the F2F program on federal lands over the 25-year time period for just source water

protection under a 100-year rainfall return interval. Results are presented separately for Strontia

Springs ZOC. Similar to Table 2.12 findings, net benefits tend to be positive under conditional fire

occurrence, especially for the treated areas around Strontia Springs Reservoir, but are negative

under expected fire occurrence.
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Table 2.13: Net benefits (benefits minus costs) of F2F program on federal lands from avoided costs to source water
protection values. Results presented using no discount rate and a 3% discount rate.

All Reservoir and Non-Reservoir Strontia Springs Reservoir (1,000
Water Infrastructure (1,000 USD) USD)
ALL Treatments  ZOC Treatments ALL Treatments Z0C Treatments
Conditional on Fire Occurrence + Assumed Treatment Effectiveness

No discount rate -17,300 14,000 19,800 22,200
3% discount rate -23,300 6,600 12,200 15,200
Conditional on Fire Occurrence + Modeled Treatment Effectiveness
No discount rate -55,700 -210 4,700 9,000
3% discount rate -35,900 -3,900 1,100 5,500
Expected Fire Occurrence + Assumed Treatment Effectiveness
No discount rate -55,700 -15,500 -7,000 -400
3% discount rate -51,600 -15,100 -7,500 -1,400
Expected Fire Occurrence + Modeled Treatment Effectiveness
No discount rate -59,000 -18,500 -10,100 -3,200
3% discount rate -54,100 -17,300 -9,800 -3,500

Because there is uncertainty in both our estimated treatment costs and in the monetary
values assigned to values at risk, we also conducted a sensitivity analysis around our expected
benefits and costs estimates of wildfire mitigation treatments (Table 2.14). If the expected
monetary benefits from reducing wildfire severity to values at risk were double what we estimated
above, the net benefits from the F2F program would be positive for all four scenarios within the
Z0C area extent and positive for two of the four scenarios within the full study area (ALL) (Table
2.14). The range of net benefits would be between USD 247 million for “Conditional fire
occurrence + Assumed treatment effectiveness” and negative USD 6 million for “Expected fire
occurrence + Modeled treatment effectiveness” for ALL treatments. Within the ZOC area, the
bookends of our predicted net benefits would be USD 154 million for “Conditional fire occurrence
+ Assumed treatment effectiveness” and USD 2 million for “Expected fire occurrence + Modeled

treatment effectiveness”. Similarly, halving treatment costs to an average of USD 500 per acre
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leads to positive expected net benefits of F2F investments on federal lands in all ZOC results

(Table 2.14).

Table 2.14: Sensitivity analysis around net benefits (benefits minus costs) of F2F program on federal lands from
avoided costs to source water protection and community & environmental stewardship value. We double the
economic benefits and halve the treatment costs. Results presented using no discount rate and 100-year rainfall
event.

Reservoir and Non-Reservoir Water Infrastructure (1,000 USD)

ALL Treatments Z0C Treatments
Conditional on Fire Occurrence + Assumed Treatment Effectiveness
Doubling benefits 247,000 154,500
Halving treatment costs 121,500 77,200
Conditional on Fire Occurrence + Modeled Treatment Effectiveness
Doubling benefits 196,200 122,500
Halving treatment costs 98,100 61,200
Expected Fire Occurrence + Assumed Treatment Effectiveness
Doubling benefits -3,200 8,100
Halving treatment costs -1,600 4,100
Expected Fire Occurrence + Modeled Treatment Effectiveness
Doubling benefits -11,6100 1,800
Halving treatment costs -5,600 900

S. DISCUSSION

5.1.  Main Findings

This cost-benefit analysis of the F2F program between the years 2011-2019 should be
interpreted considering the assumptions and sources of uncertainty that enter the fire, erosion, and
economic modeling. To account for this uncertainty, we have presented eight sets of results that
take different approaches to modeling likelihood of wildfire occurrence (conditional vs expected
wildfire occurrence) and treatment effectiveness (assumed vs modeled treatment effectiveness),
for the treatment areas Denver Water prioritized that contribute most directly to source water
protection (ZOC treatments), as well as a larger study extent around Denver Water’s source

watersheds that represent our best approximation of all F2F program investments on federal lands
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(ALL treatments). Additionally, we conducted a sensitivity analysis around our economic benefit

and cost estimates to account for uncertainty in these monetary valuations.

The expected total benefits for source water protection and community and environmental
stewardship from the >60,000 acres of fuel treatments in the study area (not considering treatment
costs) are >USD 150 million under “Conditional Fire Occurrence + Assumed Treatment
Effectiveness” and closer to USD 26 million under “Expected Fire Occurrence + Modeled
Treatment Effectiveness”, the two bookends of our modeling assumptions, when considering 100-
year rainfall events (Table 2.10; Table 2.11). Within the >22,000 acres treated in the ZOC, the
economic benefits to values at risk (not considering treatment costs) range from >USD 88 million
under “Conditional Fire Occurrence + Assumed Treatment Effectiveness” and closer to USD 12
million under “Expected Fire Occurrence + Modeled Treatment Effectiveness” when considering
100-year rainfall events (Table 2.10; Table 2.11). Wildfire treatment costs in the two study area

extents are USD 63 million (ALL) and USD 22 million (ZOC), respectively.

With 59% and 46% of total treatment benefits realized within the ZOC under each bookend
scenario, Denver Water and the USFS are realizing the bulk of their ROI by focusing treatments
in a small, prioritized area. There are clearly additional benefits to active forest management that
weren’t considered in this study and occur outside the ZOC, but our analysis demonstrates the high
concentration of diverse values at risk within the ZOC beyond delivering water to the Denver
region. The ZOC appear to be an area of high ROI for wildfire risk reduction activities where
strategic, prioritized investments can protect multiple values at risk to high severity wildfire,
aligning with the USFS Shared Stewardship targeted investment approach and Denver Water’s

prioritization.
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The largest single economic benefit from fuel treatments in our assessment was the
potential replacement costs of built structures, which included private homes and Denver Water
buildings. Home loss is one of the largest expenses in the US following wildland fires. In this
study, we only assessed the impact of fuel treatments on federal lands, so the benefits to private
property would likely have been higher if fuel treatments on non-federal lands under F2F were
included. Since 2011, Denver Water and the USFS have increased their funding of treatments on
non-federal lands through partnerships with the Colorado State Forest Service, Natural Resources
Conservation Service, and other organizations to compliment the investments on federal lands.
Given that the majority of built structures in the study area are not on USFS lands, supporting fire
risk reduction activities on non-federal lands should have greater average benefit. Following the
USDA cohesive wildfire strategy to create more fire resilient landscapes, develop fire adapted
communities, and enhance safe and effective fire response would likely yield a high ROI if

effective at protecting structures.

We find a positive ROI from the F2F investments in the full study area extent (ALL) and
the ZOC areas in terms of the quantified economic benefits to source water protection and
community and environmental stewardship versus treatment costs conditional on fuel treatments
encountering wildfire over the 25-year time period (“Conditional fire occurrence”). The high end
of estimated net benefits from the F2F program are USD 90 million under “Conditional fire
occurrence + Assumed treatment effectiveness” for ALL acres treated and USD 66 million for
Z0C acres, using no discount rate and with the 100-year rainfall scenario. Thus, similar to the
benefit estimations (not considering costs), we find a relatively higher ROI for the number of ZOC
acres versus the full treatment area (ALL), reflecting the larger contribution to values at risk from

treatments made in these areas relative to treatment costs. We do not find a positive ROI for the
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F2F investments when the probability of treatments encountering wildfire (“Expected fire
occurrence”) are modeled, reflecting low burn probability in many areas treated, which we return

to below.

Our sensitivity analysis around our estimated economic benefits (doubling the value of
these benefits) and our estimated treatment costs (halving these costs) shows a positive ROI on
F2F investments under both “Conditional” and “Expected” fire occurrence in the ZOC areas. For
the full study extent (ALL), benefit estimates would need to be 2.5 times higher than what we
estimated in our analysis to show a positive ROI under “Expected fire occurrence”. Thus, if all the
values at risk excluded from this study were able to be quantified (e.g., human health impacts,
carbon storage, additional tourism and recreation impacts, etc.), it is likely that the results of this

ROI would be positive for all eight sets of results presented.

When we focus in on just source water protection values, a major motivator for the F2F
program, we find that the most beneficial impact of fuel treatments comes from investments
located within the contributing area to Strontia Springs Reservoir. The high end of the estimated
ROI from treatments made to the contributing area of Strontia Springs are USD 22 million under
“Conditional Fire Occurrence + Assumed Treatment Effectiveness”, with no discount rate and the
100-year rainfall scenario. In other parts of the collection system, fuel treatments are predicted to
cost more than the avoided impacts under all the tested scenarios due to a combination of the lower
biophysical potential for reducing fire and erosion impacts and the lower protection value assigned
to the infrastructure. The negative ROI when considering only the risk reduction to source water
protection is similar to findings of avoided cost work from wildfire mitigation in the Sierra

Mountains of California (Buckley et al., 2014).
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A main finding from this analysis is that limitations on the biophysical potential for fire
and erosion in the study area directly influence the cost-benefit results. In our post-fire watershed
modeling for reservoirs and diversions, we assumed hillslope erosion rates were limited to 200 Mg
ha-1 y-1 based on results presented in Moody and Martin (2009). For an area of the landscape with
this maximum erosion potential that contributes its sediment with 100% efficiency to the most
expensive infrastructure (USD 150 per m3 for Strontia Springs), we estimate the maximum source
water impacts at 15,934 USD ac-1 conditional on fire occurrence. Considering that the FSim burn
probability modeling from Short et al. (2016) predicts a maximum 25-year planning period burn
probability of 0.30, the highest baseline risk from sedimentation possible in our framework is 4,780

USD ac-1.

Erosion rates approaching the maximum value allowed in this study are rare. The combined
average rate of rill and inter-rill erosion during the first year after the Buffalo Creek fire was
estimated at 72.0 Mg ha-1 by Moody and Martin (2001) (converted from their volume estimates
using a sediment bulk density of 1.6 Mg m-3). This is a fire-wide average, so some areas of the
fire undoubtedly exceeded this rate. The first-year erosion rate observed at Buffalo Creek was
more than three times greater than the highest annual erosion rate of 22.0 Mg ha-1 observed from
hillslope erosion after the Hayman fire (Robichaud et al., 2013a, 2013b). Most forest within the
analysis area has predicted post-fire erosion rates far lower than the assumed maximum value. The
median predicted first-year erosion rate for forests when exposed to the 100-year return interval
rainfall is 63.9 Mg ha-1, which is reasonable in comparison to the 72.0 Mg ha-1 observed by
Moody and Martin (2001) in response to similar rainfall. Furthermore, we expect substantial
sediment storage on hillslopes, such that the net delivery to streams will average about half of the

gross erosion (see Technical Report). Therefore, wildfire risk to water infrastructure approaches
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the maximum of 4,780 USD ac-1 only in areas with the highest burn probability, steepest slopes,
forests predicted to burn at high severity, and closest to Strontia Springs (Figures 2.5a & 2.5b).
Baseline risk and the risk reduction benefits of fuel treatments diminish with decreasing burn
probability, slope, hazardous forest fuel conditions, and increasing distance from the highest value

infrastructure.

The wide variability in risk to source water (Figures 2.5a & 2.5b) and associated benefit of
mitigation means that treatment placement is critical for source water protection. The actual spatial
distribution of F2F treatments was not as optimal as analyses of hypothetical treatments prioritized
in the highest risk areas (e.g., Jones et al., 2017). For example, the steep slopes directly adjacent
to Strontia Springs Reservoir did not receive treatment, but lower-gradient, more accessible areas
further from the reservoir did. We suspect that treatments were not located in the highest wildfire
and erosion risk areas due to a number of factors including accessibility, operability, and land
ownership. Despite treatments not being located in the highest risk areas, our analysis showed that
the ROI to the Strontia Springs ZOC for source water protection was positive under conditional
fire occurrence (Table 2.13). High resolution maps of risk (Figure 2.5) highlighting where forest
management interventions can make the biggest risk reduction may help to improve future

placement decisions.

Finally, as mentioned earlier in this report, burn probability is modeled based on recent
historical fire activity (Finney et al., 2011; Short et al., 2016), which leads to predictions of very
little future wildfire activity in the high elevation forests (Figure 2.3). This translates to low
estimates of wildfire risk and the risk reduction benefits of fuel treatments around Dillon Reservoir
and the conveyance infrastructure in the Blue and Fraser River Watersheds. The short historical

record of fire activity used to calibrate the burn probability modeling and the possible increase in
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fire activity in the study area due to climate change may mean that our estimates of future wildfire
activity are likely conservative. Still, it is important to recognize that it is unlikely that all fuel
treatments will encounter wildfire over their effective lifespans (assumed to be 25 years in the

study) to avoid wildfire impacts on source water protection and other values at risk.

5.2. Program Recommendations

Moving forward, future assessments of the F2F program could be improved through better
accounting of forest management actions to document pre- and post-treatment canopy and surface
fuel conditions. In this analysis, treatment effectiveness was modeled using remotely sensed data
on canopy and fuel conditions to represent baseline conditions with stylized treatment effects to
approximate the post-treatment outcomes (Section 3.4). F2F and FACTS databases did not provide
detailed information on the intensity of treatment. Because of sparse attribute information, we had
to make several assumptions about how reported fuel treatments might modify fire behavior. It is
for this reason that we added the “Assumed treatment effectiveness” scenario. As mentioned
before, assumed and modeled treatment effectiveness scenarios should be considered as bookends
of the range of possible fuel treatment benefits. Clear documentation of when the work was
completed would also aid in future modeling of fuel treatment effectiveness. Treatment completion
data is difficult to judge from FACTS for stewardship contracts and when there are multiple
management actions in the stand. We included the FACTS data in this assessment because Forest-
level spatial accounting of F2F accomplishments fell short of the Regional non-spatial accounting.
We suspect this is due to a delay in reporting from the Forests, but it may also be a discrepancy
between the sum of annual area treated and the cumulative area treated accounting for overlapping
actions or between planned and implemented treatment extents. Finally, better information on the

costs of treatments is needed to evaluate their cost-effectiveness at reducing risk. We assumed a
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uniform cost per acre for this assessment due to the lack of consistent and spatially-explicit
accounting of treatment costs. Better documentation of program expenditures that clearly
document costs by canopy and fuel treatment types would lead to a more precise cost-benefit

analysis in the future.

Only a handful of cost-benefit analyses have been conducted for watershed investment
programs in the US and the majority of these are prospective analyses (e.g., Flagstaff Watershed
Protection Project Monitoring Committee, 2014, Buckley et al., 2014, Kruse et al., 2016, Jones et
al., 2017). Prospective evaluations have the advantage of targeting fuel treatments to the most
effective places on the landscape (e.g., Jones et al., 2017). However, on-the-ground realities can
alter where fuel treatments are implemented. In the case of the F2F program, wildfire treatment
placement may have been constrained by accessibility, divergent priorities across partners,
bureaucratic requirements, and land tenure status (USDA, N.D.), limiting the impact of treatments
on wildfire risk or protection of values at risk. It is important to keep in mind that the operational
costs of treating in high priority areas may not always outweigh the additional benefits, and it may
not be safe to conduct fuel treatments in some areas. Even where the highest priority areas are
cost-effective (and safe) to treat, finding contractors that have the skills and tools to work in remote
locations can be a limitation. Another constraint to treatment location is finding mutually-
beneficial projects that all partners agree to and procuring the appropriate approvals. While Denver
Water concentrated its treatments in ZOC areas that contribute most directly to source water
protection, >40,000 treated acres considered in this assessment fell outside of those areas.
Additionally, NEPA requirements and timelines can limit where treatments can be implemented
on federal lands, and it has been recommended in watershed partnerships that non-federal partners

could help pay for NEPA in order to accelerate where wildfire treatments can be implemented on
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the landscape (USDA, N.D.). Moving forward, prioritizing fuel treatments to benefit source water
protection in advance and using this information to negotiate mutually-beneficial projects that
remain cost-effective will be important to improve source water protection outcomes of the F2F
program. Improving coordination of fire mitigation activities to align with fire suppression
strategies would also increase the likelihood treatments are leveraged to help reduce impacts from

fire events, and increase benefits to protecting prioritized values at risk.
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APPENDIX A: SURVEY INSTRUMENT

Mapping Ecosystem Services Demand in the Big Thompson Watershed Survey/Questionnaire

This survey may be accessed using the following link: https://app.maptionnaire.com/en/6481/

Below are screenshots taken from the web survey interface:
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Below are the survey questions from page 5 of the web survey:
Choose one that best describes you:

__ Colorado resident living here full time

_ Non-resident living here full time

_ Colorado resident living here part time/seasonally
__ Non-resident living here part time/seasonally

If you are a resident, about how many years have you lived here?

How well would you say you know the watershed area? (area within the orange boundary)

Extremely Moderately Extremely
poorly Well Well
1 2 3 4 5 6 7 8 9

How many people live in this household?

Of these people, how many are children under 18 years old?

Do you own land in this area? (yes/no)

If yes, what is the primary use of this land? (choose as many as apply)

__ Residential

_ Leisure

__ Business

_ Farming/Agriculture
_ Hunting

___Mining

__ Education
___Conservation

__ Other

If other, please specify:

‘What is your highest level of education?

_ No formal education
___Some high school

_High school diploma/GED
_ Some college

__ College degree (BS/BA)
_ Graduate degree (MS/PhD)
__ Trade school/other

What is your primary occupation?
_ Manager/professional

__ Administrative
__Agricultural/forestry

__ Craft/trade worker

__ Plant/machine operator

_ Community/personal service worker
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___Student

__ Retired

__ Home/parenting
___Unemployed

__ Other. If other, please specify:

Which best describes where you work?

___Agriculture (crops)
__ Agriculture (livestock)

__ Forestry

___Conservation

___Mining

__ Manufacturing

_ Electricity, gas, water

__ Construction

__ Retail

__Restaurant/Café

_ Transport/storage

__ Communication services
__ Finance/insurance
__Real-estate

_ Government/military
__Education

_Health services

__ Cultural/recreation services
__ Personal/other

If other, please specify:

What is your total annual household income?

_ Less than %30k
_ $30k-$65k

_ $65k-$100k

_ $100k-$150k
__More than $150k

Sex

__ Female

_ Male

__ Other/prefer not to answer

Birth Year:
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APPENDIX B: GEOSPATIAL DATA SOURCES

Table B.1: Summary of biophysical landscape data sources.

Variable | Data Source Date Processing
Downloade
d

Public CoMaP: - https://comap.cnhp.colostate.edu/ March, Summarized

Access 2020 total area
within hex
grid

Slope USGS: 1/3 Arc Second DEM https://viewer.nationalmap.gov/basic/ June, 2020 | Downloaded
elevation
raster.
Created slope
raster using
Slope tool in
ArcGIS Pro.

Length of | Colorado Department of Transportation: https://dtdapps.coloradodot.info/otis May, 2020 | Clipped to

Roads watershed
extent.
Joined, local,
major, and
highways
into one
layer.

Building | Microsoft Bing/Open Street Map: https://www.microsoft.com/en- Feb, 2020 Clipped to

Footprint | us/maps/building-footprints watershed
extent.

Land National Landcover Dataset: https://www.mrlc.gov/national-land-cover-database- | Feb, 2020 Reclassified

Cover nlcd-2016 into 8 land
types based
on standard
reclassificati
on found on
mrlc.gov.

Land CoMaP: https://comap.cnhp.colostate.edu/ March, Summarized

Ownershi 2020 total of each

p ownership
type within
hex grid.

Water National Hydrologic Dataset: March, Summarized

Footprint | https://viewer.nationalmap.gov/basic/?basemap=b1&category=nhd&title=NHD% | 2020 waterbodies,

+ Length | 20View flowlines

Streams, within hex

Rivers + grid.

HUC

watershe

d

boundary

Elevation | USGS: 1/3 Arc Second DEM https://viewer.nationalmap.gov/basic/ June, 2020 | Zonal
Statistics
within hex
grid.
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APPENDIX C: ADDITIONAL RESULTS TABLES & FIGURES

Table C.1: Means comparison test results for top five ESs by demand. Significance level: *90% **95%

***09%
Variable ES Test Statistic df P value
Watershed Aesthetics ANOVA 0.317 2,51 0.730
Familiarity Air ANOVA 1.095 2,51 0.342
Habitat/Biodiv ANOVA 1.079 2,51 0.347
Recreation ANOVA 2.561 2,51 0.087*
Water ANOVA 0.648 2,51 0.527
Location Aesthetics ANOVA 0.653 3, 80 0.583
Air ANOVA 0.716 3,80 0.546
Habitat/Biodiv ANOVA (Welch) | 5.427 3,29.513 0.004***
Recreation ANOVA 0.611 3, 80 0.610
Water ANOVA (Welch) | 3.539 3, 18.687 0.035%*
Education Aesthetics ANOVA 0.581 3,61 0.630
Air ANOVA 0.136 3,61 0.938
Habitat/Biodiv ANOVA 0.491 3,61 0.690
Recreation ANOVA (Welch) | 4.395 3,21.097 0.015%*
Water ANOVA (Welch) | 2.631 3,17.758 0.082*
Work Aesthetics ANOVA 0.497 6,53 0.808
Air ANOVA 0.606 6,53 0.725
Habitat/Biodiv ANOVA (Welch) | 0.994 6,9.529 0.481
Recreation ANOVA 0.380 6,53 0.888
Water ANOVA 0.627 6,53 0.708
Income Aesthetics ANOVA 2.328 4,61 0.066*
Air ANOVA 0.892 4,61 0.474
Habitat/Biodiv ANOVA 0.288 4,61 0.885
Recreation ANOVA (Welch) | 1.98 4,21.307 0.134
Water ANOVA 0.488 4,61 0.745
Age Aesthetics Pearson Corr. 0.186 64 0.135
Air Pearson Corr. -0.035 64 0.780
Habitat/Biodiv Pearson Corr. 0.067 64 0.591
Recreation Pearson Corr. 0.143 64 0.251
Water Pearson Corr. 0.228 64 0.066*
Land Ownership | Aesthetics t-test 0.117 64 0.907
Air t-test 0.853 64 0.397
Habitat/Biodiv t-test 1.675 64 0.106
Recreation t-test 0.128 64 0.898
Water t-test 0.068 64 0.946
State Residency | Aesthetics t-test 1.09 64 0.280
Air t-test 0.546 64 0.587
Habitat/Biodiv t-test 0.671 64 0.505
Recreation t-test 0.704 64 0.484
Water t-test 0.334 64 0.740

122




Table C.2: Global Moran’s Index results for the full distribution of mapped ES points and for each
ES individually. Significance levels: *90% **95% ***99%

ES Index Z-score p-value
All .045 2.87 .004%**
Aesthetics .059 2.60 .006%**
Air -.009 -.19 .84
Habitat/Biodiversity .02 1.1 27
Cultural Value -.01 -.39 .70
Food -.005 .03 98
Intellectual -.01 -23 .82
Existence Value -.002 .26 .79
Natural Materials -.01 -21 .83
Recreation -.001 15 .88
Social Interaction 2 1.08 28
Soil -.04 -1.31 .19
Spiritual .01 77 44
Water .01 43 .66

Table C.3: Correlations between weighted kernel density estimations. Red indicates strong positive
correlations, and blue indicates strong negative correlations.

Aesthetics | Air Cultural Education | Food Hak/Bio Mon-Use | Nat. Rec. Sadal Sail Spiritual
MMaterizl
Ar 0.49
Cultural wg‘ﬁ_‘_ ‘ 0.56
Bducatian: (|5 041 | 0.21
Feod 0.05 020 | 005 | 047
bablBio | g5 5g 0.52 | 0.46 0.41 0.13
Non-Use | g1 041 | 0.29 0.18 0.18 | 0.8
et -0.02 0.16 | -0.05 | 041 023 | 015 -0.13
Material
Hec 0.53 0.22 | 0.30 [ 065 026 | 0.49 0.08 0.22
soca) 0.58 0.21 | 0.36 0.13 0.62 | 059 014 | 002 0.37
Soil 0.45 036 | 032 0.50 029 | 0.40 0.24 0.05 0.50 0.29
Spirtual | g g 005 | -0.08 | 024 031 | 003 0.18 0.43 026 | 0.50
Warer 0.61 0.44 | 0.42 0.42 006 | 065 0.26 0.01 0.55 0.50 0.19
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Figure C.1: This map displays the results of the hotspot detection analysis. This analysis considered the maximum
wildfire hazard value for each 5km? hexagon grid cell in the study area. Red cells indicate significantly high maximum
hazard values when compared to neighbors. Blue cells indicate significantly lower maximum hazard values when
compared to neighbors.
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