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Executive Summary 

Climate change is amplifying the background stressors on natural resources, infrastructure, and 

communities in the Lake Tahoe Basin (Basin). Land managers and policy-makers are increasing 

the Basin’s resilience and ability to adapt. Doing this now protects people and nature, and saves 

money. This vulnerability assessment provides residents, visitors, businesses, and public 

agencies with state-of-the-art information on how patterns of temperature and precipitation will 

change (called “impacts”), and how these patterns will affect the things people care about 

(called “implications”). The common scenarios and analyses provided will help public agencies 

and stakeholder organizations anticipate climate change implications, and better design and 

maintain their future projects that improve the quality of life, land, and waters in Tahoe. This 

assessment is written for a technical audience, and will feed directly into a Basinwide 

adaptation action plan written for all audiences. 

ES 1. State of the Science in the Basin 
The complex relationships between resources, infrastructure, and communities means that 

effective adaptation must involve all these parts (or values) of a landscape. This assessment 

therefore integrates these three areas of analysis, creating a single reference rather than 

multiple separate documents. It is referred to as an “integrated vulnerability assessment” (IVA). 

The assessment covers not only water, wildlife, and vegetation, but also transportation, water, 

power, and communication infrastructure, cultural landscapes, public health and safety, 

recreation, and economics. A Science and Engineering Team (SET) developed the IVA by 

modeling future climate impacts; assessing the sensitivity of a given value to these impacts, 

and the capacity of that value to adapt; and exploring the implications for these values, including 

key connections and feedbacks between them, altogether analyzing one system that 

encompasses the entire Basin. 

ES 2. Key Vulnerabilities and Implications 
By organizing the Basin’s vulnerabilities around three sub-systems—the Lake, its uplands, and its 

communities—this IVA provides a model for California and Nevada to create better climate 

adaptation plans, better target their investments, better design their policies, and improve their 

management outcomes. Ultimately, this systems approach to adaptation results in healthier, 

more resilient, and more prosperous landscapes, including the Basin’s plants, animals, and 

people. Below is a summary of the key findings for each sub-system: 
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Lake Sub-System 

 As a system that depends on the health and function of other physical and biological 

processes and resources (e.g., runoff, vegetation), Lake Tahoe has almost no ability to 

adapt to changes. 

 Climate change will alter lake conditions and subsequently aspects of the Lake's native 

biodiversity. Alterations to the native biodiversity will impact how nutrients and particles 

delivered from the watershed are processed. 

 More extreme hydrologic events, with increasing intensity of storms, rain-on-snow events 

and floods, along with more extended droughts, will lead to higher flow runoff events and 

corresponding impacts on erosion, pollutant transport, and damage to infrastructure. 

Upland Sub-System 

 With more intense rainfall events over shorter periods during the year, the total infiltration 

to groundwater storage will decrease compared with the same amount of annual 

precipitation spread over smaller events through the year leading to forest encroachment 

and loss of wetland habitat. 

 Many native plant and animal species are likely to experience shifts in abundance and 

distribution, and some may not be able to persist in the Basin. 

 The biodiversity of native plant species may decline because of reduced moisture across 

the range of forest types (the highest species diversity is typically found in more moist 

forest environments). 

 As the soil moisture decreases during drought periods, vegetation will begin to change 

with increased tree mortality due to drought, climate-induced insects and pathogens, 

windthrow, and greater risk of wildfires. 

 Riparian and meadow ecosystems will remain at risk of severe wildfire due to high 

densities of encroaching conifers. 

 Without restoration, climate change is expected to continue converting meadows to 

upland forests. 

Communities Sub-System 

 Roads, bike paths, and key infrastructure will be threatened by increased risk of wildfire, 

flooding, erosion, and landslides. 

 Recreation use will be affected by reduced snowpack and more frequent extreme 

weather events. 

 Public health and safety will be threatened by extreme heat events and smoke from wildfires. 

 Traffic in Basin will increase as visitors seek cooler temperatures in Tahoe. 
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ES 3. Providing a Foundation for Further Action 
This IVA provides a necessary foundation for meeting California and Nevada mandates to adapt 

to climate change, yet by itself is insufficient. Basin partners will produce a complementary, 

near-term climate adaptation action plan.  Partners will start from the key findings of the IVA 

and identify how public agencies and stakeholders in the Basin are already addressing 

vulnerabilities, and what additional actions they will take in the next two years. At the same time, 

the process of developing this IVA has highlighted that many of the issues identified are only 

broadly understood, and cannot be “solved” in two or three years. Partners recognize that 

adapting to climate change will require sustained, long-term planning and investment. This will 

involve additional scientific, engineering, and economic information; building consensus around 

priority vulnerabilities and actions; securing funding; and ongoing monitoring that feeds back 

into improved management. Once the near-term action plan is complete, partners will begin 

determining how to best develop a long-term, strategic action plan.  
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Introduction 

The Lake Tahoe Basin (Basin) combines nationally treasured natural resources with 65,000 

residents and 24 million annual visitors. The region’s 501 square miles span spectacular waters, 

mountains, and forests, along with five counties, 20 communities and one city. This dense 

interweaving of people and nature makes the Basin a challenging yet promising landscape. If 

California and Nevada can figure out how to adapt to climate change here, arguably they can 

figure it out anywhere. As communities throughout California and Nevada are experiencing 

impacts from climate change, both states now have major mandates to mitigate and adapt. 

 In California, mandates include the 2006 Global Warming Solutions Act, the 2008 

Sustainable Communities Act, and Executive Order B-30-15. The California Global 

Warming Solutions Act of 2006 (Assembly Bill 32) requires reduction of greenhouse gas 

emissions by 15 percent below 1990 levels by 2020. In addition, the Sustainable 

Communities and Climate Protection Act of 2008 (Senate Bill (S.B.) 375) requires 

regional emissions reduction targets for passenger vehicles. Finally, Executive Order B-

30-15 established a greenhouse gas reduction target of 40 percent below 1990 levels by 

2030. The order also requires all state agencies to integrate climate change in their 

planning and investments. 

 In Nevada, mandates include S.B. 254, Executive Order 2019-22 and S.B. 358. Senate Bill 

254 requires an annual statewide greenhouse gas emissions inventory by sector, a 20-

year projection of annual emissions, and the quantification of emissions reductions 

necessary to achieve a 28 percent reduction below 2005 levels by 2025 and a 45 percent 

reduction below 2005 levels by 2045. In addition, Executive Order 2019-22 directs state 

agencies to collaborate with partners to help implement and accelerate cutting-edge 

solutions to advance climate goals. The administration will identify and evaluate policies 

and regulatory strategies to achieve the long-term goals of greenhouse gas emissions 

reductions, coordinate statewide efforts, and develop a State Climate Strategy by 

December 1, 2020 that will include recommendations to reduce carbon pollution from 

relevant sectors. Finally, S.B. 358 revises the Renewable Portfolio Standard so that 50 

percent of the total electricity sold in the state comes from renewable sources by 2030. 

With its updated scientific information and attention to natural resources, infrastructure, and 

communities, this IVA provides an essential foundation for meeting these mandates. 
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The Basin also has plans and policies that address climate change. The Lake Tahoe Regional 

Plan (Regional Plan) identifies climate change as a cross-cutting driver of change and threat to 

Lake Tahoe. It addresses nine thresholds designed to protect environmental quality, as well as 

S.B. 375’s mandate to coordinate transportation and land use planning, including housing, to 

reduce greenhouse gas emissions. Local jurisdictions with authority over land use implement 

the Regional Plan through area plans. The Regional Transportation Plan (RTP) is a primary 

mechanism for implementing the Regional Plan. The RTP provides a vision for developing, 

operating, and maintaining the region’s transportation system, including mitigating greenhouse 

gas emissions associated with automobile travel; it also contains the Sustainable Communities 

Strategy required to fulfill S.B. 375. The Basin’s Environmental Improvement Program (EIP) is 

also a primary mechanism for implementing the Regional Plan. Since 1997, more than 40 public 

and tribal agencies, along with a dozen private partners, have invested over $2 billion in more 

than 600 EIP restoration projects; since 2008, the EIP has encouraged all projects to consider 

climate change. Finally, in 2013 the Tahoe Regional Planning Agency prepared a Sustainability 

Action Plan that provided a toolkit of potential mitigation and adaptation actions that Basin 

partners could implement. 

The Power of Vulnerability Assessments 
A vulnerability assessment is a key tool for informing policy, planning, and management, 

including actions that help mitigate and adapt to climate change. An assessment provides the 

starting point for future adaptation planning, investment, implementation, and monitoring. A 

basic VA has three components:  

1. Defining a species or resource’s exposure to climate change,  

2. Identifying the resource’s sensitivity to climate change, and  

3. Evaluating the resource’s adaptive capacity.  

The complex relationships between resources, infrastructure, and communities means that 

effective adaptation must involve all these parts (or values) of a landscape. People and nature 

cannot be easily separated at Lake Tahoe. The commitment to protecting the clarity of the Lake, 

protecting wildlife, and avoiding wildfires means that everything people do is linked in many 

ways to the surrounding environment. Conversely, the Basin’s geography, geology, and ecology 

affect where people build roads and houses, the water they drink and air they breathe, and the 

open spaces where they play. In other words, people and nature combine to create a complex 

social-ecological system. One cannot just focus on a single element in isolation—it is tied to too 

many other things. 
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Typically, however, states allocate funding for climate change to individual agencies or 

departments. Even when these departments invest in the same areas, they seldom have any 

obligation to coordinate investments. California and Nevada often lose opportunities to create 

synergies and efficiencies by coordinating their programs. In turn, local jurisdictions and land 

managers must consult numerous analyses and assemble many different funding sources to 

increase their resilience to climate change and to adapt. This is difficult, time-consuming, costly, 

and ultimately less effective. 

This assessment, by contrast, integrates multiple areas of analysis, creating a single reference—

an “integrated vulnerability assessment” (IVA)—rather than multiple separate documents. The 

IVA combines water, wildlife, and vegetation; transportation, water, power, and communication 

infrastructure; and cultural landscapes, public health and safety, recreation, and economics. The 

project’s Science and Engineering Team (SET) developed the IVA by modeling future climate 

impacts; assessing the sensitivity of a given value to these impacts, and the capacity of that 

value to adapt; and exploring the implications for these values, including key connections and 

feedbacks between them. 

To make the Basin’s complexity easier to understand, the analysis is organized around three 

sub-systems: the Lake, its uplands, and its communities. A systems-based approach to 

adaptation accounts for connections and tradeoffs between different values, and should result 

in healthier, prosperous, and more resilient landscapes. This IVA provides a model for California 

and Nevada to create robust climate adaptation plans, design policies, target investments, and 

improve management outcomes.  

This IVA provides a necessary foundation for meeting California and Nevada mandates to adapt 

to climate change, yet by itself is insufficient. Basin partners will develop a complementary, 

near-term action plan. Partners will start from the key findings of the IVA, and identify how 

public agencies and stakeholders in the Basin are already addressing vulnerabilities, and what 

additional actions they will take in the next two years. At the same time, the process of 

developing this IVA has highlighted that many of the issues identified are only broadly 

understood, and cannot be “solved” in two or three years. Partners recognize that adapting to 

climate change will require sustained, long-term planning and investment. This will involve 

additional scientific, engineering, and economic information; building consensus around priority 

vulnerabilities and actions; securing funding; and ongoing monitoring that feeds back into 

improved management. Once the near-term action plan is complete, partners will begin 

determining how to best develop a long-term, strategic action plan. 
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What is Climate Change Vulnerability? 
Vulnerability refers to the extent to which a natural or social system is susceptible to sustaining 

damage from climate change (IPCC). It is a function of three variables: 

1. Exposure: how much the resource will be exposed to climate changes (e.g., will 

temperature increase one degree or two?) 

2. Sensitivity: the degree to which a system will respond to a given change in climate, 

including beneficial and harmful effects, and 

3. Adaptive capacity: the degree to which adjustments in practices, processes, or structures 

can moderate or offset the potential for damage or take advantage of opportunities 

created by a given change in climate, independent of management interventions. 

The greater the sensitivity and the less the adaptive capacity, the more vulnerable something is 

to climate change. 

Methodology 
Developing the IVA relied primarily on the SET, a group of subject-matter experts and 

consultants. The SET interpreted downscaled, modeled projections of changes to temperature 

and precipitation patterns in the Basin (called “impacts”), prepared by the University of 

California, Davis (UC Davis). The SET then prepared a technical memorandum for each element 

of the three sub-systems that explored how these impacts would affect specific values (called 

“implications”). After looking at each value independently, the SET then highlighted key 

relationships. The team also prepared qualitative and quantitative analyses of the economic 

costs of these implications, noting where data was rich or poor. All technical memoranda are 

available on the Conservancy website at https://tahoe.ca.gov/vulnerability-assessment. 

Catalyst Environmental Solutions, the lead consultant, then synthesized this information and 

drafted the IVA. Partner agencies and stakeholders reviewed and commented on the draft, and 

California Tahoe Conservancy staff made final edits.  

In preparing their analyses, the SET assessed the sensitivity and adaptive capacity of sub-

system elements based on a combination of peer-reviewed literature, professional judgment, 

and peer deliberation. To compare the relative vulnerability of natural resources, the SET 

developed a heuristic scoring matrix (see Appendix A), shown at the beginning of each sub-

system chapter. These matrices provide a general assessment of relative vulnerability, though 

should be interpreted with caution—they are not the result of a comprehensive, peer-reviewed, 

statistical analysis of published literature. 

https://tahoe.ca.gov/vulnerability-assessment
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The Lake Tahoe Basin’s Future Climate Conditions 
The Basin is a high-elevation, geographically diverse landscape that contains a variety of 

ecosystems and communities. The range of elevations and microclimates means that climate 

change will not occur equally everywhere. This section describes modeled projections of future 

climate trends conditions, scaled down to the Basin, and notes areas that may undergo more or 

less intense change. 

The IVA relies on modeled projections prepared by UC Davis for two future greenhouse gas 

emission scenarios developed by the Intergovernmental Panel on Climate Change (IPCC) for 

use in global circulation models (GCMs). These projections are available for use by all Basin 

partners. Inherent in each model run are assumptions about future atmospheric carbon dioxide 

concentrations and their heating potential, expressed as radiative concentration pathways 

(RCPs). Consistent with the State of California, the IVA considers RCPs 4.5 and 8.5 to better 

capture uncertainty in the modeling. Under RCP 4.5, emissions rise until 2040 and then decline; 

this scenario considers the lower end of potential climate change. Under RCP 8.5, emissions 

continue through the end of the century; this scenario considers the higher end of potential 

climate change, and is sometimes characterized as “business as usual.” Using techniques 

consistent with the State of California, UC Davis scaled these projections down to the extent of 

the Basin to better show topographical variability and smaller-scale phenomena. In cases where 

modeling results for RCP 4.5 and 8.5 diverged significantly, graphics in this IVA show both 

scenarios; otherwise, the IVA shows only one graphic. All modeled data in this document were 

either produced by UC Davis or Precision Water Resources Engineering, or drawn from the Sierra 

Nevada Regional Report (SNRR) of the State of California’s Fourth Climate Assessment.  

Figure 1. Key climate impact findings. 

The section addresses the following variables: 

 Temperature  

 Precipitation 

 Snowpack 

 Climatic Water Deficit 

 Runoff  

 Wind Speed 

 Kinetic Energy of Raindrops 

 Wildfire 

 Lake Level 
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The following key climate impacts are projected for the Basin: 

 Both minimum and maximum daily average temperatures will continue to increase by the 

end of the century. 

 Interannual variability in precipitation will increase, leading to more extreme droughts and storms. 

 Increased temperatures will lead to reduced precipitation falling as snow and will 

ultimately reduce snowpack. 

 Drought stress will increase significantly by the end of the century. 

 The timing of peak runoff will shift one to five months earlier in the year. 

 By the end of the century, the total area burned by wildfires each decade will be 61 

percent larger than in the beginning of the century. 

 The surface level of Lake Tahoe will be more frequently outside of the operable range of 

the Lake Tahoe Dam, including an increase in amount of years being above the dam’s 

maximum legal elevation limit of 6,299.1 feet. 

Temperature 

Temperature is the most accurately predicted and relied upon climatic variable when 

considering the impacts of climate change. The average ambient temperature in the Basin has 

been rising over the past decade, and this trend is expected to intensify in the future. The 

modeling predicts that from 2010 to 2100, average annual minimum and maximum 

temperatures will increase by 2 to 5 degrees Celsius (approximately 3.6 to 9 degrees Fahrenheit; 

Figures 2 and 3). The shape of each curve indicates an accelerated warming rate from 2010 

through 2100 (Schladow 2018). Warming of nighttime temperatures is also expected to 

increase with climate change (SNRR). 

 

Figure 2. Historic and projected (RCP 4.5) temperature in the Basin (annual maximum daily 

temperatures along red line; annual minimum daily temperatures along blue line) 
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Figure 3. Historic and projected (RCP 8.5) temperature in the Basin (annual maximum daily 

temperatures along red line; annual minimum daily temperatures along blue line. 

 

Figure 4. Future temperatures (RCP 4.5) in South Lake Tahoe will be equal to current 

temperatures in Carson City, Nevada and San Jose, California. 
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Figure 5. Future temperatures (RCP 8.5) in South Lake Tahoe will be equal to current 

temperatures in Mammoth Lakes and Napa, California. 

Annual averages are effective in showing the overall trends, but do not reveal the seasonal and 

spatial changes that may occur around the Basin. Modeling of the RCP 8.5 scenario indicates 

that annual temperature increases are projected to be highest in the summer (0.68 degrees 

Celsius per decade) and lowest in the winter (0.39 degrees Celsius per decade) (Figure 6). The 

rate of change is consistent across the Basin, with little geographic variation detectable in the 

model output (Schladow 2018). 

 

Figure 6. Average daily temperature by season in the Lake Tahoe Basin (RCP 8.5)  
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Precipitation 

In general, projections for precipitation are less robust than for temperature, as precipitation 

variability tends to be extremely high between GCMs. All models show that interannual 

variability in precipitation will increase, leading to more extreme droughts and storms. Since 

1970, a pattern of multiple-year droughts punctuated by occasional years of high to extreme 

precipitation has emerged in northern California and the Basin (Coats 2010). Historical 

observations and modeling results also show a reduced proportion of precipitation falling as 

snow in the Basin (see Snowpack below). As average annual temperatures rise, evaporation 

rates will likely increase, resulting in increased atmospheric water vapor and precipitation 

potential. Increased temperature can increase the water vapor carrying capacity of air: for each 

1 degree Celsius increase, air can hold seven percent more water vapor. More vapor present in 

the atmosphere increases humidity and contributes to storm formation.  

Total precipitation in the Basin is not expected to change significantly through 2100. Figure 7 

compares the mean of historical precipitation (1950-2005) and the mean of projected 

precipitation under RCP 8.5 (2070-2099). Due to the rain-shadow effect, the western side of the 

Basin is expected to receive a similar amount of precipitation in the future, with the northern 

part of the Basin experiencing the most increase in the amount of annual precipitation. 
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Figure 7. Comparison of mean historical precipitation (1950-2005) and modeled future 

precipitation under RCP 8.5 (2070-2099) 

While projections of total annual precipitation do not vary considerably in the Basin, the 

seasonal patterns differ significantly from the historical record. For all models, the historical 

data exhibited maximum precipitation in winter, followed by the fall, with the minimum 

precipitation occurring during the summer. This pattern closely matches that of measured 

precipitation at the Tahoe City gage for the same period (1950-2005). 

The models predict higher winter precipitation and they also predict wetter summer conditions 

(Figure 8). One model of the ensemble also shows a trend of significantly drier fall and spring 

conditions. The wetter summer pattern suggests a shift towards a more monsoonal weather 

pattern compared with historic conditions. Additionally, during the winter, snowstorms that 

quickly accumulate a large amount of snow may also increase as extreme precipitation events 

become more common. 
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Figure 8. Modeled historic seasonal precipitation (1950-2005) and modeled future 

precipitation (2070-2099) (RCP 8.5) (Coats 2018) 

Snowpack 

Snow is integral to the Basin’s water budget, ecology, economy, and recreational value, and is a 

major part of what makes Tahoe special. Changing atmospheric conditions threaten to shorten 

the duration of the winter season, and to change precipitation patterns to create rainier winters, 

as opposed to the historic snowy conditions. 

Increased annual temperatures in the Sierra Nevada will: 

 Cause snowlines to be at higher elevations (eventually above the Basin rim); 

 Reduce the proportion of precipitation falling as snow versus rain; 

 Cause snow to melt earlier in the spring and summer seasons; 

 Lead to more rain-on-snow events (where rainfall occurs soon after snowfall); and  

 Ultimately, reduce snowpack.  
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Figure 9. Increasing temperature will cause rising snowline in 2050 with RCP 8.5. 

 

Figure 10. Increasing temperature will cause rising snowline in 2100 with RCP 8.5 
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While overall snowpack is likely to decrease, occurrences of extreme snowstorms and 

accumulations, such as record-breaking snow accumulation at some Tahoe resorts in February 

2019, may also increase as extreme precipitation events become more common. Figure 11 shows 

the declining percent of precipitation falling as snow, averaged over the Basin. By 2100, the 5 

degree Celsius increase in air temperature would correspond to a 1,000 meter (3,300 feet) 

increase in the snow-rain line. Thus, a storm with a snow level at the Lake under current 

conditions would (on average) produce rain up to an elevation of about 9,500 feet under RCP 8.5. 

  

Figure 11. Projected future percent of precipitation falling as snow in the Basin (Coats 2018) 

Climatic Water Deficit 

Climatic Water Deficit (CWD) is the difference between potential and actual evapotranspiration 

(Et) and represents the potential drought stress on plants. Increased CWD is an indicator of 

increased drought stress, taking into account factors such as soil moisture, solar radiation, air 

temperature, and evapotranspiration. The RCP 4.5 and RCP 8.5 scenarios indicate CWD in the 

Basin will increase by 1.6 and 2 mm per year, respectively, thus indicating increased drought 

stress on plants in the Basin (Figure 9). 
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Figure 12. Modeled future climatic water deficit (CWD) (2000-2099) (Coats 2018) 

 

Figure 13. Modeled climatic water deficit will increase by 2055. 
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Figure 14. Modeled climatic water deficit will increase by 2099. 

The model projects large and significant increases in the CWD, exceeding 120 percent in some 

parts of the Basin by the end of the century. The impacts, shown in Figure 15, will be most 

severe on the north and east sides of the Basin, where soils are of relatively poor quality and 

have low capacity to retain water and make it available for plant use.  
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Figure 15. The geospatial change in climatic water deficit (in mm) and percent difference 

under RCP 8.5 (avg. 1950-2005 vs. 2070-2099) 

Runoff 

Modest increases in runoff in the Basin are projected under RCP 8.5, with large interannual 

variability (Figure 16). These increases are likely driven by the increase in precipitation.  

 

Figure 16. Projected annual runoff (RCP 8.5) (Coats 2018) 

Although the total annual runoff may not change appreciably, the timing of runoff will likely 
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change dramatically. Figures 19 and 20 shows the shift in monthly runoff from the mean of 

historic conditions to the mean of the modeled 2070-2099 period. Each water year begins in 

October. The month of maximum runoff shifts from the ninth month of the water year (June) to 

May and January (for RCP 4.5 and RCP 8.5, respectively). The projected temporal shifts in runoff 

represent changes in stream hydrology that could have significant ecological consequences. 

 

Figure 17. Peak runoff moves from occurring only in May and June to an additional, smaller 

peak in January by mid-century with RCP 4.5 
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Figure 18. Peak runoff moves from occurring only in May and June to an additional, equal peak 

in January by mid-century with RCP 8.5 

 

Figure 19. Peak runoff moves from occurring only in May and June to an additional, equal peak 

in January by late-century with RCP 4.5 
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Figure 20. Peak runoff moves from occurring May and June to January by late-century with 

RCP 8.5 (Coats 2018) 

The seasonal shift in runoff is most likely related to the shift from a snowfall to a rainfall regime, 

with an increase in rain-on-snow events. Figure 21 contrasts the average Basin runoff during the 

modeled historic month of January versus the modeled future month of January under RCP 8.5. 

Per the modeling, the Basin will experience a larger amount of winter runoff than occurred 

historically.  

 

Figure 21. January runoff from 1960 – 2100 (RCP 8.5) (Coats 2018) 
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Based on modeling for five streams (Blackwood Creek, General Creek, Third Creek, Upper 

Truckee River, and Ward Creek) in the Basin, streamflow discharge is expected to climb over the 

next century. Although the watersheds of these six streams do not cover the entire Basin, they 

indicate the range of potential future streamflow changes. Figure 22 shows that the increasing 

discharge trend is much more prominent under RCP 8.5, with large discharge events becoming 

more frequent. Under RCP 8.5, maximum daily streamflow is expected to steadily increase over 

the following 80 years, leading to more frequent flood events. For the mid-century period, the 

difference in maximum daily streamflow and runoff in the Basin, compared to the baseline, 

ranges from -12 percent to +7 percent for RCP 4.5 and from +8 percent to +24 percent for RCP 

8.5. For the end-of-century period, the change in maximum daily streamflow and runoff 

(compared to baseline) ranges from -8 percent to +21 percent for RCP 4.5 and +61 percent to 

+90 percent for RCP 8.5. The projected shift in precipitation from snow to rain, and the 

acceleration of snowmelt, are the primary drivers for the projected increased runoff volumes, 

turbidity, and flood events.  

RCP 4.5 
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RCP 8.5 

 

Figure 22: Projected Streamflow maximum daily discharge (cfs) for RCP 4.5 and RCP 8.5 

(Coats 2018) 

Wind Speed 

Wind contributes to evaporation, evapotranspiration, air quality, and fire behavior, and it also 

influences many lake processes. Therefore, altered seasonal distribution of trends in wind 

speed in a changing climate may be important for considering wildfire magnitude, ecological 

implications, and social implications.  

Modeling results indicate a downward trend of the annual average of daily wind speed from 

2006 to 2100, for all seasons (under RCP 8.5; Figure 23). Wind conditions under RCP 4.5 

showed little to no trends. Trends in the maximum annual wind speed reflect the downward 

trends in the annual average. Although the magnitude of the changes is small, a decrease in 

windspeeds may have the benefit of reducing evapotranspiration and limiting wildfire spread. 

On the other hand, decreased windspeeds may also contribute to a reduction in mixing warm 

shallow and cool deep waters in the Lake.  
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Spring 

 

Fall 

 

Summer 

 

Winter 

 

Figure 23. Seasonal trends in modeled wind speed (starting from top: spring, fall, summer, 

winter) with RCP 8.5 
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Kinetic Energy of Raindrops 

The kinetic energy of rainfall is an important climate change indicator because it directly 

impacts soil erosion and the transport of fine sediment into Lake Tahoe. As the climate warms, 

the probability of intense rainfall on bare soil will increase for the following reasons:  

 More precipitation will fall as rain rather than as snow;  

 The protective snowpack layer will disappear earlier in the spring; and 

 The frequency of intense high-energy rain events will likely increase. 

In the Basin, both the maximum hourly and the total annual kinetic energy of rainfall will be 

affected. Modeled annual maximum hourly and annual raindrop energy on snow-free ground for 

a period of 1950-2100 increase under both RCP 4.5 and RCP 8.5 (Figure 24).  

 

Figure 24. Annual maximum hourly (top row) and total annual (bottom row) raindrop energy on 

snow-free ground from 1950-2100 under RCP 4.5 (left) and RCP 8.5 (right) 
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Modeling results also indicate that impacts to the kinetic energy of rainfall will be greatest on 

the northeast and southwest sides of the Lake (Figure 25). The greatest increases in kinetic 

energy will be southwest of the Lake (greater than 117 percent for RCP 4.5, and greater than 269 

percent for RCP 8.5).  

 

Figure 25. Percent change in average of annual maximum hourly raindrop energy on snow-free 

ground (J/m2/hr) from modeled historic period to modeled 2070-2099 

The projected shift in precipitation from snow to rain, acceleration of snowmelt, and increased 

rainfall on snow-free ground will increase soil erosion. The models indicate that loss of snow 

cover will have the greatest influence on the potential for increased erosion, while increased 

intensity of rainfall will also be a contributing factor. The increased intensity of rainfall on bare 

soils in the southwestern and northeastern parts of the Basin, shown in Figure 25 is important 

because bare soils are exceptionally erodible. While current lake clarity improvement strategies 

are predicated on reducing the primary contribution source of fine sediment inputs to the Lake 

from the adjacent small urban areas, lake clarity will also be impacted by the additional 

deposition of sediment from increased stream erosion (see, for example, Figure 26).  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

32 

 

Figure 26. Stream downcutting and streambank erosion on the Upper Truckee River (USFS 

2012) 

Wildfire 

Climate change is expected to result in significant increases in the total area of forest burned by 

wildfire, as well as the amount of high-severity burned forest area (Westerling et al. 2018). 

These predicted changes exacerbate trends in the fire regime already evident in the Sierra 

Nevada (Miller et al. 2009, Mallek et al. 2013, Steel et al. 2015). Regardless of the ignition 

source, wildfire is expected to increase in the Sierra Nevada region throughout this century 

(Figure 28).  

Wildfires are predicted to grow in both frequency and intensity in the future due to climate 

change. In the Basin, the total area burned by wildfires in the end of the century (2090-2100) is 

predicted to be 61 percent higher than that at the beginning of the century (2010-2020). 

Moderate and high burn severity areas are projected to increase the most, at 89 and 80 percent, 

respectively (LTW, 2019). 
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Figure 27. Increased wildfire expected in Lake Tahoe Basin from historic to mid-century 

projection to late-century projection. 
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Figure 28: Projected change in wildfire for the Sierra Nevada Region, in percent of area burned 

per year. Boxes represent the 25th and 75th quartiles for all cells in the region with the median 

identified by the black horizontal line. (SNRR 2018) 

Lake Level 

Figure 29 summarizes the lake level modeling results. Lake Tahoe’s water surface elevation 

typically peaks in the summer months, after the snowmelt has begun to subside and after the 

evaporation from the surface of the Lake overtakes the inflows to the Lake. Historically (1938-

2017) the annual peak surface elevation of the Lake most often fell in the upper half of the 

operable range for the dam at Tahoe City (approximately 71 percent of years), and next most 

often in the lower half of the operable range (approximately 23 percent). 
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Figure 29. Histogram of annual peak lake surface elevations for the historical period, and the 

RCP 4.5 and RCP 8.5 ensembles. Photos taken from Lake Tahoe Dam in Tahoe City, looking 

toward Lake Tahoe. 

In both RCP 4.5 and 8.5 there is a clear shift. Generally, the results show that the surface of Lake 

Tahoe will more frequently be outside of the operable range of the Lake Tahoe Dam. A small 

increase is projected in the frequency of the annual peak elevation being below the Lake’s rim, 

compared to a significant increase in the frequency of occurrences of the annual peak being 

above the maximum legal elevation limit of 6,229.1 feet. This is due to an increased frequency 

and magnitude of storms in the coming decades. With large inflow events, the relatively small 
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dam at the Lake’s outlet is physically unable to release water at a rate that prevents the water 

surface from exceeding the limit. This will result in the elevation being above the legal limit 

much more frequently, causing a variety of impacts to the lakeshore environment. This is a 

condition that is unfamiliar to the Basin; the last time Lake Tahoe was more than three-tenths of 

a foot over its legal limit was over a century ago. 
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Overview of the Lake Tahoe Sub-System’s 

Vulnerability 

Lake Tahoe is the central feature of the Basin and the terminus for most of its water resources. 

Climate change will stress the Lake Tahoe sub-system in numerous ways. In particular, a lack of 

warm shallow and cool deep-water mixing, increased invasive species and algae, and increased 

sedimentation will threaten its iconic water clarity and blue color. Increased visitation will also 

stress the Lake through overuse, habitat degradation, air pollution, and increased risk of wildfire 

and invasive species introductions. 

The IVA analyzes the following Lake Tahoe sub-system resources: 

 Lake Tahoe 

 Aquatic resources 

Watershed hydrology and streamflow 

 Lake-connected groundwater supply 

The sub-system has the following key vulnerabilities: 

 Given its dependence on the health and function of other physical and biological 

processes and resources (e.g., runoff, vegetation), Lake Tahoe has little to no ability to 

adapt to changes without management intervention. 

 Climate change will alter lake conditions and hence aspects of the Lake's native 

biodiversity. This in turn will impact the biological absorption of nutrients and particles 

delivered from the watershed. 

 More extreme hydrologic events (increasing intensity of storms, rain on snow events, and 

floods), along with more extended droughts, will lead to higher flow runoff events and 

corresponding impacts on erosion, pollutant transport, and damage to infrastructure. 

Figure 30 shows the SET’s heuristic assessment of the adaptive capacity, exposure, and 

sensitivity for the resources in the Lake sub-system. The SET identified the Lake itself as the 

most vulnerable resource in the sub-system because all resources upstream directly and 

indirectly impact it. On the other hand, the SET identified groundwater that is directly connected 

to the lake water as the least vulnerable, because the direct link modulates impacts on supply.  
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Figure 30. Vulnerability scoring matrix for the Lake Tahoe sub-system  

Lake Tahoe 

Historical and Current Conditions 

Lake Tahoe is a unique ecosystem in the Sierra Nevada. As an ultra-oligotrophic (i.e., very low in 

nutrients) lake of exceptional clarity, it historically had a very simple food web that was 

optimized for those conditions. This historically included Lahontan cutthroat trout of 

exceptional size, and clear water that permitted the deep penetration of ultraviolet radiation, 

thus inhibiting the reproduction success of non-native fauna and flora. Changes in the lake 

ecosystem due to the deliberate and unintended introduction of non-native species, the decline 

of water clarity due to development within the Basin, and alterations of the nutrient fluxes 

entering the Lake have all moved the Lake away from its historical conditions.  

Climate change is now impacting the Lake further and reducing those ecosystem services 

further, and possibly irretrievably. The presence of non-native species and land use changes can 

be reversed and mitigated at considerable cost, but the impacts of climate change cannot be 

reversed at short to medium time scales. Climate change is altering the underlying physical 

nature of the Lake itself. 
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Long-term data through 2017 indicate that Lake Tahoe has experienced its greatest warming in 

recent years, with the highest rates at the surface of the Lake. In 2017 the peak surface 

temperature was 4 degrees Celsius warmer than the previous three years. The rate of surface 

temperature warming between 1968 and 2017 was 0.02 degrees Celsius per year. This has 

increased resistance to mixing and increased the duration of thermal stratification (the 

separation of the Lake into distinct layers based on temperature and interaction with inflowing 

streams) by 24 days from 1968 to 2014. 

Some future climate scenarios forecast a trend for decreased lake mixing caused by increased 

stratification, and the occurrence of hypoxia (oxygen depletion), leading to significant internal 

nutrient release. The stratification season may further increase by 62 days by the year 2098 

(Sahoo et al. 2016). Increased stratification has been shown to favor the growth of smaller 

phytoplankton and thus reduce lake clarity. 

In addition to environmental, recreational, and cultural value, Lake Tahoe also serves as an 

important water supply reservoir for the Tahoe, Truckee and Carson river basins. Lake Tahoe’s 

relatively small dam impounds up to 6.1 vertical feet of water, which amounts to 744,600 acre-

feet and approximately 68 percent of the total reservoir storage capacity in the Tahoe/Truckee 

system. With an average annual release of 235,000 acre-feet, Lake Tahoe is the single largest 

water supply source in the Tahoe/Truckee system, accounting for 43 percent of the total water 

supplied from all seven Truckee Basin reservoirs.  

Resource Sensitivity and Exposure 

Lake Tahoe has already shown itself to be highly sensitive to climate change, with significant 

increases in its temperature and internal physics (e.g., frequency of deep mixing, onset and 

breakdown of thermal stratification). Historical and current temperatures are far lower than 

those expected in the next 50 to 100 years, so even larger effects are expected in the future. 

Given its dependence on the health and function of other processes and resources (e.g., runoff, 

vegetation), Lake Tahoe has little to no ability to adapt to changes without management 

intervention. Furthermore, the Lake currently exerts a cooling influence on the region, and this 

buffering of ambient terrestrial temperatures may decrease in the future. As lake temperatures 

increase at all depths and in all seasons, organisms that are approaching the upper limits of 

their heat tolerance may experience increasing stress, while organisms better suited to warmer 

waters may find the Lake increasingly hospitable. Warmwater non-native fishes such as bluegill 

and bass may be able to establish themselves further, negatively impacting native fish 

biodiversity (Chandra 2009).  
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Recent research has determined that, on average, approximately three and a half feet of water 

evaporate from the surface of Lake Tahoe each year (Huntington and McEvoy, 2011).This 

amounts to more than 400,000 acre-feet. Though small compared to the total volume in the 

Lake, this represents more than half of the total reservoir capacity. Because of the 

disproportionate influence of evaporation on its water balance, Lake Tahoe is uniquely and 

highly susceptible to changes in evaporation, which is one of the primary effects expected in a 

warming future climate. Relatively small changes in future evaporation rates and average inflow 

volumes can result in substantial changes to the ongoing water surface elevation of the Lake. 

Implications  

Water temperatures will continue to increase from previously recorded temperatures. More 

importantly, lake warming will not be uniform over its depth. The resulting increase in thermal 

stratification will retard the mixing that is needed for healthy lake function (see Figure 31). The 

wide range of consequences include: 

 Inflows of stream water and urban storm water may get trapped closer to the surface, 

reducing clarity and adding nutrients to the euphotic zone (the zone where light levels are 

inadequate for photosynthesis, including the nearshore areas).  

 Reduced ultraviolet light penetration may increase pathogen viability and non-native 

species reproduction.  

 Different species of phytoplankton may come to dominate the lake flora; this trend that 

can already be observed.  

 The expected reduction in frequency and duration of deep mixing may not replenish 

dissolved oxygen in the deeper parts of the Lake, producing areas of hypoxia (dead 

zones) that will release large amounts of nutrients.  

 Warmer temperatures, along with longer droughts and increased evaporation, may cause 

the surface of Lake Tahoe to go below its natural rim more frequently. This would affect 

how the Bureau of Reclamation manages the dam at Tahoe City for water supply to 

downstream communities. 
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Figure 31. Diminishing lake mixing threatens lake clarity 

Lake Tahoe has a natural rim at an elevation of 6,223 feet above sea level. When the Lake’s 

surface elevation drops below the rim, no water can be released through the dam, and the 

Truckee basin downstream enters drought operations. Furthermore, the dam is operated to 

keep the lake surface elevation below 6229.1 feet, as far as practicable, to preserve the 

lakeshore environment, protect lakeshore structures, and limit erosion. Figure 32 shows that the 

range of historical pool elevations of the Lake is relatively small and stays between these limits 

the majority of the time. 
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Figure 32. Historical month-end Lake Tahoe pool elevations for the years 1938 to 2018 plotted 

with the Natural Rim pool elevation (6,223 feet) and the legal Upper Limit pool elevation 

(6,229.1 feet) (Coors 2019) 

Climate change is modifying the Lake’s inflow volume as well as its evaporation. Increases in 

evaporation and decreases its inflow volume contribute to lower lake elevations, and to possible 

extended periods during which the surface of the Lake is below its rim, significantly impacting 

water supply. Conversely, decreases in evaporation and increases in inflows contribute to higher 

lake elevations, and more frequent exceedance of the maximum legal elevation limit. The major 

vulnerability is the significantly increased likelihood of Lake Tahoe’s water surface rising above 

its legal limit uncontrollably. Modeling frequently shows lake levels up to five feet higher than in 

2017 (when the Lake was at its legal limit) due to more frequent storms that overfill the Lake 

faster than the current dam can release water. Such lake surface levels damage lakeshore 

property, increase erosion, and flood areas that have not been inundated in over 100 years.  

Aquatic Resources 

Historical and Current Conditions 

Lake Tahoe's native biological diversity historically consisted of seven fish species, 12 

invertebrate orders (including at least 10 benthic invertebrate species), two to five aquatic plant 

6,220

6,221

6,222

6,223

6,224

6,225

6,226

6,227

6,228

6,229

6,230

El
ev

at
io

n 
(f

t)

Year

Lake Tahoe Month End Elevations (1938 - 2017)

Pool Elevation Natural Rim (6,223) Upper Limit (6,229.1)



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

43 

species, and six zooplankton species. Native forage fish densities declined by tenfold and 

benthic species declined by up to 99.9 percent between the 1960s and late 1990s (Thiede 

1997). Native Lahontan cutthroat trout have been extirpated in the Basin since the late 1930s. 

More than 16 aquatic invasive species are currently present in the Lake. Climate change may 

continue to alter the balance of aquatic species in the Lake, increasing non-native species 

density and decreasing native species density (Chandra 2009, Vander Zanden 2003).  

Resource Sensitivity and Exposure 

Lake Tahoe’s native biodiversity may be particularly sensitive to climate change due to already 

reduced numbers and reduced habitat. For example, coldwater native cutthroat trout can reside 

in deeper lake waters but require access to streams for spawning. Climate change will alter the 

timing of water discharge in streams, impacting the maintenance of cooler waters within these 

streams from the spring into early summer periods, and the persistence of water into summer. 

This in turn impacts to the ability of native fish to increase their populations. Warmer winters 

could disrupt connectivity and the ability of cutthroat populations. This could impair efforts to 

reintroduce the species in the future, as well as the reproductive success of other native 

coldwater species. 

Fluctuating lake levels due to extended droughts, and periods of rapid increases in lake level due 

to increased heavy precipitation events, will impact available habitat for native forage fish to 

spawn and rear their young. The optimal habitat in the nearshore environment is already limited. 

In addition, invasive warmwater fishes may also compete with and prey on native fishes may, 

negatively impacting native populations. Invasive warmwater bluegill, for example, compete with 

native fishes, and warmwater bass prey on native fishes (Kamerath et al. 2008). As 

temperatures in the nearshore warm or growing seasons are extended in the summer, invasive 

warmwater fishes may expand outward from their current occupied areas in the nearshore (e.g., 

Tahoe Keys) and increase their populations (Ngai et al. 2009).  

Climate change may alter the balance and diversity of native and non-native species of benthic 

invertebrates in the Lake. Longer growing seasons can yield higher densities of invasive clam 

populations by increasing their reproductive output (Wittmann et al. 2013). An increased clam 

population can in turn alter nearshore algal communities and diversity (Wittman et al. ibid, 

Denton et al. 2012), changing the habitat for native invertebrate taxa. In addition, in lakes similar 

to Lake Tahoe, elevated temperatures are increasing the densities and expansion of coldwater 

crayfish, which feed on benthic invertebrates, macroalgae, and native fish eggs. Climate change 

will also impact the connectivity between aquatic ecosystems. The “wildlife connectivity” 
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section of the Upland Sub-System further describes these implications. 

Implications 

Alterations to native biodiversity will impact the biological absorption of nutrients and particles 

delivered from the watershed. Lake mixing reintroduces particles that have settled to the lake 

bottom into the water column, which benthic invertebrates or zooplankton then absorb. A 

reduction or elimination of benthic taxa could substantially change this process. In turn, this 

could lead to excess particles and organic matter in the Lake, and a loss in clarity. Additionally, 

alterations to the fish community assemblages will change the food available for non-native 

sportfish. Finally, changes in the biological assemblage, and changes to the migration, 

movement, or mortality of species, can also alter how animals excrete and how plants release 

nutrients. Such nutrients control algal dynamics in the Lake. 

 

Figure 33. Multiple climate impacts degrade native fish habitats 
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Watershed Hydrology and Streamflow 

Historical and Current Conditions 

The runoff that originates from the Basin’s high mountains is stored in Lake Tahoe and 

downstream reservoirs, and is the primary source of fresh water supply for more than 400,000 

people. Historically, winter snow accumulation and spring melt have generated a significant 

portion of the runoff. For most of the 20th century, the Basin’s water supply mostly met 

ecological and human demands. However, projected increased future temperatures and 

precipitation extremes are expected to stress the Basin.  

Resource Sensitivity and Exposure 

Mountain hydrology is highly sensitive to slight changes in climate, particularly temperature and 

precipitation. This sensitivity leads to naturally high variability in seasonal and interannual 

patterns of snowpack accumulation and runoff, which then affects local ecological conditions 

and downstream water resources. Climate change is expected to exacerbate this inherent 

variability, and could potentially shift hydrologic patterns across thresholds that would result in 

long-term changes to biological structure and function, and affect other resources that depend 

on current hydrology. There may be no snow below 6,000 feet and may be a significant 

reduction across all higher elevations. This will lead to 15 to 40 percent drier soils compared to 

historical norms (depending on elevation), less water for vegetation, and greater stress on 

plants and animals. Conversely, runoff volumes for 25-year or 100-year precipitation events will 

trend upward.  

Stream water temperatures will also trend upward with climate change, shifting aquatic species 

and in-stream nutrient cycling. Dissolved oxygen concentrations decrease with increasing 

temperatures, so this may affect some species in riparian environments. Trends in nutrient 

concentrations and loading are more difficult to predict. More rain falling on exposed soils will 

increase mobile phosphorus and, combined with more growth of nitrogen-fixing blue-green 

algae, this is likely to result in more nitrogen and phosphorus in the system. 

Implications 

With more total annual precipitation arriving as rain rather than snow, there water that the 

snowpack holds will decrease, along with streamflows later in the year. This will affect 

ecosystems that depend on this streamflow, including riparian areas. These changes in 

snowpack are altitude dependent, with quicker warming trends and precipitation changes at 

higher elevations (Dettinger et al. 2018).  
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More extreme hydrologic events are predicted, with increasingly intense storms, rain-on-snow 

events, and floods. The precipitation from larger storms will increase by five to 30 percent, 

leading to higher-flow runoff events and corresponding impacts on erosion, pollutant transport, 

and damage to infrastructure. More intense storms and more rain-on-snow events will exceed 

the hydraulic capacity of existing storm water infrastructure and undermine treatment 

effectiveness. As a result, more sediment and nutrients would flow into Lake Tahoe. This will 

require engineers and floodplain managers to modify future project designs and management 

strategies. 

Changes in precipitation and hydrology will not be uniform across the Basin, due to its complex 

terrain and rain-shadowing effects. The Sierra Nevada mountains typically generate more 

precipitation on the west shore of the Basin, and less precipitation on the east shore. Droughts 

are therefore likely to be more severe on the east side. 

Trends in when snow melts, and the shift in peak streamflows to winter and early spring, could 

significantly affect downstream water supply (Barnett et al., 2005; Barnett et al., 2008). As 

mentioned earlier, warmer temperatures, increased evaporation, and climate variability may in 

turn increase the variability of water levels in the Lake, including periods below its natural rim. 

Again, this would affect how the Bureau of Reclamation manages the dam at Tahoe City for 

water supply to downstream communities. 

Lake-Connected Groundwater Supply  

Historical and Current Conditions 

Groundwater withdrawals can draw down water tables and change the movement of water into 

or out of connected streams, lakes and wetlands. In turn, this can either decrease the rate at 

which the aquifer discharges to these surface-water features, or at which these features 

recharge the aquifer. Modeling for the Tahoe Valley South (TVS) groundwater basin in South 

Lake Tahoe has shown that north of the Lake Tahoe Airport (proximal to the Lake), most of the 

water withdrawal is from Lake Tahoe (Pohll et al. 2018). South of Lake Tahoe Airport (proximal 

to upland areas) most of the water withdrawal is from streamflow. The current groundwater 

extraction rates and allocations for the South Tahoe Public Utility District are well below 

recommended “not to exceed” thresholds, which limit pumping rates to protect stream ecology.  

Similar low-elevation groundwater systems connected to the Lake are expected to be relatively 

resilient to changing climate, unless lake level drops precipitously. The TVS groundwater basin 

is expected to remain in a sustainable condition over a full range of climate projections, 
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including RCP 8.5 (Pohll et al. 2018). Modeling shows that reductions in stream baseflows due 

to groundwater pumping represent only about two percent of the average annual runoff 

(124,000 acre-feet per year). The analysis also shows that the majority of production wells are 

located within areas of the Basin where groundwater pumping does not significantly impact 

streamflow. 

Resource Sensitivity and Exposure 

Most low-elevation groundwater areas in the Basin that are well connected to the Lake should 

be less sensitive than the higher elevation areas. Furthermore, given the volume of Lake Tahoe, 

it is unlikely that groundwater pumping will significantly impact lake levels. The precise contour 

at which the Lake is insufficient to maintain groundwater levels varies with geology, elevation, 

depth of the aquifer, and pumping rates. 

A study that modeled drought and temperature increases in the TVS groundwater basin found a 

32 percent drop in recharge compared to the historical baseline, but groundwater levels only 

declined from zero to ten feet (Pohll et al. 2018). Similar results would be expected for other 

low-elevation groundwater systems connected to the Lake. Modeling shows that loss in 

groundwater storage and declining groundwater levels occur only under the most extreme dryer 

(17 percent drop in precipitation) and warmer-to-hotter (5.3 to 9.3 degrees Fahrenheit increase 

in temperature) conditions. 

Implications 

Groundwater systems can buffer the impacts of droughts, but they are ultimately vulnerable to 

changes in recharge and to increased water extractions because of drought. Although many of 

the low elevation groundwater systems around the Lake may be resilient due to their 

connections with the Lake, the desire to sustain ecological benefits would still limit extraction 

rates.  

More intense rainfall over shorter periods during the year will reduce the amount of total 

infiltration to groundwater, and the associated runoff could more frequently exceed the capacity 

of existing storm water best management practices and infrastructure. Storm water infiltration 

is often advocated as a best management practice with multiple benefits resulting from 

reduced overland flows, groundwater recharge, and natural pollutant removal processes.  
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Overview of the Upland Sub-System’s 

Vulnerability 

The Basin’s upland forests provide habitat for myriad plants and animals, neighborhoods for 

more than a dozen communities, and a recreational playground for 24 million annual visitors. 

Higher ambient temperatures and changing precipitation patterns are reducing the range and 

availability of habitat for most natural resources. The decrease in available soil moisture, loss of 

meadow habitat, and increase in invasive plant populations will all threaten native species. Most 

noticeably, people will see more frequent wildfire and smoke. 

The IVA analyses the following upland sub-system resources: 

 Stream-connected groundwater supply  

 Forest biological diversity 

 Forest ecosystem dynamics 

 Soil moisture and infiltration 

 Riparian and aspen ecosystems 

 Meadow ecosystems 

 Wildlife connectivity 

The sub-system has the following key vulnerabilities: 

 Larger rainfall events over shorter periods will decrease the total infiltration to 

groundwater, compared with the same amount of annual precipitation spread over 

smaller events.  

 Less groundwater storage will lead to forests encroaching on meadows, and the loss of 

wetland habitat. In turn, high densities of encroaching conifers will increase the risk of 

severe wildfire in riparian areas and meadows. 

 Vegetation will change due to a combination of drought, increased insect populations 

and pathogens, windthrow during extreme storms, and greater risk of wildfire. 

 Many native plant and animal species are likely to experience shifts in abundance and 

distribution, and in some cases local extinction. 

 Native plant biodiversity may decline because of reduced moisture in forests, especially 

because the highest species diversity is typically found in more moist forest 

environments. 
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Figure 34 shows the SET’s heuristic assessment of the adaptive capacity, exposure, and 

sensitivity for the upland sub-system. The SET identified meadows as the most vulnerable 

resource, because changes in temperature and snowpack will decrease groundwater tables. 

That said, the majority of resources in this system are relatively vulnerable. The SET identified 

soil moisture and infiltration as the least vulnerable resource.  

 

Figure 34. Vulnerability scoring matrix for the upland sub-system 

Stream-Connected Groundwater Supply 

Historical and Current Conditions 

Snowpack and snowmelt increase the persistence of groundwater, which in turn sustains high 

amounts of soil moisture and a variety of high-elevation wetland environments around springs, 

seeps and wet meadows, especially where slope gradients are low (Rundel and Millar 2016). 

Reductions to the snowpack will cause groundwater levels to drop and thereby change wetland 

vegetation and species.  

Resource Sensitivity and Exposure 

It is uncertain how climate change will affect fractured bedrock aquifers, high mountain springs, 

mountain meadows, and headwater streams at higher elevations (Dettinger et al. 2018). The 

highest-elevation groundwater-dependent ecosystems (those limited to areas above 9,000 feet), 

may be more resilient, because snowpack will persist longer at these elevations. However, mid-
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elevation ecosystems will likely suffer from reduced snowpack, more frequent runoff and 

erosion, and dropping groundwater levels.  

Groundwater systems can buffer the impacts of long- and short-term droughts. However, the 

relatively smaller and often isolated aquifers in mountainous parts of the Sierra Nevada are 

particularly vulnerable to changes in recharge and snowmelt (Dettinger et al. 2018). These 

impacts will vary across altitude with snowpack. 

Implications 

More extreme storms are expected, with an increasing frequency and intensity of the 

atmospheric rivers that produce heavy rain and rain on snow. Larger rainfall events over shorter 

periods will decrease the total infiltration to groundwater, compared with the same amount of 

annual precipitation spread over smaller events. Modeling of creeks in the Basin projected on 

average a greater than 30 percent decrease in summertime streamflows, and associated 

decrease in groundwater (Huntington and Niswonger 2012). The results indicate that snow-

dominated watersheds would become more arid during the hottest part of the year, and dry-

season water stresses would likely become more severe even if annual precipitation increased. 

Lower groundwater levels in wetland areas will allow trees to encroach on meadows and 

associated plant and animal habitat. 

Groundwater storage in small higher-elevation aquifers can respond quickly to changes in 

snowfields and in local recharge rates and timing (Dettinger et al. 2018). The magnitude of 

precipitation is the dominant condition controlling groundwater recharge, and because 

precipitation in the Basin is not expected to change dramatically (plus or minus ten to 15 

percent), one might assume that recharge would mimic historical patterns. This may not be the 

case, however, due to decreased infiltration during intense rain events, lower streamflows that 

drain surrounding groundwater, and longer growing seasons that increase and prolong 

evapotranspiration. 

Forest Biological Diversity  

Historical and Current Conditions 

The Basin has a high diversity of species, supporting over 60 vegetation types, around 1,100 

species of vascular plants, 262 birds, 66 mammals, eight reptiles, six amphibians, and 27 fish 

species. Timber harvest, fire suppression, livestock grazing, and urbanization greatly impacted 

these biological communities between 1850 and 1950. The Basin lost four bird, seven mammal, 

and one amphibian species, and some pine-dominant forests shifted to largely fir-dominated 
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forests. Old growth forests declined to less than two percent of the land area, and today reside 

in 38 small relict stands.  

Since 1950, Basin land managers have worked to restore watershed and forest conditions. They 

curtailed grazing and made forest regeneration a primary objective. Today, land managers 

regulate and seek to minimize stressors like urbanization and recreational activities, and to 

allow fire back on the landscape. Forest management strategies are evolving and trending 

toward more compatible approaches, including ecologically beneficial fire, that promote 

landscape heterogeneity and the retention and recruitment of older, larger trees. 

Resource Sensitivity and Exposure 

The Basin has a large elevation range, rising more than 4,000 feet from Lake Tahoe to the 

surrounding crests. Climate change has the potential to directly alter the distributions and 

interactions of many species. Habitat specialists and high-elevation species are most at risk. 

For example, the pika no longer inhabits most of its former range (high elevation talus fields). 

Organisms will respond to climate change in individual and species-specific ways, potentially 

creating communities that have no historical or modern analogue. These shifts in composition 

and structure are likely to be accompanied by shifts in genetic diversity and behavior. Fires are 

also expected to be more frequent and intense under higher average temperature regimes, 

which will alter forested landscapes and habitat conditions for plants and animals. 

Implications 

Many native species, including Tahoe Yellow Cress (a plant) as well as osprey and bald eagles, 

are likely to shift their abundance and distribution. Some may go locally extinct. Re-surveys for 

vertebrates on the west slope of the Sierra Nevada, conducted roughly 100 years after original 

surveys, found the following:  

 the elevation limits of the geographic range of species shifted primarily upward;  

 even closely related species responded differently to changes in climate and vegetation; 

 many species showed no change in their elevational range;  

 the ranges of several high-elevation species (e.g., alpine chipmunk) contracted because 

the lower limit moved upslope, while the ranges of several low-elevation species 

increased concurrently;  

 most upwards range shifts for high-elevation species are consistent with predicted 

climate warming, but changes in most lower- to mid-elevation species’ ranges are likely 

the result of historical logging, fire suppression, and other land use change; and 
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 elevational range shifts resulted in minor changes in species richness and composition 

at varying spatial scales. 

Invasive non-native species and lower-elevation native species that did not historically occupy 

the Basin could also increase in number and extent, and stress native species through 

competition and predation. Terrestrial non-native invasive plants (e.g., cheatgrass) and non-

native animal species (e.g., barred owls) already threaten native species. 

Forest Ecosystem Dynamics 

Historical and Current Conditions 

Historical logging, fire suppression, grazing, and invasive species introductions, along with 

climate change, have altered the structure and functioning of forest ecosystems. Biotic 

disturbances (e.g., insects, pathogens, invasive species) and abiotic disturbances (e.g., fire, 

drought, air pollution) interact with biogeochemical cycles and energy flows. These interactions 

have the potential to initiate novel successional trajectories across living (e.g., plants, animals, 

microbes) and nonliving (e.g., air, water, mineral soil) system components, and compromise 

ecosystem resilience.  

Fire and drought are projected to become more severe and widespread in the future. There is 

also the potential for more widespread insect and disease outbreaks, and the accelerated 

spread of invasive species. Climate change can alter fundamental biogeochemical cycles and 

atmospheric conditions that can significantly influence carbon storage and subsequent 

emissions. Warming temperatures will also change plant water-use, which exerts considerable 

influence on carbon, hydrological cycles, and biotic responses to climate change. 

Resource Sensitivity and Exposure 

Forest growth is a critical and major carbon sink in the northern hemisphere that has the 

potential to help mitigate the ongoing rise in global atmospheric carbon dioxide. Predicting 

forest sensitivity and changes in productivity in response to complex and interacting natural and 

anthropogenic disturbances (e.g., prolonged drought periods, fire suppression and subsequent 

stand densification, climate-mediated insect outbreaks, disease pressure, climate variability, 

land-use changes, groundwater depletion, and declining snowpack) is important to maximize 

the ability of forests to sequester carbon.  
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Implications 

Climate change may compromise vital forest ecosystem functions and processes. For example, 

drought stress and widespread outbreaks by bark beetles will kill more trees. Increased 

mortality and larger amounts of dead wood indicate a gradual loss of sequestered carbon over 

time, and an increase in the risk of high-intensity fire, which would result in a rapid loss of 

aboveground carbon stocks. Reduced moisture across forest types and aspects may decrease 

the diversity of native plant species, given that high species diversity is typically found in moist 

forest environments. However, forests and soils have the capacity to reduce localized impacts 

of climate change, if managed carefully. In some areas, small topographic differences can 

mitigate broad-scale impacts and create “climate refugia” for species. 

 

Figure 35. Glenbrook in 1900 with deforested hillside from logging (left); Glenbrook in 1990 

with secondary tree growth (right) (Goin 1992)  

Soil Moisture & Infiltration 

Historical and Current Conditions 

Limited data exists on current or historic soil moisture conditions for the Basin. In general terms 

for the Sierra Nevada, upper-elevation soils tend to be acidic, well-drained, shallow to deep, and 

fine to moderately coarse-textured. Moister drainages and higher organic content are found on 

north-facing slopes that have denser forests and have burned less frequently. Soil moisture 

naturally varies with elevation and slope exposure (aspect), as well as with the time of year. 

From March through August evapotranspiration is supported by soil moisture derived primarily 

from winter precipitation and snowmelt infiltration. Changes in Sierra Nevada soil moisture 

conditions during the typical June to September dry season are expected to be more severe 
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with increasing altitude, up to about 8,500 feet, largely reflecting changes in snowpack 

(Dettinger et al. 2018). This will affect forest structure and health. 

Resource Sensitivity and Exposure 

Warming temperatures will raise snowline altitudes significantly, with much more precipitation 

falling as rain at elevations from lake level (near 6,200 feet) upward to about 9,500 feet, and 

reduce the depth and duration of snowpacks, This will lengthen and deepen the summer dry 

period and exacerbate soil water deficits during droughts, likely increasing moisture stress for 

many forests and yielding changes in vegetation type, density and distribution (Safford, North et 

al. 2012, McDowell and Allen 2015). Higher snowlines could also reduce the insulating benefits 

of a snowpack and make forests more vulnerable to damage from increased soil frost. Further, 

with more intense rainfalls events occurring over shorter periods during the year, there will be 

less total infiltration to groundwater compared with the historical pattern of a larger number of 

less intense rainfall events through the year. 

CWD will increase for most of the Basin and will be particularly severe in the northern and 

eastern sections. Dramatic changes in forest health and structure are expected by the end of 

the century. The drying of soil and air will lead to more insect infestations, tree mortality, and 

potential wildfires in these areas. 

Implications 

As the timing of seasonal snowmelt shifts toward earlier in the spring, there will be less soil 

moisture later in the year, with consequential impacts on drought-sensitive vegetation and 

dependent species. During droughts, the amount of precipitation decreases but rates of 

evaporation from soil and plant transpiration (ET) remain the same or increase (Bales et al., 

2018). As a result, there are likely to be longer-term changes in forest composition and 

distribution, as well as increased fire frequency, especially at elevations or exposures where fuel 

moisture content becomes critically low. The north and east sections of the Basin will become 

particularly vulnerable. 

In some cases, however, short-term ecosystem accommodation to drought has been observed 

in the Sierra Nevada. This includes the dieback of trees and the thinning of forested areas by 

wildfire. These events reduce evapotranspiration demand and leave more water available for 

soil moisture, stream runoff, recharge and baseflows through the year (Bales et al., 2018). 

Consequences of tree dieback, however, include increased fire and erosion hazard.  
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Riparian and Aspen Ecosystems 

Historical and Current Resource Conditions 

Riparian ecosystems occur at the interface between uplands and streams or lakes, and consist 

of predominantly hydrophilic vegetation such as willows, alders, and aspen. Riparian habitats 

are limited in geographic extent but have significant ecological importance because they 

provide vital connections between the surrounding watershed and the Lake. Sixty-three streams 

flow into Lake Tahoe and support diverse and large numbers of animal and plant species, 

including species that almost always occur in these areas (obligates), such as the rare mountain 

beaver.  

Many riparian areas were severely degraded by mining during late 1800s, and by extensive 

sheep and cattle grazing from the late 1800s to early 1900s. They have recovered to various 

degrees since that time. Roads in the Basin continue to impact floodplains, and reductions in 

beaver populations may have limited the extent of riparian habitat. Current threats to riparian 

areas include the lack of periodic renewing disturbances (e.g., fire, flooding), channel 

alterations, and drought stress. The encroachment of conifers into riparian areas due to lack of 

fire, prolonged droughts, and reduced snowpack threatens the long-term vigor and persistence 

of many aspen stands. 

Resource Sensitivity and Exposure 

Riparian areas depend directly on the runoff from snowpack in the upper watershed that 

supplies late season moisture. Riparian habitat is significantly threatened by increases in 

temperature and subsequent drought stress; changes in timing, volume, and variability of runoff; 

and increases in fire occurrence and severity. Conifer encroachment exacerbates these threats. 

Aspen is an early seral species (i.e., it is one of the first to appear following a disturbance such 

as fire or logging) and competes poorly with conifers. Aspen are found within riparian areas, 

along meadows, and in stand-alone groves. Aspen stands are relatively uncommon in the Basin, 

totaling about 2,500 acres, but are an important habitat for many species, and contribute to the 

overall diversity of the Basin. Decline in the availability of soil moisture threatens aspen groves. 

The exposure of individual stands will depend on site-specific conditions. 

Implications 

Riparian systems are currently at risk of wildfire due to high densities of encroaching conifers. 

Climate change may exacerbate this risk due to projected increased temperatures and drought 

stress. However, increased high severity fire in forested areas, if not too frequent, may provide 
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an opportunity for aspen to regenerate in riparian areas, as well as to migrate and establish 

themselves in new areas (Krasnow and Stephens 2015). Riparian areas may also experience 

warm, low volume streamflows, as well as flashier floods, which could change aquatic 

communities and increase the degradation of stream channels. 

Meadow Ecosystems 

Historical and Current Conditions 

In the 19th century, intensive grazing and manipulation of drainage patterns degraded most of 

the Basin’s large, iconic meadows by reducing vegetation and concentrating streamflows. 

Although land managers have curtailed grazing since the 1950s, deepened stream channels 

(channel incision) remain common. This disconnects streamflows from surrounding meadow 

floodplains and lowers waters tables. Fire suppression has simultaneously increased densities 

of lodgepole pine surrounding meadows. This further reduces runoff, dries meadows, and 

hastens the expansion of conifers into the meadows (Boisrame et al. 2017). 

Land managers have prioritized meadow restoration for several decades. They have restored 

Big Meadow, Cookhouse Meadow, High Meadow, and many others to raise water tables and 

reconnect floodplains. These meadows have regained capacity to disperse floodflows, retain 

sediment, accumulate organic carbon in their soils, and support diverse animal communities. 

Resource Sensitivity and Exposure 

Properly functioning meadows filter water and sediment and create habitat patches that break 

up forests. Their consistently high water tables maintain wet and productive conditions, even 

during periodic drought conditions. They are expected to serve as climate refugia for a wide 

range of bird, fish, and amphibian species. However, recent predictions of meadow resilience to 

climate change suggest that most Sierra Nevada meadows are not naturally sustainable 

(Lubetkin et al. 2017). Projected changes in temperatures and snowpack are likely to reduce 

water tables and dry out many meadows for prolonged periods. This will likely convert meadows 

to forest or shrubs. Meadows that have consistent groundwater may be good candidates for 

restoration and conservation. 
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Figure 36. Forest encroachment leads to loss of wetland, meadow, and riparian habitat. 

Implications 

Reduced snowpack, changing runoff, and increased CWD heighten the need to sustain 

functioning meadows. The continued reduction in snowpack, and changes in runoff patterns 

and resulting CWD, escalates the importance of sustaining functioning meadows in the Basin. 

Restoration needs to better integrate river (fluvial) processes, resolve root causes of 

degradation, and minimize detrimental disturbances. Otherwise meadows will continue to 

convert to forests and shrubs (Lubetkin et al. 2017). 

Wildlife Connectivity 

Historical and Current Conditions 

Connectivity is a vital element of conservation. It is generally defined as the degree to which the 

landscape facilitates or impedes the movement of plants and animals. The Basin contains a 

patchwork of ecological features and several elevational zones that affect connectivity. The 



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

58 

crests of the Sierra Nevada and Carson Ranges that surround the Basin serve as natural barriers 

to wildlife immigration. 

Tree removal, regrowth, and fire suppression dramatically changed the Basin’s vegetation in the 

late 1800s and early 1900s. Today’s landscape is relatively homogeneous—long, unbroken 

stretches of mid-seral stage forests, with few trees older than 100 years. This pattern allows 

most forest-associated species to readily move from place to place (i.e., creates high 

connectivity). Wide-ranging, old forest-associated species such as American marten, however, 

require resting, denning, and roosting structures to move across the landscape. The deficit in 

old, large trees, particularly in lower elevation zones, is likely to limit such movement. 

Roads and other infrastructure have also disconnected various parts of the Basin. They 

significantly inhibit the movement of certain species, particularly those that roam over large 

areas such as black bears, mountain lions, marten, bobcats and deer. Towns and communities 

also obstruct wildlife movement. While current policies limit additional building in the Basin, 

public agencies may still create additional transportation infrastructure to accommodate 

growing visitation and car traffic. 

Resource Sensitivity and Exposure 

Climate change is expected to decrease and fragment habitat (i.e., reduce connectivity). 

However, it is difficult to predict what changes will have the greatest impact. Prolonged warmer 

temperatures and spikes in temperature may initially push species to higher elevations. In this 

case, habitat connectivity will be critical to enable species to adjust. Species on the edge of their 

temperature ranges are likely to be the most sensitive, particularly cold-adapted species at the 

warmer edges of their ranges.  

Implications 

Species associated with limited alpine environments may experience significant habitat loss 

and fragmentation. Some may modify their behavior accordingly. For example, the black bear 

may rely more on human food sources, and seek human structures for resting and denning, if 

access to upslope food and habitat becomes scarcer. 

Higher temperatures may also facilitate the immigration of species that otherwise do not 

tolerate cold climates. These may include non-native species as well as highly adaptable and 

competitive generalist species. Reduced precipitation and greater variability in precipitation 

could offset such immigration but is not likely to entirely counter increasing temperatures. 



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

59 

Reduced streamflows and shorter periods of ponding and soil saturation are likely to reduce the 

connectivity of streams, lakes, ponds, aspen stands, and meadows, and the associated aquatic 

organisms. Meadows are expected to be highly vulnerable. Two thirds of the meadows along 

the west shore may not be able to provide adequate refugia for meadow species under future 

climate scenarios because of reduced connectivity and wetness (Morelli et al. (2016) and Moher 

et al. (2017). Species that are less tolerant of warmer water will also be among the most 

vulnerable. 

Future warming and drying also are likely to exacerbate vulnerabilities. For example, many non-

native species are generalists and adapt well to altered environments. On the west shore, 

approximately 80 percent of streams have dams or other structures that prevent the movement 

of fish and other aquatic organisms, and nearly half (47 percent) of these contain more non-

native than native aquatic species. As streamflows decline, native species will be even more 

vulnerable to competition from non-native generalists. Generally, such species reduce genetic, 

biological, and functional diversity. Similarly, 75 percent of the west shore is within a quarter 

mile of a road or trail. Anticipated increases in visitors, with more people seeking refuge in 

Tahoe’s relatively cooler climate, will create additional disturbance near roads and trails that 

disrupt otherwise connected vegetation conditions. 

Economic Implications for Natural Resources 
The Basin’s unique character derives from its natural resources, which make it a desirable place 

to live and visit. Climate change is projected to impact the resilience and functioning of many of 

Tahoe’s ecosystems. This section translates the implications of climate change for natural 

resources into economic impacts. Because not all aspects of ecosystems are bought and sold 

in a traditional market, economists often use an ecosystem service framework to estimate the 

non-market value of the implications. Such a framework identifies relevant ecosystems in the 

area, characterizes how climate change will alter the ability of each ecosystem to provide 

services, and values the change in the quality or quantity of each service provided. 

The implications detailed earlier focus on two sub-systems, Lake Tahoe and the Uplands, and 

cover eleven resources. Figure 37 shows the vulnerability of each resource combined with its 

relative economic value. The size of the bubble represents the economic value at risk; resources 

with larger bubbles have more economic value based on the considered ecosystem services, 

and smaller bubbles have less value. Resource managers may want to consider both the most 

vulnerable resources, in the top right of the graph, and the resources of high value indicated by 

the larger bubbles. 
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Figure 37. Basin natural environment economic value and vulnerability 

Figure 37 shows that Lake Tahoe is both a valuable and vulnerable resource. Other vulnerable 

resources, such as aquatic resources (lakes and streams), riparian and aspen ecosystems, and 

high-elevation groundwater, have less direct economic value. Watershed hydrology and forest 

ecosystem dynamics and biological diversity, although slightly less vulnerable, have higher 

values.  

Table 1 lists the economic impacts associated with aforementioned climate change 

implications. In addition to the two sub-systems, the table also includes the impacts of general 

changing climate conditions (e.g. health impacts and other ecosystem service losses). Bolded 

values in the economic impact column focus on high-value ecosystem services and cross-

cutting climate hazards and are discussed in more detail. The remaining impacts are not 

discussed due to either lack of data on physical impacts and/or valuation inputs, or due to low 

anticipated magnitude of impacts. 
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Table 1. Physical and economic impacts of climate change on Basin environments 

RESOURCES IMPLICATIONS ECONOMIC IMPACTS 

Lake Tahoe Sub-

system 

Decrease in Lake Tahoe clarity 

Lower Lake Tahoe levels 

More competition for aquatic 

species 

Less native vegetation 

Decreased property values (aesthetics) 

Lost recreation value (aesthetics, wildlife 

viewing, fishing) 

Lost recreation opportunities (access) 

Increased water supply costs (water availability) 

Lost biodiversity 

Upland Sub-

system 

Diminishing meadows ecosystems 

Riparian and aspen ecosystems 

encroached by conifers 

Altered distribution and interaction 

of species 

Compromised forest ecosystem 

dynamics and function 

Riparian and Aspen Ecosystems 

Encroached by Conifers 

Increased flood damages (flood attenuation 

capacity) 

Lost biodiversity value  

Increased water supply costs (water filtration) 

Lost recreation value (aesthetics, wildlife 

viewing, fishing, hunting) 

Increased wildfire damages (fuel increase) 

Decreased timber revenues 

Cross-cutting 

Climate 

Conditions 

Temperature and snowpack 

Lost recreation value (winter recreation 

access) 

Increased damages associated with premature 

death (extreme heat mortality) 

Decreased wages (lost labor hours due to 

extreme temperatures) 

Cross-cutting 

Climate 

Conditions 

Climatic Water Deficit, Wind Speed 

and Wildfire 

Increased wildfire treatment and suppression 

costs (wildfires) 

Increased health costs (wildfire smoke 

impacts) 

Lost ecosystem services  

Increased wildfire property damages 
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Lake Tahoe  

The Lake provides economically valuable services, including recreational opportunities, 

aesthetic benefits, habitat for a range of species, and clean water. As a nationally important site, 

the Lake provides value to residents and visitors, as well as to individuals who may never visit 

yet value knowing the Lake exists in a high-quality state (this is called a “non-use value”).  

Lake Tahoe’s exceptional clarity has been declining from more than 50 years. Changing 

temperatures, precipitation patterns, and wildfire events will further threaten lake clarity in the 

future. Prior studies estimating the value of lake clarity typically use revealed preference 

methods (also called hedonic studies). These relate a person’s willingness to pay for properties 

and recreational opportunities to water clarity measures. Tahoe’s extraordinary baseline clarity 

makes it difficult to transfer results from other locations. However, a hedonic study in New 

Hampshire found that housing prices increased by 0.9 to 6.6 percent per one-meter increase in 

Secchi water clarity measurement in nearby lakes (Gibbs et al. 2003).  

Declining water quality from increased thermal stratification also has economic consequences. 

These include increasing the cost of water supply treatment, reducing welfare benefits (i.e., 

health, happiness) associated with recreational trips, and increasing the risk of waterborne 

illness.  

Lake level fluctuations also have economic impacts. A 2003 study at Lake Almanor, about 130 

miles northwest of Lake Tahoe, found that for each additional foot of exposed shoreline, 

property prices dropped by about $150 dollars ($2018) (Loomis and Feldman 2003). 

Wildfire 

Wildfires are predicted to grow in both frequency and intensity in the future. In the Basin, the 

total area burned by wildfires in the end of the century (2090-2100) is predicted to be 61 percent 

higher than that at the beginning of the century (2010-2020). Moderate and high burn severity 

areas are projected to increase the most, at 89 and 80 percent, respectively (LTW 2019).   

Wildfire smoke plumes can affect air quality miles away from the burn location. The fine 

particles in smoke infiltrate lungs, eyes, and noses, and can lead to medical conditions ranging 

from minor irritation to chronic respiratory illness and even premature death. Total annual 

health-related damages from the largest projected event by mid-century (2039) will cost $19.5 

million (estimates range from $7.4 million to $40.8 million, depending on the model and weather 

scenarios) (LTW 2019). 
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From 2020 to 2100, average annual wildfire treatment costs are expected to be about 30 

percent higher than 2010 costs, and suppression costs are 55 percent higher than 2010 costs 

(LTW 2019). 

Lost ecosystem services from vegetation impacted by increased wildfire activity, particularly 

mature vegetation, can be a large category of damage. A habitat equivalency analysis (HEA) can 

be performed to estimate this loss. 

Winter Recreation  

Alpine skiing, a high value activity, is vulnerable to shortening seasons. There is strong evidence 

suggesting that snowpack will decline across the Basin in the next century (see Figure 7). A 

2017 study by Wobus et al. uses information on expected snowpack and snowmaking 

conditions to estimate changes in expected season lengths at winter recreation sites across the 

country. The Basin’s ski season is expected to decrease by 19 and 52 percent by 2099 under 

RCP 4.5 and RCP 8.5, respectively, across all sites. 

Ski area visitation is highly correlated with ski season length (Wobus et al. 2017). Assuming a 

linear relationship between season length and visitation, and therefore revenues, Basin ski areas 

are projected to lose $270 million in revenues annually under RCP 8.5 by 2090, or about 52 

percent of baseline annual revenue for Basin ski areas based on visitation data (Stewart 2019). 

Even under the more modest RCP 4.5 scenario annual losses are projected at $100 million per 

year by 2090.  

These estimates do not account for any projected growth in visitation independent of season 

length (e.g. growth related to population increases). They also do not include additional lost 

revenues for ski areas that may become unprofitable and close operations. It is likely that 

certain ski areas would completely close instead of operating under a shortened season year 

after year. Visitors not able to ski may still choose to visit for non-ski activities. However, these 

tend to be lower revenue drivers and would require investment in management and facilities to 

ensure access. 
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Overview of the Communities Sub-System’s 

Vulnerability 

People also make the Basin a special place. The Basin hosts a wide range of visitors, tourists, 

and residents that require essential services and are subject to the implications of climate 

change. For example, a shortening and wetter winter season could significantly impact the 

winter tourism economy; or a landslide that shuts down one of the highways could affect 

commute time. 

The IVA focuses on resources and assets that provide critical services and correlate directly 

with public wellbeing and economic health. The IVA analyses the following communities sub-

system resources and assets: 

 Transportation, Communications, Water, and Energy Infrastructure 

 Cultural Resources 

 Recreation 

 Public Health and Safety 

The sub-system has the following key vulnerabilities.  

 Roads, bike paths, and key infrastructure are threatened by increased risk of wildfire, 

flooding, erosion, and landslides. 

 Recreation use is impacted by low snowpack and extreme weather events. 

 Public health is threatened by smoke from wildfires and extreme heat events. 

 Cultural heritage is threatened by increased risk of wildfire. 

 Traffic in the Basin is likely to increase as visitors seek cooler temperatures. 

Transportation, Water, Energy, and Communications 

Infrastructure 
Connections to the outside world provide the Basin with tourism, freight and goods, electrical 

power, wastewater treatment and disposal services, and communications. The Basin’s 

geography significantly influences the vulnerability of its infrastructure. The mountains restrict 

linkages to surrounding networks and communities, forcing critical connections to span long 

distances through potentially vulnerable terrain. These constraints reduce the number of 
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deliberately redundant infrastructure connections and introduce potential chokepoints. 

Additionally, vulnerabilities which may degrade or disrupt one service (such as electricity) can 

have cascading impacts which disrupt others (such as water delivery, communications, and 

transportation systems). These infrastructure networks are vulnerable to climate change. 

Historical and Current Conditions 

Transportation 

Vehicle traffic on paved roadways dominates transportation in the Basin. Six highways provide 

the only external access to the Basin (other than the Lake Tahoe Airport, which is not used for 

major commercial service). Basin communities lie mostly around the shores of Lake Tahoe, so 

many only have an external access route to the north or south of their community. The highways 

serve as community main streets and support the majority of traffic, including transit system 

buses, freight trucks, passenger vehicles, and emergency service vehicles. Several bus systems 

serve the Basin, although most visitors enter the Basin by private vehicle. The Basin’s 

transportation infrastructure also includes non-arterial streets, rural roads, unpaved roads, and 

recreational trails.  

Energy Infrastructure 

The Basin imports nearly all of its energy. Long-distance electric transmission lines and natural 

gas pipelines provide energy for most buildings, and liquid transportation fuels are brought in by 

truck. The transmission lines connect Placer County communities to Truckee, and also connect 

the Nevada portions of the Basin and South Lake Tahoe to the Carson Valley. Liberty Utilities 

provides electricity distribution for California communities, and NV Energy serves Nevada 

communities. Southwest Gas operates the natural gas pipelines that supply the Basin. A small 

backup power plant is located in Kings Beach, but is not typically in operation. 

Water Infrastructure 

The Basin faces a unique water challenge: laws to protect Lake Tahoe mandate that 

communities export all wastewater, both treated and untreated. Placer County communities 

pump their untreated wastewater via the Truckee River Interceptor pipeline to a wastewater 

treatment plant near Truckee. Other communities treat their wastewater at one of three 

treatment plants located in the Basin, and then export it. Local utilities own and operate the 

Basin’s water infrastructure, including the South Tahoe Public Utilities District (STPUD) in El 

Dorado County, Tahoe City Public Utility District and North Tahoe Public Utility District in Placer 

County, Incline Village General Improvement District in Washoe County, and Douglas County 

Sewer Improvement District No. 1, as well as some additional smaller utilities.  
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Communications Infrastructure 

The communications infrastructure in the Basin includes both wired and wireless systems. 

AT&T provides wire phone service and Charter Communications (Spectrum) provides cable 

internet. Cal.net also provides wireless internet service in parts of the Basin. The Basin’s data 

networks connect to fiber-optic trunk lines outside the Basin, including Windstream lines in 

Carson Valley and Truckee. Verizon, AT&T, T-Mobile, and MetroPCS provide wireless data in the 

Basin. Twenty major cellular and AM/FM radio towers are located in the Basin. 

Climate Change Hazards Impacting Transportation and Infrastructure  

Five key climate change hazards threaten the Basin’s built environment with damage and/or 

disruption. 

Hazard 1: Extreme Precipitation, Runoff, and Flooding 

Projected changes in precipitation patterns for the Basin—such as an increase of both rain-on-

snow events and heavy rainfall occurrences—are likely to result in larger and more frequent 

“extreme” flooding events (i.e., floods that meet or exceed the current 100-year flood threshold). 

Flooding from overflowing rivers, creeks, ravines, or lowland areas may disrupt critical 

roadways—many of which have few alternative routes—as well as bike paths and recreation 

facilities. Flooding can also damage sensitive equipment located on or near ground level. 

Equipment such as water pumps, communications devices, or electrical switches at substations 

may be subject to damage from flooding. Erosion related to flooding can undermine roadbeds, 

scour bridges, and impact power poles, pipelines, and other physical infrastructure. Wastewater 

removal and treatment infrastructure in the Basin is particularly vulnerable to flooding. The 

STPUD wastewater treatment plant is partially located in a 100-year flood zone, although land 

survey data shows that facilities at the plant are above the 100-year flood elevation. Inundation 

here, at sewer lift stations, or elsewhere that causes wastewater to runoff into the Lake, could 

cause significant ecological harm. Likewise, flooding could overwhelm the Basin’s existing 

storm water detention basins, adding large volumes of particulates and other runoff pollutants 

to Lake Tahoe.  

Hazard 2: Extreme Precipitation and Landslides 

Landslide hazards result from a complex interaction of geology, hydrology, and ecological 

systems. Climate-related factors, such as the projected change in soil moisture and extreme 

precipitation, are important risk factors for landslide and debris flow. Landslides can severely 

damage infrastructure located on or below a sliding slope, such as roads, pathways, power and 

communications lines, water storage tanks, and pipelines. Landslides also cause lengthy 
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disruptions as tons of rock, soil, and debris must be removed to restore service. The highways 

connecting Basin communities traverse high mountain passes, canyons, and cuttings alongside 

potentially hazardous slope zones. In areas already prone to landslide hazards (e.g., State Route 

89 around Emerald Bay), projected increases in the frequency and intensity of extreme 

precipitation events may increase the frequency of landslides. 

 

Figure 38. Landslide risks surrounding Basin highways (current conditions). Climate change is 

expected to amplify the risk of landslides to highways, leading to implications for mobility and 

evacuation routes. 

Hazard 3: Snowpack and Avalanche 

Climate models for all scenarios project a decline in the Basin’s maximum snowpack, which is 

the main climate-related factor affecting avalanche hazard. A decline in peak snowpack 

indicates a likely reduction in the number, frequency, and severity of slab avalanches. However, 

while the number and severity of avalanches are likely to decline, visitor traffic to the Basin is 
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projected to increase in the future, particularly during winter seasons with heavy snowfall. This 

could increase the number of people exposed to avalanche hazards. 

Hazard 4: Wildfire 

The current wildfire threat to infrastructure varies significantly across the Basin, depending 

mainly on the proximity of infrastructure to combustible fuels. Moreover, climate change is 

projected to affect risk factors that both increase and decrease the wildfire hazard in the Basin. 

Climate models project changes to temperature and hydrology that affect the growth and 

accumulation of combustible vegetation. This influences projected wildfire intensity 

geographically within the Basin and across emissions scenario/projection timeframes. In all 

scenarios, increases in fire intensity (as indicated by the projected size of a potential fire were 

one to occur) are projected in the mountains west and south of the Lake. Because climate 

change can reduce wildfire risk factors such as vegetation growth and density of combustible 

fuels, fire intensity may increase or decrease depending on the location in the Basin (Figure 39). 

Throughout the rest of the Basin, the direction and degree of change vary across emissions 

scenarios and timeframes.  
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Figure 39. Projected change in wildfire area burned by the end of the century for RCP 4.5 and RCP 8.5 

Due to the large-scale nature of wildfire, fires threaten broad disruption of the Basin’s 

infrastructure. Wildfires can disrupt access to roads, damage or destroy electric power and 

communications lines, disrupt fuel delivery services, and contaminate water supply systems. In 

rare cases wildfires can even cause structural damage to roads, bridges, and culverts. If 

residents and visitors must evacuate due to fire hazard, disruptions to the transportation and 

communications systems may occur when they are needed most. 
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Figure 40. Wildfire risks surrounding Basin highways (current conditions). Climate change is 

expected to amplify the risk of wildfires to highways, leading to implications for mobility and 

evacuation routes. 

Hazard 5: Temperatures 

Although the primary hazardous effect of higher global temperatures in the Basin is related to 

extreme precipitation and wildfire, daily temperatures can directly damage the Basin’s 

infrastructure systems as well. Long periods of extreme temperatures can reduce the capacity 

of electricity transmission lines, thus straining systems during peak periods of demand, and can 

accelerate the breakdown of binders in asphalt. The intensity of heat waves is projected to 

increase, with greater increases in both the end-of-century timeframe and high-emissions 

scenario. Heat waves are not likely to be limited to Tahoe and may strain the broader regional 

power grid that generates and delivers electricity to the Basin. Daily freeze-thaw cycles also 

affect infrastructure. Days where water melts during the day but freezes again at night can allow 
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water to infiltrate road surfaces and then cause freeze-expansion damage. Across the Basin, the 

annual average number of freeze-thaw cycles is projected to decline in all timeframes and 

scenarios. Together, projected changes to temperature indicate that the type of road 

maintenance necessary to keep roads passable may begin to shift away from frost damage and 

towards rutting and heat damage.  

Other Factors Affecting Vulnerability 

Older infrastructure systems, mostly constructed in the 1950s and 1960s, undergo constant 

change through maintenance, improvement, and further construction. Long-term infrastructure 

changes are driven primarily by the aforementioned natural hazards, as well as growth in 

population and tourism, and changes in technology.  

 Population growth in the megaregion (including the Tahoe-Reno Area, San Francisco Bay 

Area, Central Valley, Northern Sierra Nevada Foothills and Carson Valley) challenge the 

existing capacity and increase the significance of vulnerabilities to climate hazards. As 

more users rely on the systems, any disruption affects more people. Climate change is 

also likely to increase traffic in the Basin as tourists visit the region to find cooler 

temperatures. 

 Technologies can increase vulnerability by increasing the interdependence of 

infrastructure systems. The growth of digital communications has made data 

connectivity more important for transportation (e.g., for the Basin’s intelligent 

transportation systems [ITS] infrastructure). The electrification of many important 

technologies (e.g., electric vehicles, “smart” systems in buildings) increases reliance on 

existing systems. Finally, infrastructure improvements in general increase the 

interconnectedness of infrastructure systems. 

 An elevated number of extreme heat events is expected to occur in parts of El Dorado 

County outside of the Basin, including locations as close as ten miles from the Basin, 

especially in the latter half of this century. This is likely to increase visitation to the Basin 

as people avoid extreme heat. 
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Asset Sensitivity and Exposure 

Potential impacts to the Basin’s infrastructure systems and assets were modeled to assess 

their relative vulnerability to climate-related hazards, and to identify the drivers of those 

vulnerabilities. The analysis specifically considered the location of infrastructure assets, 

surrounding terrain, and proximity to other geographic features likely to increase or reduce 

exposure and impacts. By assessing the exposure and potential impacts of infrastructure 

systems, it is possible to prioritize vulnerabilities for resilience-building and adaptation actions. 

Table 2 describes key impacts. Figure 41 graphically summarizes the exposure of key 

infrastructure to each hazard, and the impact were the hazard to occur.  

Table 2. Key infrastructure vulnerabilities by system and asset, and by climate hazard 

Infrastructure 

and Climate 

Hazard 

Reasons for Higher Vulnerability 

Electricity 

Infrastructure 

and Wildfire 

The high-voltage transmission lines and four substations in the Basin pass through, or 

are located in, high-fire-threat index areas. Loss of any of these assets would create 

outages for a large number of people and could disrupt operations, exacerbating any 

existing emergency wildfire situations. Climate models project the average annual 

acreage burned will increase about 21 percent Basinwide by mid-century. 

Main Roads 

and 

Landslide 

About three-fourths of highway segments (stretches of highway between intersections 

with other highways) in the Basin are exposed to potential landslide slope hazard areas. 

Nearly every segment carries more than 10,000 vehicles per day. Few segments have 

alternative routes without long detours. Peak daily precipitation, a factor in slope 

instability, is projected to increase about 35 percent Basinwide by mid-century. 

Main Roads 

and Wildfire 

Nearly every highway segment in the Basin (except U.S. Highway 50 in South Lake 

Tahoe) runs through areas of elevated fire threat index. Highways in the Basin are heavily 

traveled (more than 10,000 vehicles daily, on average), and nearly all would require long 

detours if closed. The average annual acreage burned is projected to increase about 21 

percent Basinwide by mid-century. 
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Infrastructure 

and Climate 

Hazard 

Reasons for Higher Vulnerability 

Fuel Supply 

and 

Landslide 

The two natural gas transmission lines delivering fuel to the north and south of the Basin 

are assumed to traverse potential landslide slope hazard areas (based on their known 

general paths). Landslides, which can rupture buried pipelines, could cause extended 

supply disruptions. Peak daily precipitation, a factor in slope instability, is projected to 

increase by an average of about 35 percent in the Basin. 

Recreation 

Facilities and 

Wildfire 

More than half of the recreation facilities in the Basin are located in moderate or higher 

fire-threat index areas. An estimated 40,000 visitors are present in the Basin on an 

average summer day, with a significant portion of the visitors, plus local residents, using 

recreation facilities. Wildfire could cause widespread disruption of these popular 

facilities. By mid-century, the average annual acreage burned Basinwide is projected to 

increase by about 21 percent. 

Water 

Treatment 

and Flooding 

Wastewater is conveyed out of the Basin via underground pipes, which could become 

exposed and damaged from flooding and erosion following extreme precipitation events. 

In addition, lift stations tend to be located in low-lying areas, with several stations in or 

near 100-year floodplains. Sewer systems could be inundated from storm water leaking 

into manholes. Peak streamflow and runoff are projected to increase by an average of 

about 16 percent for six modeled catchments in the Basin by mid-century. 

Bike Paths 

and Flooding 

Several bike paths that run parallel to creeks and rivers in the Basin, or along the 

lakeshore, are located in flood zones. The paved and unpaved paths and bridges can be 

damaged by erosion and washout during high-flow flooding events. Peak streamflow and 

runoff are projected to increase by an average of about 16 percent for six modeled 

catchments in the Basin by mid-century. 

Electricity 

Infrastructure 

and 

Temperature 

Electricity is delivered to the Basin via long-distance transmission lines from power 

plants often located hundreds of miles away. Higher air temperatures in the greater 

Basin reduce the capacity of transmission lines, stressing the power network in the 

summer and increasing risk of outages. Hotter temperatures also cause greater sag in 

lines from thermal expansion, increasing the risk of contact with vegetation, which could 

spark fire events. Heat waves in the greater region are projected to increase in frequency 

and intensity by mid-century.  
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Figure 41 (preceding page). Exposure and potential impact from climate change hazards for 

infrastructure systems, for 2050 for RCP 8.5. Assets with lower vulnerability are shown toward 

the bottom-left and those with higher vulnerability are located in the upper-right. 

Cultural Resources  

Historical and Current Conditions 

Lake Tahoe is the center of the aboriginal territory of the Washoe Tribe (Tribe). The forced 

removal and relocation of the Tribe to reservation lands have impacted the Tribe’s traditional 

practices, economy, and social systems. These events have also affected the Basin’s 

ecosystems, including the eradication of the grizzly bear, wolf, and naturally reproducing 

Lahontan cutthroat trout, and the decline of other wildlife populations. Seasonal movements of 

Washoe people, including moving to and from summer camps around Lake Tahoe, provided an 

important means of responding to changes in climate. Removal and relocation greatly reduced 

this adaptive capacity. Indigenous burning was an important part of the Basin’s frequent fire 

regime. It was common in the fall as Washoe moved to lower elevations for the winter. Many 

traditional foods and other resources important to the Washoe are no longer harvested, due to 

reduced availability, reduced access, and disruption of traditional activities and knowledge. The 

Washoe Tribe is restoring and maintaining cultural heritage practices in the Basin through 

partnerships with federal and state agencies. These efforts increase adaptive capacity. 

However, the diminished presence of the Tribe constrains such opportunities. 

Climate change may affect the Tribe’s cultural heritage in the Basin. This includes plants, 

wildlife, artifacts, places, sense of well-being, and other less tangible values. The Washoe, like 

many indigenous groups, are particularly concerned with the potential for climate change to 

impact water, food, medicines, and traditional knowledge. Specific elements that have been 

especially important to the Tribe include the following: 

 High quality water, which the Washoe consider to be the most sacred resource; 

 High quality air; 

 Native fishes, especially Lahontan cutthroat trout and whitefish, shellfish, and terrestrial wildlife; 

 Plants of high cultural importance, many of which were foods, basketry material, and medicines; 

 Historical artifacts, including bedrock mortars, rock art, tools, dwellings, and other 

evidence of past habitation; 

 Sense of place and associated cultural identity and mental health; and 

 Traditional knowledge and cultural practices that need to be actively applied to sustain or 

build community capacity to thrive. 
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Implications 

Increased temperatures, longer growing seasons, reduced snowpack, and drought may reduce 

water levels in springs, streams, and wetlands, and increase moisture stress for many plants, 

especially in the summer. Such effects could limit plant regeneration and reliable production of 

fruits such as berries. Although longer growing seasons could result in more crops of some 

plants, those additional crops may not be high quality.  

Climate change may also allow some culturally important plants, such as California black oak 

and pinyon pine, to increase within the Basin as they expand upward in elevation. However, 

those tree species require many decades to establish, mature, and produce nuts, so such 

potential shifts are unlikely to offset near-term losses in forest food productivity. 

Climate change is expected to lead to more large and/or high severity fires and other tree-killing 

disturbances, such as large beetle outbreaks. These trends are exacerbated by a legacy of 

suppressing wildfires and excluding indigenous burning. Intense fires can negatively affect 

cultural heritage by causing mortality of important plants, soil erosion, loss of seedbanks, and 

consumption of legacy trees, snags, and downed wood. Intense wildfires and drought could 

reduce the abundance and quality of plants, including traditional food, medicinal, and artisanal 

plants. However, many culturally important plants can re-sprout (e.g., strawberries, willows, 

bracken fern, sedges, cottonwoods, and aspen) or reemerge from soil seedbanks following fire 

(e.g., tobacco). Important plants may be favored by disturbances that consume tree litter, 

reduce transpiration and snow interception by conifers, and increase understory light. Cultural 

heritage, including flora and fauna, may be favored if disturbances result in greater 

heterogeneity at fine scales (e.g., a mosaic of small patches of burns of varying severity), but 

may be disfavored by more homogenous vegetation in large high-severity burn patches. The 

negative impacts of climate change are likely to be more pronounced where plants are not 

actively tended for vigorous growth and productivity.  

Severe wildfires can also degrade water quality and aquatic habitat for fishes and mussels, in 

particular by triggering meadow incision and streambank erosion, and by extirpating isolated 

populations of native organisms. However, wildfires can also rejuvenate habitats and extirpate 

non-native fishes, so such events could also present opportunities to actively promote cultural 

heritage through ecological restoration. 

More intense fires could also damage archaeological artifacts and cultural sites. Such fires can 

cause large trees to fall and burn, contribute to extreme soil heating, and increase soil erosion. 

High-severity fires may also deter Washoe people from visiting areas due to safety concerns 
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and impacts to sense of place, especially when areas become less recognizable or cultural sites 

are damaged. 

Climate change may reduce access to desired resources and increase barriers to traditional 

activities such as burning. In particular, shifting fire regimes may increase the risks of 

intentional burns, shorten the windows for such burns, and erode public tolerance of smoke. As 

a result, opportunities for using prescribed fire (by public agencies) and cultural fire (by tribal 

members) may decrease. Furthermore, changes in climate and increased disturbances from 

wildfires may facilitate spread of invasive plants such as cheatgrass, which could complicate 

efforts to reinstitute traditional burning practices. 

Large, severe wildfires are expected to increase and to generate poor air quality both within the 

Basin and in downwind Washoe communities. Such episodes could negatively affect health of 

tribal members, who may be particularly vulnerable due to housing conditions (e.g., lack of air 

conditioning), pre-existing health conditions, demographics (e.g., youth, elderly), and low income 

(making it more difficult to avoid smoke, for example, by temporarily relocating). 

Finally, several implications of climate change may reduce food security and increase 

associated physical and mental health. These include reduced access to traditional foods, 

reduced access to culturally important places, and fewer opportunities for cultural practices. 

Winter and Summer Recreation  

Historical and Current Conditions 

The 2015 National Visitor Use Monitoring Program (NVUM) showed an almost equal distribution 

of recreation visits to the Lake Tahoe Basin Management Unit (LTBMU) for warm-weather (42.3 

percent) and winter activities (41.4 percent). Warm-weather main activities were viewing natural 

features (20.3 percent) and hiking/walking (13.6 percent), and winter main activities were 

downhill skiing (41.3 percent). Estimated annual expenditures in the local community (i.e., a 50 

mile radius) are higher for recreation visits from non-local and infrequent visitors than from local 

and frequent users. 

A variety of stressors impact recreation settings and opportunities in the Basin. These include 

urbanization, uses of and demands on local areas, fire suppression and resulting ecosystem 

conditions, and climate change. 
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Sensitivity and Exposure 

The Basin offers diverse outdoor recreation and nature-based tourism opportunities. An 

increase in recreation is projected regardless climate change effects. Nationally, recreation in 

the Pacific Coast Region, which includes Lake Tahoe, is viewed as the most resilient to climate 

change. Nevertheless, some sensitivities to climate change effects are noteworthy. 

Climate change projections include overall increasing average temperatures, an extended warm 

season, and more incidences of high heat days. An extended warm season is likely to increase 

visitation to and associated recreation in the Basin. Currently many developed recreation 

settings close during the colder seasons of the year. Demand may increase for extended access 

to these settings, which may in turn result in extended impacts to natural systems. Temperature 

increases will also likely shift the types of activities and settings visitors will seek out, moving 

demand closer to water bodies and well-shaded areas. 

While a shift from snowfall to more rain may impact winter demand for downhill skiing, 

snowmaking technologies will preserve the majority of use, especially at higher elevations, 

though higher costs may be involved. Cross-landscape uses such as snowmobiling, which 

covers a lesser portion of the overall use in the Basin, may be negatively impacted as snowpack 

depths decline. Atmospheric river events may cause additional impacts during the rainy 

seasons, causing access and resource damage issues, and increasing the need for 

maintenance and restoration. 

A continuing increase in the number and intensity of wildfires in the Basin and surrounding 

region is projected. More frequent and intense fires have already affected recreation and 

tourism in the Sierras in a number of ways. Applying these experiences to the Basin, fires in the 

region may affect access to the Basin. Second, fires may close areas due to safety concerns or 

needs to recover from fire and post-fire effects. Third, smoke may affect viewsheds and 

degrade air quality, resulting in warnings to avoid strenuous or even any outdoor activities. 

Prospective visitors may shift plans accordingly, thus reducing the number of days they visit, 

changing the locations they visit, or cancelling plans their visit altogether. 

Implications 

Increases in recreation participation will add additional demand on natural systems and public 

land managers. A 2015 summary of Basin visitor surveys suggests that while most recreation 

users are satisfied with the overall experience, including environmental conditions and signage, 

they are less satisfied with access. Increased demand may decrease overall satisfaction. 
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Agencies will need to increase staffing, capacity, and corresponding resources to maintain the 

quality of experiences. 

As noted earlier, the need to keep sites and areas open longer instead of closing during cold 

weather will require shifting staffing and management. Increasing use across seasons may impact 

natural systems and require more attention to seasonally permitted impacts and types of uses.  

Extreme weather events (e.g., high heat days, extreme fire weather, extensive rainfall, heavy 

snowfall, storms, and floods) can have short-term impacts on access and available activities. 

Resulting resource damage may leave areas or developed settings closed for extended periods. 

Wildfires will have similar effects, though smoke may impact recreation visits and quality across 

a larger area, reducing the overall benefits to the local economy and reducing the public health 

benefits from outdoor recreation participation. 

Climate change will impact recreation infrastructure such as trails, roads, and highways. 

Increased stream flows from heavy rainfall events and rain-on-snow event flooding, and debris 

flows induced by storms and intensified by wildfires, will make drainage structures vulnerable to 

damage. Less snowpack will allow earlier seasonal use of roads and trails and create more 

damage due to saturated soils. More severe fires may damage trails, bridges, buildings, and 

other facilities. The ability to recover from these impacts depends on a complex set of 

influences, and will place greater reliance on partnerships and collaboration. 

Public Health and Safety 

Historical and Current Conditions 

Climate change will create several public health and safety challenges within the Basin. 

Increasing wildfire and related smoke exposure, and greater heat-related mortality and 

morbidity, are the greatest concerns. Indirectly, food insecurity, direct and indirect health-related 

impacts of drought, food and water-borne illnesses, compounded health issues from air 

pollution, and adverse mental health outcomes may also negatively impact well-being. The 

frequency and size of wildfires is expected to increase in the Basin, potentially leading to more 

smoky days and lower air quality.  

Sensitivity and Exposure 

While all individuals are susceptible to the health risks posed by climate change, certain 

subpopulations face increased risk. These include the elderly, young children, individuals with 

pre-existing medical conditions, and individuals with outdoor occupations. Socio-economic 
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factors also affect a population’s health risk. For example, individuals who are physically and 

socially isolated may not have the means to adequately respond to extreme weather events. 

Low-income workers may not be able to afford mitigation efforts, such as taking time off work 

to avoid extreme weather. 

Implications 

Health Effects of Wildfire Smoke 

Smoke exposure directly threatens human health. Threats include adverse respiratory 

outcomes, such as asthma; an elevated risk of cardiovascular and cerebrovascular conditions; 

all-cause mortality (i.e., harmful exposure); and evidence of adverse birth outcomes. Future 

wildfires in the Basin are expected to be more frequent and intense, which could create longer 

spans of smoke and lower air quality. The duration of smoke exposure to smoke contributes 

significantly to adverse respiratory outcomes; more frequent wildfires could increase such 

outcomes. Furthermore, as discussed in the Transportation Infrastructure section above, the 

risk of a major wildfire in the Basin could create a potentially health threatening situation, 

especially if the wildfire has shut down one of the primary routes in and out of the Basin.  

 

Figure 42. Risk ratios for heat-related emergency department visits during the 2006 California 

heat wave (Knowlton et al. 2009). 
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Health Effects of Extreme Heat Events 

Increasing frequency, intensity, and duration of extreme heat events pose serious public health 

risks. These include elevated heat-related morbidity and mortality from heat stroke, exhaustion, 

and dehydration. As the number of extreme heat events increases, communities in the Basin will 

likely experience increased risk. For example, a study of the 2006 California heat wave found 

significantly elevated risk ratios in counties around the Basin for heat-related hospitalizations 

(Figure 42).  

This risk is especially concerning for vulnerable and isolated individuals and communities that 

are not well adapted to temperature extremes. The California Heat Assessment Tool (CHAT) 

projects that census tracts in the Basin are relatively less likely to experience extreme heat 

events than other regions of California (Figure 43). As noted above, extreme heat events will 

have disproportionately adverse effects on various vulnerable populations. For example, 

according to the CHAT, ten to 15 percent of the workforce work in outdoor occupations in 

several census tracts around Lake Tahoe. This percentage is well above the state average and 

thus indicates an important public health vulnerability. 

 

Source: California Heat Assessment Tool 

Figure 43. Projected number of extreme heat health events (2041-2060) 

There is also a potentially adverse interaction between extreme heat events and wildfire, as both 

become more frequent due to climate change. Extreme heat can exacerbate the public health 
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effects of wildfire smoke exposure. Adverse public health outcomes from extreme events will 

also strain the capacity of the region’s public health system. Extreme climate events are likely to 

increase hospital admissions and increase the demands on emergency response services. If 

local institutions are not adequately prepared, additional adverse outcomes are possible due to 

the added strain on the community’s public health resources. Additionally, potentially non-

functioning communications infrastructure during an emergency evacuation poses a direct 

threat to public health and safety.  

Economic Implications for the Basin’s Communities  

Historical and Current Conditions 

The Basin economy generates over $5 billion in outputs annually. Reliable infrastructure plays a 

vital role in supporting generation of these outputs. Without adaptation, transportation systems 

are particularly vulnerable. These face up to $75 million in annual costs of climate hazards by 

2090, which is an 11-fold increase relative to current conditions. Disruptions to electricity 

distribution, water supply and treatment, the communication network, recreational trails, and 

housing and buildings could also be significant, and are discussed qualitatively below. In terms 

of wildfire risk, Placer and El Dorado counties have $911 million and $1.2 billion of property in 

areas with a high to extreme levels of wildfire threat. 

Tourism is the largest driver of the Lake Tahoe Basin economy, at 40 percent of the total. This 

share has been declining as the health care, financial, and technology sectors have grown. 

However, the remaining high degree of dependency on tourism has left the economy particularly 

dependent on seasonal climate conditions. Reliable transportation, water supply, energy, and 

communications infrastructure play a vital role in sustaining the Basin’s economy. Damages to 

these assets and resulting disruptions that results can impose large costs on the economy. 

Sensitivity and Exposure 

Climate change is expected to increase repair and rehabilitation costs, shorten the rehabilitation 

life-cycle of infrastructure, and increase disruption of infrastructure networks. As detailed above, 

several climate change hazards threaten infrastructure, including flooding, higher-than-planned 

temperatures, wildfires, landslides, and avalanches. These events have potentially widespread 

economic consequences.  

Table 3 summarizes the assessments of infrastructure by climate hazard. Cell shading is based 

on the average of Impact and Exposure scores generated for asset-climate hazard 

combinations in an earlier section of this vulnerability assessment. The darker the shading, the 
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higher the risk that the climate hazard imposes on the infrastructure system. The assessment 

does not estimate damage quantitatively where it lacks data or would require modeling that is 

out of scope.  

Table 3. Asset-climate hazard combinations, including those quantified and qualified 

TRANSPORTATION SYSTEM ASSETS 
Flooding 

Hazard 

Temperature 

Hazard 

Wildfire 

Hazard 

Landslide 

Hazard 

Avalanche 

Hazard 

Major roads/evacuation routes 

(highways) and bridges 
    

Minor/residential roads and bridges     

Public transit systems and stations     

Airport grounds and facilities     

Bike paths and bridges     

 

OTHER SYSTEM ASSETS 
Flooding 

Hazard 

Temperature 

Hazard 

Wildfire 

Hazard 

Landslide 

Hazard 

Avalanche 

Hazard 

Electricity: high-voltage lines, plants, 

substations 
    

Fuels: Natural gas lines, gasoline 

refueling stations 
    

Water and wastewater     

Broadcast and telecom transmission 

towers 
    

Housing and buildings     

 

Notes: Cell shading based on the average of Energetics Impact and Exposure scores. “Housing and 

buildings" shading is based on IEc assessment. 

 Economic risk assessed quantitatively 

 Economic risk discussed qualitatively 

* Addressed in Natural Environment section above 
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Implications  

Without adaptation, climate change will broadly impact the Basin’s built environment. This study 

estimates the economic impacts of climate change on the transportation network (including 

roads, airport runways, and bike trails), and then qualitatively describes potential impacts to 

other assets. 

The Basin features an extensive network of roads spanning 3,228 miles, with paved and 

unpaved tertiary roads accounting for over 85 percent of the network. That network is critical to 

the Basin’s economy as visitors to the Basin account for 42 percent of the 10 million vehicles 

that travel to the region every year (Bi-State Consultation 2018). Table 4 presents the historical 

and projected costs of temperature, precipitation, and flooding effects on road infrastructure 

(including both damages and delay costs), under the lowest and highest cost scenarios. 

Baseline costs of daily climatic events that exceed design thresholds are approximately $7 

million annually. These costs increase universally under the climate models and emissions 

scenarios, with impacts ranging from approximately $11 million to $75 million by the end of the 

century. It is important to note that freeze-thaw cycles in the Basin are projected to decrease by 

between 14 and 40 percent by 2099. This would reduce the rate at which roads degrade, 

reducing projected damages by 5 to 10 percent, depending on climate change scenario. Winter 

road maintenance operations are also likely to decrease.  

Table 4. Total historical and projected annual costs of climate change to road infrastructure in 

the Basin, under RCP 4.5 and RCP 8.5 Scenarios (millions $) 

Scenario 2020-2039 2040-2059 2060-2079 2080-2099 

Baseline* $6.9 $6.9 $6.9 $6.9 

Low Costs (RCP 4.5) $7.8 $8.9 $8.3 $11.4 

High Costs (RCP 8.5) $15.4 $23.2 $48.4 $75.3 

 

* The baseline transportation costs presented in the report do not include all costs spent on transportation 

(e.g., operations, maintenance, repair, and replacement), but rather only the costs of climatic events that 

exceed the design levels of infrastructure. For instance, if a culvert is designed to withstand a five-year 

flood event and a ten-year event occurs, the $6.9 million baseline would include the costs of this event. 

Defining the baseline this way allows for more readily estimating the incremental effects of climate change. 
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Over the full 2019 to 2099 period, annualized costs to the 1,820 miles of paved roads considered 

are as high as $8,400 per mile, which is more than double costs under a no-climate-change 

scenario, and 88 percent higher than the average projected costs of climate change impacts to 

paved roads across California. This means that climate change will greatly magnify expenditures 

on road maintenance, and place further pressures on communities such as the City of South Lake 

Tahoe. The City’s entire General Fund expenditures for 2018 was $38.8 million, of which only 11 

percent was designated for public works (City of South Lake Tahoe 2017). 

 

Figure 44. Percentage of low income population (left panel) and total 2019 to 2099 low- and 

high-end costs of climate change on transportation infrastructure (right panels) 

Figure 44 presents these data spatially, comparing transportation impacts to the percent of the 

population in each census tract that falls below the federal low income threshold. Some of the 

lowest-income communities in South Lake Tahoe are located in zones with the most 

pronounced economic impacts. Along with rising housing costs, this adds to the economic 

vulnerability of low-wage workers. These areas may experience disproportionate impacts from 

climate change, such as diminished access to evacuation routes. 

Although not quantified in this study, the following economic impacts of climate change on 

other key elements of the built environment may also be potentially significant. 
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Electricity distribution 

Increased disruptions under climate change may cost the U.S. upwards of $1.5 trillion through 

2100 (Larsen et al. 2018). For local reference, according to representative outage costs from 

Lawrence Berkeley Labs, impacts of an eight-hour outage in the City of South Lake Tahoe are 

nearly $400,000 (Sullivan et al. 2015). Even a modest increase in the frequency of outages 

would be costly.  

Water supply and treatment 

Climate change-induced flooding may cause underground wastewater conveyance systems to 

overflow, threatening lake and ecosystem water quality. If sufficiently severe, this can have an 

economic impact by reducing lake visitation. Wildfire can also severely threaten water supplies. 

Communication network 

Physical damage to communication network infrastructure through floods, landslides, 

avalanches, and wildfires, and resulting service disruptions, can cause economic damages. This 

is particularly true for extended disruptions due to equipment damage. 

Recreational trails 

Construction costs of ten-foot wide asphalt bike paths in the Basin can be as high as $8 million 

per mile. Significant damages to this resource due to increased flooding and landslides would 

strain local jurisdiction budgets within the Basin. 

Housing and buildings 

Under climate change, air conditioning costs could increase significantly. For example, between 

1961 and 1990, the General Creek-Frontal Lake Tahoe Watershed experienced an average of 

four cooling degree days annually (CDDs, the number of degrees that a day’s average 

temperature is above 65 degrees Fahrenheit). Under RCP8.5, CDDs are projected to increase to 

81 CDDs by 2050 and 340 CDDs by 2090, signifying a significant increase in cooling costs (Cal-

Adapt, 2019).  

Properties are also at risk of increased flooding and increased wildfire. Maximum daily 

streamflow and runoff are expected to increase significantly in the watersheds around Tahoe 

Pines and Timberland. As seen in Figure 45, valuable property currently surrounds the 100-year 

floodplain. If this footprint were to expand in future climates, valuable property could be at risk. 

In terms of wildfire risk, as seen in Table 5, there is a significant chance for losses in Placer and 

El Dorado counties, which currently have $911 million and $1.2 billion of property, respectively, 

in areas with a high to extreme threat for wildfire. 



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

87 

 

Figure 45. 100 year floodplain and surrounding property values: Placer County 

Table 5. Fire risk level for Basin property values, by county 
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Total 

Assessed 

Property 

Value in 

Basin 

(millions) 

Douglas 0% 9% 6% 14% 19% 32% 19% 0% 0% $1,066  

Carson 35% 56% 3% 3% 2% 1% 1% 0% 0% $71  

Washoe 1% 4% 3% 18% 39% 20% 14% 1% 0% $1,579  

Placer 4% 15% 5% 12% 23% 23% 11% 5% 2% $5,093  

El Dorado 3% 21% 7% 13% 16% 13% 15% 9% 3% $4,835  

TOTAL $401  $2,006  $706  $1,663  $2,777  $2,469  $1,701  $682  $238  $12,644  

  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

88 

Bibliography 

Projected Climate Conditions 
Coats R (2010) Climate change in the Tahoe Basin: regional trends, impacts and drivers. Climatic Change 

DOI 10.1007/s10584-010-9828-3. 

Coles S (2001) An Introduction to Statistical Modeling of Extreme Values. Springer-Verlag. 

Daly C, Neilson R, Phillips D (1994) A statistical-topographic model for mapping climatological precipitation 

over mountainous terrain. Journal of Applied Meteorology 33:140-158. 

Gilleland E (2016) extRemes: Extreme Value Analysis. R package version 2.0-8. 

Lee J-Y, Wang B (2014) Future change in global monsoon in the CMIP 5. Clim. Dyn. 42:101-119. 

Liang X, Lettenmaier D (1994) A simple hydrologically based model of land surface water and energy fluxes 

for general circulation models. Jour. Geophysical Res. 99:14,415-414,428. 

Minder, JR, Mote, PW, Lundquist, JD (2010) Surface temperature lapse rates over complex terrain: Lessons 

from the Cascade Mountains. J. Geophys. Res. 115: D14122.  

Pierce D, Barnett T, Hidalgo H, Das T, Bonfils C, Santer B, Bala G, Dettinger M, Cayan D, Mirin A, Woo A, 

Nozaw T (2008) Attribution of declining western U.S. snowpack to human effects. Jour. Clim. 21:6425-6444. 

Pierce D, Cayan D, Thrasher B (2014) Statistical downscaling using Localized Constructed Analogs (LOCA). 

Jour. Hydrometeorology 15:2558-2585. 

Pierce D, Cayan S, Maurer E, Abatzoglou J, Hegewisch K (2015) Improved bias correction techniques for 

hydrologic simulation of climate change. Jour. Hydrometeorology 16:2421-2442. 

R Core Team (2017) R: A Language and Environment for Statistical Computing. 3.4.3 ed. R Foundation for 

Statistical Computing, Vienna, Austria. 

Westerling A (2018) Wildfire simulations for California’s Fourth Climate Change Assessment: Projecting 

Changes in Extreme Wildfire Events with a Warming Climate. California’s Fourth Climate Change 

Assessment, California Energy Commission. Publication number: CCCA4-CEC-2018-014.  

  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

89 

Lake Tahoe 
R. Coats, J. Perez-Losada, S.G. Schladow, R.C. Richards, C.R. Goldman. 2006. The Warming of Lake 

Tahoe. Journal, Climatic Change, 76: 121-148. 

Sahoo, G.B., Schladow, S.G., Reuter, J.E., Coats, R., Dettinger, M., Riverson, J., Wolfe, B., Costa-Cabral, 

M. 2013. The response of Lake Tahoe to climate change. Climatic Change, 116(1): 71-95. 

Sahoo, G.B., Forrest, A.L., Schladow, S.G., Reuter, J.E., Coats, R. and Dettinger, M. 2016. Climate Change 

Impacts on Lake Thermal Dynamics and Ecosystem Vulnerabilities. Limnology and Oceanography, 16(2): 

496–507. 

P. Schneider, S.J. Hook, R. Radocinski, G.K. Corlett, G.C. Hulley, S.G. Schladow, T. Steissberg. 2009. 

Satellite observations indicate rapid warming trend for lakes in California and Nevada. Journal, Geophysical 

Research Letters, 36: L22402. 

UC Davis TERC. 2018. Tahoe: State of the Lake Report 2018. 

M. Winder, J.E. Reuter, S.G. Schladow. 2008. Lake warming favors small-sized planktonic diatom 

species. Proceedings, Royal Society B, 276: 427-435. 

Watershed Hydrology, Groundwater, and Soils 
Bales, R.C., Goulden, M.L., Hunsaker, C. T. Conklin M.H., Hartsough, P.C., O’Green, A.T., Hopmans, J.W., and 

Safeeq, M. 2018. Mechanisms controlling the impact of multi-year drought on mountain hydrology. 

Scientific Reports, 8: 690.  

Bales, R. Rice, R., and Roy, S., 2014, Estimated Loss of Snowpack Storage in the Eastern Sierra Nevada with 

Climate Warming. J. Water Resour. Plann. Management, 141(2): 04014055.  

Barlow, P.M., and Leake, S.A. 2012. Streamflow Depletion by Wells—Understanding and Managing the 

Effects of Groundwater Pumping on Streamflow, U.S. Geological Survey Circular 1376, Reston, Virginia, 95p. 

Barnett, T. P., Adam, J. C., and Lettenmaier, D. P.: Potential impacts of a warming climate on water 

availability in snow-dominated regions, Nature, 438, 303–309, doi: 10.1038/nature04141, 2005. 

Barnett, T.P., Pierce, D.W., Hidalgo, H., Bonfils, C., Santer, B., Das, T., Bala, G., Wood, A., Nozawa, T., Mirin, 

A., Cayan, D., & Dettinger, M., 2008, Human-induced changes in the hydrology of the western United States: 

Science, 316, 1080-1083. 

Dettinger, M., Alpert, H., Battles, J., Kusel, J., Safford, H., Fougères, D., Knight, C., Miller, L., and Sawyer, S. 

2018. Sierra Nevada Summary Report: California’s Fourth Climate Change Assessment. United States 

Geological Survey Publication number: SUM-CCCA4-2018-004.  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

90 

Gray, A.N., H.S.J. Zald, R.A. Kern, and M. North. 2005. Stand conditions associated with tree regeneration in 

Sierran mixed-conifer forests. Forest Science 51:198–210.  

Hunt, J.H., Fair, J. and Odland, M. 2018. Meadow restoration increases baseflow and groundwater storage 

in the Sierra Nevada mountains of California. Journal of the American Water Resources Association, 54(5): 

1127-1136. 

Huntington, J.L., and Niswonger, R.G. 2012. Role of surface-water and groundwater interactions on 

projected summertime streamflow in snow dominated regions: An integrated modeling approach, Water 

Resources Research, Vol. 48, W11524. 

Lahontan Regional Water Quality Control Board (LRWQCB) and Nevada Division of Environmental Protection 

(NDEP). 2010. Final Lake Tahoe Total Maximum Daily Load (TMDL) Report. November 2010. 

Lewis, J., personal comm. 2019. Projected trends in maximum annual MDQ in the 6 primary LTIMP stations, 

summary of results for RCP 4.5 and RCP 8.5. February 14, 2019. 

O’Green, A.T., R.A. Dahgren, and D. Sanchez-Mata. 2007. California soils and examples of ultramafic 

vegetation. Pages 71–106 in M. Barbour, T. Keeler-Wolf, and A.A. Schoenherr, editors. Terrestrial Vegetation 

of California. University of California Press, Berkeley, California. 

Pavelsky, T. M., S. Sobolowski, S. B. Kapnick, and J. B. Barnes (2012), Changes in orographic precipitation 

patterns caused by a shift from snow to rain, Geophys. Res. Lett., 39, L18706. 

Plume, R.W., Tumbusch, M.L. and Welborn, T.L. 2009. Hydrogeology of Lake Tahoe Basin, California and 

Nevada. USGS Scientific Investigations Map 3063. 

Pohll G., Rajagopal, S., Carroll, R. and Rybarski, R. 2018. Addressing Basin Management Objectives for the 

Tahoe Valley South (TVS – 6.5.01) Groundwater Basin. Report prepared by the Desert Research Institute for 

the South Lake Tahoe Public Utility District, February 2018, 46p. 

Rowe T.G., Saleh, D.K., Watkins, S.A. and Kratzer, C.R. (2002) Streamflow and Water-Quality Data for 

Selected Watersheds in the Lake Tahoe Basin, California and Nevada, through September 1998. U.S. 

Geological Survey, Water-Resources Investigations Report 02-4030.  

Rundel, P.W. and Millar, C.I. 2016. Alpine ecosystems. In: Zavaleta, E.; Mooney, H., eds. Ecosystems of 

California. Berkeley, California: University of California Press: 613-634. Chapter 29.  

Thodal, C.E. 1997. Hydrogeology of Lake Tahoe Basin, California and Nevada, and Results of a Ground-

Water Quality Monitoring Network, Water Years 1990-92. U.S. Geological Survey, Water-Resources 

Investigations Report 97-4072. 

  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

91 

Forest Biological Diversity 
Hymanson, Zachary P.; Collopy, Michael W., eds. 2010. An integrated science plan for the Lake Tahoe basin: 

conceptual framework and research strategies. Gen. Tech. Rep. PSW-GTR-226. Albany, CA: U.S. Department 

of Agriculture, Forest Service, Pacific Southwest Research Station. 368 p. 

Manley, P.N., Parks, S.A., Campbell, L.A. & Schlesinger, M.D. (2009). Modeling urban land development as a 

continuum to address fine-grained habitat heterogeneity. Landsc. Urban Plan. 89, 28–36. 

Manley, P. N. 2009 The Future of Biodiversity in the Sierra Nevada through the Lake Tahoe Basin Looking 

Glass IN Murphy, Dennis D. and Stine, Peter A., editors. 2004. Proceedings of the Sierra Nevada Science 

Symposium; 2002 October 7-10; Kings Beach, CA. Gen. Tech. Rep. PSW-GTR-193. Albany, CA: Pacific 

Southwest Research Station, Forest Service, U.S. Department of Agriculture; 287 p. 

Manley, P.N.; Murphy, D.D.; Bigelow, S.; Chandra, S.; Crampton, L. 2009. Ecology and biodiversity. In: 

Hymanson, Z.P.; Collopy, M.W., eds. An integrated science plan for the Lake Tahoe basin: conceptual 

framework and research strategies. Gen. Tech. Rep. PSW-GTR-226. Albany, CA: U.S. Department of 

Agriculture, Forest Service, Pacific Southwest Research Station: 237–301. Chapter 6 

Moritz, C., J. L. Patton, C. J. Conroy, J. L. Parra, G.C. White, and S. R. Beissinger. 2008. Impact of a Century 

of Climate Change on Small-Mammal Communities in Yosemite National Park, USA. Science vol.; 322 pp 

261-264. 

Peterson, David L.; Millar, Connie I.; Joyce, Linda A.; Furniss, Michael J.; Halofsky, Jessica E.; Neilson, 

Ronald P.; Morelli, Toni Lyn. 2011. Responding to climate change in national forests: a guidebook for 

developing adaptation options. Gen. Tech. Rep. PNW-GTR-855. Portland, OR: U.S. Department of Agriculture, 

Forest Service, Pacific Northwest Research Station. 109 p. 

White, A.M., Zipkin, E.F., Manley, P.N. & Schlesinger, M.D. (2013). Conservation of avian diversity in the 

Sierra Nevada: moving beyond a single-species management focus. PLOS ONE 8, e63088. 

Forest Ecosystem Dynamics 
Cameron, D.R., D.C. Marvin, J.M. Remucal, and M.C. Passero. Ecosystem management and land 

conservation can substantially contribute to California’s climate mitigation goals. 2017. Proceedings of the 

National Academy of Sciences 114:12833–12838. 

D’Amato, A.W., J.B. Bradford, S. Fraver, and B.J. Palik. 2013. Effects of thinning on drought vulnerability and 

climate response in north temperate forest ecosystems. Ecological Applications 23:1735–1742. 

  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

92 

Hicke, J.A., C.D. Allen, A.R. Desai, M.C. Dietze, R.J. Hall, E.H. Hogg, D.M. Kashian, D. Moore, K.F. Raffa, R. 

Sturrock, and J. Vogelmann. 2012. Effects of biotic disturbances on forest carbon cycling in the United 

States and Canada. Global Change Biology 18: 7–34. 

Hudiburg, T., B. Law, D.P. Turner, J. Campbell, D. Donato, and M. Duane. 2009. Carbon dynamics of Oregon 

and Northern California forests and potential land-based carbon storage. Ecological Applications 19:163–

180. 

Ramsfield, T.D., B.J. Bentz, M. Faccoli, H. Jactel, and E.G. Brockerhoff. 2016. Forest health in a changing 

world: effects of globalization and climate change on forest insect and pathogen impacts. Forestry 89:24–

252. 

Westerling, A.L. 2006. Warming and earlier spring increase western US forest wildfire activity. Science 

1161:940-943. 

Riparian and Aspen Systems 
Howard, J. K., K. A. Fesenmyer, T. E. Grantham, J. H. Viers, P. R. Ode, P. B. Moyle, S. J. Kupferburg, J. L. 

Furnish, A. Rehn, J. Slusark, R. D. Mazor, N. R. Santos, R. A. Peek, and A. N. Wright, "A freshwater 

conservation blueprint for California: prioritizing watersheds for freshwater biodiversity," Freshwater 

Science 37, no. 2 (June 2018): 417-431. https://doi.org/10.1086/697996 

Hymanson, Zachary P.; Collopy, Michael W., eds. 2010. An integrated science plan for the Lake Tahoe basin: 

conceptual framework and research strategies. Gen. Tech. Rep. PSW-GTR-226. Albany, CA: U.S. Department 

of Agriculture, Forest Service, Pacific Southwest Research Station. 368 p. 

Krasnow, K. D., and S. L. Stephens. 2015. Evolving paradigms of aspen ecology and management: impacts 

of stand condition and fire severity on vegetation dynamics. Ecosphere 6(1):12. 

http://dx.doi.org/10.1890/ES14-00354.1 

McCarthy, M. I., C. M. Knopp, and P. A. Stine. 2016. Science Synthesis Report, Tahoe Science Consortium. 

Desert Research Institute, Technical report Number 8159. 156 p. 

Seavy, N.E., T. Gardali, G. H. Golet, F. T. Griggs, C. A. Howell, R. Kelsey, S. L. Small, J. H. Viers, and J. F. 

Wiegand. 2009. Why Climate Change Makes Riparian Restoration More Important than Ever: 

Recommendations for Practice and Research. Ecological restoration 27:3 pp 330-338. 

Meadow Ecology 
Boisrame, G., S. Thompson, B. Collins, and S. Stephens. 2017. Managed Wildfire Effects on Forest 

Resilience and Water in the Sierra Nevada. Ecosystems 20:717-732. 

  

https://doi.org/10.1086/697996
http://dx.doi.org/10.1890/ES14-00354.1


Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

93 

Lubetkin, K. C., A. L. Westerling, and L. M. Kueppers. 2017. Climate and landscape drive the pace and 

pattern of conifer encroachment into subalpine meadows. Ecological Applications 27:1876-1887. 

Pollock, M. M., T. J. Beechie, J. M. Wheaton, C. E. Jordan, N. Bouwes, N. Weber, and C. Volk. 2014. Using 

beaver dams to restore incised stream ecosystems. Bioscience 64:279-290. 

Wood, S. H. 1975. Holocene stratigraphy and chronology of mountain meadows, Sierra Nevada, California. 

Ph.D. Thesis, California Institute of Technology. 

Wildlife Connectivity 
Ament, R., R. Callahan, M. McClure, M. Reuling, and G. Tabor. 2014. Wildlife Connectivity: Fundamentals for 

conservation action. Center for Large Landscape Conservation: Bozeman, Montana. 40 pp. 

Beier, P. and R. F. Noss. 1998. Do habitat corridors provide connectivity? Conservation Biology 12(6):1241-

1252. 

Beier, P., D. Majka, S. Newell, E. Garding. 2008. Best Management Practices for Wildlife Corridors, Northern 

Arizona University. 14 pp. 

Bennett, A.F. (1998, 2003). Linkages in the Landscape: The Role of Corridors and Connectivity in Wildlife 

Conservation. IUCN, Gland, Switzerland and Cambridge, UK. xiv + 254 pp. 

Clevenger, A. P. and M. P. Huijser. 2011. Wildlife Crossing Structure Handbook Design and Evaluation in 

North America. FHWA-CFL/TD-11-003. 224 pp. 

Curcic, N., S. Djurdjic. 2013. The actual relevance of ecological corridors in nature conservation. Journal of 

the Geographical Institute Jovan Cvijic, SASA. 63. 21-34. 10.2298/IJGI1302021C. 

Gross, S, M. Bindl, J. Greenberg, F. Schafer, S. Coppeto, N. Tase, B. Garrett, R. Striplin, D. Shaw, W. Brennan, 

M. Vollmer, D. Fougères, S. Di Vittorio, and J. Vasques. 2017. Lake Tahoe West Landscape Resilience 

Assessment, Version 1. Unpublished report. National Forest Foundation, South Lake Tahoe, CA. 

Hilty, J.A., W.Z. Lidicker, and A.M. Merenlender. 2006. Corridor ecology: The science and practice of linking 

landscapes for biodiversity conservation. Washington, DC: Island Press. 

Krause, C. and M. Gogol-Prokurat. 2014. Guidance Document for Fine-Scale Wildlife Connectivity Analysis. 

Department of Fish and Wildlife, Biogeographic Data Branch, Conservation Analysis Unit 

Manley, P.N.; Murphy, D.D.; Bigelow, S.; Chandra, S.; Crampton, L. 2009. Ecology and biodiversity. In: 

Hymanson, Z.P.; Collopy, M.W., eds. An integrated science plan for the Lake Tahoe basin: conceptual 

framework and research strategies. Gen. Tech. Rep. PSW-GTR-226. Albany, CA: U.S. Department of 

Agriculture, Forest Service, Pacific Southwest Research Station: 237–301. Chapter 6. 

  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

94 

Mimet, A. 2013. Assessing functional connectivity: a landscape approach for handling multiple ecological 

requirements. Methods in Ecology and Evolution 2013, 4, 453–463 

Rudnick, D., Beier, P., Cushman, S., Dieffenbach, F., Epps, C.W., Gerber, L., Hartter, J., Jenness, J., Kintsch, 

J., Merenlender, A.M., Perkle, R.M., Preziosi, D.V., Ryan, S.J., and S. C. Trombulak. The Role of Landscape 

Connectivity in Planning and Implementing Conservation and Restoration Priorities. Issues in Ecology. 

Report No. 16. Ecological Society of America. Washington, DC. 

Soule, M. and J. Terborgh. 1999. Continental Conservation: Scientific Foundations of Regional Reserve 

Networks. Island Press, Washington, D.C. 

Spencer, W.D., P. Beier, K. Penrod, K. Winters, C. Paulman, H. Rustigian-Romsos, J. Strittholt, M. Parisi, and 

A. Pettler. 2010. California Essential Habitat Connectivity Project: A Strategy for Conserving a Connected 

California. Prepared for California Department of Transportation, California Department of Fish and Game, 

and Federal Highways Administration. 

Taylor, P.D., L. Fahrig, and K. A. With. 2006. Landscape connectivity: A return to the basics. In book: 

Connectivity Conservation Chapter: 2. Publisher: Cambridge University Press Editors: Kevin R. Crooks, M. 

Sanjayan 

USDA Forest Service. 2016. Land Management Plan, Lake Tahoe Basin Management Unit. 168 pp. 

Wade, A. A., McKelvey, K. S., Schwartz, M. K. 2015. Resistance-surface-based wildlife conservation 

connectivity modeling: Summary of efforts in the United States and guide for practitioners. Gen. Tech. Rep. 

RMRS-GTR-333. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research 

Station. 93 p. 

Transportation, Water, Energy, and Communications 

Infrastructure 
U.S. Energy Information Administration. 2019. Form 860 Data. Washington, DC: U.S. Energy Information 

Administration. April 8. https://www.eia.gov/maps/layer_info-m.php. 

U.S. Department of Homeland Security (DHS). 2019 Homeland Infrastructure Foundation-Level Data. 

Washington, DC: U.S. Department of Homeland Security. https://gii.dhs.gov/hifld/. 

https://stpud.us/assets/st_docs/2017-CCR_final.pdf 

https://stpud.us/about/departments/plant-ops/wastewater-ops/ 

https://ntpud.org/sites/default/files/docs/conservation/Full_2017CCR_Final.pdf 

https://ntpud.org/sewer-overflow-protection-fog 



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

95 

https://www.tcpud.org/capital-improvement-projects/west-lake-tahoe-regional-water-treatment-plant-8126 

https://www.yourtahoeplace.com/public-works/water/about-our-water 

https://www.yourtahoeplace.com/public-works/sewer/about-our-sewer-system 

Oregon Department of Forestry. 2013. “West Wide Wildfire Risk Assessment Final Report.” Salem, OR: 

Oregon Dept. of Forestry. March 31. 

http://www.odf.state.or.us/gis/data/Fire/West_Wide_Assessment/WWA_FinalReport.pdf 

United States Geological Survey (USGS). 2004. Landslide Types and Processes. Reston, VA: U.S. Geological 

Survey. https://pubs.usgs.gov/fs/2004/3072/pdf/fs2004-3072.pdf. 

California Dept. of Conservation. 1997. “Landsliding along the Highway 50 Corridor: Geology and Slope 

Stability of the American River Canyon between Riverton and Strawberry, California.” Sacramento, CA: 

California Department of Conservation; Division of Mines and Geology. Report 97-22. 

Tahoe Daily Tribune. 2011. “Avalanche buries car on Highway 89, driver rescued.” Tahoe Daily Tribune. April 

1. https://www.tahoedailytribune.com/news/avalanche-buries-car-on-highway-89-driver-rescued/. 

Tahoe Daily Tribune. 2019b. “Multiple avalanches in less than 1 week at Lake Tahoe serve as safety 

reminder.” Tahoe Daily Tribune. April 12. https://www.tahoedailytribune.com/news/multiple-slides-in-

course-of-days-at-lake-tahoe-serve-as-safety-reminder/. 

Tahoe Daily Tribune. 2019c. “Caltrans reopens Highway 89 in Emerald Bay after avalanche.” Tahoe Daily 

Tribune. April 3. https://www.tahoedailytribune.com/news/caltrans-reopens-highway-89-in-emerald-bay-

after-avalanche/ 

Capital Public radio. 2017. “South lake Tahoe avalanche closes portion of SR-89.” Capital Public radio. 

March 10. http://www.capradio.org/articles/2017/03/10/south-lake-tahoe-avalanche-closes-portion-of-sr-

89/. 

Sierra Sun. 2017. “Lake Tahoe weather: Highway 89 reopened after avalanche.” Sierra Sun. January 23. 

https://www.sierrasun.com/news/lake-tahoe-weather-avalanche-closes-highway-89-schools-closed/. 

Tahoe Daily Tribune. 2017. “2 backcountry skiers escape Mount Rose avalanche near Lake Tahoe.” Tahoe 

Daily Tribune. January 5. https://www.tahoedailytribune.com/news/avalanche-closes-mount-rose-highway-

between-lake-tahoe-and-reno/. 

Reno Gazette Journal. 2018. “Mt. Rose Highway reopens after being closed by avalanche.” Reno Gazette 

Journal. March 22. https://www.rgj.com/story/news/2018/03/22/rain-swamps-reno-and-snow-hits-sierra-

incline-schools-digital-day/448514002/. 

  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

96 

Safford, H. 2019 “Fire regimes and forest restoration in the Lake Tahoe Basin.” Vallejo, CA: United States 

Forest Service, Pacific Southwest Region. Presentation. Accessed May 21, 2019. 

http://cecentralsierra.ucanr.edu/files/112020.pdf. 

Nevada Natural Resources and Fire Information Portal. https://nevadaresourcesandwildfireinfo.com/ 

Westerling, Anthony Leroy. (University of California, Merced). 2018. Wildfire Simulations for California’s 

Fourth Climate Change Assessment: Projecting Changes in Extreme Wildfire Events with a Warming Climate. 

California’s Fourth Climate Change Assessment, California Energy Commission. Publication Number: 

CCCA4-CEC-2018-014. http://climateassessment.ca.gov/techreports/docs/20180827-Projections_CCCA4-

CEC-2018-014.pdf. 

https://cal-adapt.org/tools/wildfire/ 

DOE. 2013. “U.S. Energy Sector Vulnerabilities to Climate Change and Extreme Weather.” U.S. Department of 

Energy. 2013. https://www.energy.gov/downloads/us-energy-sector-vulnerabilities-climate-change-and-

extreme-weather. 

California Energy Commission. 2012. “Estimating Risk to California Energy Infrastructure from Projected 

Climate Change.” Sacramento, CA: California Energy Commission. July. CEC‐500‐2012‐057. 

Technical Memorandum: Second Water Plant Feasibility Study. Wildfire Impacts and Utility Response. 

http://www.townofbreckenridge.com/home/showdocument?id=7564 

https://www.bloomberg.com/news/articles/2018-11-17/phones-fail-in-california-fires-highlighting-

vulnerability 

Caltrans. 2019. “Caltrans Climate Change Vulnerability Assessment Summary Report – District 3.” 

Sacramento, CA: California Department of Transportation. Draft. January 16. 

U.S. Department of Transportation, Federal Highway Administration. Tech Brief: Climate Change Adaptation 

for Pavements. FHWA-HIF-15-015. August 2015. 

https://www.fhwa.dot.gov/pavement/sustainability/hif15015.pdf (accessed May 14, 2019) 

Caltrans. Highway Design Manual. 6th Edition. Chapters 610 (Pavement Engineering Considerations), 620 

(Rigid Pavement) and 630 (Flexible Pavement). November 20, 2017. 

http://www.dot.ca.gov/design/manuals/hdm.html 

FHWA. Superpave Binder Specification: Why, When, What, How, and Where? Version 2.2 – Basic Intro. 

https://www.fhwa.dot.gov/publications/research/infrastructure/pavements/asphalt/spbindspec.pdf 

California Energy Commission. 2012. “Estimating Risk to California Energy Infrastructure from Projected 

Climate Change.” Sacramento, CA: California Energy Commission. July. CEC‐500‐2012‐057. 



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

97 

Burillo, D., Chester, M.V., Pincetl, S., Fournier, E. 2019. “Electricity infrastructure vulnerabilities due to long-

term growth and extreme heat from climate change in Los Angeles County.” Energy Policy. 128: 943–953. 

ISSN 0301-4215, 10.1016/j.enpol.2018.12.053. 

FHWA. Superpave Binder Specification: Why, When, What, How, and Where? Version 2.2 – Basic Intro. 

https://www.fhwa.dot.gov/publications/research/infrastructure/pavements/asphalt/spbindspec.pdf 

Coats, R. 2018. “Climate Change in the Tahoe Basin: Recent Findings from Global Climate Models.” 

Berkeley, CA: Hydroikos, Ltd. September. 

U.S. Federal Emergency Management Agency (FEMA). 2018. “Flood Insurance Rate Map (FIRM) Database 

Technical Reference.” Washington, DC: U.S. Federal Emergency Management Agency. February. 

https://www.fema.gov/media-library-data/1528920999465-

9ed9896fd5ee647764533956412bc8eb/FIRM_Database_Technical_Reference_Feb_2018.pdf.  

United States Geological Survey (USGS). 2004. Landslide Types and Processes. Reston, VA: U.S. Geological 

Survey. https://pubs.usgs.gov/fs/2004/3072/pdf/fs2004-3072.pdf. 

Organization of American States (OAS). 1991. “Chapter 10 – Landslide Hazard Assessment” in Primer on 

Natural Hazard Management in Integrated Regional Development Planning. Washington, DC: Organization of 

American States. 

http://www.oas.org/dsd/publications/unit/oea66e/ch10.htm#2.%20landslide%20hazard%20mapping. 

California Dept. of Conservation. 1997. “Landsliding along the Highway 50 Corridor: Geology and Slope 

Stability of the American River Canyon between Riverton and Strawberry, California.” Sacramento, CA: 

California Department of Conservation; Division of Mines and Geology. Report 97-22. 

Digitized files provided by California Geological Survey, California Department of Conservation. 

Farr, T.G., P.A. Rosen, E. Caro, R. Crippen, R. Duren, S. Hensley, M. Kobrick, M. Paller, E. Rodriguez, L. Roth, 

D. Seal, S. Shaffer, J. Shimada, J. Umland, M. Werner, M. Oskin, D. Burbank, and D. Alsdorf. 2007. “The 

Shuttle Radar Topography Mission.” Rev. Geophys., 45, RG2004, doi: 10.1029/2005RG000183. 

OpenTopography. 2016. Shuttle Radar Topography Mission (SRTM) Global. Satellite Data. December 7, 

2016. DOI: 10.5069/G9445JDF. 

TRPA. 2011. Lake Tahoe Basin LiDAR. Airborne LiDAR. March 3, 2011. DOI: 10.5069/G9PN93H2. 

Pierce, D., D. Cayan, and B. Thrasher. 2014. “Statistical downscaling using Localized Constructed Analogs 

(LOCA).” Journal of Hydrometeorology. 15:2558-2585. DOI: 10.1175/JHM-D-14-0082.1. 

Pierce, D., D. Cayan, E. Maurer, J. Abatzoglou, and K. Hegewisch. 2015. “Improved bias correction 

techniques for hydrologic simulation of climate change.” Journal of Hydrometeorology. 16:2421-2442. DOI: 

10.1175/JHM-D-14-0236.1. 



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

98 

Statham, G., Haegeli, P., Greene, E. et al. Nat Hazards (2018) 90: 663. https://doi.org/10.1007/s11069-017-

3070-5 

McCammon, I. 2009. “38° Revisited: A Closer Look at Avalanche Types & Slope Angles.” Avalanche Review, 

27(4), p.26. April. http://gblanc.fr/IMG/pdf/mccammon2009.pdf. 

Colorado Avalanche Information Center. 2019. “Wet Slab.” 

https://avalanche.state.co.us/forecasts/help/avalanche-problems/wet-slab/. 

Perla 1977: https://www.researchgate.net/publication/237375391_Slab_avalanche_measurements; Mean 

of 38.3 degrees; std. dev. 4.79 

Schweizer and Jamieson 2000: http://arc.lib.montana.edu/snow-science/objects/issw-2000-192-199.pdf; 

Median of 39; IQR = 37-42 

Dettinger, M., H. Alpert, J. Battles, J. Kusel, H. Safford, D. Fougères, C. Knight, L. Miller, S. Sawyer. 2018. 

Sierra Nevada Summary Report. California’s Fourth Climate Change Assessment. Publication number: SUM-

CCCA4-2018-004. 

Caltrans. 2019. “Caltrans Climate Change Vulnerability Assessment Summary Report – District 3.” 

Sacramento, CA: California Department of Transportation. Draft. January 16. 

The Basin’s Built Environment 
Bi-State Consultation. 2018. Bi-State Consultation on Transportation: Summary Report. Accessed from 

http://www.trpa.org/wp-content/uploads/00-BiStateConsultationOnTransportationFinal-Report-3.26.19.pdf 

Cal-Adapt. 2019. Degree Days Tool. Accessed from https://cal-adapt.org/tools/degree-

days/#climatevar=cdd&start=01-01&end=12-31&scenario=rcp85&lat=39.0108&lng=-

120.12703&boundary=hydrounits&units=fahrenheit.  

City of South Lake Tahoe. 2017. 18 Annual Budget. Accessed on June 3, 2019 from 

http://www.cityofslt.us/DocumentCenter/View/8909/City-of-South-Lake-Tahoe-2017-18-Budget-

ecopy?bidId=.  

County of Placer. 2019. Parcels. Placer County Geographic Information Systems. Accessed at http://gis-

placercounty.opendata.arcgis.com/.  

Larsen, P., B. Boehlert, J. Eto, K. Hamachi-LaCommare, J. Martinich, and L. Rennels. 2018. "Projecting future 

costs to U.S. electric utility customers from power interruptions," Energy, Elsevier, vol. 147(C), pages 1256-

1277. 

Sullivan, M., J. Schellenberg, M. Blundell. 2015. Updated Value of Service Reliability Estimates for Electric 

Utility Customers in the United States. Ernest Orlando Lawrence Berkeley National Laboratory. LBNL-6941E. 

http://www.trpa.org/wp-content/uploads/00-BiStateConsultationOnTransportationFinal-Report-3.26.19.pdf
https://cal-adapt.org/tools/degree-days/#climatevar=cdd&start=01-01&end=12-31&scenario=rcp85&lat=39.0108&lng=-120.12703&boundary=hydrounits&units=fahrenheit
https://cal-adapt.org/tools/degree-days/#climatevar=cdd&start=01-01&end=12-31&scenario=rcp85&lat=39.0108&lng=-120.12703&boundary=hydrounits&units=fahrenheit
https://cal-adapt.org/tools/degree-days/#climatevar=cdd&start=01-01&end=12-31&scenario=rcp85&lat=39.0108&lng=-120.12703&boundary=hydrounits&units=fahrenheit
http://www.cityofslt.us/DocumentCenter/View/8909/City-of-South-Lake-Tahoe-2017-18-Budget-ecopy?bidId=
http://www.cityofslt.us/DocumentCenter/View/8909/City-of-South-Lake-Tahoe-2017-18-Budget-ecopy?bidId=
http://gis-placercounty.opendata.arcgis.com/
http://gis-placercounty.opendata.arcgis.com/


Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

99 

Natural Resource Economics 
Gibbs, J. P., Halstead, J. M., Boyle, K. J., & Huang, J. C. 2002. An hedonic analysis of the effects of lake 

water clarity on New Hampshire lakefront properties. Agricultural and Resource Economics Review, 31(1), 

39-46. 

Lake Tahoe Basin Management Unit (LTBMU). 2018. Visitor Use Report. United States Department of 

Agriculture, Forest Service. 29 November 2018. 

Loomis, J., & Feldman, M. 2003. Estimating the benefits of maintaining adequate lake levels to homeowners 

using the hedonic property method. Water Resources Research, 39(9). 

Stewart, S.L. 2017, August. America’s Most-Visited Ski Resorts. Travel and Leisure. Retrieved from 

https://www.travelandleisure.com/slideshows/americas-most-visited-ski-resorts. 

Wobus, C. et al. 2017. Projected climate change impacts on skiing and snowmobiling: A case study of the 

United States. Global environmental change, 45, 1-14. 

Cultural Resources 
Harry, N. "Introduction to Climate Change and the Washoe Tribe's Adaptation Planning Project"; Online 

video; https://www.youtube.com/watch?v=srSXtQrE2KA (accessed 4/15/2019). 

Lake, F.K.; Long, J.W. Fire and tribal cultural resources; Gen. Tech. Rep. PSW-GTR-247 U.S. Department of 

Agriculture, Forest Service, Pacific Southwest Research Station: Albany, CA; 2014. 

Tribal Adaptation Menu Team. Dibaginjigaadeg anishinaabe ezhitwaad: a tribal climate adaptation menu; 

Great Lakes Indian Fish and Wildlife Commission: Odanah, WI; 2019. 

Fillmore, H.M. Assessing climate data and information needs to enhance the resiliency of water resources 

on reservation lands in the southwestern United States. Thesis, MSc, University of Nevada, Reno, 2019. 

Cruz, D. "Native Sierrans workshop"; PowerPoint presentation; http://bshope.com/sn/wp-

content/uploads/2013/09/Native-Sierrans-workshop-by-Darrel-Cruz.pdf (accessed 4/19/2019). 

Lindstrom, S. A contextual overview of human land use and environmental conditions; Gen. Tech. Rep. PSW-

GTR-175; US Department of Agriculture Forest Service, Pacific Southwest Research Station: Albany, CA; 

2000. 

Long, J.W.; Lake, F.K.; Lynn, K.; Viles, C. Tribal ecocultural resources and engagement; Gen. Tech. Rep. 

PNW-GTR-966; USDA Forest Service, Pacific Northwest Research Station: Portland, OR, USA; 2018. 

  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

100 

Klenk, N.; Fiume, A.; Meehan, K.; Gibbes, C. "Local knowledge in climate adaptation research: Moving 

knowledge frameworks from extraction to co‐production." Wiley Interdisciplinary Reviews: Climate Change 

8, no. 5 (2017): e475. 

Goode, R.W.; Gaughen, S.; Fierro, M.; Hankins, D.L.; Johnson-Reyes, K.; Middleton, B.R.; Red Owl, T.; 

Yonemura, R.; Lucero, S.; Ganion, J. Summary Report from Tribal and Indigenous Communities; SUM-CCCA4-

2018-010; California Governor’s Office of Planning and Research, California Natural Resources Agency, and 

the California Energy Commission: Sacramento, CA; 2018. 

Downing, A.; Cuerrier, A. "A synthesis of the impacts of climate change on the First Nations and Inuit of 

Canada." Indian journal of traditional knowledge 10, no. 1 (2011): 55-70. 

Databasin. "Warm, dry scenario forecast of climate suitability for single-leaf pinyon pine (Pinus monophylla) 

in the southern Sierra Nevada and Tehachapi Mountains (California, USA) based upon downscaled 2045-

2065 MRI-CGCM2.3.2 A2 projections." Online data repository. 

https://databasin.org/datasets/a2483c5be81b4cc48b1983e368041c81. (accessed 4/12/2019). 

Schwartz, M.K.; Aubry, K.B.; McKelvey, K.S.; Pilgrim, K.L.; Copeland, J.P.; Squires, J.R.; Inman, R.M.; Wisely, 

S.M.; Ruggiero, L.F. "Inferring geographic isolation of wolverines in California using historical DNA." J. Wildl. 

Manage. 71, no. 7 (2007): 2170-79. 

Zimova, M.; Mills, L.S.; Nowak, J.J. "High fitness costs of climate change-induced camouflage mismatch." 

Ecol. Lett. 19, no. 3 (2016): 299-307. 

Stewart, J.A.; Wright, D.H.; Heckman, K.A. "Apparent climate-mediated loss and fragmentation of core 

habitat of the American pika in the Northern Sierra Nevada, California, USA."PLOS ONE 12, no. 8 (2017): 

e0181834. 

Spoon, J.; Arnold, R.; Lefler, B.J.; Milton, C. "Nuwuvi (Southern Paiute), Shifting Fire Regimes, and the 

Carpenter One Fire in the Spring Mountains National Recreation Area, Nevada." J. Ethnobiol. 35, no. 1 

(2015): 85-110. 

Jantarasami, L.C.; Novak, R.; Delgado, R.; Marino, E.; McNeeley, S.; Narducci, C.; Raymond-Yakoubian, J.; 

Singletary, L.; Powys Whyte, K. Tribes and Indigenous Peoples; U.S. Global Change Research Program: 

Washington, DC, USA; 2018. 

Recreation 
Keller, G.; Boak, L.; Furniss, M. in preparation. Climate Change and Infrastructure in the Sierra Nevada. In: 

Halofsky, J.; Peterson, D.; Ho, J. (editors) Climate Change Vulnerability Assessment for Recreation and 

Infrastructure in the Sierra Nevada Bioregion. US Department of Agriculture, Forest Service, Pacific 

Southwest Research Station. Chapter 4. 

https://databasin.org/datasets/a2483c5be81b4cc48b1983e368041c81


Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

101 

Tahoe Regional Planning Agency. 2016. 2015 Threshold Report, Chapter 11 – Recreation. Available at: 

http://www.trpa.org/wp-content/uploads/17_Ch11_Recreation_FINAL_9_29_2016.pdf 

Winter, P.L.; Sánchez, J.J.; Olson, D. in preparation. Effects of Climate Change on Outdoor Recreation in the 

Sierra Nevada Bioregion. In: Halofsky, J.; Peterson, D.; Ho, J. (editors) Climate Change Vulnerability 

Assessment for Recreation and Infrastructure in the Sierra Nevada Bioregion. US Department of Agriculture, 

Forest Service, Pacific Southwest Research Station. Chapter 5. 

Public Health and Safety 
Basu R, Ostro B. (2008) “A Multicounty Analysis Identifying the Populations Vulnerable to Mortality 

Associated with High Ambient Temperature in California.” American Journal of Epidemiology 168 (6), 632–

37.  

Basu R, Gavin L, Pearson D, Ebisu K, & Malig B. (2018). Examining the Association Between Apparent 

Temperature and Mental Health-Related Emergency Room Visits in California. American Journal of 

Epidemiology, 187(4), 726–735. 

California Senate Office of Research (2018) Climate Change and Health: Understanding How Global 

Warming Could Impact Public Health in California. Sacramento, CA: Office of Health Equity, California 

Department of Public Health.  

Delfino R, Brummel S, Wu J, Stern H, Ostro B, Lipsett M, Winer A, et al. (2009) “The Relationship of 

Respiratory and Cardiovascular Hospital Admissions to the Southern California Wildfires of 2003.” 

Occupational and Environmental Medicine 66 (3): 189–97. 

Dettinger M, Alpert H, Battles J, Kusel J, Safford H, Fougères D, Knight C, Miller L, Sawyer S. (2018) Sierra 

Nevada Summary Report. California’s Fourth Climate Change Assessment. Publication Number: SUM-

CCCA4-2018-004. 

Knowlton K, Rotkin-Ellman M, King G, Margolis HG, Smith D, Solomon G, … English P. (2009). The 2006 

California Heat Wave: Impacts on Hospitalizations and Emergency Department Visits. Environmental Health 

Perspectives, 117(1), 61–67. 

Maizlish N, English D, Chan J, Dervin K English P (2017) Climate Change Health and Profile Report: Placer 

County. Sacramento, CA: Office of Health Equity, California Department of Public Health. 

Maizlish N, English D, Chan J, Dervin K English P. (2017) Climate Change Health and Profile Report: El 

Dorado County. Sacramento, CA: Office of Health Equity, California Department of Public Health. 

Reid C, Brauer M, Johnston F, Jerrett M, Balmes J, Elliott C. (2016) “Critical Review of Health Impacts of 

Wildfire Smoke Exposure.” Environmental Health Perspectives 124 (9), 1334–43. 

http://www.trpa.org/wp-content/uploads/17_Ch11_Recreation_FINAL_9_29_2016.pdf


Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

102 

Reid C, Jerrett M, Tager I, Petersen M, Mann J, Balmes J. (2016) “Differential Respiratory Health Effects 

from the 2008 Northern California Wildfires: A Spatiotemporal Approach.” Environmental Research 150, 

227–35. 

Steinberg N, Mazzacurati E, Turner J, Gannon C, Dickinson R, Snyder M, Thrasher B. (2018) Preparing Public 

Health Officials for Climate Change: A Decision Support. A Report for California’s Fourth Climate 

Assessment. Publication Number: CCC4A-CNRA-2018-012. 

Watts N, Amann M, Ayeb-Karlsson S, Belesova K, Bouley T, Boykoff M, … Costello A. (2018). The Lancet 

Countdown on health and climate change: from 25 years of inaction to a global transformation for public 

health. Lancet, 391(10120), 581–630.  

Wettstein ZS, Hoshiko S, Fahimi J, Harrison RJ, Cascio WE, & Rappold AG. (2018). Cardiovascular and 

Cerebrovascular Emergency Department Visits Associated With Wildfire Smoke Exposure in California in 

2015. Journal of the American Heart Association, 7(8).  



Integrated Vulnerability Assessment of Climate Change in the Lake Tahoe Basin 

103 

APPENDIX A 

Example Vulnerability Scoring Matrix 
Climate Change Vulnerability Assessment - Sensitivity, Exposure, and Adaptive Capacity Scoring 

Matrix 

Issue Questions Response/Score 

Resource Categorization and Impacts  

Resource/Sub-Resource?  

Ecosystem service provided by resource?1  

What are this resource’s connections/linkages to other 
resources?2 

 

What are the potential climate change effects that could impact 
the resource? 

 

Sensitivity3 and Exposure4  

How exposed is the resource to changing climate conditions? (1-
5)5 

 

What is the resource’s current degree of stress? (1-5)6  

How sensitive is the resource to changing climate conditions? (1-
5)7 

 

Does the species/resource use or inhabit multiple habitats or 
environments? (1-5)8 

 

Conclusion (Average)  

Adaptive Capacity9  

How quickly can the resource adapt to changing climate 
conditions? (1-5)10 

 

To what extent are there plans already in place to protect/improve 
the resource/species? (1-5)11 

 

How much intrinsic ability/capacity does the resource have to 
adapt to changing climate conditions? (1-5)12 

 

Generally, how resilient or adaptable is the resource? (1-5)13  

Conclusion (Average)  
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Notes 

1 The Millennium Ecosystem Assessment (2005) defines Ecosystem Services as benefits people obtain from 

ecosystems and distinguishes four categories of ecosystem services: Provisioning, Supporting, Cultural and 

Regulating. See Millennium Ecosystem Assessment at 

https://www.millenniumassessment.org/documents/document.765.aspx.pdf for more information on the 

types and categories of ecosystem services.  

2 How does this resource’s function affect other resources/species? What resources/factors does the 

resource depend on to function?  

3 Sensitivity is the degree to which a system will respond to a given change in climate, including beneficial 

and harmful effects).  

4 Exposure is a measure of how much a change in climate and associated problems a species or system is 

likely to experience. 

5 1 = little/no exposure; 5 = high exposure 

These factors may include: temperature, precipitation, climatic water deficit (i.e., soil moisture), wildfire, 

snowpack, runoff, timing of flows, low flows, high flows, and stream temperature. 

6 1 = thriving; 5 = high stress, declining 

Ecological stressors are physical, chemical, and biological factors that impact the condition and integrity of 

ecosystems and can change the trajectories of species and ecosystems. Stressors can be natural (fire, 

storms, insect outbreaks), or anthropogenic (e.g., climate change, fire, energy development). Climate 

change impacts can be a tipping point for some resources or species that are currently in decline due to 

existing conditions. 

7 
1 = no/little sensitivity; 5= high sensitivity 

To what degree will the resource/species be affected, either adversely or beneficially, by climate variability 

or change? Low sensitivity represents the scenario that a resource will not be significantly impacted by 

climate change, whereas high sensitivity represents the scenario where the resource/species will be 

significantly impacted.  

8 
1 = widely dispersed and inhabits numerous types of environments; 5= limited geographic range and is 

located in one type of environment 

A resource/species that can inhabit multiple environments or is widely dispersed has lower sensitivity to 

climate change than a resource that is limited in its geographic range and ability to inhabit a range of 

environments. Can the resource/species adapt latitudinally and longitudinally?  

https://www.millenniumassessment.org/documents/document.765.aspx.pdf
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9 Adaptive Capacity refers to the degree to which adjustments in practices, processes, or structures can 

moderate or offset the potential for damage or take advantage of opportunities created by a given change in 

climate, independent of management interventions. 

10 1 = no/very low rate of adaptation; 5 = rapid rate of adaptation 

Can the resource adapt at the same pace as changes to its environment?  

11 1 = no plans; 5 = highly protective conservation/management plans in place  

Humans have the potential to intervene in ways that reduce the impacts of climate change on particular 

resources/species. If a resource/species is being actively managed for protection or conservation, humans 

are creating opportunity for the resource/species to adapt to climate change. For example, if a species is 

listed as threatened or endangered, it can provide opportunities for implementing specific management 

measures likely to help populations persist.  

12 1 = no/little adaptability; 5 = highly adaptive  

Some resources/species will be better able to adapt evolutionarily or express varying traits in response to 

environmental variation. Does the resource possess unique qualities to adapt or evolve?  

13 1 = not resilient; 5 = very resilient  

High resilience/adaptability represents the capacity of a resource/species to absorb disturbance and 

reorganize while undergoing change so as to still retain essentially the same function, structure, identity, 

and feedbacks. Low resilience represents 
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APPENDIX B 

Technical Memos 

Available at https://tahoe.ca.gov/programs/climate-change/ 

Lake Tahoe Vulnerability Assessment, Geoffrey Schladow, PhD, University of California, Davis 

Aquatic Resources Vulnerability Assessment, Sudeep Chandra, PhD, University of Nevada, Reno 

Watershed Hydrology & Streamflow Vulnerability Assessment, Alan Heyvaert, PhD, Desert Research 

Institute (DRI) 

High-Elevation Groundwater Vulnerability Assessment, Alan Heyvaert, PhD, DRI 

Low-Elevation Groundwater Vulnerability Assessment, Alan Heyvaert, PhD, DRI 

Soil Moisture & Infiltration Vulnerability Assessment, Alan Heyvaert, PhD, DRI 

Forest Biological Diversity Vulnerability Assessment, Patricia Manley, PhD, USDA Forest Service, Pacific 

Southwest Research Station (PSW); Patricia Maloney, PhD, University of California at Davis, Karen Pope, 

PhD, PSW; Peter Stine, PhD, PSW 

Forest Ecosystem Dynamics Vulnerability Assessment, Patricia Manley, PhD, PSW; Patricia Maloney, PhD, 

University of California at Davis, Karen Pope, PhD, PSW; Peter Stine, PhD, PSW 

Riparian and Aspen Ecosystems Vulnerability Assessment, Patricia Manley, PhD, PSW; Patricia Maloney, 

PhD, University of California at Davis, Karen Pope, PhD, PSW; Peter Stine, PhD, PSW 

Meadow Ecosystems Vulnerability Assessment, Patricia Manley, PhD, PSW; Patricia Maloney, PhD, 

University of California at Davis, Karen Pope, PhD, PSW; Peter Stine, PhD, PSW 

Wildlife Connectivity Vulnerability Assessment, Peter Stine, PhD and Patricia Manley, PhD; PSW 

Public Health Vulnerability Assessment, Sam Evans, Tim Holland, Matthew Potts (University of California, 

Berkeley) 

Washoe Cultural Resources Vulnerability Assessment, Jonathan Long, PhD, PSW 

Lake Tahoe Surface Elevation Projections, Shane Coors, Precision Water Resources Engineering 

Recreation Resources Vulnerability Assessment, Patricia Winter, PhD, PSW 

Lake Tahoe Basin Infrastructure Vulnerability Assessment, Patricia Winter, PhD, PSW 

https://tahoe.ca.gov/programs/climate-change/
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