Estimating the societal benefits from wildfire mitigation activities in a payments for watershed services program in Colorado
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Abstract: Payments for watershed services (PWS) programs are becoming a popular governance approach in the western United States (US) to fund forest management aimed at source water protection. In this paper we conduct a cost-benefit analysis (CBA) of one of the first collaboratively funded PWS programs in the US, located in the municipal watersheds servicing Denver, Colorado. We combine wildfire modeling, sediment modeling, and primary and secondary data on economic values to quantify the impact of the program on protecting multiple values at risk. Our results show that while the program has led to diverse societal benefits, it is only economically efficient (benefit-cost ratio greater than one) when all co-benefits beyond source water protection are considered and fuels treatments are assumed to encounter wildfire. When the probability of wildfire is accounted for, economic benefits would need to be triple what was estimated in our analysis to achieve economic efficiency. Our findings suggest that improving spatial prioritization of interventions would increase economic benefits and better data on treatment placement and costs would help facilitate future CBA of PWS programs focused on wildfire mitigation. 
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Highlights: (85 characters with spaces)
We model and value the benefits and costs of fuels treatments for a PWS program. 
The economic value to source water is between USD 4-42 million in the study area.
The economic value to co-benefits is between USD 24-100 million in the study area.
We find a generally positive but wide range of cost-benefit ratios for the program.
On-the-ground constraints in targeting lowered program efficiency. 



1. Introduction 
Severe wildfires can be costly to society, impacting human lives, communities and their infrastructure, and ecosystem services, including the provisioning of clean water (Kinoshita et al., 2018). Land management agencies implement hazardous fuels reduction and forest restoration treatments to restore ecological integrity and reduce wildfire risks to public lands and the communities that rely on these ecosystems (Stephens et al., 2021). Organizations in other sectors, especially municipal water providers, are increasingly realizing the risks that wildfires present and are partnering with land managers to invest in proactive efforts to reduce wildfire risk (Huber-Stearns et al., 2019). However, we know rather little about the societal benefits from these proactive wildfire risk reduction efforts. This paper draws on recent advances in wildfire risk modelling to conduct a cost-benefit analysis (CBA) of wildfire risk reduction in municipal watersheds. While a handful of previous studies have used prospective analyses to support the prioritization of future fuels treatments (e.g., Buckley et al., 2014; Kruse et al., 2016; Jones et al., 2017), there has been relatively little retrospective CBA of a completed program of work.
Wildfire is a natural ecological process that plays a key role in many ecosystems; however, wildfires also present considerable risks to communities and the past several decades have shown worrisome trends in increasing areas burned in high intensity fires as well as a growing host of impacts to communities and valued ecosystem services (Abatzoglou and Williams, 2016; Calkin et al., 2014; Stephens et al., 2016; Kinoshita et al., 2018; Parks and Abatzoglou, 2020). Climate change, coupled with the legacy impacts of a past emphasis on fire exclusion and expanding population living in the Wildland-Urban Interface (WUI), increases the risks that fires present (Calkin et al., 2014; Stephens et al., 2016). Forested lands in the western United States (US) encompass source watersheds for municipalities and agricultural producers, and wildfires that burn uncharacteristically large areas at high severities present significant threats to the ability of utilities to provide sufficient water quality and quantity (Rhoades et al., 2019; Robinne et al., 2020). Sedimentation from post-fire runoff and erosion damage watersheds (Cannon et al., 2010; Robinne et al., 2018). This reduces the reliability of water supplies for drinking and other downstream uses, and often requires costly reservoir dredging and infrastructure repairs (Lynch et al., 2004; Jones et al., 2017). Wildfires also directly impair water quality and may restrict use or increase treatment costs (Warziniack et al., 2017; Price and Heberling, 2018).
In addition to watershed function, forested watersheds provide other valued ecosystem services that are also vulnerable to uncharacteristically large and high severity wildfires. Some of these impacts include unhealthy air quality (Dittrich et al., 2020; Xu et al., 2020), lost recreation opportunities (Sanchez et al., 2016; Molina and Silva, 2019), loss of biodiversity (Horncastle et al., 2018; Geary et al., 2019), and increased greenhouse gas emissions (Hurteau et al., 2011; Krofcheck et al., 2017; Hurteau et al., 2019). In addition to these ecosystem service impacts, wildfires in the US lead to significant losses of homes and property (Alexandre et al., 2016; Kramer et al., 2019), large public expenditures on suppression and rehabilitation (Gebert et al., 2007; Loomis et al. 2019), and can lead to long-term economic losses for affected areas (Fox, 2016). While some studies have economically quantified impacts of fire to individual values at risk, few assessments have integrated the collective impacts of wildfires and associated benefits of wildfire mitigation across these different values at risk for the same program.
Forest managers can mitigate wildfire risks through fuels reduction activities, including prescribed burning and mechanical thinning, particularly in dry, frequent-fire forest types that have experienced land-use changes and fire exclusion. In addition to reducing fire risks to human values, these activities often have ecological benefits arising from forest restoration (Stephens et al., 2021). Fuels reduction treatments reduce surface fire intensity and crown fire to moderate the severity of fire impacts (Agee and Skinner, 2005; Reinhardt et al., 2008; Stephens et al., 2009) and, in some cases, increase the effectiveness of fire suppression (Moghaddas and Craggs, 2007). Decisions about where, when, and how much to employ wildfire risk mitigation benefit from understanding where on the landscape fire is likely to impact values at risk (Thompson and Calkin, 2011; Barros et al., 2019; Kreitler et al., 2020).
Fuels treatments are costly, particularly in areas where there are limited markets for small-diameter trees and other biomass materials (Reinhardt et al., 2008). Mitigating risks at meaningful scales requires significant investment, and innovative financing models have emerged to fund wildfire mitigation (Vogl et al., 2017; Romulo et al., 2018). These financing mechanisms fall under the broad umbrella of Payments for Watershed Services (PWS) programs, which often include water utilities, government actors, and non-governmental organizations collaboratively working to prioritize and fund investments in natural infrastructure (i.e., green infrastructure) to protect source water (Bennett et al., 2014; Huber-Stearns et al., 2015; Miller et al., 2017; Roberts et al., 2020). These PWS programs can also be labeled watershed partnerships, investment in watershed services (IWS) programs, and in some cases, water funds (Bennett and Reuf, 2016; Huber-Stearns et al. 2019; Roberts et al., 2020). In the western US, wildfires in the past several decades have spurred the formation of several PWS-like programs that bring together municipal water providers and state and federal forest management agencies to invest in natural infrastructure for societal benefits (Huber-Stearns et al. 2019; Roberts et al. 2020).
The purpose of this study is to estimate the management outcomes and cumulative societal benefits from investing in proactive wildfire mitigation by the Forests to Faucets (F2F) partnership, a PWS-like program, in the municipal watersheds serving Denver, Colorado (CO) metropolitan area. We conduct a CBA of actual F2F investments between the years 2011-2019, incorporating a wide range of non-market values at risk in the calculation of societal benefits from wildfire mitigation activities under the F2F partnership. This study was co-developed with F2F partners and reflects the values at risk that are a priority for the program. We combine wildfire modeling and biophysical modeling of impacts in a risk assessment framework to measure program outcomes, and apply economic valuation to quantify the benefits of proactively protecting source drinking water, natural resources, and community assets from intense wildfire compared to the costs of wildfire mitigation treatments. 
There are two main contributions of this work. First, in contrast to prospective CBA that optimize where investments should be made, retrospective CBA shed light on how on-the-ground realities influence watershed investments, leading to important policy insights. Second, we consider a more comprehensive suite of values at risk (i.e., co-benefits) in our analysis that reflect the priorities of these type of PWS programs beyond source water protection. As investments in wildfire mitigation continue to increase across the US, CBA is a useful method to quantitatively measure the benefits from investments across PWS and other wildfire mitigation programs as funders are increasingly being asked to go beyond measuring outputs (e.g., acres treated) to provide measures of overall program impacts. This paper contributes to a greater understanding of how fuels reduction activities affect wildfire and societal values at risk, and provides insights into how to improve the effectiveness of future strategic investments aimed at protecting source drinking water and co-benefits. 
1.1 Forests to Faucets Partnership 
Several wildfires in the watersheds surrounding the Denver metropolitan area signaled the vulnerability of the region’s water supplies to extreme fires. In May of 1996, the Buffalo Creek fire burned 11,600 acres at mostly high severity. An intense rainstorm later that summer caused extreme erosion, flooding, and transport of sediment and debris into reservoirs (Moody and Martin, 2001). Only six years later, the 2002 Hayman fire burned another 138,000 acres of the same watershed. The large areas burned at uncharacteristic severity contributed to widespread erosion, flooding, sedimentation, and water quality impacts during subsequent rainstorms (Fornwalt et al 2016). As a result, Denver Water (DW) spent more than USD 33 million on erosion control, rehabilitation, and dredging immediately following the fires (Lynch, 2004; Jones et al., 2017). After nearly a decade of reactive investments in watershed repair and fire mitigation, in 2010, DW and the US Forest Service (USFS) started collaborative efforts to strategically invest in proactive forest management through the F2F partnership. The partnership focuses on financing wildfire risk mitigation through fuels treatments on federal and non-federal lands that are important source areas for drinking water supplies. 
The F2F partnership began with a five-year agreement between 2011-2016. DW 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 extended the program, 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 complement the ongoing work on federal lands. While the majority of these funds are spent on proactive wildfire mitigation efforts (e.g., mechanical thinning), money is also allocated to reforestation in burned areas and noxious weed control in treated areas. Wildfire risk reduction efforts on federal lands are focused on the Arapaho-Roosevelt, Pike-San Isabel, and White River National Forests. Funds contributed by DW are focused primarily on previously identified zones of concern (ZOC) where wildfire is likely to have the greatest impact on their ability to deliver clean water (J.W. Associates, N.D.). While the primary goal of these investments is source water protection, DW and the USFS also prioritize benefits to community and environmental stewardship (i.e., co-benefits) as part of the F2F program.
2. Materials and Methods 
2.1 Study Area 
The full geographic extent for this assessment is the area within a five-mile buffer around DW’s collection system that directly influences drinking water supply and was the focus of F2F investments (Figure 1). The study area (Figure 1) covers about 3.8 million acres (1.5 million hectares) across ten counties and five HUC-8 (medium-sized river basin) watersheds. Three national forests make up 61% of the land area. While the 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 interstates and highways, and in dispersed developments in the foothills west of Denver and Boulder. 
<Figure 1 about here>
2.2 Wildfire Mitigation Activities and Costs
To characterize fuels treatment accomplishments, we assembled non-spatial data on the F2F program from DW and the USFS Region 2, and spatial data on F2F activities from the three participating National Forests as well as equivalent forest management activities from the USFS FACTS database. Across both spatial data sources, a total of 63,345 acres of fuels treatments were accounted for in the full study area over the years 2011-2019 (Figure 1 and Table 1). We use these >60,000 acres of fuels treatments across the full study extent to approximate the work on federal lands that has been completed in and nearby DW’s source watersheds. Just over 22,000 of the total treated acres that we mapped as part of the F2F program fall within DW’s ZOC. Fuels treatments identified in the spatial assessment were classified into general canopy and surface fuels treatment categories. These categories were used to estimate treatment effects on canopy and surface fuels, drawing from research in western US dry forests (Stephens and Moghaddas, 2005; Stephens et al., 2009; Fulé et al., 2012; Ziegler et al., 2017; Heinsch et al., 2018), and subsequent fire behavior and severity. While the longevity of fuels treatments is an ongoing area of research, we lengthen the estimate from Rhoades and Baker (2008) to a 25-year treatment effectiveness period to estimate benefits from wildfire mitigation activities based on studies that suggest fuels hazards reaccumulate slowly in this region of CO (Tinkham et al., 2016; Francis et al., 2018; Fialko et al., 2020). 
<Insert Table 1 near here>
Since F2F and USFS internal project reports did not provide a per acre fuels treatment cost, the costs of fuels treatment were estimated based on a combination of recent fuels treatment projects in the study area, published literature sources, and professional opinion. In general, fuels treatment costs vary by slope and accessibility, and estimates in the literature range between USD 1000 and USD 2500 per acre (Skog and Barbour, 2006, Hartsough et al., 2008, Buckley et al., 2014). Since the majority of fuels treatments considered in this assessment were located in areas with favorable access and operable terrain, we used an average fuels treatment cost estimate of USD 1000 per acre in this analysis. We assumed no additional maintenance costs over the duration of the assessment period. Additionally, we assumed no project revenue from biomass or merchantable timber since revenue from these sources is minimal in the study region (Addington et al., 2018). The total treatment costs used in this study are just over USD 63 million for the full study area extent and USD 22 million for treatments within ZOC between the years 2011-2019. 
2.3 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 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. 
2.4 Wildfire Behavior Modeling
2.4.1 Burn Probability
We report the effects of wildfire mitigation treatment in this paper as both: (1) benefits conditional on fire occurrence (CONDITIONAL on fire occurrence) and (2) expected benefits accounting for the probability of fuels treatments encountering wildfire over a 25-year fuels treatment effectiveness period (EXPECTED fire occurrence). The first scenario calculates wildfire mitigation treatment benefits assuming all 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 (with this probability varying spatially across the landscape). This wildfire probability or fire likelihood uses burn probability data 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). See Appendix A for more details on burn probability in our assessment. 
2.4.2 Fire Severity
We account for the effects of wildfire mitigation on changes to wildfire severity in this paper 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 and the resulting fire type predictions from FlamMap (Finney et al. 2015) which we use as a proxy for fire severity by mapping surface, passive crown, and active crown fire to low, moderate, and high severity, respectively. Baseline fuels conditions were represented with remotely sensed data products and fuels treatment effects were represented with stylized treatments based on classifications in Table 1. See Appendix A for details on how we modeled changes to fire severity in our assessment. The second scenario assumes wildfire severity is lowered one level for all treatments, unless already at low severity. The second scenario gives the forest manager the benefit of the doubt that an appropriate treatment was prescribed to lower fire severity one category. The assumed effectiveness scenario was added to this assessment because of uncertainty in both the baseline conditions and treatment intensity across the diverse fuels reduction projects in the analysis area.
2.5 Benefits Estimation 
A collaborative and deliberative process was used with F2F partners to determine which values at risk from wildfire to include in this assessment. With partners, we first identified a full list of values at risk that were of concern (Table 2) and then evaluated this list based on the likely magnitude of impact and the ability to model them. We were able to model and monetarily value impacts to: (1) reservoirs, diversions and conveyance infrastructure summarized under source water protection, and (2) property loss, recovery and rehabilitation costs, suppression costs, recreation, and endangered species values summarized under co-benefits. The data and methods used to analyze each value at risk are described below and in Table 3. 
<Insert Table 2 near here>
<Insert Table 3 near here>
2.5.1 Source Water Protection
The F2F program’s primary objective is source water protection, and this includes protection of reservoirs, diversions, and conveyance infrastructure; water quality; and hydropower facilities. To capture the major costs (Jones et al., 2017; Price and Heberling, 2018), we estimated potential post-fire reservoir sedimentation using hillslope erosion and sediment transport models, and we estimated debris flow impacts to pipeline corridors using predictive models of debris flow probability and volume. Water erosion is the primary process by which harmful contaminants are mobilized following fire (Smith et al., 2011, Abraham et al., 2017), so we also use the sediment quantity as a proxy for the magnitude of change in water quality and hydropower capacity.
2.5.1.1 Hillslope Erosion Impacts to Reservoirs and Diversions 
The potential mass of post-fire sediment delivered to reservoirs and diversions was modeled with linked hillslope erosion and sediment transport models as described in Gannon et al. (2019) with minor modifications. The National Hydrography Dataset Plus (NHDPlus) 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 fire severity (Larsen and MacDonald, 2007). Erosion was modeled at an annual rainfall erosivity corresponding to 10-year and 100-year return intervals of historical rainfall erosivity from 14 stations located within or nearby the study area (Perica et al., 2013; Wilson et al. 2018). RUSLE predicts gross hillslope erosion, so an empirical model of hillslope sediment delivery ratio from the Western US (Wagenbrenner and Robichaud, 2014) was applied with a local calibration 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 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. See Appendix B for more details on how we modeled hillslope erosion impacts in our assessment. 
2.5.1.2 Debris Flow Impacts to Conveyance Infrastructure 
Exposure of water conveyance infrastructure to debris flow was estimated 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. We delineated catchments to represent potential debris flow source areas above conveyance infrastructure. 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 fuels treatments influence the model via the percent area burned at moderate and high severity in the probability model and the area burned at moderate and high severity in the volume model. Variables related to topography and soils were held constant across scenarios. Debris flow was modeled for the local 10-year and 100-year return intervals, 60-min duration storms from the NOAA frequency-duration atlas (Perica et al., 2013; Wilson et al., 2018). See Appendix B for more details on how we modeled debris flow impacts in our assessment.  
2.5.1.3 Economic Value for Source Water Protection  
Because of the great diversity of infrastructure within DW’s system and the lack of previous studies on the avoided costs from preventing hillslope erosion and debris flows, we used focus group meetings with F2F partners to elicit primary information on avoided costs for source water protection in this study. Debris flow impacts to conveyance infrastructure were valued at a constant rate of USD 20 per m3 based on input from DW staff. Estimating the economic value of avoiding hillslope erosion was a two-part process. First, DW staff from multiple departments collaboratively rated the relative importance of sediment from hillslope erosion to their infrastructure (17 components in total) on a scale from 0 to 100 representing none to highest impact in three categories: water treatment, operations (includes reservoir, water delivery, and hydropower infrastructure), and stewardship (includes reservoir-based recreation). The three category relative importance values were then averaged into a composite importance value for each infrastructure component. The highest rated infrastructure component received a 97 and the lowest a 2, with an average importance rating of 25.
Next, to approximate the avoided cost of hillslope erosion impacts throughout the system we indexed these relative importance values for each infrastructure component to the estimated combined costs of: reservoir dredging, water treatment, lost hydropower generation, and lost water-based recreation. These monetary costs were estimated by DW staff based on past expenditures following wildfire and expected changes in the future. The combined maximum avoided cost was estimated at USD 150 per m3 of sediment. The bulk of this value comes from dredging costs, which were indexed at USD 130 per m3. This dredging cost is higher than in many other water systems across the US (e.g., Buckley et al., 2014) and reflects the fact that >80% of DW’s source water passes through a terminal reservoir that is particularly costly to dredge due to poor accessibility and steep slopes (Jones et al., 2017). The relative importance values for each infrastructure component were multiplied by the USD 150 per m3, which resulted in a range of avoided cost values for the 17 infrastructure components between USD 3-150 per m3, with a mean avoided cost of USD 39 per m3. 
2.5.2 Co-benefits
2.5.2.1 Non-Water Infrastructure 
The potential for fuels treatments to reduce building loss (private homes and DW’s utility buildings) was estimated using Price and Bradstock’s (2013) model of home loss probability based on landscape characteristics. This model predicts that home loss increases with increasing proportion of crown fire activity and forest cover within a one km radius buffer around the home, the density of structures within a 50 m buffer radius around the home, and local slope. These model predictions are consistent with observations that home loss in the US is most prevalent in environments with abundant wildland vegetation and where extreme fire behavior overwhelms suppression capabilities (Calkin et al., 2014; Syphard et al., 2019). We use the model to estimate avoided structure loss for a population of structures assuming that the sum of marginal changes in home loss probability across many structures will result in an equivalent quantity of avoided home loss. The avoided costs of property loss were calculated as the conditional probability of loss by structure and the product of the median housing value by census tract (US Census 2015) for private property (USD 350,000) or the median value of DW’s assets (obtained from DW). See Appendix C for more details on how we modeled property loss in our assessment.
2.5.2.2 Suppression Costs
	To estimate the potential influence of the F2F program on avoided suppression costs, we used Thompson et al.’s (2013) finding that a large fuels reduction program in a similar landscape could reduce area burned by 23% within a two-mile buffer of the treated area. First, we calculated the expected area burned within a two-mile radius of treatments and multiplied by 23% to estimate the avoided area burned by investing in wildfire risk mitigation. Wildland fire suppression expenditures between 1995 and 2004 were on average USD 800 per acre in 2004 dollars (Gebert et al., 2007). The estimates of avoided area burned were multiplied by USD 836 per acre (2011 dollars) to get the avoided suppression costs attributable to wildfire mitigation. 
2.5.2.3 Recovery and Rehabilitation Costs
	To estimate a monetary value for recovery and rehabilitation costs we used the estimated expenditures required to restore and reforest these ecosystems post-fire. USFS staff in the study area provided an estimate of USD 400-600 per acre tree planting costs. 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. 
2.5.2.4 Terrestrial Recreation 
To capture terrestrial recreation benefits from wildfire mitigation treatments, we focused on the potential impacts to hiking trails. Data on trails were gathered from a near-comprehensive trail map from CO Parks and Wildlife’s COTREX app (Colorado Parks and Wildlife, 2019). Impacted trails were defined by the length of trail that overlapped with high severity fire and we assumed that any trail closure due to wildfire would last for one complete season. We assigned economic value to the benefits these trails provide based on visitor demand and the avoided costs of repairing damaged trails. The total annual visitation for each national forest (USDA Forest Service Natural Resource Manager, 2016) 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 (USGS, 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 high severity fire (USDA Forest Service, 2014). The final sum of visitation value and repair/maintenance costs was about USD 40,000 per km of trail. This value was multiplied by the length of trail that avoided high severity fire.
2.5.2.5 Endangered Species
Given the ecological uncertainty in how wildlife, and thus people that value wildlife, may be affected by wildfire (Cherry et al., 2018; Horncastle et al., 2018; Geary et al. 2019), 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 CO that has been negatively affected by past wildfires. Habitat data are from USFS South Platte Ranger District. We calculated the area of habitat that would burn as high severity fire. 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).  
2.6 CBA Calculation and Economic Sensitivity Analysis 
Our risk assessment framework includes wildfire behavior modeling and benefits estimation for pre-mitigation treatment conditions (baseline conditions) and post-mitigation treatments for: (1) all mitigation activities within the full analysis extent (ALL treatments), and (2) only those mitigation activities within DW’s ZOC (ZOC treatments). We calculated the benefit-cost ratio for: (1) both study area extents (ALL and ZOC), and (2) four fire likelihood and treatment effectiveness modeling scenarios (CONDITIONAL/EXPECTED for fire likelihood and MODELED/ASSUMED for treatment effectiveness). For these eight sets of results, we present the benefit-cost ratio for source water protection only and for all values at risk. 
A benefit-cost ratio greater than one suggests that the societal benefits exceed the costs (Boardman et al., 2018). All dollars were converted to USD 2011 and a 3% discount rate was used following US federal guidelines (USEPA, 2014) and accounting for the nature of the long-term public goods provided by the F2F program (Arrow et al., 2013). We distributed treatment costs over the nine years of the F2F project (2011-2019). We distributed source water protection benefits and co-benefits over the full 25-year assumed treatment effectiveness period. 
Our four scenarios provide bookends in our CBA estimates by taking into account a range of assumptions about burn probability and fuels treatment effectiveness in the study area. Additionally, to account for uncertainty in monetary values we conducted a sensitivity analysis where we doubled and tripled the economic benefits from wildfire mitigation. This sensitivity analysis helps account for the values at risk identified by stakeholders (e.g., health, carbon) that we were not able to include in our benefit calculations and uncertainty in ascribed monetary values. 
3. Results 
3.1 Changes in Fire Severity from Wildfire Mitigation Treatments 
Potential burn severity varies widely due to differences in fuels and topography across the study area (Figure 3). 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. The greatest potential for active crown fire and high severity effects is in the low-to-mid elevation forests, especially where forest density is high and slopes are steep, due to high vertical connectivity between surface and canopy fuels. Our predictions are that fire is likely to burn 48.9% of the analysis area at low severity (surface fire), 24.5% at moderate severity (passive crown fire), and 17.3% at high severity (active crown fire), and the remaining 9.3% is in a non-burnable state, when modeled under extreme fuels moisture and fire weather (Figure 3).
<Insert Figures 2 and 3 near here>
When fuels treatment effectiveness is accounted for by modeling fuels treatment changes on baseline fuels and subsequent modeled fire behavior, 21,037 acres of the 63,345 acres treated in the ALL analysis extent saw reduced fire severity. In contrast, when forest treatments are assumed to be effective at changing categorical fire type and reducing fire intensity (e.g. active crown fire to passive crown fire, passive crown fire to surface fire), fire severity would be reduced on 44,268 acres. 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 modeled treatment effectiveness scenario. 
3.2 Changes in Values at Risk due to Wildfire Mitigation Treatments 
Based on the predicted reductions in fire severity attributed to wildfire treatments, we find that the economic benefits to source water protection due to protecting vegetative cover on the landscape come primarily from reducing sedimentation through hillslope erosion versus debris flows (Table 4). Assuming treatments encounter wildfire (conditional on fire occurrence) results in between USD 26-42 million in benefits to source water protection for the full study extent (ALL), depending on the assumptions around treatment effectiveness, and between USD 20-33 million within the ZOC, under a 100-year rainfall scenario. When accounting for the likelihood of treatments encountering wildfire over the 25-year time period (expected fire occurrence), the economic benefits to source water protection range between USD 4-7 million for the full study area (ALL) and USD 3-6 million for treatments carried out within the ZOC, following a 100-year rainfall scenario. Source water protection benefits are lower following a 10-year rainfall scenario: ranging between USD 2-15 million for the ALL study extent and USD 2-12 million for the ZOC (see Appendix D for these results). 
<Insert Table 4 near here>
The maximum estimated value of protecting co-benefits is around USD 100 million for the full study extent (ALL) conditional on fire occurrence, regardless of the assumptions around treatment effectiveness (Table 4). 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 value of co-benefits being protected is closer to USD 25 million for the full study area (ALL) and USD 16 million for the ZOC areas.
Suppression costs are the same for all four scenarios since they are based off total area burned estimates that do not vary by scenario (Table 4). Avoided suppression costs are around USD 17 million for the full study area extent (ALL) and USD 6 million within the ZOC. The value of avoided property loss is the largest economic benefit under conditional fire occurrence, at about USD 80 million for the full study extent (ALL) and USD 40 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. The economic value of protecting endangered species habitat from wildfire is about USD 200,000 conditional on fire occurrence. The economic benefit of protecting these values at risk drop considerably under expected fire occurrence, since the probability that treatments encounter wildfire is reduced. 
3.3 CBA of Wildfire Mitigation Treatments and Economic Sensitivity Analysis
In Table 5 we show the benefit-cost ratio of the F2F program on federal lands over the 25-year time period for our four scenarios and two study extents. For just source water protection, the ratio is only greater than one for the ZOC extent and the most optimistic scenario following a 100-year rainfall scenario: conditional fire occurrence and assumed treatment effectiveness. When co-benefit values are included, the ratio is greater than one for both study area extents (ZOC and ALL) and both scenarios that include treatment impacts conditional on encountering wildfire following a 10- or 100-year rainfall scenario. The benefit-cost ratio is around two for the ALL study area and as high as three within the ZOC extent for these two scenarios that are conditional on encountering wildfire. When burn probability is used to account for expected fire occurrence in the study area, the benefit-cost ratio remains less than one for both study area extents and both rainfall return intervals, even when all values at risk are quantified (i.e., source water protection plus co-benefits). 
<Insert Table 5 near here>
If the estimated monetary value of source water protection and co-benefits were doubled, due to additional economic benefits or higher monetary values for the benefits we included, the benefit-cost ratio would be greater than one for most ZOC study area extents following a 100-year rainfall interval (Appendix E). The range of estimated ratios would be 0.9-6.3 for the four scenarios. It would take a tripling of the estimated economic benefit value for the ratio to be greater than one for the full study extent (ALL) when considering source water protection and co-benefits, with the ratio ranging between 1.0-5.8 in the four scenarios. If the F2F program only considered source water protection as the benefit of fuels treatments, a tripling of that economic value would lead to a benefit-cost ratio greater than one in the ZOC and ALL study extents for scenarios that assume all treatments encounter wildfire (conditional on fire occurrence). However, the ratio would remain below one for the scenarios that consider expected fire occurrence. Similar patterns hold were found under a 10-year rainfall interval (results not presented). 
The wide range of values in our CBA across our four scenarios and two study extents (Table 5 and Appendix E) reflect the sources of uncertainty in modeling wildfire and fuels treatments in our assessment, and should be considered as bookends on the range of societal benefits from the F2F program to date. Sources of uncertainty reflect broader complexities in assessing wildfire risk reduction programs given the inherent stochasticity of wildfire occurrence and severity, the uncertainty around treatment effectiveness in reducing burn severity, the uncertainty around rainfall intervals and sedimentation, and incorporates the real world variety of unique priorities and different risk tolerances of PWS program investors.   
4. Discussion 
4.1 Societal Benefits from PWS Programs Focused on Wildfire Mitigation 
PWS programs have been promoted as innovative financing mechanisms to increase the provision of public goods while at the same time improving the economic efficiency of conservation investments (Engel et al., 2008; Bennett et al. 2014; Huber-Stearns et al., 2015; Wunder, 2015; Bennett and Reuf, 2016). The assessment of PWS globally suggests that while these programs do lead to increases in public goods, economic efficiency is often challenged by the ability for real-world programs to be implemented in the places that would lead to the greatest benefits to ecosystem services at lowest cost (Samii et al., 2014; Börner et al., 2017). A common conclusion is that better spatial targeting—either to areas with the highest risk of being lost or areas with the highest value of ecosystem services—is needed (Guo et al., 2020). Our results are in line with these conclusions: in a PWS program in the western US aimed at reducing severe wildfire we find that public goods are being provided to society but that there are wide bookends around measures of economic efficiency, depending on the assumptions used in our modeling approach.
In our full study area, the expected total benefits for source water protection and co-benefits from fuels treatments (not considering treatment costs) range between USD 26-149 million, the two bookends of our modeling assumptions, following a 100-year rainfall scenario. This results in a benefit-cost ratio greater than one from the F2F partnership in the full study area and the ZOC areas, conditional on fuels treatments encountering wildfire over the 25-year time period. This suggests that F2F investments are economically efficient when they encounter wildfire. However, it is unlikely that all wildfire mitigation areas will experience wildfire over a 25-year period and the benefit-cost ratio is less than one for the F2F partnership when the probability of treatments encountering wildfire are modeled. This highlights the inherent challenge facing PWS programs investing in wildfire mitigation: the likelihood of fuels treatments encountering a wildfire is highly uncertain. However, different PWS investors will have different risk tolerances around wildfire and thus presenting a range of scenarios is key for informing policy decisions. 
Accounting for burn probability and proximity to values at risk can help improve economic efficiency of wildfire mitigation investments and ensure that all priority values are considered (Thompson and Calkin, 2011; Barros et al., 2019; Kreitler et al., 2020). Spatial optimization was used by F2F partners to prioritize investments within ZOC and we do find larger economic returns within these areas. Specifically, within the ZOC, the benefit-cost ratio is more than two times larger than in the full study area extent for source water protection. However, even within ZOC, not all investments were targeted to the highest priority areas, indicating other factors influenced where investments were made that lowered the efficiency. Furthermore, within these ZOC, we rarely found a benefit-cost ratio greater than one when considering source water protection as the sole benefit of the PWS program. This lower economic return from source water protection has been found in other avoided cost work on wildfire mitigation in the Sierra Nevada of California (Buckley et al., 2014). Thus, while source water protection outcomes could be improved further in the F2F partnership using targeting, it is also important to account for all co-benefits from these programs. These multiple benefits reflect not only societal preferences but the preferences and motivations that influence many organizations to get involved in these types of collaboratively-funded PWS programs (de Lima et al., 2019; Roberts et al., 2020). 
One caveat to the above conclusion about the benefits we measured to source water protection is that our analysis includes both treatments collaboratively planned as part of the F2F partnership, and also other USFS treatments in areas inside and outside of ZOCs, including ones that align with broader restoration goals of partners. The intent of many of these treatments was ecological restoration, or to bring forest conditions from an altered state to a restored state where forest structure and species composition aligned with historic reference conditions (Addington et al., 2018). These restoration treatments would have some benefits for reducing wildfire risk to source watersheds. However, the ecological benefits of these treatments would not be entirely captured in the CBA methods employed in this analysis. This balance between the direct focus on hazardous fuels reduction to protect source watersheds and other values at risk, and the broader emphasis on ecological forest restoration, may have the effect of driving down the CBA of the F2F program in the full study extent (Stephens et al., 2021). It also highlights the importance of balancing priorities across organizations in partnerships that strategically share the costs for mutual benefit.
The caveat above reflects findings from a review of watershed partnerships in the US that found that implementing PWS projects on federal lands with multiple parties necessarily face tradeoffs in where investments are made due to accessibility, divergent priorities across partners, land tenure, and environmental permitting requirements (USDA, N.D.). These implementation challenges are important to keep in mind when evaluating PWS programs from an economic perspective, and are some of the reasons why retrospective CBA, such as this one, may not find the same level of efficiency that prospective CBA suggest can be achieved. These factors are hard to anticipate and capture in prospective modeling frameworks. While accessibility can be factored into spatial prioritization models through variables such as distance to roads and slopes, the spatial scale at which optimization occurs may not match conditions on the ground. 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. The success of collaborative-PWS programs depends on partners prioritizing and funding mutually-beneficial projects (Miller et al., 2017; Roberts et al., 2020), but these negotiations can lead to tradeoffs in achieving any single objective. Additionally, while PWS investments to federal lands may reduce some of the land tenure challenges that occur on private lands (e.g., Brenkert-Smith et al., 2012), National Environmental Policy Act (NEPA) requirements and timelines can limit or slow down where fuels treatments occur.
4.2 Assessing Performance of Future PWS Investments in Wildfire Mitigation
In this study, we utilized state-of-the-art wildfire and sedimentation modeling, stakeholder input into quantifying the economic value of benefits, and best practices such as sensitivity analysis around uncertainties, to assess the efficiency and effectiveness of the F2F program. The wide bookends on the range of societal benefits from F2F program investments articulates different risk management tradeoffs in a common unit (dollars) that can inform future PWS investments and policies. Our biophysical process based analysis linked with stakeholder prioritization highlighted that certain values at risk have more capacity to accept some amount of fire-related impacts without their value or function being compromised, while other resources are inherently more sensitive to potential impacts or have narrower thresholds to remain functional. Applying biophysical process based analysis, coupled with economic valuation, to measure outcomes of forest and fire management activities helps identify not only the areas of highest risk, but where strategic investments can have the biggest bang for the buck to mitigate that risk. 
	One potential area of improvement in future CBA or biophysical process based analysis of wildfire mitigation programs would be to assess how climate change will affect expected benefits. While many western US forests are in a fire deficit and would benefit from additional ecologically appropriate fire, studies document an increase in burned area in the western US attributable to climate change over the past couple of decades, including increased fire severity and impacts to watershed processes, and this trend is expected to continue at least in the near future (Abatzoglou and Williams, 2016; Holden et al., 2018; Parks and Abatzoglou, 2020). As such, our model may underestimate the benefits of the F2F program if the modeled burn probability and severity based on historic fire activity is substantially lower than is predicted for the future (Litschert et al., 2012). This may be particularly important for the higher elevation forests in the study area, where fire is thought to be primarily climate limited (Schoennagel et al., 2004). The combination of increased fire season length due to changing climate and more passive fire suppression tactics, especially in higher elevation forests (Moriarty et al, 2019), support anecdotal evidence from 2020’s historic fire season in CO that suggests fires burning in high elevation areas may increase. For example, the two largest wildfires on record (the Cameron Peak and the East Troublesome Fire) both burned large amounts of high elevation forests with similar species composition to high elevation areas in the study area. However, there is still little known about fuels treatment effectiveness in these higher elevation forests under extreme weather conditions. 
	A relatively inexpensive but important improvement that could be made for future CBA of PWS programs in the western US would be to invest in better accounting of forest management actions that document pre- and post-treatment canopy and surface fuels conditions, as well as document treatment activities and tracking of costs. The F2F program has funded pre- and post-treatment effectiveness monitoring of fuels and stand conditions on a subset of recent projects within the study area. Our modeled assumptions of treatment effectiveness generally align well with these on the ground measures of treatment outcomes in lower montane forest types (Ziegler et al., 2017; Barrett et al., 2020; Fialko et al., 2020; Slack et al. 2021). However, this kind of monitoring is incomplete across the range of treatments, and rare among other PWS programs. In our study, we modeled treatment effectiveness using remotely sensed data to represent baseline conditions and had to use stylized treatment effects to approximate treatment outcomes due to lack of documentation about what kinds of activities occurred in each treatment and the intensity of vegetation management. Additionally, all of the fuels treatments financed by the project were not explicitly linked to spatial data, requiring us to use multiple databases to assemble a complete representation of program investments. Finally, projects should clearly document treatment costs so that accurate cost data can be linked to treated parcels. In this study we had to adopt an average treatment cost per acre, but more detailed and consistent information that include treatment costs broken down by activities such as planning, implementation or contractor costs, rehabilitation, and fuels management, would allow a better comparison of how best to allocate scarce financial resources to fuels treatment projects.
5. Conclusion
Only a handful of CBA have been conducted for PWS programs in the US and the majority of these are prospective analyses. Prospective evaluations have the advantage of targeting fuels treatments to the most effective places on the landscape, whereas retrospective analyses such as this one indicate how on-the-ground realities influence program benefits and costs. While our results suggest that the F2F partnership is providing a number of societal benefits, it also finds that improved spatial optimization of fuels treatments could increase societal benefits. Our findings also reflect that it is important to measure the diverse values at risk (i.e., co-benefits), in addition to source water protection, to accurately reflect the management outcomes and societal benefits from wildfire mitigation activities in PWS programs. No one organization should have to pay the entire bill for forest management, and the cost-sharing inherent in programs like the F2F partnership are a good deal for the partners and society. Moving forward, prioritizing fuels treatments to benefit source water protection and other priority co-benefits in advance and using this information to negotiate mutually-beneficial projects that remain cost-effective across all partners will be important to improve the overall benefits of the F2F program and similar PWS programs.  
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Table 1: Wildfire mitigation treatments by canopy (bold) and surface fuel (grey italics) type reported in acres for the years 2011-2019.
	Reported Canopy and Fuel Treatment Type 
	Total

	Mechanical Thinning
	35,296

	No surface fuel modification
	26,711

	Lop and scatter
	808

	Manage fuel
	7,018

	Masticate
	759

	Prescribed Fire
	11,190

	Thinning + Prescribed Fire
	2,873

	Clear cut
	9,639

	No surface fuel modification
	1,296

	Lop and scatter
	402

	Manage fuel
	7,728

	Masticate
	212

	No Canopy Manipulation
	4,348

	Lop and scatter
	356

	Manage fuel
	3,647

	Masticate
	344

	Total
	63,345





Table 2: Full list of values at risk from wildfire events identified with Denver Water and USFS staff.
	Value Category
	Potential Values at Risk 

	Source Water Protection
	Reservoirs and diversions

	
	Conveyance infrastructure 

	
	Hydropower generation

	
	Water quality and treatability due to turbidity/TSS, manganese, and other chemicals (TOC, N, P)

	Co-benefits
	Non-water infrastructure (private homes, utility buildings)

	
	Wildfire suppression costs

	
	Post-fire recovery and rehabilitation costs

	
	Public health impacts

	
	Recreation

	
	Wildlife

	
	Timber

	
	Carbon storage and sequestration 






1

Table 3: Biophysical modeling and benefit estimation approach for values at risk from wildfire events included in this analysis.
	Value Category
	Values at Risk 
	Biophysical Modeling & Data Sources
	Economic Value & Data Sources

	Source Water Protection
	Reservoirs and diversions
	Total sediment delivered to reservoirs and diversion points was estimated with models of hillslope erosion and sediment delivery ratios (Gannon et al., 2019). 
	Maximum avoided cost of USD 150 per m3 derived from focus groups with F2F partners. This value was indexed to specific infrastructure components by expert ranking of the importance of each infrastructure component to source water protection. Indexed values range from USD 2-150 per m3 with a mean of USD 39 per m3.

	
	Conveyance infrastructure
	Total sediment delivered to pipeline and canal conveyance infrastructure was estimated with the USGS debris flow model (Cannon et al., 2010) and a channel sediment delivery ratio model.
	Avoided cost of USD 20 per m3 derived from focus groups with F2F partners.

	Co-benefits
	Non-water infrastructure (private homes, utility buildings)
	Conditional probability of home loss and other buildings estimated using landscape characteristics (Price and Bradstock, 2013).
	Median housing value by census tract (USD 350,000) and asset value for Denver Water’s utility buildings from Denver Water.

	
	Wildfire suppression costs
	Avoided acres burned due to wildfire mitigation estimated using Thompson et al.’s (2013) 3.2-km buffer avoided suppression costs estimate.
	Average wildfire suppression expenditures estimated as USD 2,066 per hectare in 2011 dollars from Gebert et al. (2007). 

	
	Post-fire recovery & rehabilitation costs
	Acres burned in active crown fire used as a proxy for high severity burned area that would need reforestation and recovery effort.
	Average per acre tree planting cost of USD 1,235 per hectare from USFS staff interview. 

	
	Terrestrial recreation
	Length of trails (km) that overlapped with active crown fire estimated from state trails data (Colorado Parks & Wildlife, 2019). 
	Average USD 40,000 per km of trail estimated based on a combination of visitor willingness to pay studies (US Geologic Survey, 2019) and trail maintenance/repair costs (USDA Forest Service, 2014). 

	
	Endangered species
	Acres of habitat of Pawnee Montane Skipper that overlapped with active crown fire estimated. Habitat data from USDA Forest Service South Platte Ranger District.
	USD 280 per hectare value based on estimated values for other species from wildfire (Molina et al., 2019). 







Table 4. Wildfire behavior and fuels treatment effectiveness scenarios considered in cost-benefit calculations. 
	Scenarios
	ALL Treatments: treatments that were carried out in the full study area extent (Figure 1).
	ZOC Treatments: treatments that were carried out in Denver Water’s Zones of Concerns (Figure 1).

	Conditional fire occurrence + Assumed treatment effectiveness
	This scenario calculates treatment benefits assuming fire will occur and assumes that wildfire severity is reduced in all areas where treatments were carried out.

	Conditional fire occurrence + Modeled treatment effectiveness
	This scenario calculates treatment benefits assuming fire will occur, and models changes to wildfire severity based on the modeled change in fire behavior due to treatment type.

	Expected fire occurrence + Assumed treatment effectiveness
	This scenario calculates the expected treatment benefits accounting for the probability of encountering wildfire over a 25-year effectiveness period (i.e., risk reduction) and assumes that wildfire severity is reduced in all areas where treatments were carried out.

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




Table 5: Total economic benefits to source water protection and co-benefits over a 25-year timeframe (following 100-year rainfall return interval for source water protection benefits).
	Value at Risk
	Monetary Value (1,000 USD)

	
	ALL Treatments
	ZOC Treatments

	
	Conditional on Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	41,600
	32,600

	Reservoirs & diversions
	41,100
	32,100

	Conveyance infrastructure
	491
	459

	Co-benefits
	109,400
	59,400

	Property loss
	81,300
	41,800

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	5,600
	3,100

	Recreation
	2,900
	1,100

	Endangered species habitat
	233
	214

	
	Conditional on Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	25,900
	19,600

	Reservoirs & diversions
	25,600
	19,400

	Conveyance infrastructure
	321
	244

	Co-benefits
	103,100
	57,600

	Property loss
	75,800
	40,400

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	5,100
	2,800

	Recreation
	2,600
	1,000

	Endangered species habitat
	222
	203

	
	Expected Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	6,900
	6,000

	Reservoirs & diversions
	6,900
	6,000

	Conveyance infrastructure
	11
	10

	Co-benefits
	24,700
	15,700

	Property loss
	4,100
	1,900

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	867
	534

	Recreation
	299
	115

	Endangered species habitat
	52
	49

	
	Expected Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	3,900
	3,300

	Reservoirs & diversions
	3,900
	3,300

	Conveyance infrastructure
	7
	6

	Co-benefits
	24,100
	15,500

	Property loss
	3,600
	1,800

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	800
	500

	Recreation
	270
	101

	Endangered species habitat
	49
	46





Table 6: Benefit-cost ratio for the F2F program on federal lands from protection of source water (following 10-year or 100-year rainfall return interval) and co-benefits. CBA conducted over a 25-year time frame and a 3% discount rate. 
	
	10-year Rainfall Return Interval

	
	ALL Treatments
	ZOC Treatments

	
	Conditional on Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	0.27
	0.63

	+ Co-benefits
	1.67
	2.58

	
	Conditional on Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	0.20
	0.47

	+ Co-benefits
	1.52
	2.35

	
	Expected Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	0.04
	0.12

	+ Co-benefits
	0.34
	0.43

	
	Expected Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	0.03
	0.08

	+ Co-benefits
	0.32
	0.39

	
	100-year Rainfall Return Interval

	
	ALL Treatments
	ZOC Treatments

	
	Conditional on Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	0.54
	1.22

	+ Co-benefits
	1.94
	3.14

	
	Conditional on Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	0.34
	0.73

	+ Co-benefits
	1.65
	2.61

	
	Expected Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	0.09
	0.23

	+ Co-benefits
	0.38
	0.54

	
	Expected Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	0.05
	0.12

	+ Co-benefits
	0.34
	0.43



 







Figure 1: Study area consisting of an 8-km buffer around the extent of Denver Water’s collection system and summary of wildfire mitigation treatments on federal lands within Denver Water’s zones of concern (ZOC) and outside the ZOC used in this assessment.





Figure 2: Mean annual burn probability for baseline conditions modeled with FSim from Short et al. (2020).
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Figure 3: Crown fire activity (CFA) modeled for baseline conditions in the full study extent. We used CFA, a prediction of fire type in categories of surface fire, passive crown fire, and active crown fire, as a proxy for low, moderate, and high severity burning, respectively.




Appendix A. Additional details on wildfire modeling

Burn probability
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 treatment effectiveness period (EXPECTED fire occurrence). The first scenario calculates wildfire mitigation treatment benefits assuming all 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 (with this probability varying spatially across the landscape). This wildfire probability or fire likelihood uses burn probability data 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 Eq. A.1.

				Equation A.1
Fire severity
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 A.1 and A.2 and the resulting fire type predictions from FlamMap (Finney et al., 2015) which we use as a proxy for fire severity. 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 they prescribed an appropriate treatment to reduce fire severity one category. The assumed effectiveness scenario was added to this assessment because of uncertainty in both the baseline conditions and treatment intensity across the diverse projects in the analyfsis area.
Fire behavior was modeled for each fuel treatment scenario with FlamMap 5.0. 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 (TL5) and lowering canopy base height by 30%. Fuel treatment activities were classified into general canopy and surface fuel types for modeling. Canopy fuels were then modified by treatment type with proportional adjustment factors (Table A.1) and surface fuels were modified by treatment type with FBFM reclassifications (Table A.2) informed from research in western US dry forests and professional opinion (Stephens and Moghaddas, 2005, Stephens et al., 2009, Fulé et al., 2012, Ziegler et al., 2017, Heinsch et al., 2018).
Table A.1: 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 A.2: 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 fuels management reduces activity fuels generated by tree cutting

	None
	No fuels management reported
	Assumed not to change because either no fuels management was needed, or it was not yet reported

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

	Re-arrange
	Lop and scatter, mastication
	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 A.3). These settings were chosen 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 and 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 A.3: 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





Appendix B.  Additional details on source water protection modeling
[bookmark: _Toc52373401]Sediment impacts to reservoirs and diversions
The potential mass of post-fire sediment delivered to reservoirs and diversions was modeled with linked hillslope erosion and sediment transport models as described in Gannon et al. (2019) with minor modifications. The National Hydrography Dataset Plus (NHDPlus) watershed network (USEPA and USGS 2012) was used as the basis for the analysis. It consists of the medium resolution NHD flowlines and catchments representing the associated upland contributing areas. Hillslope erosion and transport were first modeled to predict post-fire sediment delivery to the channel network. Channel sediment transport was then modeled to predict post-fire sediment delivery to water infrastructure. Because the impacts to source water post-fire decline rapidly after three years (Smith et al., 2011; Wilson et al., 2018), we consider the first three post-fire years when accounting for physical impacts to source water protection.
Post-fire increase in hillslope erosion was predicted with a Geographic Information System-based implementation (Theobald et al. 2010) of the Revised Universal Soil Loss Equation (RUSLE) (Renard et al. 1997). RUSLE is an empirical model of annual gross erosion based on the product of factors representing rainfall erosivity (R), soil erodibility (K), cover (C), length and slope (LS), and support practices (P). Given the objective to model unmitigated erosion potential, no support practices were considered. To account for uncertainty in post-fire rainfall, erosion was modeled at two levels of annual rainfall erosivity –1280 and 5418 MJ mm ha-1 h-1 – corresponding to the 10 and 100-year return intervals of historical rainfall erosivity from 14 stations located within or nearby the study area (Perica et al. 2013). The rainfall data used here were processed into rainfall erosivity for a separate study of rainfall thresholds for erosion (Wilson et al. 2018). Baseline soil erodibility was described using attributes of the top 15 cm of the soil horizon from SSURGO and as needed from STATSGO to fill missing data (NRCS Soil Survey Staff 2016). Baseline cover was assigned according to previous reports of cover factor values by vegetation type from the literature as described in Gannon et al. (2019). The combined length and slope factor was calculated using ArcGIS 10.3 (ESRI 2015) for terrain analysis of a 30 m digital elevation model per Winchell et al. (2008) with modifications to restrict hillslope lengths to 300 m and LS factor values to 72.15 as suggested in Renard et al. (1997). Fire effects on cover and soil erodibility (Table B.1) were quantified by burn severity using locally relevant empirical observations from Larsen and MacDonald (2007). The increase in first year post-fire erosion was estimated by differencing baseline (no subscript) and burned (b subscript) erosion estimates (Eq. B.1).
					Equation B.1
[bookmark: _Ref39824164]
Table B.1: The C factor is adjusted for forests by assigning the mean post-fire C from Larsen and MacDonald (2007). Proportional adjustments in C are applied to other vegetation types. The K factor is incrementally raised to a two factor increase at high severity to approximate the estimated increase in K from Larsen and MacDonald (2007).
	Burn severity
	C factor remap for forests
	C factor proportional adjustment for non-forest
	K factor proportional adjustment

	Low
	0.01
	1.20
	1.50

	Moderate
	0.05
	1.50
	1.75

	High
	0.20
	2.00
	2.00



First year erosion increases were restricted to the approximate maximum of 200 Mg ha-1 y-1 observed at hillslope scales in the western US (Moody and Martin 2009). Post-fire erosion over the multiple years of recovery was estimated with an empirical multiplication factor of 2.1 based on estimates of sediment yield with recovery under constant rainfall based on data presented in Benavides-Solorio and MacDonald (2005) and Pietraszek (2006). It should be noted that this simple approach to estimating multi-year sediment yields assumes the same rainfall erosivity three years in a row, which is unlikely.
RUSLE predicts gross hillslope erosion, so an empirical model of hillslope sediment delivery ratio (hSDR) from the western US (Wagenbrenner and Robichaud 2014) was used to estimate the proportion of sediment delivered to the stream network as a function of distance to stream. First, the stream network was expanded for this analysis to include pixels with a contributing area ≥ 10.8 ha (Henkle et al. 2011) because the moderate resolution flowlines do not capture many of the smallest tributaries that are important for sediment transport after wildfire. Flow path length to the expanded channel network was calculated for each pixel using ArcGIS 10.3 (ESRI 2015). The annual length ratio model from Wagenbrenner and Robichaud (2014) was used to model hSDR for each pixel using the flow path length to the nearest channel as the “catchment length” and the flow path length across the pixel as the “plot length” (Eq. B.2). The resulting catchment net sediment yields fell far short of post-fire observations from the South Platte Watershed (Robichaud et al. 2008, 2013b), so we doubled the predicted SDR as a rough calibration to the limited field observations. This increased the maximum hSDR from 0.27 to 0.54 for areas near streams and it increased the minimum hSDR from 0.01 to 0.02 for locations furthest from streams. Channel pixels were assigned a hSDR of one.
 	Equation B.2
[bookmark: _Hlk29972817]Channel transport was modeled with a channel sediment delivery ratio (cSDR) model (Frickel et al. 1975) adapted for channel types in the study watersheds. At the time scale of years, some sediment should be stored in floodplains or channels, thus most channels will have cSDR < 1. Observations of the South Platte Watershed after the Buffalo Creek Fire suggest sediment transport increases in efficiency with slope and discharge (Moody and Martin 2001), which is consistent with empirical bedload sediment transport models based on shear stress or stream power. To approximate this effect, we assign cSDR per 10 km of channel length to 3rd and lower order flowlines in the NHDPlus network based on channel gradient as described in Table B.2. Fourth and higher order flowlines were assigned a uniform cSDR of 0.95 per 10 km of channel length to reflect that the high flows in these channels have sufficient transport capacity to move gravel and finer sediment (Moody and Martin 2001). These category cSDRs are then used to calculate the proportional throughput of the flowline using Eq. B.3 based on the flowline length.
  				Equation B.3
We also account for sediment storage in lakes and reservoirs as a function of waterbody surface area from NHDPlus as described in Table B.3 to reflect that trapping efficiency generally increases with waterbody size.
[bookmark: _Ref33527653][bookmark: _Ref39588703]Table B.2: Channel sediment delivery ratio (cSDR) per 10 km of channel length by slope class.
	Slope
	cSDR

	rise/run
	

	0 – 0.01
	0.850

	0.01 – 0.05
	0.900

	0.05 – 0.10
	0.925

	0.10 – infinity
	0.950



[bookmark: _Ref33527666]Table B.3: Waterbody trapping efficiency by waterbody area and associated channel sediment delivery ratio (cSDR).
	Surface Area
	Trapping Efficiency
	cSDR

	km2
	proportion
	

	0 – 0.002
	0.10
	0.90

	0.002 – 0.010
	0.50
	0.50

	0.010 – 0.100
	0.90
	0.10

	0.100 – infinity
	0.95
	0.05



Potential post-fire increase in sediment delivery to infrastructure was calculated by combining predictions of the multi-year increase in sediment from hillslope erosion, proportion of hillslope sediment that is transported to the channel network, and the proportional sediment throughput calculated along the channel flow path connecting the catchment to downstream water supplies. First, the total post-fire sediment delivery to streams (TS) is calculated as the sum product of first year post-fire erosion (Ay1) and hillslope sediment delivery ratio (hSDR) for the N pixels in the catchment, multiplied by the empirical correction factor (2.1) to estimate erosion over the multiple years of increased erosion (Eq. B.4).  
						Equation B.4
Then, potential sediment delivery to the infrastructure (TI) is calculated as the sum of TS for all O upstream catchments and the product of cSDR for all P flowlines connecting catchment j to the infrastructure (Eq. B.5).
						Equation B.5
Sediment costs were then estimated by translating the mass of sediment delivered to infrastructure (TI) using a sediment bulk density conversion of 1.6 Mg per m3 and the normalized sediment costs in USD per m3 by indexing the infrastructure relative importance weight against the relative importance weight and dredging costs assigned to Strontia Springs Reservoir (Eq. B.6). 
					Equation B.6
[bookmark: _Toc52373402]Debris flow impacts to conveyance infrastructure
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. 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). We combined the USGS empirical debris flow model with a channel sediment delivery ratio transport model for catchments that do not directly contribute to the conveyance structures. The USGS debris flow model is a catchment scale model. Appropriate catchments were delineated to represent potential debris flow initiation zones using the hydrology toolset in ArcGIS 10.3 (ESRI 2015). First, catchments between 5 acres (2 ha) and 494 acres (2 km2) in size that directly contribute to the conveyance system were identified. No channel transport is modeled for these catchments. The remaining areas were delineated into a flowline and catchment watershed network using a target contributing area size of 1 km2. 
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. The probability model is described in Eq. C.7 and C.8 with variable definitions in Table B.4.
 			 										Equation B.7
 									Equation B.8
The volume model is described in Eq. B.9 with variable definitions in Table B.4.
		Equation B.9

[bookmark: _Ref33537341]Table B.4: Variable definitions, sources, and processing methods for the USGS debris flow model.
	Variable
	Definition
	Source and processing

	%SG30
	Percent of catchment ≥ 30% slope
	Calculated from 30-m digital elevation model

	R
	Ruggedness, calculated as change in catchment elevation (m) divided by the square root of the catchment area (m2)
	Calculated from 30-m digital elevation model

	%AB
	Percent of catchment burned at moderate or high severity
	From FlamMap modeling in this study

	I
	Average storm intensity (mm h-1)
	From NOAA frequency duration atlas (Perica et al. 2013)

	%C
	Percent clay content
	From top 15 cm of soil from SSURGO and/or STATSGO (NRCS Soil Survey Staff 2016) 

	LL
	Liquid limit
	From top 15 cm of soil from SSURGO and/or STATSGO (NRCS Soil Survey Staff 2016)

	SG30
	Area (km2) of catchment ≥ 30% slope 
	Calculated from 30-m digital elevation model

	AB
	Area (km2) of catchment burned at moderate or high severity
	From FlamMap modeling in this study

	T 
	Total storm rainfall (mm)
	Same as intensity from NOAA frequency duration atlas (Perica et al. 2013) for one-hour storm duration



For catchments that do not directly contribute to the conveyance infrastructure, debris was routed down the flowline network using the same methods described in the reservoir sedimentation section with modification of channel sediment delivery ratios to reflect that debris flow constituents larger than gravel will not transport efficiently through the low order streams in these watersheds (Table B.5).
[bookmark: _Ref33537465]Table B.5: Channel sediment delivery ratio (cSDR) per km of channel length by slope class.
	Slope
	cSDR

	rise/run
	

	0 – 0.01
	0.800

	0.01 – 0.05
	0.900

	0.05 – 0.10
	0.950

	0.10 – infinity
	0.975



To communicate uncertainty in debris flow occurrence and volume, debris flow was modeled for 60-min duration storms with 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 debris flow volume (m3) conditional on burning as the product of debris flow probability (Eq. B.7 and B.8) and potential debris flow volume (Eq. B.9). In reality, debris flows will either occur or not and their volumes would be best predicted by Eq. B.9 alone. 
In contrast to hillslope erosion, we do not account for the potential for multiple debris flows from the same basin over multiple years. DeGraff et al. (2015) found that 71% of all debris flows occur within six months of a fire and 85% occur within twelve months of fire. Those basins that took longer to experience debris flow (generally ≤ 18 months) were not exposed to rainfall of sufficient intensity to initiate debris flows during the first rainfall season after fire.



Appendix C. Additional details on property loss modelling

The potential for fuel treatments to reduce structure 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 this 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 for a population of structures assuming that the sum of marginal changes in home loss probability across many structures will result in an equivalent quantity of avoided home loss. 
Individual structure location data from Microsoft (2018) were used to represent building locations across the analysis area. This dataset includes 271,081 buildings within the analysis area. These structures were attributed with the median value of owner-occupied housing units by US Census tract (2015). The mean value assigned to structures for the analysis was approximately 350,000 USD and the range was from 115,700 to 875,700 USD. The probability of home loss conditional on wildfire exposure was calculated per Price and Bradstock (2013) as described in Eqs. C.1 and C.2 with variable definitions in Table C.1.

 	 									Equation C.1

 									Equation C.2

Conditional home loss value was calculated as the product of the median housing value and conditional probability of loss by structure. Expected home loss metrics were calculated using mean burn probability calculated within a 1 km radius around each home.

[bookmark: _Ref33603882]Table C.1: Variable definitions, sources, and processing methods for the home loss model.
	Variable
	Definition
	Source and processing

	HD
	Housing density (frequency of homes) within a 50 m radius around the target structure
	Calculated with a focal neighborhood analysis of building footprints from Microsoft (2018)

	CF
	Proportion of area within a 1 km radius around the target structure burning as crown fire
	Active crown fire from FlamMap modeling in this study

	FA
	Proportion forested within a 1 km radius around the target structure
	Forest classified as ≥ 10% canopy cover from LANDFIRE (2014)

	S 
	Local slope in degrees
	Slope from LANDFIRE (2014)





Appendix D. Total economic benefits following 10-year rainfall return interval 

Table D.1: Total economic benefits to source water protection and co-benefits over a 25-year timeframe (following 10-year rainfall return interval for source water protection benefits).
	Value at Risk
	Monetary Value (1,000 USD)

	
	ALL Treatments
	ZOC Treatments

	
	Conditional on Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	20,600
	16,800

	Reservoirs & diversions
	20,300
	16,600

	Conveyance infrastructure
	315
	277

	Co-benefits
	109,400
	59,400

	Property loss
	81,300
	41,800

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	5,600
	3,100

	Recreation
	2,900
	1,100

	Endangered species habitat
	233
	214

	
	Conditional on Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	15,700
	12,600

	Reservoirs & diversions
	15,500
	12,400

	Conveyance infrastructure
	230
	153

	Co-benefits
	103,100
	57,600

	Property loss
	75,800
	40,400

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	5,100
	2,800

	Recreation
	2,600
	1,000

	Endangered species habitat
	222
	203

	
	Expected Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	3,400
	3,100

	Reservoirs & diversions
	3,400
	3,100

	Conveyance infrastructure
	7
	6

	Co-benefits
	24,700
	15,700

	Property loss
	4,100
	1,900

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	867
	534

	Recreation
	299
	115

	Endangered species habitat
	52
	49

	
	Expected Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	2,400
	2,200

	Reservoirs & diversions
	2,400
	2,200

	Conveyance infrastructure
	5
	4

	Co-benefits
	24,100
	15,500

	Property loss
	3,600
	1,800

	Suppression costs
	17,000
	6,000

	Recovery & rehabilitation costs
	800
	500

	Recreation
	270
	101

	Endangered species habitat
	49
	46





Appendix E. Sensitivity analysis around economic benefit estimation in CBA

Table E.1: Sensitivity analysis of CBA of F2F program on federal lands from protection of source water (following 100-year rainfall return interval) and co-benefits. Economic benefits doubled and tripled from estimated values in Table 5 (in main manuscript). CBA  presented as benefit-cost ratio over a 25-year time frame and a 3% discount rate. 
	
	Economic Benefits Doubled

	
	ALL Treatments
	ZOC Treatments

	
	Conditional on Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	1.08
	2.43

	+ Co-benefits
	3.88
	6.33

	
	Conditional on Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	0.68
	1.46

	+ Co-benefits
	3.31
	5.22

	
	Expected Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	0.18
	0.45

	+ Co-benefits
	0.77
	1.08

	
	Expected Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	0.10
	0.25

	+ Co-benefits
	0.67
	0.87

	
	Economic Benefits Tripled

	
	ALL Treatments
	ZOC Treatments

	
	Conditional on Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	1.63
	3.65

	+ Co-benefits
	5.82
	9.49

	
	Conditional on Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	1.01
	2.20

	+ Co-benefits
	4.96
	7.84

	
	Expected Fire Occurrence + Assumed Treatment Effectiveness

	Source Water Protection
	0.27
	0.68

	+ Co-benefits
	1.15
	1.62

	
	Expected Fire Occurrence + Modeled Treatment Effectiveness

	Source Water Protection
	0.15
	0.37

	+ Co-benefits
	1.01
	1.30
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