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Wildfire risk and optimal investments in watershed protection 
 

Travis Warziniack1 and Matthew Thompson2 
 

Introduction 
Following what was then one of the most destructive fire years on record, President Bush 
signed into law the Healthy Forests Restoration Act of 2003. The law requires no less than fifty 
percent of all funds allocated for hazardous fuels reductions to occur in the wildland-urban-
interface (WUI), with the aim of enhancing the protection of homes and reducing the costs of 
fighting wildfire. Available resources, however, have not been able to keep up with the 
accumulation of fuels and a rapidly expanding WUI. In 2012, wildfires burned 9 million acres in 
67,000 separate fires throughout the United States. Total acreage burned was roughly 
equivalent in size to the states of Massachusetts and Connecticut combined and was the third 
largest annual acreage burned since 1975. That same year, Colorado saw its two most 
destructive fires on record, and Oregon saw its largest fire in more than a century. Costs for 
fighting these fires totaled about $1.6 billion, in line with a twenty year trend of increasing costs 
of wildfire suppression (National Interagency Fire Center 2013).  

In the West, these fires burn in the same forests that supply our drinking water. Language in the 
Healthy Forests Restoration Act relating to the importance of healthy forests for drinking water 
focuses on forests’ role in filtering pollutants but says nothing about the risk unmanaged forests may 
cause to drinking water supplies. This omission is remarkable considering 80 percent of freshwater 
originates in forested areas in the US, 50 percent of Western freshwater originates in National 
Forests, and most of those watersheds are highly threatened by wildfire (Weidner and Todd, 2011).  

High severity wildfires can destroy the forest canopy and vegetation that usually intercepts 
falling precipitation, and burned soils can acquire a water-repellent layer. These changes lead to 
increased overland flow and runoff composed of ash, soil, rocks, and vegetative matter during 
precipitation events (Parise and Cannon 2012). Streams, in turn, see changes in flow regimes, 
flood frequency, erosion, debris flows, and ultimately degraded water quality (Moody and Martin 
2009; Shakesby et al. 2006; Neary et al. 2005; Ice et al. 2004). Such impacts to watersheds 
increase drinking water treatment costs, increase sedimentation of reservoirs, and damage 
critical infrastructure (Cannon and Gartner 2005; Meixner and Wohlgemuth 2004). 

Reducing wildfire risk throughout the West has proven to be a Herculean task, requiring both 
public and private land owners to take action. In an effort to engage multiple stakeholders, and 
reduce the cost to the federal government, agencies have begun partnering with some of the 
country’s largest water suppliers. The Western Watershed Enhancement Partnership, for 
example, is a collaborative effort between the US Department of Agriculture and the US 
Department of Interior to work with local water users to mitigate risks of wildfire to the nation’s 
water supply and critical infrastructure, often located on federal lands. The pilot project for the 
initiative focuses on the watersheds of the Upper Colorado Headwaters and the Big Thompson, 
which are managed by a diverse group of state, federal, and private owners and supply drinking 
water to much of Colorado’s Front Range.  
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Buy-in for these collaborations has been mixed. While water suppliers are well aware of the 
costs associated with protecting their watershed, measurements of the benefits are usually 
anecdotal. Arguments for protection often cite, for example, the effects of heavy rains in 2002 
that followed the Hayman Fire and filled Denver Water’s reservoirs with sediment, leading to 
$28 million in removal costs (Meyer 2006). Similarly, heavy rains following the High Park Fire in 
2012 forced Fort Collins Utilities to shut down its Cache la Poudre River intakes and prompted a 
4 percent rate hike to fund capital improvements necessary for maintaining the river as a viable 
drinking water source (Fort Collins Utilities 2012). Proponents also often cite cross-sectional 
studies that look broadly at the benefits of investments in watersheds and costs associated with 
watershed degradation (Ernst 2004, Moore and McCarl 1987, Forster et al. 1987, Dearmont et 
al. 1998, Holmes 1998). Holmes (1988), on the other hand, found that water utilities in the US 
with raw water turbidity levels over 10 Nephelometric Turbidity Units (NTUs) already use 
sedimentation or flotation during treatment and are not likely to see sizeable benefits from 
investments in green infrastructure. Anecdotal evidence is useful in understanding post-fire 
costs, but does not address the probability of a fire actually occurring. The cross-sectional 
studies are useful in valuing small changes in turbidity but are not useful in assessing the costs 
of extremely large and sudden increases in sediment loads associated with post-fire floods.  

In this paper, we argue that a more thorough assessment of the benefits from green 
infrastructure should treat investments in watershed protection like a risky portfolio of assets. 
We use a familiar tool in finance, the Sharpe ratio, to model efficient wildfire loss mitigation, 
taking into account constrained budgets and risk of wildfire across multiple watersheds. The 
application of a finance tool to set priorities for wildfire protection is novel, though they have 
been used to prioritize investments in other areas of environmental protection (e.g., Qui et al. 
1998).  Decision support tools for wildfire mitigation are becoming increasingly sophisticated in 
terms of their ability to evaluate wildfire risk, but efforts at prioritizing mitigation activities have 
generally not considered investment theory or financial risk. Here, in an illustrative example for 
Colorado and Fort Collins, we present spatial mapping tools and data useful for assessing 
watershed risk, and combine these tools with our investment model to show how land managers 
can optimize investments in wildfire risk reduction. 

Wildfire threats to water supplies and mitigation opportunities 
During a wildfire, incident managers must consider fire behavior and spread with respect to the 
location and susceptibility of water supply systems and other highly valued resources and 
assets (HVRAs), for which the decision support functionality is embedded within the Wildland 
Fire Decision Support System (Calkin et al. 2011). In a post-fire environment, efforts are 
typically aimed at assessing severity and associated water quality impacts in order to prioritize 
watershed stabilization and rehabilitation efforts (Robichaud and Ashmun 2013, Cannon et al. 
2010, and Calkin et al. 2008). In a pre-fire environment, however, wildfire activity is uncertain, 
necessitating projections of potential wildfire-watershed interactions and their consequences. 
Increasingly, spatial wildfire risk assessments are used to support such pre-fire assessment and 
mitigation planning (Miller and Ager 2012). A general framework for wildfire risk assessment 
considers three main factors: fire likelihood, fire intensity, and resource or asset susceptibility 
(Scott et al. 2013). The use of stochastic wildfire simulation modeling can capture spatial 
variability in ignition patterns, weather patterns, topography, and fuel conditions, providing a key 
probabilistic foundation for risk modeling (Thompson and Calkin 2011). Overlaying fire modeling 
outputs with maps of HVRAs can quantify HVRA exposure to wildfire in terms of burn 
probability, fire intensity, and HVRA area burned (Thompson et al. 2013a; Scott et al. 2012). 
Further, the characterization of potential wildfire impacts to HVRAs, based in part off of linkages 
between fire intensity and fire severity (Heward et al. 2013; Keeley 2009), can allow for the 
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quantification of wildfire risk in terms of expected loss (Thompson et al. 2013b; Thompson et al. 
2013c). 

As an illustration of exposure analysis, we overlaid fire modeling outputs with maps of high 
value watersheds (Figure 1, left panel) and populated areas (Figure 2, right panel) for the state 
of Colorado. Maps of high value watersheds come from the US Forest Service’s Forests to 
Faucets project, and maps of residentially developed populated areas come from a new risk-
based WUI layer (Haas et al. 2013). Both panels rely on spatially-resolved fire modeling outputs 
from the FSim fire modeling system (Finney et al. 2011). In the left panel, we use a derived 
product called Wildland Fire Potential (WFP), which is produced by the US Forest Service’s Fire 
Modeling Institute and which integrates burn probability and fire intensity outputs. Areas with 
higher WFP values have a higher probability of having fires with torching, crowning and other 
forms of extreme fire behavior, which could lead to increased difficulty of control and to 
increased damages. In the right panel, by contrast, raw burn probabilities are used and 
intersected with population density to categorically depict risk to populated places. Areas with 
the highest likelihood of burning and the highest population densities pose the greatest risk. 

  
 
Figure 1: Wildfire exposure analysis for high value watersheds (left panel) and populated places 
(right panel), for the state of Colorado. 
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As the figure shows, areas of northwestern Colorado exhibit the greatest wildfire potential (left 
panel) and commensurately some of the highest risk to populated places (right panel). However, 
the absence of highly valued watersheds in these areas means there is little risk to water 
supplies in this region of the state. This result highlights a key point for risk mitigation planning – 
the need to account for spatial variation in HVRA location with respect to spatial variation in 
wildfire potential (Ager et al. 2013).  

Optimal investments in fuel treatments 
Whereas in some cases it may be possible to design treatments to simultaneously protect 
multiple HVRAs (e.g., Ager et al. 2010), in other cases there are likely to be tradeoffs associated 
with treatment location and opportunities for HVRA protection. While a formalized or widely 
used framework for assessing these tradeoffs has yet to emerge for wildfire, it is a rather old 
finance problem, one of maximizing the Sharpe ratio, given by  

𝑀𝑎𝑥  𝑆 =   
𝑤!𝑅!!

𝜎  
 
where, as modified to capture watershed benefits, 𝑅! is the expected return of fuel treatments in 
watershed n (excess returns above the status quo management scenario), 𝑤! is the percent of 
the budget spent on treatments in watershed n, and σ is the standard deviation of benefits in the 
portfolio. The Sharpe ratio measures the expected return per unit of risk. In this case, returns 
can be quantified in terms of avoided water treatment costs or via proxy by reduced post-fire 
sediment volumes. Volatility in returns stems from stochasticity in ignition processes and fire 
weather, and their spatial patterns with respect to treatment and watershed locations.  

Wise investors know that diversifying a portfolio can reduce risk by investing in assets that are 
negatively correlated with each other. Positively correlated investments, on the other hand, 
increase risk. Negative correlations for wildfire risk between watersheds are probably not 
possible, but near zero correlations are possible by investing in geographically disjoint 
watersheds. The risk-return tradeoffs associated with these types of decisions are clear. 
Investing heavily to protect a single high value watershed could yield significant returns, but 
could leave multiple other watersheds unprotected. By contrast, spatially distributing fuel 
treatments across multiple watersheds could diversify risk since not all watersheds are likely to 
burn in the same fire event or the same fire season, but could lead to dampened treatment 
effectiveness in any given watershed.  

Expected returns will be a function of both the probability of a watershed experiencing high 
severity fire as well as the magnitude of watershed response given the fire does occur. The 
benefits from fuel treatments will tend to be highest in watersheds where probability and/or 
consequences are high. The degree of correlation between investing in different watersheds will 
depend largely on the degree of spatial connectivity, from a fire growth perspective, between 
watersheds.  
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Figure 2: Fort Collins, Colorado water supplies. 

Consider the source watersheds for Fort Collins, Colorado, shown in Figure 2. Fort Collins 
draws water from the Cache la Poudre River and Horsetooth Reservoir, which gets its water 
from the Western Slope as part of the Colorado-Big Thompson Project. That the two 
watersheds are physically separated by the Continental Divide is more an artifact of growing 
water needs along the Front Range than a strategic decision related to wildfire risk. 
Nonetheless, enough topography and geography separate the watersheds to make it unlikely 
that the same fire will affect both. Separate fires did occur, however, in both watersheds in 
2012. The High Park Fire burned in the Cache la Poudre watershed in June of 2012, and the 
Fern Lake Fire burned in the Big Thompson watershed in October of 2012 (InciWeb 2012a, 
InciWeb 2012b). Further damages were caused by the Galena Fire near the banks of 
Horsetooth Reservoir in March 2013 (Gabbert 2013), and massive flooding in September 2013 
that destroyed some of the Colorado-Big Thompson Project’s delivery infrastructure (Scrongin 
2013). Of these, only the High Park Fire caused serious problems for water treatment, leading 
to the closing of the Cache la Poudre River intakes and sole reliance on Horsetooth Reservoir 
(Oropeza and Heath, 2013). During the 2013 flood, sediment clogged the canals that deliver 
water to Horsetooth reservoir, but those are expected to be cleared relatively quickly (Scrongin 
2013). 

We can apply the Sharpe ratio framework to Fort Collins’ watershed management decisions – 
between investments in sediment reduction in the High Park burn area, fuels treatments to 
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reduce burn probability and potential severity in the Colorado-Big Thompson watershed, and 
maintenance of Horsetooth Reservoir.3 Expected returns in the numerator are given by  

                                                              𝐸𝑅 = 𝑤!"#$%&                     ×𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠  𝑜𝑓  𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡  𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑝𝑜𝑠𝑡  𝐻𝑖𝑔ℎ  𝑃𝑎𝑟𝑘 
                                                                                    +𝑤!"#$%&""&!  ×𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠  𝑜𝑓  𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔  𝐻𝑜𝑟𝑠𝑒𝑡𝑜𝑜𝑡ℎ  𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 
                                                                                    +𝑤!!!"                       ×𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠  𝑜𝑓  𝑓𝑢𝑒𝑙𝑠  𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑠  𝑖𝑛  𝐶𝑂

− 𝐵𝑖𝑔  𝑇ℎ𝑜𝑚𝑝𝑠𝑜𝑛 
 
The standard deviation of the portfolio is  

𝜎 = 𝑤!"#$%&!×𝜎!"#$%!! + 𝑤!"#$%&""&!!×𝜎!"#$%&""&!! + 𝑤!!!"!×𝜎!!!"!
+2𝑤!"#$%&""&!𝑤!!!"𝐶𝑜𝑣(𝐻𝑜𝑟𝑠𝑒𝑡𝑜𝑜𝑡ℎ,𝐶 − 𝐵𝑇)

 

 
For simplicity we assume the covariance between returns on investments in the Poudre and 
elsewhere are zero, though we do consider the covariance between returns on investments in 
Horsetooth Reservoir and the Colorado-Big Thompson. 

The cost of sediment in the Poudre has already shown itself to be high, thus benefits for 
sediment reduction are also high. In comparison, maintaining Horsetooth Reservoir beyond the 
status quo is not likely to yield significant benefits. The reservoir is not threatened by erosion, 
and the surrounding vegetation cannot sustain a high intensity fire. Benefits from reducing fuels 
in the Colorado-Big Thompson watershed come from reducing the probability of a high severity 
fire. The project delivers water to a large population, which is why it was chosen as the pilot 
project for the Western Watershed Enhancement Partnership. Treatments that can successfully 
reduce wildfire risk in the Colorado-Big Thompson watershed will have large benefits. 

Measuring the variance of the portfolio is a difficult task. A best-guess ranking of variances 
would place investments in the Colorado-Big Thompson as the most risky; they depend on the 
probability of a wildfire ignition, the probability of an ignition leading to a large severe fire, and 
the probability of a severe fire leading to excess sediment. The Wildland Fire Potential map can 
speak to the probabilities for the first two components, but additional information on topography, 
soil type, precipitation patterns, etc., would need to be considered to assess the likelihood of 
excess sedimentation. Due to the nested probabilities that vary across space, even with well-
located fuel treatments the variance of benefits to Fort Collins is likely to be high. Direct 
investments in Horsetooth Reservoir are less risky; the science behind reservoir management is 
well-developed. Most of the risk associated with investments in Horsetooth comes through its 
covariance with benefits in the Colorado-Big Thompson watershed, as seen during the 
September 2013 flooding. Post-fire investments in sediment reduction in the Cache la Poudre 
watershed are of medium risk compared to investments in Horsetooth Reservoir and the 
Colorado-Big Thompson. We have already seen periods of high rainfall and high sediment 
runoff. These areas are being targeted for stabilization; it is mainly the effectiveness of that 
stabilization that is in question.  

                                                
3 The City of Fort Collins does not operate the Colorado-Big Thompson Project, and does not routinely 
make investments in its watershed. This is not to say, however, that such agreements could not be put 
into place. 
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It is a straightforward exercise to expand this investment framework to consider the perspective 
of the Forest Service or other public land management agencies. The basic investment 
framework remains the same, but the composition of the investment portfolio changes. The 
portfolio of options may now include fuel treatments for WUI protection in addition to watershed 
protection. As with comparison across treatments to protect watersheds, how returns co-vary 
will depend on spatial relationships and connectivity between municipal watersheds and the 
WUI.  

Discussion 
The investment framework introduced here provides a pathway forward for analysis and design 
of economically efficient fuel treatment strategies. We illustrated how the model can be used to 
identify optimal combinations of fuel treatments to protect municipal water supplies, as well as 
potential extensions to consider other treatment objectives such as WUI protection. The model 
can also highlight tradeoffs across objectives, and could identify conditions under which 
watershed-oriented treatments may be more or less efficient relative to WUI protection. In future 
applications it could also be possible to expand the portfolio of options to consider not just fuel 
treatments but also investments in capacity building for suppression response and post-fire 
rehabilitation.  

As an example we focused on the state of Colorado, where recent fire seasons have resulted in 
highly devastating consequences to human life, homes, and water supply infrastructure, and 
where multiple stakeholders are currently partnering to fund fuel treatments to protect municipal 
water supplies. The issue of protecting water supply in this region will likely remain if not grow in 
the future, due in part to population growth and climate change forecasts signaling increases in 
temperatures, warmer springs, earlier runoff, and longer fire seasons (Litschert et al. 2012). We 
illustrated alternative approaches for characterizing HVRA exposure and identified potential 
geographic disparities in where fuel treatments would be implemented for watershed protection. 
Although we focused on Colorado, the general framework and the tension between alternative 
fuel treatment investment portfolios can be applied across the western United States.  

The investment framework also shows us the type of information that we need to gather. What 
do we readily have? Where do we need to focus our data efforts so we can make better 
investment choices? At root, the basic pieces we need are expected excess benefits and 
standard deviation of the total investment portfolio. Although we have a limited empirical basis 
of wildfire-treatment interactions, recent and ongoing work may enable us to mine historical data 
and quantify these relationships directly. Alternatively, from a modeling perspective it would be 
possible to generate this information, and in fact the use of wildfire simulation is increasingly 
being applied to quantify how treatments affect the distribution of possible fire outcomes (e.g., 
Thompson et al. 2013d, e). 

An important question moving forward is how to identify the “excess returns” from the 
perspective of the Forest Service. Any proposed action, such as a fuel treatment, requires an 
assessment of potential environmental impacts, but the alternative of doing nothing is not a risk 
free option given the inevitable occurrence of wildfire (Fairbrother and Turnley 2005). One 
possibility is to consider the expected HVRA impacts, be it degradation of water quality or home 
destruction in the WUI, under a no-treatment scenario and assuming some default suppression 
response. This in effect becomes a cost-benefit analysis of treatments, while accounting for the 
volatility of treatment returns. Ongoing and future research describing the return on investment 
for fuel treatments and other pre-fire risk mitigation activities will be critical for successful 
implementation of this investment analysis framework. 
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