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About California’s 
Fifth Climate Change 
Assessment
California’s Climate Change Assessments are the state’s 
scientific foundation for understanding future climate-related 
vulnerability across California’s regions and systems. Senate Bill 
1320 (Stern, 2020) requires the State to report the impacts and 
risks of climate change across California at least every five years, 
beginning with California’s Fifth Climate Change Assessment 
(Fifth Assessment). Building on decades of climate research 
and previous Assessments, the Fifth Assessment presents new 
findings about California’s climate future, with a dedicated focus 
on Tribal partnerships, public engagement, and communities 
most vulnerable to climate impacts. 

The Fifth Assessment’s research and tools are designed to 
fill knowledge gaps about California’s climate future, inspire 
strategic climate actions, and shape planning, investments, 
and policies at the state, regional, and local scales. Guided by 
research priorities identified by state, Tribal, and local leaders, 
community representatives, and subject matter experts, its 
findings are designed to help illuminate potential climate 
futures, the challenges they may present, and the opportunities 
to build resilience through adaptation pathways. 

For the full suite of Fifth Assessment research products, please 
visit: www.ClimateAssessment.ca.gov.

http://www.ClimateAssessment.ca.gov
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Purpose of the  
Regional Reports
The Fifth Assessment Regional Reports bring together the 
latest climate science, community input, and adaptation 
opportunities to meet the needs of communities across nine 
California regions. These reports can inform regional and 
local vulnerability assessments, adaptation planning, and 
community resilience efforts. The Regional Reports include 
analyses of climate projections and impacts to natural systems, 
built systems, and social systems. They uplift case studies of 
adaptation solutions and highlight developments that have 
emerged since the Fourth Assessment was released in 2018. 
While climate impacts are felt across regional boundaries, the 
Regional Reports deepen our understanding of how climate 
change interacts with the unique communities, histories, waters, 
and landscapes across California.
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Climate Modeling, Scenarios, & Time Periods 
The Fifth Assessment Regional Reports 
consider the following climate models, 
greenhouse gas (GHG) emissions scenarios, 
and time periods: 
■ CMIP6 (Coupled Model Intercomparison 

Project Phase 6) is the most recent version of 
a global collaboration that standardizes and 
combines the most advanced climate models 
to project how Earth’s systems will react to 
our changing atmosphere. With CMIP6, we 
can see the most likely climate trends and the 
less likely, but still possible, extremes. 

■ Greenhouse Gas Emissions Scenarios: 
Current international climate models 
integrate two kinds of scenarios: Shared 
Socioeconomic Pathways (SSPs) and 
Representative Concentration Pathways 
(RCPs). The SSPs model how global society 
might evolve over the next century, including 
changes in population, policy, technology, 
and economic growth, while tracking the 
amount of heat trapped in the atmosphere. 
The RCPs correspond to GHG emissions and 
capture a quantifiable range of emissions and 
warming—how much do we expect the world 
will continue to emit, and the associated 
warming, throughout the century? Combined, 
these describe how global social conditions 
(e.g., population, technological, and economic 
growth) affect emission trajectories. This shift 
offers a more nuanced understanding of how 
our collective decisions today will shape the 
climate of tomorrow. The Fifth Assessment 
research primarily focuses on two RCP/SSP 
combinations: 

■ SSP 2–4.5 (i.e., utilizing the second 
SSP narrative and RCP 4.5) describes 
an intermediate scenario indicating 
improvements toward meeting mitigation 
commitments. This scenario shows carbon 
dioxide equivalent (CO2e) emissions initially 
hover at current levels, then start to fall by 
mid-century. 

■ SSP 3–7.0 articulates a high emissions 
scenario and less optimistic pathway, 
assuming current emission levels continue 

throughout the year 2100. This scenario 
shows CO2e emissions doubling by 2100. 

■ The Fifth Assessment also references a more 
aggressive emissions scenario (SSP5-8.5), 
which describes a very high and unlikely 
emissions pathway that shows CO2e 
emissions tripling by 2075. The Assessment 
includes this scenario as a reference tool 
for a worst-case emissions outcome for 
informational and planning purposes rather 
than a plausible climate change future. 

■ Global Warming Levels (GWLs) ask “What 
happens to California once the world reaches 
a certain level of warming?” The focus is on 
adapting to a change in the expected climate, 
such as a 2°C (3.6°F) increase. While these 
models identify a range of years when these 
thresholds might be reached, the emphasis 
is on the intensity of the impact rather than 
the calendar date. This is a different and 
complementary approach to the previously 
used date-based approach. 

■ Downscaling with Localized Constructed 
Analogues (LOCA) and Weather Research 
and Forecasting (WRF): To make global 
climate models (GCMs) useful for local 
planning, scientists use a technique called 
downscaling. While global models provide 
a big picture view of the planet, the Fifth 
Assessment uses the LOCA2 statistical and 
WRF dynamical downscaling techniques and 
a hybridized version of these techniques, 
LOCA2-Hybrid, to focus on California’s 
particular climate future. 

■ Time Periods: The Fifth Assessment uses a 
30-year timeframe for analyses, as shown 
in the table below, alongside historical 
projections to draw comparisons between 
current and future time periods. 

Descriptive Term Time Range 

Historical 1981–2010 

Mid-Century 2041–2070 

Late-Century 2071–2100 

4 
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Executive Summary
The Sierra Nevada region of California is a natural wonder and biodiversity hotspot, playing a 
critical role in regulating the state’s environment and economy. A majority of this region is publicly 
owned and covered by coniferous forests, shrublands, and grasslands. Its diverse topography  
and elevation gradients create a climate characterized by cool, wet winters and warm, dry 
summers, with considerable variability across the region. A sharp contrast exists between western 
and eastern slopes of the Sierra Nevada range with the latter being drier, caused by the rain 
shadow effect, and more rugged because of steeper slopes. In terms of temporal variability,  
the Sierra Nevada region experiences some of the largest year-to-year climate variability in the 
United States.

Climate change is already affecting the Sierra Nevada, with rising temperatures, shifting 
precipitation patterns, and declining snowpacks. By the end of the 21st century (2071–2100), 
model predictions indicate that the average daily maximum temperatures (Tmax) in the Sierra 
Nevada are expected to increase by 5.65±0.24°F under Shared Socioeconomic Pathways (SSPs) 
2–4.5 and as much as 9.32±0.39°F under SSP 5–8.5, with intermediate warming under SSP 3–7.0. 
Corresponding minimum temperatures (Tmin) are expected to increase by 5.30±0.29°F and 
9.13±0.36°F under SSP 2–4.5 and SSP 5–8.5, respectively. These warming trends are consistent 
across all climate models, indicating a very likely outcome and very high confidence. While long-
term changes in end-century (2071–2100) total precipitation are expected to show average 
modest increase throughout the region with a larger uncertainty, generally within 3.0±7.0% to 
5.0±12.0% depending on the SSPs, a significant variability in the intensity, frequency, and timing 
of precipitation is likely. These changes are expected to drive more frequent and severe droughts, 
stronger winter storms, and other hazards associated with extreme precipitation events (e.g., 
flooding, landslides, power supply disruptions, and damage to roads and bridges).

The projected warming is enough to raise the rain-snow transition by 1,500–3,000 feet, 
dramatically reducing snowpack across the range. Snowpack is projected to decline under all 
emission scenarios, with a strong agreement among models. By mid-century (2041–2070), April 
1 snow water equivalent (SWE) reductions of 47±12% (SSP 2–4.5) and 60±14% (SSP 5–8.5) are 
projected, intensifying by end-century (2071–2100) to 67±16% and 84±12% under intermediate 
and worst-case scenarios. The snowpack decline is expected to alter the magnitude and timing 
of streamflow, worsening summer dryness, reducing groundwater recharge, and stressing both 
local and statewide water systems, aquatic and terrestrial ecosystems, and communities. For 
species that have specific physical or phenological adaptations to snowpack, reduced snowpack is 
a key stressor and a form of habitat loss. Continued decline in mountain snowpack is inevitable, 
but extreme climate swings or weather whiplash will likely continue to unleash bursts of snow, 
swinging from little-to-no snow in one year to record-setting conditions in another. Extreme 
precipitation events, often associated with atmospheric rivers, are also projected to intensify, 
increasing the risks of flood, erosion and sedimentation, and post-fire debris flow. These extreme 
hydrologic conditions will increasingly challenge ecosystems and built systems alike, especially 
reservoir operations caught between the opposing objectives of flood control and water storage.
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Over the past several decades, forest ecosystems in the Sierra Nevada have shown a strong 
vulnerability to a range of threats, from drought to wildfire and insect infestation. Climate change 
is shifting much of the Sierra’s forested area toward a climate space typically associated with 
shrublands, grasslands, or deserts. More frequent and intense droughts and fires are causing 
abrupt changes in forest ecosystem structure and ecosystem services or, in some cases, a 
complete type conversion (e.g., from forest to shrubland). Woodlands are experiencing a similar 
shift with many oak species experiencing mortality, lack of recruitment, range shift, and type 
conversion. Overall impacts on shrublands are less clear with some evidence of shrubs being 
climate beneficiaries, especially in fire-prone and alpine regions. 

The Sierra Nevada region is home to 1.2 million residents and more than 70 Native American 
Tribes, including but not limited to the Mono, Miwok, Paiute, Washoe, Yokuts, and Tübatulabal 
peoples. The hydroclimatic shifts and cascading impacts on water and ecosystem discussed 
earlier poses significant risks that threaten local communities and economies. Rural populations 
dependent on natural resource- and recreation-based industries are particularly vulnerable to 
extreme heat, shifting precipitation patterns, flooding, and increasingly destructive wildfires. More 
than one-third of the region falls within California Department of Forestry and Fire Protection’s 
(CAL FIRE’s) high or very high wildfire hazard zones, and most incorporated towns face very high 
hazard levels in their local responsibility areas. These hazards endanger essential infrastructure, 
public health, and livelihoods while straining already limited emergency services and financial 
resources. The Sierra Nevada region provides the state with critical ecosystem services—including 
supplying over 60% of the state’s developed water, storing carbon in forests and meadows, 
and supporting winter recreation—valued between $43.6 and $190.9 billion annually in some 
subregions. Yet, socioeconomic conditions compound climate vulnerability: at least 40% of 
households live in counties with a median income below the state’s median of $91,551, and  
many communities have high proportions of older adults, residents with disabilities, or people 
living in poverty.

Wildfires remain the most acute threat to communities, with the record-breaking 2020 and 2021 
fire seasons costing billions of dollars in damages, displacing communities, and contributing to 
insurance market instability. Nine of the ten California counties with the highest exposure to 
wildfire are in the Sierra Nevada region. Vulnerable groups, including nearly 550,000 residents 
living in poverty and over 445,000 people with disabilities across the region, bear disproportionate 
risks to safety, health, and recovery. 

Multiple efforts are underway to help the region adapt to the new realities of a warmer and 
drier future. Water and other utilities are investing in data-driven water and infrastructure 
management. Land and ecosystem managers are investing in multi-benefit collaborative forest 
and meadow restoration, strengthening partnerships with Tribes, investing in Indigenous 
stewardship, and leveraging innovative financing. State investments in expanded workforce 
training programs and building fire and forest resilience and economic diversification further 
highlight pathways toward climate mitigation and adaptation. These efforts underscore the 
urgency of advancing region-specific, community-driven strategies that align resilience, equity,  
and sustainable economic development in the Sierra Nevada.
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Chapter 1.

Introduction
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The Sierra Nevada is a major mountain range in eastern California, extending approximately 400 
miles north to south and spanning about 70 miles east to west with a total area of roughly 25,000 
square miles (Figure 1.1). Elevation increases from the western foothills around 1,600 feet to the 
summit of Mount Whitney at 14,505 feet, the highest point in the contiguous United States. The 
highest elevations are found in the southern range and gradually decrease from south to north. 
The region also includes notable subranges such as the Warner, White, and Inyo Mountains, and 
extends toward adjacent desert basins.

The Sierra Nevada is the ancestral and contemporary homeland of many Tribes and Tribal 
communities, including but not limited to the Mono, Miwuk, Paiute, Washoe, Yokuts, and 
Tübatulabal peoples, as well as federally recognized and non-federally recognized Tribal Nations 
such as the Big Sandy Rancheria Band of Western Mono Indians, North Fork Rancheria of Mono 
Indians, Table Mountain Rancheria, Tule River 
Tribe, Tejon Indian Tribe, Big Pine Band of 
Owens Valley Paiute Shoshone Indians, and  
the Washoe Tribe of Nevada and California, 
among others. This acknowledgment is not 
intended to be exhaustive, and the report 
respectfully recognizes that additional  
Tribes and Indigenous communities maintain 
historical, cultural, and ongoing connections  
to this region (National Park Service, n.d.).  
The stewardship practices from the Indigenous 
Peoples and Tribal communities have shaped 
the region’s ecological resilience long  
before and after colonization (Anderson,  
2005; SNC, n.d.).

Approximately 90% of the Sierra Nevada region 
(Figure 1.1) is covered by forests, shrublands, 
and grasslands, while less than 3% of the 
area is cultivated for agriculture and used for 
urban development. Vegetation composition 
varies notably across the four sub-regions. 
Coniferous forests dominate both the Northern 
and Southern Sierra Nevada subregions, 
whereas steppe shrublands are the most prevalent in the Northeastern and Southeastern Sierra 
Nevada. For example, coniferous forests cover about 60% of the Northern Sierra Nevada but only 
11% of the Northeastern and Southeastern Sierra Nevada. Desert scrub and sagebrush account 
for approximately 76% of the landscape in Northeastern and Southeastern Sierra Nevada (FRAP, 
2017). The Sierra Nevada is predominantly composed of Mesozoic granitic intrusive rocks formed 
during subduction, although later volcanic activity occurred in the northern part of the range, 
particularly north of Yosemite (YFS, n.d.). 

Figure 1.1: Elevation across the Sierra Nevada,  
subregions, and some landmarks. 

The region’s land use is diverse, comprising protected national parks, national forests, designated 
wilderness and monuments, timber production, livestock grazing, hydropower generation, 
recreation, and limited agriculture. Although it is sparsely populated compared to California’s 
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urban centers, about 1.2 million people call this region home, including over 70 Native American 
Tribes scattered among rural towns and small cities. About 67% of the Sierra Nevada region is 
publicly owned, which includes ten national forests (Modoc, Lassen, Plumas, Tahoe, El Dorado, 
Stanislaus, Sierra, Sequoia, Inyo, and western part of Humboldt-Toiyabe National Forests), three 
national parks (Yosemite, Sequoia-Kings Canyon, and Lassen Volcanic), and Devils Postpile 
National Monument.

Beyond its ecological and cultural importance, the Sierra Nevada plays a critical role in California’s 
hydrological system. It provides an estimated 26 million acre-feet (MAF) of streamflow annually 
to the Central Valley, and an additional 2 MAF flowing into the rain-shadow desert valleys to the 
east (Dettinger et al., 2018). The region supports a vast hydropower network, with Pacific Gas 
and Electric Company (PG&E) alone generating approximately 3,900 megawatts of electricity to 
nearly four million homes (PG&E, 2024), accounting for about one-third of the state’s hydroelectric 
capacity. Mountain block recharge from the Sierra Nevada contributes approximately 31–53% of 
the total groundwater recharge to the Central Valley aquifer, highlighting a stronger mountain-
valley hydrologic connection (Armengol et al., 2024). This subsurface inflow delivers an average 
of 4 MAF of water annually—accounting for about 10% of all water inputs to the Central Valley 
aquifer from both surface and subsurface sources (Argus et al., 2022). The region also functions 
as the state’s natural reservoir, as its snowpack stores approximately 15 MAF of water, equivalent 
to about 61–71% of the long-term average reservoir storage (Margulis et al., 2016; Dettinger & 
Anderson, 2015; Bales et al., 2011). This snowmelt sustains rivers, reservoirs, aquatic life, and 
water systems during the prolonged summer dry period. Much of the state’s infrastructure is 
designed around this seasonal snowmelt, which accounts for about 73% of the total annual 
average runoff (Li et al., 2017) and 42% of California’s annual water movement (Dettinger et al., 2018).

Sierra Nevada’s environmental and socio-economic diversity makes it both vulnerable and 
resilient in the face of climate change. Years of water infrastructure development, land use and 
wildfire suppression policies, and criminalization of Indigenous land stewardship practices have 
severely impacted the flora and fauna of the region (e.g., 1850 Act for the Government and 
Protection of Indians [Johnston-Dodds, 2002]; Executive Order N-15-19: Newsom’s Apology to 
Tribes [Office of the Governor of California, 2019]). Through this report, we recognize and honor 
the enduring role of Indigenous Peoples and Tribal communities in sustaining the environmental 
and cultural heritage of the Sierra Nevada. This report aims to provide decision-makers, planners, 
and communities with accessible information to guide adaptation efforts. It also seeks to promote 
broader public engagement and share California’s approach to climate adaptation and resilience 
with national and international partners. Subsequent sections will present climate projections 
for the 21st century, followed by analyses of key vulnerabilities, adaptation strategies, and 
opportunities for the region’s natural working lands and waters, built systems, and social systems. 

Administratively, this assessment divides the Sierra Nevada region into four subregions (Figure 
1.1): (1) Northeastern Sierra Nevada, which includes Lassen and Modoc counties in the northeast; 
(2) Northern Sierra Nevada, covering Plumas, Sierra, Nevada, Placer, El Dorado, Alpine, and 
Amador counties; (3) Southeastern Sierra Nevada, covering parts of Mono and Inyo counties; and 
(4) Southern Sierra Nevada, which includes Calaveras, Tuolumne, Mariposa, and eastern parts of 
Madera, Fresno, Tulare, and Kern counties. We also summarize key trends at smaller scales, eight-
digit Hydrologic Unit Codes or HUC-8, for local climate and watershed stewards, land and water 
managers, and practitioners.
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Chapter 2.

Climate Science: Historical & 
Projected Trends
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Key Message
The Sierra Nevada region is experiencing rapid changes in climate, including in temperature, 
precipitation, snowpack, and hydrologic regimes, with cascading consequences and compounding 
hazards for water resources, ecosystems, built systems, and communities. Rising temperatures 
are evident across all models and timescales, resulting in expected snowpack loss, earlier 
snowmelt, and a shift from snow to rain. The long-term changes in precipitation remain relatively 
modest, however, extreme precipitation events, often associated with atmospheric rivers, 
are projected to increase. At the same time, the region is also projected to experience more 
frequent and prolonged dry periods, in addition to the changes in runoff timing, reduced summer 
streamflow, dry soil, and increased evaporative demand that the region is already experiencing. 
Future projected changes are likely to put more stress on forests, water infrastructure, and 
downstream users, highlighting the need for forward-looking climate adaptation strategies for  
the Sierra Nevada.

2.1 Historical Climate
The Sierra Nevada region experiences a predominantly Mediterranean climate, characterized by 
cool, wet winters and warm, dry summers (Polade et al., 2017; Dettinger et al., 2016). However, 
its complex topography results in substantial climatic variability across the range. The Southern 
Sierra Nevada is generally higher in elevation and therefore cooler, resulting in a larger fraction 
of precipitation falling as snow. In contrast, the Northern Sierra Nevada, with relatively lower 
elevations, is wetter due to a large fraction of precipitation falling as rain instead of snow and 
because of its greater exposure to North Pacific storm tracks, including atmospheric rivers 
that increasingly deliver intense precipitation at landfall (Rutz et al., 2014). The western slopes 
receive most of their precipitation from prevailing westerlies originating over the Pacific Ocean. 
Conversely, the eastern slopes, being in the rain shadow, receive much less precipitation, primarily 
from spillover events and occasional Great Basin systems, such as inside sliders and the North 
American monsoon (Dettinger et al., 2018).

Precipitation in the Sierra Nevada is largely dependent on atmospheric river storms, which 
accounts for 30–50% of the annual precipitation in the West Coast states (NOAA, 2025). Seasonal 
snowpack in the region accumulates over relatively few days and snowstorms (Huning & Margulis, 
2017; Serreze et al., 2001). In the Sierra Nevada specifically, atmospheric river events contribute 
over 40% of the seasonal snowpack (Shulgina et al., 2023). Precipitation is amplified as moist 
air ascends the Sierra’s western slopes, resulting in some of the highest totals at mid-elevations 
(5,000–6,000 feet) (Huning & Margulis, 2018; Lundquist et al., 2010, 2015 Dettinger et al., 2004).

The Sierra Nevada experiences pronounced spatial and temporal variability in precipitation. 
Historically, annual precipitation has fluctuated between 50–200% of the long-term average, 
far exceeding the 10–20% variability typical in much of the continental United States (Dettinger 
et al., 2011). This high year-to-year variability is largely driven by the number and intensity of 
winter storms reaching the region. Because these storms can vary in both strength and path, 
they often affect parts of the Sierra Nevada differently, leading to significant spatial differences 
in precipitation (Figure 2.1). For example, during the 2012–2016 drought, the western foothills 
received nearly half a year’s worth more in precipitation than higher elevations.
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Temperature fluctuations are also large, though generally less extreme than those in interior 
regions of the United States due to the moderating influence of the Pacific Ocean (Figure 2.1). 
The Pacific Ocean not only buffers seasonal and interannual temperature variations but also plays 
a central role in shaping sub-seasonal to decadal climate variability through large-scale ocean-
atmosphere phenomena such as the El Niño–Southern Oscillation (ENSO) (Lee et al., 2018).

Figure 2.1: Maps of historical baseline (1981–2010) annual average (a) maximum daily temperature (Tmax), (b) minimum daily 
temperature (Tmin), and (c) precipitation (reported as liquid water equivalent), respectively.

Seasonal snow accumulation increases along a southward gradient, driven primarily by 
temperature (Bales et al., 2011). Despite higher latitudes, much of the Northern Sierra Nevada 
receives snow near freezing temperatures due to lower elevation, making them highly sensitive 
to temperature fluctuations during the winter rainy season (Safeeq et al., 2015). This makes 
the snowpack in the Northern Sierra Nevada more vulnerable to warming than those in the 
southern portion of the mountain range that sits at higher altitude (Huning & AghaKouchak, 
2018). Historically, it has been about 20–40% more likely to have a below average snowpack for 
a 1–2°C (1.8–3.6 °F) of warming over the winter in the Sierra Nevada (Huning & AghaKouchak, 
2018).

2.2 Temperature and Precipitation Trends
The Sierra Nevada region (Figure 1.1) is already showing clear signs of climate change, including 
long-term warming trends and altered precipitation extremes. Historical maximum temperatures 
(Tmax), have been increasing at a rate of 1.4°F/century since 1895, which has increased by over 
three-fold (4.9°F/century) since 1981. This trend is much stronger in minimum temperatures (Tmin), 
increasing at a rate of 2.7°F/century since 1895 and showing over three-fold increase in the rate of 
warming (8.9°F/century) since 1981. Trends in annual precipitation are downward but statistically 
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not significant, either over 
the entire record or since 
1981. However, warmer 
temperatures are amplifying 
drought severity (Shukla et al., 
2015) and forest water stress 
(Goulden & Bales, 2019). 
All these trends indicate 
more profound changes in 
the decades ahead. While 
atmospheric concentrations 
of greenhouse gases (GHGs) 
have fluctuated naturally 
over hundreds of thousands 
of years, the rapid increase 
since the industrial revolution 
is unprecedented in the 
paleoclimate record (IPCC, 
2023; Eyring et al., 2016). 
GHGs, such as carbon dioxide, 
methane, and water vapor, 
act as a thermal blanket, 
trapping outgoing infrared 
radiation and warming the 
Earth’s surface, atmosphere, 
and oceans, thereby driving 
widespread climatic shifts.

Figure 2.2: Projected changes, relative to baseline (1981–2010), in maximum 
temperature (Tmax) for 2041–2070 (a, b, c) and 2071–2100 (d, e, f), under SSP 2–4.5 
(a, d), SSP 3–7.0 (b, e) and SSP 5–8.5 (c, f).

Multiple lines of evidence from historical observations and climate model simulations confirm that 
several of these observed changes in the Sierra Nevada region, and other western United States 
mountain ranges, are consistent with human-caused climate change (Diffenbaugh et al., 2015). 
Since the mid-20th century, these changes include significant increases in nighttime temperatures, 
a declining proportion of precipitation falling as snow, reductions in spring snowpack, and earlier 
snowmelt and snowmelt-driven streamflow (Siirila-Woodburn et al., 2021; Mote et al., 2018; 
Barnett et al., 2008). These trends align with projections from models based on observed GHG 
emissions and are expected to intensify further in the coming decades. Additional impacts, such 
as shifts in precipitation patterns and extremes, reduced soil and vegetation moisture, and altered 
streamflow volumes and thermal regimes, are also expected to emerge more clearly as non-
anthropogenic drivers of historic variability become less dominant. In this assessment, historic 
variability refers to climate and ecosystem fluctuations observed over the 1981–2010 historical 
baseline period. While Sierra Nevada ecosystems have been shaped by longer-term paleoclimate 
variability, those timescales are beyond the resolution and scope of this report. 

Since the exact amounts of future GHGs emissions are uncertain, we rely on plausible emission 
scenarios to estimate potential future trajectories. These scenarios, called Shared Socioeconomic 
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Pathways (SSPs) in Coupled 
Model Intercomparison 
Project Phase 6 (CMIP6), 
represent a range of possible 
socioeconomic and policy 
pathways, allowing climate 
projections to account for 
varying levels of emissions 
and their potential impacts 
(Riahi et al., 2017; Eyring et 
al., 2016; O’Neill et al., 2016). 
Each SSP is associated with a 
specific level of stratospheric 
adjusted radiative forcing 
(measured in watts per square 
meter, Wm-2) by the year 
2100. This value indicates 
the additional heat trapped 
in the Earth’s atmosphere 
due to GHGs under a given 
scenario. These SSPs are 
broadly comparable to the 
Representative Concentration 
Pathways (RCPs) used in 
previous CMIP5 experiments 
(Tebaldi et al., 2021).

Figure 2.3: Projected changes, relative to baseline (1981–2010), in minimum 
temperature (Tmin) for 2041–2070 (a, b, c) and 2071–2100 (d, e, f), under SSP 2–4.5 
(a, d), SSP 3–7.0 (b, e) and SSP 5–8.5 (c, f).

In this report, we use climate 
projections based on three pathways of future GHGs emissions. SSP 2–4.5 and SSP 3–7.0 are 
emphasized as intermediate and high emissions scenarios, respectively, that are most relevant 
for near- and mid-term planning. SSP 2–4.5, assumes emissions stabilize around 2050 and then 
decline continually, resulting in a moderate increase in radiative forcing (4.5 Wm-2) by the end of 
2100. This scenario is broadly comparable to RCP 4.5 used in California’s Fourth Climate Change 
Assessment (Fourth Assessment). SSP 3–7.0 represents a higher-emissions pathway in which 
emissions continue to rise throughout the 21st century, but at a slower rate than those in SSP 
5–8.5. SSP 5–8.5, the highest emissions pathway, assumes emissions continue to rise unabated 
through 2100, causing greater increase in radiative forcing (8.5 Wm-2), roughly corresponding 
to RCP 8.5 used in the Fourth Assessment. It is included here as a worst-case scenario to bound 
uncertainty and inform the most aggressive adaptation and risk-management planning.
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Figure 2.4: Thirty-year average temperatures and their spatial variation (maximum, average, and minimum) in each subregion of 
Sierra Nevada under historical conditions (1981–2010) and future projections (mid-century: 2041–2070, end-century: 2071–2100) 
across three Shared Socio-economic Pathways (SSPs): SSP 2–4.5, SSP 3–7.0, and SSP 5–8.5.

It is worth acknowledging that many available global climate models (GCMs) provide 
information at coarser spatial scales that do not adequately capture the steep gradients 
and microclimates of the Sierra Nevada (Dettinger, 2015). Although statistically downscaled 
climate projections from a wide range of SSPs are available at ~3 km resolution, dynamical 
downscaling has been limited to few pathways and variables (both datasets are available in the 
Cal-Adapt Analytics Engine). Dynamical downscaling is important because it better represents 
topography, snowpack processes, and local feedback that coarser models often miss (Rahimi, 
2023). Similarly, hydrologic projections often only include a subset of GCMs that are carefully 
selected to capture a broad range of future climate trends and variability across warming 
magnitudes and precipitation responses.
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Table 2.1: Projected changes (ensemble mean ±1 standard deviation), relative to historical (1981–2010) average, in maximum temperature 
(Tmax), minimum temperature (Tmin), and precipitation (P) for the Sierra Nevada and its four subregions by the mid-century (2041–2070) and 
end-century (2071–2100) under three SSPs, SSP 2–4.5 (n=32), SSP 3–7.0 (n=62), and SSP 5–8.5 (n=34). A lower standard deviation relative to the 
mean value indicates strong inter-model agreement and higher confidence.

SSP Time Period Variable Sierra 
Nevada 

Northeastern 
Sierra 

Nevada 

Northern 
Sierra 

Nevada 

Southeastern 
Sierra 

Nevada 

Southern 
Sierra 

Nevada 

SSP 2–4.5 mid-century T  (°C)max 4.29±0.17 4.46±1.12 4.21±0.99 4.40±1.10 4.26±1.06 

SSP 3–7.0 mid-century T  (°C)max 4.36±0.20 4.56±1.00 4.24±0.88 4.60±1.00 4.35±0.91 

SSP 5–8.5 mid-century T  (°C)max 5.60±0.22 5.80±1.24 5.46±1.15 5.70±1.20 5.64±1.21 

SSP 2–4.5 end-century T  (°C)max 5.65±0.24 5.88±1.42 5.50±1.29 5.90±1.40 5.65±1.33 

SSP 3–7.0 end-century T  (°C)max 6.95±0.32 7.34±1.58 6.78±1.40 7.20±1.40 6.90±1.38 

SSP 5–8.5 end-century T  (°C)max 9.32±0.39 9.72±2.02 9.04±1.82 9.70±2.00 9.36±1.84 

SSP 2–4.5 mid-century Tmin (°C) 3.97±0.22 4.08±1.06 3.93±0.94 4.00±0.80 3.95±0.81 

SSP 3–7.0 mid-century Tmin (°C) 4.14±0.21 4.26±0.80 4.06±0.76 4.30±0.70 4.15±0.70 

SSP 5–8.5 mid-century Tmin (°C) 5.26±0.24 5.40±1.26 5.18±1.14 5.30±0.90 5.28±0.99 

SSP 2–4.5 end-century Tmin (°C) 5.30±0.29 5.48±1.30 5.21±1.20 5.40±1.10 5.29±1.15 

SSP 3–7.0 end-century Tmin (°C) 6.82±0.29 7.04±1.40 6.67±1.32 7.00±1.20 6.85±1.30 

SSP 5–8.5 end-century Tmin (°C) 9.13±0.36 9.40±2.18 8.93±2.00 9.30±1.80 9.19±1.85 

SSP 2–4.5 mid-century P (%) 2.0±7.0 4.6±7.2 1.0±6.8 6.0±9.0 0.9±8.6 

SSP 3–7.0 mid-century P (%) 2.0±7.0 4.6±7.4 -0.1±7.6 8.0±10.0 0.1±9.0 

SSP 5–8.5 mid-century P (%) 2.0±8.0 5.2±7.2 -0.3±6.6 10.0±14.0 0.5±10.5 

SSP 2–4.5 end-century P (%) 3.0±7.0 7.2±9.0 1.6±7.4 7.0±10.0 0.4±8.5 

SSP 3–7.0 end-century P (%) 5.0±8.0 8.8±9.0 1.9±8.0 12.0±10.0 1.6±9.4 

SSP 5–8.5 end-century P (%) 5.0±12.0 10.6±12.2 2.3±9.6 17.0±22.0 1.6±13.5 

Also, in response to future emissions scenarios, different GCMs produce a range of outcomes. 
Therefore, modern climate projections are best interpreted using model ensembles, incorporating 
multiple emissions pathways and underlying assumptions, which help assess the level of 
agreement and uncertainty across multiple models. In this report, climate projections are based 
on all GCMs available through Cal-Adapt, downscaled using the Localized Constructed Analogs, 
version 2 (LOCA2) method. Historical climate projections were developed using an ensemble of 
15 GCMs and their 70 ensemble members. Future projections were derived from 13–15 GCMs, 
with 33–62 ensemble members depending on the specific SSPs, to capture the full range and 
consensus of potential climate outcomes.
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Box 2.1: Cold-Air Pooling and Fine-Scale Modulation of Temperature and Snow Persistence in Complex Terrain

Cold-air pooling (CAP) is a local atmospheric process that occurs in complex terrain during clear, calm conditions, when 
radiative cooling causes dense air near the surface to fall downslope and accumulate in valley bottoms and topographic 
depressions. Consequently, minimum temperatures (Tmin) in these locations can be substantially lower than the surrounding 
landscape, even under climate change-induced warming. However, CAP is not resolved by the coarse-resolution climate 
models and is therefore generally not present in regional climate change assessments.

Fine-scale climate modeling studies that incorporate terrain attributes such as slope, curvature, and relative elevation 
demonstrate that CAP mainly affects Tmin, with limited influence on Tmax or precipitation. While CAP does not alter large-scale 
warming trends, it can delay local snowmelt and modestly increase the persistence of spring snowpack in valley bottoms and 
mid-elevation basins where cold air is trapped beneath surrounding topography. Incorporating CAP into downscaled climate 
projections can increase April 1 snowpack persistence by a small margin (~6.5%) compared to models that do not include it 
(Curtis et al., 2014).

Although the hydrological consequences of CAP for runoff timing and soil moisture are secondary and location-specific, its 
ecological relevance is more pronounced. By sustaining cooler microclimates and delaying snowmelt in certain locations, 
CAP can contribute to the formation of climate refugia and influence vegetation patterns and habitat suitability under future 
climates (Wilkin et al., 2016; Pastore et al., 2022).

Thus, CAP does not change the long-term warming, snowpack decline, and hydrologic trends summarized in this chapter; 
rather it should be viewed as a fine-scale modifier of climate impacts in a topographically complex landscape.

By the final 30 years of this century (2071–2100), climate models project consistent warming 
across the Sierra Nevada regions, and subregions, under all emission scenarios (Table 2.1, 
Figure 2.2, Figure 2.3, and Figure 2.4). Relative to 1981–2010, projected increases (mean ± 1 
SD) in maximum temperature (Tmax), averaged over the entire Sierra Nevada, are approximately 
5.65±0.24°F under SSP 2–4.5, 6.95±0.32°F under SSP 3–7.0, and 9.32±0.39°F under SSP 5–8.5. 
Corresponding increases in minimum temperature (Tmin) are 5.30±0.29°F, 6.82±0.29°F, and 
9.13±0.36°F under SSP 2–4.5, SSP 3–7.0, and SSP 5–8.5, respectively. These trends are consistent 
across the four subregions (Table 2.1) and at the level of individual basins (defined using 
Hydrologic Unit Code 8 or HUC-8) (Table A1). However, we do see pockets of extreme warming 
zones throughout the region at scales smaller than HUC-8 (Figure 2.2, Figure 2.3). The level of 
projected warming is consistent across models, scenarios, and subregions, suggesting a very 
likely outcome (≥90% probability, with unanimous model agreement on the sign of change) and 
very high confidence. Although year-to-year variability and the magnitude of long-term trends 
differ among models, the direction and robustness of projected warming are consistent. Local 
deviations from regional minimum temperature trends may occur in complex terrain due to cold-
air pooling (Box 2.1) (Curtis et al., 2014; Lundquist et al., 2008).

Future changes in precipitation are less certain than temperature. Across all SSPs, end-century 
(2071–2100) changes in regional ensemble means are generally modest, ranging between 
3.0±7.0% under SSP 2–4.5, 5.0±8.0 under SSP 3–7.0, and 5.0±12.0% under SSP 5–8.5 (Table 2.1). 
Looking at the end-century changes at subregional scales under SSP 5–8.5 (worst-case) scenario, 
the Northeastern Sierra Nevada and Southeastern Sierra Nevada subregions are projected to 
become slightly wetter, with mean precipitation increases of 10.6±12.2% and 17.0±22.0%, 
respectively. Although Northern Sierra Nevada and Southern Sierra Nevada (Figure 1.1) are 
projected to experience minimal change (shown by brown color in Figure 2.5), a large portion of 
these regions show consistent drying (Figure 2.5), with mean end-century changes of ~2.3±9.6% 
and 1.6±13.5% under SSP 5–8.5, respectively. Across all regions, basins and SSPs, individual model 
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projections span from ~-26 to +78% in extreme cases (Table A2). Despite this spread, agreement 
among models remains relatively high, with 42–97% of models projecting changes in the same 
direction (Table A2). Overall, projected long-term changes in precipitation remain within roughly 
-0.3 to +17.0% for subregion-averaged ensemble means, which is small relative to California’s 
historically high interannual precipitation variability, normally ranging from ~50–200% (Dettinger 
et al., 2011).

Figure 2.5: Projected changes in precipitation for 2041–2070 (a, b, c) and 2071–2100 (d, e, f), under SSP 2–4.5 (a, d), SSP 3–7.0 (b, e) 
and SSP 5–8.5 (c, f).

Although long-term average changes in precipitation may appear modest, numerous studies 
(Ullrich et al., 2018; Berg & Hall, 2015) suggest substantial shifts in the intensity, frequency, and 
sequencing of precipitation events. In almost all areas of the Sierra Nevada, the precipitation from 
the most extreme storm events, including maximum annual 3-day totals (CDWR, 2015) and 
atmospheric rivers (Espinoza et al., 2018), is projected to increase between 5–30%. Polade et al. 
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(2017) also found that California is likely to experience more dry days, however, these dry periods 
are increasingly interrupted by stronger storms in between. In other words, although the 
frequency of storms may decrease, the intensity of individual events is projected to rise, while the 
average storm size remains largely unchanged. Expanding on this, Huang et al. (2020) applied a 
targeted dynamically downscaling framework to extreme atmospheric river storms and found a 
10–40% increase in total accumulated precipitation, especially in valleys and on the leeward sides 
of the Sierra Nevada mountains. Similarly, Swain et al. (2018) and Williams et al. (2022) 
emphasized the growing susceptibility of Mediterranean climates like California to rapid 
transitions between drought and flood conditions. Their findings project a 25–100% increase in 
extreme dry-to-wet precipitation events. These changes are expected to amplify flood, erosion, 
and debris-flow risks, with implications for water resources, built systems, and social systems 
throughout the region (see Section 3.2 Water Resources, Chapter 4, and Chapter 5).

Figure 2.6: Thirty-year average precipitation and their spatial variation (maximum, average and minimum) in each subregion of the 
Sierra Nevada under historical conditions and future mid-century (2041–2070) and end-century (2071–2100) projections across three 
Shared Socio-economic Pathways (SSPs): SSP 2–4.5, SSP 3–7.0, and SSP 5–8.5.

These climate-driven changes exhibit pronounced elevation dependence across the Sierra 
Nevada region. The Fourth Assessment projected systematic elevation gradients in warming, 
precipitation, snowpack loss, and soil moisture, with higher elevations warming faster than 
lower elevations and a modest increase (~10%) in precipitation at higher elevations (>6,000 ft) 
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by 2070–2099 (Dettinger et al., 2018). This pattern of amplified warming at higher elevations 
is consistent with elevation-dependent warming observed in other regions of the world (Pepin 
et al., 2022). Dettinger et al. (2018) projected an increase in rain-snow transition elevation by 
~1,500–3,000ft (457–914 m) under 6–10°F (3.3–5.5°C) warming. Consistent with this broad 
regional assessment, Cui et al. (2023) predicted an increase in rain-snow transition elevation by 
~984 ft (300 m) under a 3.6°F (2°C) warming in the American River Basin.

2.3 Snowpack Trends 
Snow contributes to an estimated 70% of the total runoff in mountain areas and up to two thirds 
of the inflow to the major reservoirs in the western United States (Li et al., 2017). In California, 
Sierra Nevada snowpack is a major component of the state’s water storage infrastructure (CDWR, 
2025). The Sierra Nevada snowpack has been largely declining, between 20–80%, reflecting on 
broader shrinking snowpack trends observed across the western United States (Mote et al., 2018). 
These reductions, along with lower snow to rain ratio, more frequent rain-on-snow events, and 
earlier melt, are driven by rising temperatures (Hale et al., 2023; Cho et al., 2021; Welty & Zeng, 
2021; Safeeq et al., 2015; Harpold et al., 2012). However, Mote et al. (2018) also show positive 
trends in snowpack in few locations, especially in Northern Sierra Nevada and along the rain-snow 
line in Southern Sierra Nevada. These diverging trends may be driven by changes in precipitation 
or fine-scale temperature processes such as cold-air pooling are present (Box 2.1) (Curtis et al., 
2014; Lundquist et al., 2008).

Table 2.2: Projected changes (ensemble mean ±1 standard deviation in %), relative to historical (1981–2010) average, in April 1 Snow Water 
Equivalent (SWE) for the Sierra Nevada and its four subregions by the mid-century (2041–2070) and end-century (2071–2100) under three 
SSPs, SSP 2–4.5 (n=4), SSP 3–7.0 (n=4), and SSP 5–8.5 (n=4). A lower standard deviation relative to the mean value indicates strong inter-model 
agreement and higher confidence.

SSP Time Period Sierra Nevada Northeastern 
Sierra Nevada 

Northern Sierra 
Nevada 

Southeastern 
Sierra Nevada 

Southern Sierra 
Nevada 

SSP 2–4.5 mid-century -47±12 -52±26 -55±17 -50±18 -35±14 

SSP 3–7.0 mid-century -58±15 -70±15 -65±9 -56±23 -42±18 

SSP 5–8.5 mid-century -60±14 -72±16 -67±15 -60±25 -46±16 

SSP 2–4.5 end-century -67±16 -71±12 -77±9 -65±5 -53±12 

SSP 3–7.0 end-century -74±14 -81±9 -84±8 -58±21 -60±15 

SSP 5–8.5 end-century -84±12 -93±4 -91±5 -74±19 -71±10 

Persistent low-to-no snow conditions are projected to continue and amplify (Figure 2.7), despite 
modest changes in precipitation as the precipitation phase largely depends on temperature. These 
low-to-no snow conditions are expected to occur sooner across California than in other regions 
of the western United States (Siirila-Woodburn et al., 2021). Our analysis of simulations using the 
Variable Infiltration Capacity (VIC) hydrologic model (Liang et al., 1994) forced with the boundary 
conditions from four CMIP6 GCMs (CNRM-ESM2-1, EC-Earth3-Veg, GFDL-ESM4, MPI-ESM1-2-HR) 
revealed that April 1 SWE is projected to decline substantially across the Sierra Nevada and all 
emissions scenarios (Table 2.2), with strong agreement among models on the direction of change 
(100% of models projecting declines; Table A3). By mid-century (2041–2070), the average April 
1 SWE across the region is expected to decline by 47±12% under SSP 2–4.5, 58±15% under SSP 
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3–7.0, and 60±14% under SSP 5–8.5. Corresponding declines by the end-century (2071–2100) are 
projected to be 67±16% under SSP 2–4.5, 74±14% under SSP 3–7.0, and 84±12% under SSP 5–8.5 
(Table 2.2). Looking at the subregional scales, Southern Sierra Nevada appears to be slightly less 
sensitive (in relative terms) compared to the other three regions. Northern Sierra Nevada and 
Northeastern Sierra Nevada show the greatest decline in all but one HUC8 basin with over 80% 
reduction in April 1 SWE by the end-century under SSP 3–7.0 and by over 90% under SSP 5–8.5 
(Table A3). In the Eastern Sierra Nevada, where snowpack is already low, it is expected to be 
nearly absent by the year 2100 under SSP 5–8.5 (worst-case scenario) (Figures A1-A3). While the 
magnitude of change varies by subregion, scenario, and model, agreement among models on 
widespread SWE loss is very high across all periods and scenarios, underscoring the robustness 
of projected snowpack reductions while also highlighting pronounced spatial and scenario-
dependent uncertainty in the magnitude of change.

Figure 2.7: Projected Sierra Nevada average daily snow water equivalent (SWE) under SSP 2–4.5 (a), SSP 3–7.0 (b) and SSP 5–8.5 (c). 
Circular lines represent daily SWE for each water year (1981–2100), radial lines mark months (Oct–Sept), and colors indicate SWE depth.

Recent studies support these findings. Sun et al. (2019) predict, under high emission scenarios 
(i.e., RCP 8.5), only about 36% (±12%) of historical April 1 SWE in the Sierra Nevada by the end of 
the century in many lower-elevation basins. Looking at the entire western United States, Schmitt 
et al. (2024) estimated that the exceptionally low snowpack conditions observed between 1921–
2011 could occur five (under SSP 2–4.5) to nine (under SSP 5–8.5) times more frequently by 2100. 
Shulgina et al. (2023) show higher climate change sensitivity of peak season atmospheric river-
related snowlines, increasing by ~700 m (~2,300 feet), compared to other storms, increasing by 
~600 m (~2,000 feet) under RCP 8.5. 

These snowpack reductions are not expected to be uniform across seasons or geographic areas. 
The model results indicate that the biggest declines are projected to occur in February and April in 
the Northern Sierra Nevada, and in January and March in the Northeastern Sierra Nevada. By 
mid-summer, the Sierra Nevada snowpack is expected to be mostly melted (Figure 2.8), resulting 
in limited water availability during the dry months. As a result, the water that flowed out of the 
range earlier in the year will no longer contribute to summer runoff, streamflow, soil moisture, or 
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groundwater recharge. Warming temperatures increase the likelihood of rain rather than snow at 
any given location, resulting in less 
of the range receiving snow 
initially. Additionally, there will be 
more opportunity for early 
snowmelt, causing snowpacks to 
accumulate less and persist for 
shorter periods compared to 
historical conditions.

2.4 Trends in Regional 
Drying and Runoff
Reductions in snowpack, a larger 
part of precipitation falling as 
rain rather than snow, increased 
precipitation intensity, and more 
frequent rain-on-snow events are 
expected to alter the seasonal 
distribution of streamflow. 
These changes typically result in 
decreased summer streamflow 
and increased runoff during 
winter and spring. Observations 
already show that earlier snowmelt 
is altering streamflow patterns 
across the western United States, 
with peak runoff in snow-fed 
rivers such as the Sacramento 
River, occurring up to a month 
earlier than historical averages 
(Milanes et al., 2022; Fritze et al., 
2011). Projections from VIC further 
indicate that under all SSPs, winter 
(January–March) runoff may likely 
increase (Figure 2.9, Table 2.3). 
Spring (April–June) and summer 
(July–September) runoffs are 
expected to decrease substantially 
(Figure 2.9, Table 2.3). Depending 
on the region and climate scenario, 
annual total runoff is projected to 
range from 88±21% to 121±12% 
of historical levels, suggesting 
relatively modest changes at the 

Figure 2.8: Monthly average snowmelt (actual values) for four subregions 
of the Sierra Nevada—(a) Northern Sierra Nevada, (b) Northeastern Sierra 
Nevada, (c) Southern Sierra Nevada, and (d) Southeastern Sierra Nevada—
comparing the historical period with future projections under SSP 2–4.5, SSP 
3–7.0, and SSP 5–8.5 by end-century (2071–2100).

Figure 2.9: Monthly average runoff (inch per day) for four subregions of 
the Sierra Nevada—(a) Northern Sierra Nevada, (b) Northeastern Sierra 
Nevada, (c) Southern Sierra Nevada, and (d) Southeastern Sierra Nevada—
comparing the historical period with future projections for SSP 2–4.5, SSP 
3–7.0 and SSP 5–8.5 by end-century (2071–2100).
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annual scale. In contrast, summer runoff is expected to decline substantially, reaching as low as 
41%±10% of historical averages under SSP 3–7.0 and 32%±7% under SSP 5–8.5 in the Northern 
Sierra Nevada. Data specific to individual HUC-8 basins are presented in Table A4.  
These findings are consistent with previous studies. For example, snowmelt-driven runoff is 
expected to shift as much as 80 days earlier by 2100, under RCP 8.5 (Schwartz et al., 2017), 
and snowmelt-derived runoff is projected to decline by one-third across the western United 
States under the same scenario (Li et al., 2017). Some Northern Sierra Nevada watersheds 
exhibit substantial groundwater connectivity and baseflow contributions to total runoff. These 
watersheds may show a greater runoff sensitivity, especially at longer time scales, to climate 
warming relative to watersheds in the Southern Sierra Nevada with very little to no summer 
baseflow (Safeeq et al., 2014). Climate sensitivity to runoff timing shows an opposite pattern with 
Southern Sierra Nevada watersheds showing greater impact (Null et al., 2010), mainly due to their 
higher reliance on snowmelt runoff.
Table 2.3: Average (ensemble mean ±1 ensemble standard deviation) projected change (calculated as a ratio of future runoff divided by 
historical (1981–2010) and then multiplied by 100) in water-year and seasonal runoff for the Sierra Nevada and its four subregions by the mid-
century (2041–2070) and end-century (2071–2100) under three SSPs, SSP 2–4.5 (n=4), SSP 3–7.0 (n=4), and SSP 5–8.5 (n=4). A lower standard 
deviation relative to the mean value indicates strong inter-model agreement and higher confidence.

SSP Time Period Timescale Sierra 
Nevada 

Northeastern 
Sierra 

Nevada 

Northern 
Sierra 

Nevada 

Southeastern 
Sierra 

Nevada 

Southern 
Sierra 

Nevada 

SSP 2–4.5 mid-century water-year 106±11 106±7 102±8 114±15 108±15 

SSP 3–7.0 mid-century water-year 102±17 104±12 99±16 108±28 101±21 

SSP 5–8.5 mid-century water-year 99±3 101±3 97±2 107±12 96±7 

SSP 2–4.5 end-century water-year 111±13 111±10 107±12 121±12 112±16 

SSP 3–7.0 end-century water-year 103±13 101±11 98±9 118±17 104±19 

SSP 5–8.5 end-century water-year 93±18 96±11 91±16 110±33 88±21 

SSP 2–4.5 mid-century January-March 109±9 111±8 107±6 125±24 108±16 

SSP 3–7.0 mid-century January-March 99±10 101±16 99±14 112±23 96±18 

SSP 5–8.5 mid-century January-March 101±18 99±23 102±19 115±33 100±23 

SSP 2–4.5 end-century January-March 119±10 124±5 123±12 130±34 111±10 

SSP 3–7.0 end-century January-March 108±18 107±20 106±11 137±55 106±29 

SSP 5–8.5 end-century January-March 99±18 103±9 98±18 135±58 92±24 

SSP 2–4.5 mid-century July-
September 82±4 86±5 67±6 84±9 89±5 

SSP 3–7.0 mid-century July-
September 75±14 74±10 62±14 76±19 84±19 

SSP 5–8.5 mid-century July-
September 68±5 74±6 56±7 71±5 73±5 

SSP 2–4.5 end-century July-
September 76±9 74±8 55±12 84±18 87±15 

SSP 3–7.0 end-century July-
September 58±12 59±7 41±10 65±18 65±18 

SSP 5–8.5 end-century July-
September 45±13 55±6 32±7 47±22 48±19 
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While most modeling studies agree on reduction in streamflow during summer, the exact amount 
of reduction in streamflow depends on climate and hydrological models used and remain 
uncertain (Miller et al., 2021). These reductions in streamflow are accompanied by declining 
summer soil moisture across the Sierra Nevada, with 50–100% model agreement indicating 
decreases of up to 33.5±5% relative to historical conditions (Figure 2.10; Table A5). Under the 
intermediate scenario, December–February and March–May soil moisture show an increase, which 
reduces to high elevations only under high and worst-case scenarios. June–August and September–
November soil moisture shows drying patterns across the region, except for some modest wetting 
in the Southeastern Sierra Nevada (Figure 2.10).

Figure 2.10: Percent changes in soil moisture (multi-model average) by 2071–2100 compared 
to 1981–2010 in (a) DJF: December-January-February, (b) MAM: March-April-May, (c) JJA: June-
July-August, and (d) SON: September-October-November for SSP 2–4.5 (top row), SSP 3–7.0 
(middle row), and SSP 5–8.5 (bottom row).

To synthesize the magnitude, direction, and confidence of observed and projected hydroclimatic 
changes across the Sierra Nevada, we summarize key climate and hydrological variables in Table 
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2.4, with explicit comparison to findings from California’s Fourth Climate Change Assessment.
Table 2.4: Summary of observed and projected changes in key climate and hydrological variables across the Sierra Nevada region based on 
California’s Fifth Climate Change Assessment (CCCA5), with comparisons to California’s Fourth Climate Change Assessment (CCCA4). The table 
highlights relative magnitudes, direction of changes, and seasonal shifts, and summarizes confidence in future change.

Climate impacts Historical trends (CCCA5, 
relative to CCCA4) Future direction of change (CCCA5) 

Confidence 
for future 
change 

Maximum  
temperature (Tmax) 

Historical warming across 
Sierra Nevada consistent with 
CCCA4. CCCA4 documented 
late-century warming of 
~9–10°F under high emissions. 
This shows an amplified rate of 
warming compared to observed 
trends, 4.9°F/century since 
1981. 

CCCA5 projects continued warming with an increase of 
5.65±0.24°F (SSP 2–4.5) to 9.32±0.39°F (SSP 5–8.5), by the 
end-century, broadly consistent with CCCA4 magnitudes 
under comparable forcing, with clearer subregional and 
basin-scale detail. 

Very High 

Minimum  
temperature (Tmin) 

Historical nighttime warming 
is consistent with CCCA4’s 
overall temperature increases, 
though Tmin was not reported 
separately in CCCA4. Historical 
trends show a warming of Tmin 
at a rate of 8.9°F/century since 
1981. 

CCCA5 shows Tmin warming (5.30±0.29°F under SSP 2–4.5 
to 9.13±0.36°F under SSP 5–8.5) comparable to Tmax, 
while highlighting potential for stronger Tmin increases in 
individual basins. 

Very High 

Annual precipitation 

Historically high interannual 
variability dominates long-term 
trends, consistent with CCCA4. 
CCCA4 reported small and 
uncertain long-term changes 
(about -10% to +15%), with 
variability far exceeding mean 
trends. Trends in observational 
records are inconclusive. 

CCCA5 confirms modest subregional mean changes by 
mid-to late-century (roughly 3.0±7.0% to 5.0±12.0%) and 
between -0.3±6.6% and 17.0±22.0 at subregional scales, 
broadly consistent with CCCA4. CCCA5 adds clearer 
spatial differentiation (e.g., wetter Northeastern and 
Southeastern Sierra Nevada, minimal change or slightly 
drying elsewhere). Despite modest mean changes, 
both assessments show robust increases in extreme 
precipitation (5–30%) and more dry days punctuated by 
stronger storms. 

Medium 
(means); High 
(extremes) 

Snowpack (SWE) 

Declining snowpack across the 
Sierra Nevada, consistent with 
CCCA4’s documentation of 
widespread losses (eradicated 
below 6000 feet and by 
as much as 60% at higher 
elevations) driven by warming, 
rising snowlines, and earlier 
melt. Observed April 1 SWE 
has declined substantially, 
between 20–80% reductions, in 
most regions, with only limited 
increases. 

CCCA5 confirms CCCA4 projections of widespread 
snowpack loss, with regional ensemble-mean April 1 
SWE reductions of 47±12 to 60±14% by mid-century and 
67±16 to 84±12% by end-century under moderate and 
worst-case emission scenarios. Snowpack is effectively 
eliminated at low elevations, with April 1 SWE approaching 
near zero in most years. These estimates fall within the 
range projected by CCCA4 while providing clearer spatial 
detail, timing, and uncertainty. 

Very High 

Runoff 

Earlier peak runoff timing and 
seasonal redistribution already 
evident, consistent with CCCA4 
projections linking warming, 
reduced snowpack, and earlier 
snowmelt to increased winter 
flows and reduced summer 
flows. 

CCCA5 confirms CCCA4 findings of modest changes in 
annual total runoff but pronounced seasonal shifts. 
Annual runoff remains near historical levels (about 
88–121% of baseline, depending on region and scenario), 
while winter and spring runoff increase and summer 
runoff sharply declines. Under high and worst-case 
emissions, Sierra Nevada average summer runoff 
decreases to 58% and 45%, respectively. Northern Sierra 
Nevada may experience up to 59% and 68% reduction 
in summer runoff, under high and worst-case scenarios, 
respectively. CCCA5 provides clear subregional and 
basin-scale quantification of timing of shifts and low-flow 
severity. 

High (seasonal 
changes in 
magnitudeand 
timing); 
Medium 
(annual totals)
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Climate impacts Historical trends (CCCA5, 
relative to CCCA4) Future direction of change (CCCA5) 

Confidence 
for future 
change 

Soil moisture 

Long-term drying trends 
consistent with CCCA4, driven 
by warming, reduced snowpack, 
and increased evaporative 
demand. Observed and 
modeled declines are highest 
during the warm season. 

CCCA5 confirms widespread declines in summer soil 
moisture across the Sierra Nevada, with ensemble-
mean reductions of up to ~33% compared to historical 
conditions and 50–100% model agreement on the 
direction of change. Seasonal and spatial variability 
persists, with modest increases in some basins, but net 
warm-season drying intensified relative to CCCA4. 

High 

2.5 Trends in Wildfires
Wildfire activity in the Sierra Nevada region has intensified dramatically over the past two decades, 
driven by a convergence of anthropogenic climate change, historical land management practices, 
and increasing forest stress (Madakumbura et al., 2025; Chen et al., 2021). Rising temperatures 
and changing precipitation patterns are projected to increase fire activity across many regions 
of California by altering fuel availability and drying conditions conducive to wildfires (Krawchuk 
& Moritz, 2012). In the last two decades, California has experienced sixteen of the largest twenty 
wildfires in its recorded history (CalFire, 2025), several of which, such as the Dixie Fire (July 2021) 
and Caldor Fire (September 2021), originated or spread through the Sierra Nevada region, burning 
over 963,000 and 221,000 acres respectively. These fires exemplify the growing prevalence of 
high-severity, fast-moving fire events that overwhelm suppression efforts (Miller et al., 2020). The 
share of high-severity fires has risen sharply compared to pre-Euro American settlements (Fass, 
2025). Long-term fire suppression policies, combined with reduced Indigenous cultural burning, 
could have contributed to unnaturally dense forests with accumulated fuels. Simultaneously, 
extended droughts and rising temperatures have triggered widespread tree mortality, particularly 
during the 2012–2016 drought when over 129 million trees died in the Southern Sierra Nevada 
alone (Fettig et al., 2019). Wildfires in Sierra Nevada have resulted in substantial surface fuel 
carbon consumption resulting in impeding productivity post-wildfire (Hemes et al., 2023). The 
frequency of extreme fire weather, including low humidity, and heat waves, has increased in 
recent years, leading to more days each year with elevated fire danger ratings (Madakumbura et 
al., 2025; Hino and Field, 2023). Smoke from these fires now contributes substantially to air quality 
degradation, which could erode more than 50% of previous multi-decadal progress in reducing 
fine particulate matter (PM2.5) concentrations (Burke et al., 2023). The respiratory health impacts 
and reduced visibility from the wildfires have been felt across the Sierra foothill communities as 
well as distant urban localities (Cisneros et al., 2021; Schweizer & Cisneros, 2014).

Looking ahead, the Sierra Nevada region is projected to experience more than 50% increase 
in annual burned areas and number of fires by 2040, depending on GHGs emissions scenarios 
(Gutierrez et al., 2021). Rising temperatures, earlier snowmelt, and longer dry seasons are 
expected to result in an earlier onset in the fire season and shift its peak into traditionally 
wetter months. Fuel aridity could intensify, particularly mid elevation ranges of the Sierras, 
where snowpack loss will expose mid-elevation forests to hotter and drier spring and summer 
conditions. This transition could lead to more frequent high-severity fires in previously fire-
resistant zones, jeopardizing the structural integrity of coniferous forests and facilitating post-fire 
vegetation shifts toward shrublands and grasslands with reduced carbon sequestration potential 
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(Steel et al., 2021; Liang et al., 2017). Such ecological transitions also threaten regional hydrology, 
as burn scars increase erosion and sediment loads, impairing downstream reservoirs and water 
quality (Olsen et al., 2021). Wildfire-related emissions will further reinforce climate feedback 
loops (Stavros et al., 2014); already, wildfire carbon emissions in California exceed those from the 
state’s industry or power sector in extreme fire years (Jerrett et al., 2022). To reduce risk, large-
scale adaptation strategies will be essential, including expanded prescribed burns, mechanical 
thinning, and revitalization of Indigenous fire stewardship. However, despite growing state-level 
investments, only a fraction of California’s high-risk forests receive treatment each year due to 
permitting challenges, air quality regulations, and limited operational capacity. Building future 
wildfire resilience in the Sierra Nevada will therefore require a coordinated, multi-jurisdictional 
strategy that aligns fuel management with community preparedness, post-fire recovery planning, 
and equitable resource distribution, especially for Tribal and underserved populations at the 
wildland urban interface. Box 2.2 provides a few examples of ongoing efforts on building 
watershed resilience through Tribal partnership and regional collaboration.

Box 2.2: Strengthening Forest Stewardship through Tribal Partnerships and Regional Collaboration

Tribal partnerships have been central to these efforts. Cultural burning, practiced for centuries by Indigenous communities, 
is increasingly part of workforce training and forest stewardship (CNRA, 2025; CNAHC, n.d.). The Sierra-Sequoia Burn 
Cooperative, including the Dunlap Band of Mono Indians and the Big Sandy Rancheria Band of Western Mono Indians of 
California, employed cultural burning in treatments in the upper Kings River watershed in eastern Fresno County (SNC, 
2021). The High Road to Tribal Forest Restoration and Stewardship, a 20-Tribe collaborative with the Sierra Institute, offered 
forest management training rooted in Traditional Knowledges (Sierra Institute, 2020). The Maidu Summit Consortium and 
the Feather River Land Trust incorporated cultural burning practices into land stewardship in an area around Plumas and 
Sierra counties after the Mountain Maidu reclaimed land from PG&E (Sierra Institute, 2020). The Calaveras Healthy Impact 
Product Solutions (CHIPS) in Calaveras county operates a millsite for bioenergy and workforce training for Tribal and other 
participants working on fuels reduction and forest restoration across public and private lands (CHIPS Forestry, n.d.). Regional 
forest management collaborative organizations such as the Eastern Sierra Wildfire Alliance, some emerging from the Regional 
Forest and Fire Capacity Program (RFFCP), support small businesses, workforce efforts, and volunteer action organizations 
(such as FireWise communities). These efforts underscore the importance of regional collaboratives to connect Tribal 
partners, employers, agencies, non-governmental organizations (NGOs), and community members. While these initiatives 
demonstrate effective partnership and stewardship models, achieving region-wide ecological and risk-reduction outcomes 
will require their expansion to much larger spatial and institutional scales.
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Chapter 3. 

Natural and Working Lands  
& Waters
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Key Message
The Sierra Nevada faces an existential threat from climate change, which is fundamentally altering 
the region’s ecosystems through escalating wildfire, severe drought, the stress of warming 
temperature and reduced snowpack, and insect outbreaks. These interconnected stressors are 
causing widespread forest mortality and driving a concerning conversion of forests to shrublands 
and grasslands, which in turn degrades critical habitat, diminishes biodiversity, and disrupts 
essential ecosystem functions like water regulation and carbon storage. The unique species 
richness and endemism, born from the area’s dramatic elevational gradients, are at risk as climate 
shifts force wildlife to move upslope or face local extinctions, particularly for species dependent 
on snowpack, mature forests, or cold-water aquatic habitats. To safeguard the ecological integrity 
of the Sierra Nevada, proactive adaptation strategies are urgently needed, focusing on enhancing 
ecosystem resilience through practices such as strategic forest thinning, cultural burning, 
prescribed fire, restoration of degraded wet meadows and riparian areas, improving landscape 
connectivity to facilitate species movement in response to a rapidly changing climate, and 
continued experimentation with assisted migration of imperiled populations and species of plants 
and animals.

3.1 Terrestrial Ecosystems and Biodiversity 
The California Floristic Province, which 
encompasses the Sierra Nevada, is 
recognized as a global biodiversity hotspot. 
The terrestrial ecosystems of the Sierra 
Nevada, in addition to providing critical 
natural resources and recreation for human 
populations, have a high level of species 
richness and endemism resulting from the 
large elevational gradients and mountain 
rain shadow effect which collectively 
generate a wide range of habitat conditions 
(Harrison et al., 2024; Baldwin et al., 2017). 
Key ecotones include oak woodlands in the 
lower elevations of the western foothills, 
a variety of mixed conifer forests in mid 
elevation to alpine environments, mountain 
meadows, and mixed shrubland in the eastern Sierras in the mountain rain shadow (Figure 
3.1). In this section, we highlight key ecosystems in the Sierra Nevada, their underlying climate 
and disturbance sensitivities, trends in vulnerability of ecotone types, potential adaptation 
actions, and key underlying uncertainties in our understanding of these systems that influence 
recommendations for climate action.

Figure 3.1: Ecotones of 
the Sierra Nevada. The 
majority of Sierra Nevada 
ecosystems are dominated 
by closed canopy forests, 
more open woodlands 
containing a combination 
of trees and lower 
stature vegetation, or 
woody shrubs. Meadows 
dominated by annual or 
perennial grasses and 
forbs are smaller in extent 
but hydrologically and 
ecologically important 
components of the 
landscape.
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Figure 3.2: The distribution of Sierra Nevada ecosystem types across temperature and precipitation (plotted over Whittaker life 
zones for reference, Whittaker, 1975) for (a) present day, (b) mid-century, and (c) end-of-century under SSP 2–4.5. Plots (d), (e), and (f) 
show similar plots for SSP 3–7.0. Precipitation and temperature values are derived from the ensemble mean of climate models used 
in this report (see Chapter 2 for climate products) under the SSP 2–4.5 and SSP 3–7.0 scenarios.

3.1.1 Climate Effects, Trends, and Projections in Ecosystems

FOCAL ECOSYSTEMS REPRESENTING MAJOR COVER TYPES IN THE SIERRA NEVADA 
(FORESTS, SHRUBLANDS, RIPARIAN AND AQUATIC ECOSYSTEMS, AND  
OAK WOODLANDS)

The Mediterranean climate of California plays a foundational role in shaping Sierra Nevada 
ecosystem, phenological cycles, and ecosystem functions. Specifically, the wet winters and dry 
summers result in ecosystems that are strongly dependent on winter snowpack and/or winter 
recharge of soil moisture across a broad gradient of mean annual temperatures ranging from 
30–68°F (-1–20°C). Mixed conifer forests dominate the Sierra Nevada region in terms of total 
spatial extent (Figure 3.1), breadth of climate space (Figure 3.2), and aboveground productivity 
(Bernal et al., 2022). Both climate sensitive disturbances such as drought, wildfire, insect and 
pathogen disturbances (Steel et al., 2023; Bernal et al., 2022; Robbins et al., 2021; Fettig et al., 
2019; Stephens et al., 2018), and human disturbance and fire suppression (Stephens et al., 2018; 
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Stephens et al., 2015; Dolanc et al., 2014; Stephens et al., 2009) influence forest composition and 
structure.

Interspersed among the mixed conifer ecosystems are wet meadows, fens (i.e., peat-accumulating 
wetlands), streams, lakes, and other aquatic and riparian ecosystems. Although these ecosystems 
cover a small fraction of the landscape, they are key to sustaining biodiversity in the region, 
providing critical climate change refugia, contributing disproportionately to biogeochemical 
cycling, and are cultural keystone areas for many Indigenous groups. Riparian areas are water-
dependent ecosystems that occur at the interface between terrestrial and aquatic ecosystems. In 
the Sierra Nevada, riparian and aquatic corridors connect high altitude lakes and streams to the 
valley, facilitating the transfer of water, energy, and nutrients while also providing critical habitat 
for amphibians, fish, aquatic invertebrates, birds, and mammals (Siegel & DeSante, 1999; Erman, 
1996; Graber, 1996; Gregory et al., 1991).

Lower in elevation, the western foothills of the Sierra Nevada are occupied by California oak 
woodland. Though less carbon dense than their mixed conifer counterparts, the oak woodlands 
foster a highly diverse herbaceous understory that provides habitat for numerous vertebrate and 
invertebrate species. Finally, hotter and more arid locations of the Sierra Nevada are occupied by 
mixed shrubland. Interior chaparral characterized by evergreen shrub species are common at low 
elevations on the west side of the Sierras, as well as on steep, southern facing slopes at higher 
elevations. The chaparral ecosystems of California are a biodiversity hotspot, filled with numerous 
endemic plants and serve as habitat for diverse wildlife. Meanwhile, in the eastern Sierras, pinyon-
juniper woodlands support species such as mule deer, bobcats, raptors, and pinyon jays. These 
juniper woodlands are also ecosystems of Tribal significance, providing sustenance from pinyon 
nuts, wood resources, and hosting sites of cultural significance. Lower in elevation, various scrub 
ecotypes, particularly sagebrush steppe, dominate at mid elevations where the climate is too arid 
for trees (Storer et al., 2004). 

Fire is, and has long been, a central player in Sierra Nevada ecosystems (Box 3.1). Natural fire 
regimes range in frequency and severity across vegetation types; with frequent, low-severity fires 
in oak woodlands; moderately frequent and mostly low- to moderate-severity fire in mixed conifer 
forests; and moderately frequent moderate- to high-severity fire in shrublands (Safford et al., 
2021). Meadows and riparian areas can act as fuel breaks or corridors for fire spread, depending 
on moisture levels and condition (Kobziar & McBride, 2006; DeBenedetti & Parsons, 1979). High 
densities of rhizomatous species in hydrologically connected meadows and riparian areas allow 
for rapid recovery and increased resilience to fire (Boisarmé et al., 2017; Willard et al., 1995; 
DeBenedetti & Parsons, 1979). Natural vegetation mortality drivers in mature forests outside 
of fire disturbance, most easily documented in forest systems at the tree level, include biotic 
agents (insects and pathogens), followed by competition, and then mechanical damage (Das et al., 
2016). However, basic knowledge gaps remain in understanding mortality mechanisms and the 
interaction between abiotic and biotic stressors that ultimately result in tree mortality (Trugman 
et al., 2021). These uncertainties propagate through our ability to predict the vulnerability of 
different ecosystems to climate change and develop adaptation actions to mitigate climate  
change impacts.
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Box 3.1: Fire and the Sierra Nevada Ecosystem

Fire is a central feature of the ecology of the Sierra Nevada, which has shaped the structure, distribution, and function of 
ecosystems for millennia (Keeley & Safford, 2016), including thousands of years of Indigenous cultural burning practices 
(Taylor et al., 2016). However, fire’s impact varies enormously depending on the species, vegetation type, environmental 
setting and time of burning, all of which can be affected—directly and indirectly—by humans (Steel et al., 2015; Mallek et 
al., 2013). California’s Indigenous Peoples used fire for a variety of purposes, altering the natural fire regime and reflecting a 
deep understanding of fire as a natural process and a tool (Anderson, 2005). In Sierra Nevada yellow pine forests (dominated 
by ponderosa and Jeffrey pine), Tribes used fire to eliminate brush and promote food (Anderson, 1999). Collecting pine nuts 
remains an important social and cultural tradition for many Tribal communities such as Washoe, Paiute, and Shoshone. 
Similarly, piagi (larvae of pandora moths that feed primarily on the needles of Jeffery, lodgepole, and ponderosa pines) was 
a significant food source for Paiute peoples. Burning practices altered forest structure and maintained vegetation in early 
successional stages along the lower slopes on both sides of the Sierra Nevada (Kilgore, 1973). By 1860, burning by Indigenous 
Peoples on the California coast was sharply curtailed (Kilgore, 1973) as Tribal peoples were extirpated and their land taken 
by Euro-American emigrants (Lindsay, 2012), though clear patterns of this in the Sierra Nevada are more uncertain. Euro-
American settlement of the Sierra Nevada in the mid-19th century promoted an abrupt shift in fire regimes from frequent, 
low-severity burning to aggressive fire suppression. The immediate increase in resource use (e.g., for timber harvests, 
grazing, mining, and water diversion) and the subsequent imposition of comprehensive fire exclusion during the first half 
of the 20th century caused widespread changes in ecosystems, subsequently altering the livelihood of Tribal peoples and 
their relationship to forests. Forests were particularly affected in low- to mid-elevation zones where the lack of recurring 
low- and moderate-intensity fires led to a buildup and increase of continuity of forest fuels (Collins et al., 2011; Anderson, 
2006) and long-term shift in stand structure from few, large trees to smaller, denser trees (McIntyre et al., 2015). At the same 
time, population growth and development have increased human presence in fire-prone ecosystems, leading to an increase 
in ignitions near the wildland-urban interface (Hammer et al., 2007; Syphard et al., 2007), while extreme fire weather that 
exacerbates wildfire severity is on the rise (Prein et al., 2022, Rother et al., 2022). The massive 2020 fire year typifies this 
trend, where the total burned area did not necessarily exceed a pre-colonial annual average in fire-prone ecosystems, but 
the high-severity burned area set new records thanks to extreme atmospheric dryness and extensive fuels in ecosystems 
with no recent history of fire (Safford et al., 2021). Today, yellow pine and mixed conifer forests are at high-risk of large, 
uncharacteristically severe wildfires that can impose long-term ecosystem damage (Safford & Stevens, 2017; Miller et al., 
2009). In yellow pine and mixed conifer forests, plant species evolved with relatively frequent fires—their life histories, 
reproduction, and growth are intricately tied to the fire regime. Thus, changed fire regimes may have consequences for 
species persistence (Keeley, 2010; Webster & Halpern, 2010). Overall ecosystem health involves complex interactions among 
agents of disturbance, including fire, drought, insects, and diseases. Changes in one agent can accentuate risks from others. 
For example, fire suppression in Sierra Nevada forests in the last century has led to increases in tree density, but also shifts in 
composition toward more fire- and drought-intolerant species (Dolanc et al., 2014; Collins et al., 2011; Scholl & Taylor, 2010). 
The resulting denser and more homogeneous forests are at greater risk from drought, insect outbreaks and disease, not to 
mention greater risk of high-severity fire (Stephens et al., 2018). At the same time, wildfire is increasingly occurring at higher 
elevations, in mixed conifer and subalpine forests that historically saw very little fire and are thus not fire adapted (Xu et al., 
2022). The spread of invasive species can also be facilitated by severe wildfires, and increase subsequent fire risk (Lambert et 
al., 2010). Ultimately, wildlife, water quality, and air resources are all tied to the spatial and temporal patterns of fires. Due to 
its pervasive and recurring nature across the region, fire is a central theme in this report. 

TRENDS AND PROJECTIONS

Even the most optimistic climate trends and projections with the lowest level of climate change, 
described in Chapter 2, have substantial implications for the ecosystems of the Sierra Nevada. 
Most key impacts have already been observed in the past two decades. In particular, we have 
high confidence in trends of decreasing winter snowpack, increasing mean temperature, and 
increasing atmospheric dryness that are fundamentally altering the ecohydrology, biodiversity 
and potential carbon storage of Sierra Nevada ecosystems. Long-term warming and drying 
trends are shifting much of the Sierra’s forested areas toward an ecosystem typically associated 
with shrublands, grasslands, or deserts (Figure 3.2). Super-imposed on these long-term trends, 
extreme events (e.g., droughts) are increasing in frequency and severity, causing abrupt changes 
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in ecosystem structure and ecosystem services. Moreover, there is a strong link between climate 
and fire (He et al., 2025; Moritz et al., 2012), leading to strong interactive effects between climate 
shifts, increasing climate extremes, and fire-related disturbance. The net result is a high likelihood 
of substantial vegetation type conversion (for example, from forest to shrubland) in much of the 
Sierra Nevada, which alters biodiversity, habitat structure, water resources, and carbon storage 
(Guiterman et al., 2022). During the 2011–2020 period alone, an estimated 30% of conifer forest 
areas in the Southern Sierra Nevada transitioned to non-forested vegetation (<25% tree canopy 
cover) due to massive and interrelated drought, beetle, and fire disturbance (Steel et al., 2023). 

Wildfire

Projected changes in climate are associated with large increases in wildfire burned areas, 
including the number of wildfires and the frequency of large fires (>24,700 acres). Since the 
Fourth Assessment, trends in burned areas in the Sierra Nevada have continued to hit or exceed 
projections. This is due to increasing fire weather (defined as a set of meteorological conditions 
that make wildfire more likely, intense, and difficult to control), changes in forest structure, and 
accumulation of fuel from decades of fire suppression (Stephens et al., 2018). Climate risks include 
increased daily temperature extremes that explain the 30% increase in Sierra burned areas 
since the 1980s (Gutierrez et al., 2021). Based purely on daily maximum temperature trends, the 
number of fires is projected to increase by 51±32% and burned areas are projected to increase 
by 59±33% by 2040 in the Sierra Nevada (Gutierrez et al., 2021). However, there has also been a 
shift in where and when fires burn and how fast fires grow. Statewide, there has been an increase 
in fires during the early spring and late fall since 1982 (Xu et al., 2022). There has also been a 
pronounced shift toward higher elevation forests burning, particularly in the Sierra Nevada. 
Historically, the annual burned areas were predominantly confined to shrublands. However, 
since 2002, most of the annual burned areas have been in forests, with a fourfold increase in 
burned areas in high elevation forests since 2008 (Xu et al., 2022) that is strongly aligned with 
model projections of increasing high elevation wildfires (Alizadeh et al., 2021; Li & Banerjee, 2021; 
AghaKouchak et al., 2018; Westerling et al., 2018). Finally, fast growing wildfires, which account for 
most structural destruction and suppression costs, have more than doubled their daily growth 
rate since 2000 (Balch et al., 2024). 

Drought

Drought (defined as a deficit in water availability relative to the long-term average) will strongly 
impact the Sierra Nevada in the 21st century. The massive ecological consequences alone, aside 
from the social and economic impacts, of the 2012–2016 California drought provide a clear 
example of how climate change-fueled drought will spark episodes of rapid and widespread 
ecological change across the Sierra Nevada. 2000–2018 was the driest 19-year period since at 
least 800 C.E. and over 40% of the increase was driven by the anthropogenic warming and drying 
trends to date (Williams et al., 2020). Given the grim warming, drying, and snowpack trends 
outlined in Chapter 2, these sorts of extreme droughts, where natural variability is exacerbated 
by anthropogenic climate change to exceed historical precedents, can be viewed as a main driver 
of ecological change in the Sierra Nevada region over the coming decades. Drought poses a 
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particular threat to forests (see Forests in Section 3.1.3 Vulnerability) but will likely be an overriding 
dominant driver of ecological change in all ecosystems in the Sierra Nevada. Moreover, drought 
strongly increases wildfire risk by decreasing the moisture in live fuels, directly increasing downed 
woody debris, and interacting with other causes of tree mortality, such as insects to alter fuel 
conditions and forest structure.

Carbon Storage and Biophysical Climate Feedbacks

The forest ecosystems of California store almost 2 billion metric tons of carbon (Christensen et al., 
2017), and the Sierra Nevada region accounts for more than half of this storage. Between 2001–
2005 and 2011–2015, live trees in the region removed an average of 9.5 million metric tons (MMT) 
of carbon dioxide equivalents per year from the atmosphere (Christensen et al., 2017). There 
has recently been a strong increase in interest in forest conservation for the purpose of nature-
based climate solutions leveraging forests for their carbon sequestration potential to combat 
climate change. However, to be an effective climate solution, nature-based solutions must be 
durable to carbon losses due to disturbance, and must provide additional carbon sequestration 
over some alternative or counterfactual scenario (usually relative to the forest project not being 
protected), among other key criteria (Anderegg et al., 2020). By its very nature, climate change 
is making it increasingly unlikely to expect permanence (i.e., decades-to-century scale carbon 
storage in Sierra forest projects) as most projections indicate net carbon losses from California 
forest ecosystems (Figure 3.3) and no current nature-based solution project in California has 
yet to demonstrate clear additionality (meaning that the forest ecosystems end up storing more 
carbon than what would have been stored under existing management practices) in independent 
scientific assessments (Coffield et al., 2023). There is also likely a strong trade-off between the dual 
management goals of maximizing carbon storage in natural landscapes and maximizing the fire 
and climate resilience of these same landscapes (Guo et al., 2025).
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Figure 3.3: Percent change in tree cover change (TCC) over the historical period from 1985–2021 due to (a) wildfire and (b) drought. 
Red colors correspond to tree cover loss and blue colors correspond to tree cover increases (Data source: Wang et al., 2022). (c) 
Projected changes in aboveground live carbon (AGL C) for 2081–2100 for the Northern (blue) and Southern (red) Sierra Nevada 
using three separate ecological forecasting tools including an ensemble of coupled climate Earth system models from the Coupled 
Model Intercomparison Project Phase 5 (ESM), a demographic growth-mortality model (GMM) derived from Wu et al. (2023), and an 
ecological climate niche model (CNM). The climate change scenarios are the SSP 2–4.5 (intermediate) and SSP 5–8.5 (worst-case). 
Corresponding values were not available for SSP 3–7.0. Negative values correspond to projected carbon losses.

While they cover a smaller fraction of the geographic land area of the Sierra Nevada, ecosystems 
that sequester and store carbon belowground (e.g., wet meadows, fens, and grasslands) may 
become increasingly important under climate change. Wet meadows cover less than 3% of the 
geographic land area but may contain 12–30% of soil carbon stocks (Norton et al., 2014, 2011), 
with the ability to sequester three to six times as much carbon, per unit area, as the surrounding 
forest (Reed et al., 2021). Sierra Nevada meadows also have large amounts of carbon stabilized by 
association with mineral soil particles relative to other ecosystems (Reed et al., 2026). This mineral 
association, coupled with high rates of vegetative carbon inputs, allows carbon to persist for 
hundreds to thousands of years in these ecosystems (Reed et al., 2026). However, many meadows 
in the Sierra Nevada have been impacted by anthropogenic activities (e.g., livestock grazing 
and construction of roads), incision and forest encroachment, and the loss of beaver that have 
decreased ecosystem resilience and converted them from net carbon sinks to carbon sources 
for the atmosphere (Reed et al., 2021). Restoration of floodplain hydrology and reintroduction 
of beavers has been shown to stem carbon losses, re-establish conditions for soil carbon 
sequestration, and increase the long-term persistence of carbon in meadows (Reed et al., 2026; 
Bagcilar et al., 2024; Morra et al., 2023; Reed et al., 2022; Wohl et al., 2013). Some uncertainty 
remains around the durability of meadow carbon under changing climate conditions (Arnold et al., 
2014), as the surrounding forests continue to exploit deeper groundwater due to loss of mountain 
snowpack and enhanced evapotranspiration (Klos et al., 2023; Guo et al., 2022). However, as rates 
of carbon sequestration and mineral association are driven by vegetative productivity (Morra et 
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al., 2023; Reed et al., 2021), meadows with undisturbed or restored hydrology that can maintain 
sufficient moisture may also see increased rates of carbon sequestration under climate change (Jiang et 
al., 2024; He et al., 2024).

UNCERTAINTIES

Beyond the climatological uncertainties about the pace and magnitude of temperature and 
hydrological changes (i.e., which model scenario in Chapter 2 will most closely resemble our three 
emissions pathway, within scenario uncertainty) for Sierra Nevada ecosystems, there are key 
ecological uncertainties around the pace and scale of fire- and drought-driven disturbance; the 
extent of geographic range shifts of species of concern; new behaviors of native pathogens and 
insects (e.g., bark beetles) in novel climates and the emergence of novel pathogens or insects 
(Trugman et al., 2021); the role of microclimate and complex hydrology in decoupling local 
responses from regional trends (e.g., Box 2.1); and the uncertainty in climate change scenario and 
impact projections (Guo et al., 2022). While the general pattern of increasing wildfire and drought-
induced forest mortality suggests widespread decreases in forest cover and carbon storage across 
the Sierra Nevada region, the local specifics remain difficult to predict (Figure 3.2). In particular, 
the trajectory of post-disturbance recovery and likelihood of returning to conifer forests, broadleaf 
forests, persistent shrublands, meadows, or grasslands remain difficult to forecast in many 
regions (Guiterman et al., 2022) because historical analogs become increasingly uninformative 
as climate surpasses the range of historical variability. Thus, predicting when and where type 
conversion will occur, and identifying management actions that can alter its trajectory remain key 
priorities for the Sierra Nevada (Povak et al., 2024). 

Significant progress has been made in understanding individual drivers of wildfire such as 
drought, heat waves, and fuel accumulation, but major gaps persist in linking compounding 
extremes, ecosystem feedbacks, and management responses. Compound events such as 
drought, combined with heat waves, pest outbreaks, and post-fire regeneration failure, interact 
to amplify wildfire occurrence, severity, and ecosystem transitions. For example, studies have 
documented nonlinear increases in burned areas under extreme temperature events in the Sierra 
Nevada (Gutierrez et al., 2021), while global analyses show that compound hot-dry extremes are 
intensifying, increasing fire weather risk (Fan et al., 2023). 

Anticipating thresholds at which forests shift to shrub or grass states, particularly in mid-elevation 
zones, requires more integrated process understanding and models. Although current systems 
monitor burn severity well, they do not adequately track post-fire ecosystem trajectories, including 
vegetation regrowth, soil carbon losses, erosion, hydrologic change, and mortality carryover 
effects. Recent work in Sierra basins has quantified how reintroducing wildfire influences 
aboveground carbon dynamics, underscoring the need to assess net carbon balance under active 
fire regimes (Nesbit et al., 2025). Remote sensing studies reveal shifts in evapotranspiration 
following fire, but field-based data and coupled carbon-water models remain limited (Ma et 
al., 2020). The accelerating decline of Sierra Nevada snowpack and earlier melt may intensify 
vegetation water stress and prolong fire seasons, yet research is sparse on how changing snow–
rain proportions affect fuel moisture, evapotranspiration, and fire behavior. Feedbacks between 
hydrologic stress, vegetation mortality, and fire susceptibility remain a major uncertainty. 
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The abilities of monitoring networks, in collaboration with universities, state agencies, nonprofit 
science groups, and Tribes, to track fine-scale fuel moisture, soil and canopy microclimate, and 
post-fire physiological stress are also limited. Expanding flux towers, dendrometer networks, 
field plots, and sensor arrays would generate high-resolution data to validate remote sensing 
and strengthen predictive fire models, while also enabling early-warning capacity. The social 
vulnerability of Tribal people and other communities to wildfire and smoke exposure in Sierra 
Nevada is understudied, and better data are needed to evaluate trade-offs between prescribed 
burning, mechanical thinning, and uncontrolled wildfire for public health, air quality, and equity. 
Weaving western science and Tribal Knowledges, addressing capacity constraints, and ensuring 
equitable access to adaptation resources are essential. Finally, despite substantial investments 
in thinning, prescribed fire, and ecosystem restoration, landscape-scale effectiveness under 
future climate remains uncertain. Current fuel treatments cover only a small fraction of the area 
needed to significantly alter fire dynamics (North et al., 2024). Adaptive experiments that combine 
field trials, remote sensing, and modeling are required to evaluate how management portfolios 
influence fire behavior, carbon, water, and biodiversity over long timeframes. 

Geographic range shifts are a classic ecological fingerprint of climate change (Moritz et al., 2008; 
Root et al., 2003) yet remain extremely difficult to predict (Bessinger & Riddell, 2021; Anderegg & 
HilleRisLambers, 2019), particularly for range expansions (Gilbert et al., 2024; Angert et al., 2011). 
The ability of both species of concern and keystone species to shift their geographic distributions 
under a changing climate remains variable in the Sierra Nevada. Relatedly, the emergence of 
native pathogens or insects as unexpectedly epidemic rather than endemic mortality agents 
(e.g., Dendroctinus species during the 2012–2016 drought, Trugman et al., 2021; Stephenson 
et al., 2019), or climate-facilitated spread of invasive species (e.g., spread of gold spotted oak 
borer outside of Southern California, Venette et al., 2015), present large but difficult to quantify 
risks. Both of these known unknowns require additional study and ongoing, data-driven adaptive 
management (Section 3.1.4 Adaptation Actions). 

Further, the extreme topographic, geologic and hydrologic complexity of the Sierra Nevada 
makes it difficult to scale down regional trends in climate and resource availability to finer scale 
outcomes (Lundquist & Cayan, 2007). For example, areas of giant sequoia persistence tend to be 
in moist edaphic conditions that are not generally resolved in broader scale climate products used 
to develop estimates of ecological risk. This mismatch in our scale of understanding and the actual 
environmental conditions experienced by the ecosystems makes it difficult to anticipate climate 
risks. Following this example, sequoia mortality in the extreme 2012–2016 California drought was 
remarkably low compared to other tree species, likely because sequoias exist only in areas with 
substantial subsurface water supply that was evidently not impacted to the extent that upland 
forest counterparts experienced (Stephenson et al., 2018). Another example is the fine-scale 
distribution of tree recruitment to maintain forest and woodland vegetation types. The ecologically 
relevant temperature for seedling establishment can vary up to 10°C (18°F) from 2-meter air 
temperature depending on orographic effects and canopy cover (Davis et al., 2019; Davis et al., 
2016b), driving large uncertainty in forest regeneration across the topographically complex Sierra 
Nevada, particularly after disturbance-driven changes in canopy cover (Wolf et al., 2021; Brown 
et al., 2014). Finally, for longer scale projections (i.e., decades to a century), there is significant 
uncertainty in the level of human emissions and subsequent level of climate change and in how 
the physiological effects of CO2 fertilization on plants, which can increase plant carbon assimilation 
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and biomass, will interact with the inevitable increases in drought and wildfire to ultimately impact 
ecosystem biomass and resilience (Guo et al., 2022; Swann et al., 2018). Figure 3.3 highlights these 
uncertainties, where ecological model projections at the end of the century range from moderate 
increases in carbon for the Sierra Nevada in coupled climate Earth system models—that include 
a mechanistic representation of the physiological effect of CO2 on plant biomass gain, but lack 
some of the key processes associated with drought- and fire-driven mortality)—to strong decreases 
in carbon and tree cover in models that have a more careful representation of climate impacts 
on tree mortality, but do not include a mechanistic representation of the physiological effect of 
elevated CO2 on plant health status.

3.1.2 Climate Effects, Trends, and Projections for Biodiversity

CLIMATE EFFECTS

Climate change affects the Sierra Nevada region’s wildlife in direct and indirect ways, both 
physiologically and through myriad ecological interactions. Species are likely to be physiologically 
affected by climate change through changes in metabolic and growth rates, altered reproductive 
output, and changes in the frequency of heat stress or cold-related injuries or mortality (Huey 
& Kingsolver, 2019; Kingsolver et al., 2013; Savage et al., 2004). The indirect effects of climate 
change are more numerous, pervasive, and variable. Climate change will alter plant species 
distributions, plant communities, and in turn, habitat for many species. Climate-induced changes 
in fire and hydrologic regimes will have additional effects on habitat, food resources, and hence, 
reproduction and mortality rates of many species. Climate change will also alter interspecific 
interactions, potentially changing predator-prey dynamics, competitive relationships, the effects 
of parasites and diseases, and facilitative interactions (HilleRisLambers et al., 2013). In addition, 
many wildlife species will likely be affected by other non-climatic stressors that are driven by 
climate change. For example, many invasive species are expected to benefit from climate change, 
potentially resulting in increased negative effects on native species (Dukes & Mooney, 1999).  
There may also be more subtle effects of climate change on wildlife including increases in  
human-wildlife interactions as people change their behavior. Much of the content in this report  
so far provides an overview of the climate-induced changes wildlife species and their habitats 
will be exposed to. The other components of vulnerability for wildlife—sensitivity and adaptive 
capacity—are summarized below. 

Sensitivity is a measure of how much climate-driven change a species can tolerate. For any species, 
sensitivity is a function of many factors including physiology, life history traits, and trophic and 
competitive relationships. For example, endotherms tend to be more tolerant and successful 
under a wider range of temperatures than ectotherms. Endotherms can modify hair or feathers 
seasonally and can expend energy to warm. Ectotherms have no ability to regulate their body 
temperatures through metabolic processes; they are limited to seeking appropriate temperatures 
for thermoregulation. Aquatic organisms are more sensitive to adverse temperatures than 
terrestrial organisms because water conducts heat efficiently and they cannot avoid overheating 
when water temperatures increase, unless locally cooler water is available (Leathers et al., 2022). 
Specialist species (i.e., stricter habitat or food requirements) will also likely be more sensitive to 
climate change than generalist species that can utilize a wider variety of environments and food 
resources without impacting their survival and reproduction (Colles et al., 2009). 
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Adaptive capacity refers to a species’ or ecosystem’s ability to adjust and respond to changing 
environmental conditions while maintaining functional stability. The two defining factors of 
adaptive capacity for wildlife can be understood as inherent or contextual/external. As with plants 
and fungi, inherent adaptive capacity for animals is determined by dispersal ability, phenotypic 
plasticity, and evolutionary capacity. Dispersal ability refers to a species’ ability to track changing 
conditions over time. This is largely dependent on a species’ mobility throughout its life stages, 
with less mobile species facing more challenges in keeping pace with environmental change. 
However, the mere ability of highly mobile species to track their climate niches may not save them 
if the resources they depend on, such as host plants, are less mobile and hence unavailable with 
significant time lags. Phenotypic plasticity refers to the ability to change behavior or morphology 
in response to changing conditions. For example, migrant wildlife (e.g., mule deer) exhibit plasticity 
in the timing of their migration in response to local climatic conditions and plant phenology, which 
should help them track climate-driven temporal changes in resource availability for essential and 
historical life cycles (Monteith et al., 2011). This contrasts with long-distance migrant wildlife, such 
as some bird species, who do not receive local cues to inform the timing of their migration and 
instead rely on evolutionary mechanisms to keep pace (Seavy et al., 2009; MacMynowski & Root, 
2007). Such mechanisms are in the realm of evolutionary capacity, which refers to the ability to 
evolve in the face of climate change. Contextual, or external, aspects of adaptive capacity include 
landscape patterns and conditions that facilitate or serve as barriers to movement that impact 
survival and dispersal (e.g., local microrefugia that can mitigate the effects of extreme heat 
events), as well as the capacity of managers to improve the ability of species or habitats to adapt 
to climate change (e.g., forest treatments that reduce the likelihood of large-scale habitat loss 
from high-severity fire). 

CLIMATE TRENDS AND PROJECTIONS 

Climate change is already impacting Sierra Nevada wildlife and is projected to have larger effects 
as global temperatures continue to rise. Thermal impacts due to increasing temperatures have 
been hypothesized and observed, with both positive and negative effects projected for a variety 
of wildlife in the Sierra Nevada, depending on the species and context. In simulations for several 
major streams throughout the region under climate change, stream temperature-driven changes 
in aquatic environments (e.g., dissolved oxygen) surpassed survival thresholds for several aquatic 
indicator species, with cold water restricted to higher elevations and groundwater-dominated 
basins where temperatures are predicted to remain within thermal tolerances (Ficklin et al., 2013; 
Null et al., 2013). 

The direct effects of temperature on terrestrial organisms of the Sierra Nevada are generally 
not well studied. Rowe et al. (2015) supported the upslope migration hypothesis for montane 
mammals but documented varying responses by species across the landscapes. For example, 
negative direct effects of warming temperatures have been hypothesized for American pika 
(Ochotona princeps) (Stewart et al., 2017, 2015); however, the talus and broken rock substrates 
which they inhabit have a unique ventilation process that keep interiors cool in summer and 
warm in winter, decoupling them from external climate in the region (Millar et al., 2014, 2013). 
Consequently, recent studies have shown no impact of climate on pika population dynamics in the 
Sierra Nevada (Smith et al., 2024; Millar & Smith, 2022). In contrast, warming temperatures could 
benefit ectothermic terrestrial invertebrates at some parts of the year (Forister et al., 2018). Most 
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effects of rising temperatures on terrestrial endotherms are expected to be indirect. For birds, the 
effects of warming temperatures appear mixed and species-dependent. Jones et al. (2016a) found 
that warmer summer temperatures negatively affect the predicted occupancy by the California 
spotted owl (Strix occidentalis occidentalis), but dense closed-canopy forests create microclimates 
that can buffer against this effect. Roberts et al. (2019) found that of 45 bird species analyzed in 
the Southern Sierra, 47% had an increase in biomass, whereas 27% had a decrease, during higher 
temperature years (2010–2016). In Yosemite, productivity of several bird species was positively 
associated with warmer spring temperatures from 1993–2017 (Saracco et al., 2019). 

Shifts in species’ ranges or distributions are expected to occur where climate change alters 
population growth (i.e., rates of survival and reproduction) unevenly across a species’ range. For 
example, populations may decrease where habitat conditions deteriorate along one edge of the 
species’ distribution (e.g., at lower latitudes and elevations), and/or populations may increase 
where conditions improve (e.g., higher latitudes and elevations). Range shifts have been observed 
for numerous Sierra Nevada taxa over the past century. Work comparing historic (1914–1920) 
and contemporary (Moritz et al., 2008) surveys of small mammals, conducted in Yosemite 
National Park by UC Berkeley’s Museum of Vertebrate Zoology, found that: (1) the elevation 
limits of geographic ranges shifted primarily upward, and (2) several high-elevation species (e.g., 
alpine chipmunk (Tamias alpinus)) exhibited range contraction (i.e., shifted their lower range limit 
upslope), while several low-elevation species expanded their range upslope (Moritz et al., 2008). 
Resurvey efforts along two other Sierra Nevada transects showed equivalent elevational shifts for 
22 out of 34 small mammals (Rowe et al., 2015). Tingley et al. (2009) researched bird distributions 
along the three Sierra Nevada Grinnell transects and concluded that 91% of species followed 
changes in temperature or precipitation over time and 26% of species tracked temperature and 
precipitation. Forister et al. (2010) tracked 159 species of butterflies over 35 years in the central 
Sierra Nevada and observed upward shifts in the elevational range of non-ruderal species, as well 
as increased abundance at higher elevation sites. High-alpine specialist species, however, declined 
or were stable. 

Because of the topographic shape of the Sierra Nevada, with most of the land area at middle 
elevations (Elsen & Tingley, 2015), species occurring at lower elevations that shift their ranges 
upward in elevation may undergo range expansions before potentially contracting again at higher 
elevation. However, projected range expansion due to climate change may be partially or entirely 
canceled by land-use change, as is projected for the birds of oak woodlands in the Sierra Nevada 
foothills (Jongsomjit et al., 2013).

Changes to the fire regime are likely to profoundly alter wildlife habitat, with the potential for 
large-scale displacement and range shifts. Historically, mixed severity fire supported a diversity 
of successional stages and habitat types across forested landscapes, which in turn supported 
high biodiversity (Steel et al., 2019; Tingley et al., 2016). As the diversity of successional stages 
is homogenized with increasingly large and severe fires, we would expect some measures of 
biodiversity to decrease at some point. Species associated with mature forests are already 
experiencing large-scale habitat loss from the increased severity and extent of wildfires (Hart et 
al., 2025; Steel et al., 2023; Jones et al., 2016b), with habitat loss projected to increase. Increasing 
fire frequency and size is also a threat to the fauna of the sagebrush ecosystem of the eastern 
Sierra and Modoc Plateau (Doherty et al., 2022; Coates et al. 2016). For example, fire is considered 
the primary threat to the Bi-State Distinct Population Segment (DPS) of the greater sage-grouse 
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(Centrocercus urophasianus), with an increase in its habitat loss due to fire from 11,083 acres in 
1990–2000 to 73,791 acres in 2010–2020 (Bi-State Action Plan, 2025). 

Conversely, species that have adapted to fire disturbance and early- and mid-seral habitats may 
find a Sierra Nevada landscape increasingly suitable for them. Several wildlife species, including 
some pollinators, bats, and birds, have positive relationships with moderate- and high-severity 
fires (Tarbill et al., 2023; Steel et al., 2019; Taillie et al., 2018). It is likely that many of these species 
will become more abundant. For example, Rousseau et al. (2025) found that populations of 
Hairy Woodpeckers, which are associated with disturbance and post-fire conditions (Campos 
et al., 2020; Roberts et al., 2019), increased by 98% from 2010–2024, according to a Sierra-wide 
monitoring dataset, as fires burned 33% of their sample locations over that same period. 

Yet, even species positively associated with high burn severity may increasingly find post-fire 
habitats unsuitable for them. Wildlife that is dependent on abundant fire-killed conifer snags, for 
example, require mature live trees available to be fire-killed (e.g., Campos et al., 2020), which will 
not be available post-fire if the frequency of fire outpaces their ability to grow sufficiently between 
fires. For some birds that prefer to nest in complex, early-seral forests within high-severity burn 
patches, the patches toward the centers can become too large to be suitable habitats (Steel et al., 
2022; Stillman et al., 2019). 

The projected changes to hydrologic regimes will also alter habitat suitability for Sierra Nevada 
wildlife through higher peak flows, temporal shifts in the hydrograph, lower flows and potential 
drying of aquatic habitats during drought, and increased sedimentation (Ficklin et al., 2013; 
Null et al., 2013). Montane and Great Basin lakes fed by Sierra Nevada runoff are experiencing 
drier and warmer conditions (Smits et al., 2021; Streib et al., 2021). Declining lake levels and 
increased salinity have been observed (Herbst, 2023; Haig et al., 2019), largely driven by stream 
diversions for municipal and agricultural uses, with climate change acting as an additional 
stressor. Continued drying of saline lakes will significantly impact habitat and food chains (Haig 
et al., 2019). For example, alkali fly (Ephydra hians) and brine shrimp (Artemia spp.) are key food 
sources for breeding migratory water birds (Herbst, 2023; Wrege et al., 2006). Kutsavi, larvae and 
pupae of the alkali fly is also an important part of Kucadikadi people’s diet (Mono Lake Committee, 
n.d.). In post-fire watersheds, high-peak flows increase the likelihood of high inputs of ash into 
waterways which can kill 20–33% of chinook salmon yearlings within hours of exposure at high 
concentrations (Kwan et al., 2024). Kiernan and Moyle (2012) used a long-term dataset to study 
the impacts of environmental changes on fish communities in Martis Creek and found that the 
proportion of introduced species increased in years with low annual streamflow, but that these 
species were also more susceptible to winter and spring high-flow events, suggesting that native 
fish assemblages may be better able to persist under changing hydrologic conditions. Lower down 
the food chain, invertebrate communities in headwater streams may also have some resilience 
to high-flow events when not subjected to other sources of degradation disturbance such as 
livestock grazing (Herbst & Cooper, 2010), but may be less resilient and resistant to intensifying, 
long-term drought (Herbst et al., 2019). Leathers et al. (2024) found that invertebrate communities 
are also sensitive to shifts in the hydrograph: early snowmelt in the Eastern Sierra streams 
destabilized the streams’ epilithic biofilm metabolisms and altered key ecosystem functions  
such as insect production and emergence through shifts in community composition, structure, 
and phenology. 
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While species with fully aquatic wildlife are perhaps the most obviously sensitive to changes in 
hydrologic regimes, semi-terrestrial and fully terrestrial species are not spared. Several amphibian 
species in the Sierra Nevada are highly sensitive to changes in precipitation amount and type 
because of their reliance on water for breeding, thermoregulation, and movement, with snowpack 
playing a particularly important role. Higher snowpack is generally associated with increased 
reproduction (Brown et al., 2012; Lacan et al., 2008) due to greater spring water availability and 
reduced drying of small ponds in summer, which is especially critical for species that remain 
in aquatic life stages for 1–3 years before metamorphosing into froglets (Halstead et al., 2023). 
Snowpack may also influence colonization dynamics. April snowpack has been found to either 
increase or decrease colonization probability, depending on the amphibian species (Halstead et 
al., 2023). As for fully terrestrial wildlife, many species depend on deep snowpack to insulate the 
ground surface and soil from deep freezing (Edwards et al., 2007; Groffman et al., 2001). At high 
elevation habitats in the central Sierras near Donner Pass, reduced snowpack caused by warm 
winter temperatures were strongly negatively correlated with butterfly density in the subsequent 
year, likely because of direct mortality of overwintering eggs and early instar larvae (Halsch et al., 
2024). Some bird species alternatively may benefit from reductions in snowpack. Years of less 
snow accumulation and early snowmelt in the Sierra Nevada, especially at high elevations, were 
associated with higher species richness, more breeding territories, population increases, earlier 
fledging, and higher productivity of many bird species at subalpine and montane elevations 
(DeSante & Saracco, 2021; Saracco et al., 2019; Morton, 2002; Morton et al., 1972). 

The Sierra Nevada is a strongly seasonally pulsed system. As such, many animals, including 
insects, fish, amphibians, birds, and ungulates, time their developmental stages (i.e., emergence, 
breeding, and migration) around snow disappearance, plant green-up, and flowering, and 
exhibit plasticity in the timing of these events. To avoid discrepancies with essential and 
historical life cycles, wildlife will need to track accelerating shifts in the timing of seasonal 
resource availability for continued successful breeding and survival. Resident species and short-
distance and altitudinal migrants are thought to be more capable of adjustments to timing given 
the availability of local cues, while long-distance migrants are more prone to incompatibility 
given their reliance on slower evolutionary mechanisms for adaptation (MacMynowski & Root, 
2007). Many bird species in Yosemite have shown resilience to phenological shifts thus far, with 
the community advancing their breeding phenology by 0.2 day/year and productivity increasing 
by 0.8%/year from 1993–2017 (Saracco et al., 2019). However, continued warming may alter 
these relationships in the future. 

3.1.3 Vulnerability 

FORESTS 

Over the past several decades Sierra Nevada forest ecosystems have been strongly impacted 
by escalating wildfire, drought, and insects and pathogen disturbance, highlighting key areas 
of vulnerability to climate change. The major drought from 2012–2016 resulted in the death of 
millions of trees and increased background mortality rates (Van Mantgem et al., 2009). In many 
cases, while drought triggered tree stress, the ultimate cause of mortality was due to bark beetles 
that killed wide swaths of trees not only in the Sierra Nevada (Das et al., 2016), but across the 
western United states from New Mexico to Canada (Kurz et al., 2008). Projected decreases in 
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snowpack, increased temperature, and changes in the intensity and distribution of precipitation 
will only exacerbate future drought mortality trends and other co-occurring forest disturbances. 
On the wildfire front, recent decades have seen an exponential increase in tree cover loss to 
wildfire totaling 5,000 km2 across the State of California since 2000, a large portion of which is in 
the Sierra Nevada region (Wang et al., 2022). Wildfire trends are projected to strongly increase 
with climate change even under modest emissions scenarios (Wu et al., 2023). Even forest 
ecosystems that are typically fire-adapted have recently suffered losses from extreme fire and 
drought. For example, the recent 2021 Kings Canyon and Sequoia National Park (KNP) and 2020 
Sequoia National Forest (SQF) Complex fires resulted in losses of 13–19% of the world’s giant 
sequoia (Sequoiadendron giganteum) population (Soderberg et al., 2024; Stephenson & Brigham, 
2021). Changing climate conditions and increased drought also open up forest systems to 
increased insect and pathogen disturbance of known mortality drivers such as the mountain pine 
beetles (Stephenson et al., 2019; Kurz et al., 2008) and novel insects (or unknown unknowns) that 
could drastically impact ecosystem structure and function but are currently impossible to assess 
given the nature of the threat (Trugman et al., 2021). With forest losses after disturbance, there 
has already been observed to be increased type conversion due to regeneration failure. Indeed, 
shrublands and grasslands have already been documented to have increased at the cost of forest 
area by ~4,000 km2 in the State of California since the year 2000 (Wang et al., 2022).

OAK WOODLANDS 

Oak woodlands are already strongly affected by livestock grazing and land conversion, and are 
increasingly impacted by wildfire, drought, and biotic agents. Livestock grazing can change fire 
behavior by reducing fuel loads, but it also alters understory plant communities, and potentially 
reduces seedling and sapling recruitment of oak species (Davis et al., 2011). This recruitment 
limitation may be particularly important for deciduous oaks such as blue oak (Quercus douglasii) 
and valley oak (Quercus lobata), which have shown limited regeneration in parts of their range 
(Zavaleta et al., 2007; Tyler et al., 2006; McClaran & Bartolome, 1989; Duncan et al., 1987) and can 
be hurt by heavy summer grazing pressure (McGreary et al., 2005). Conversion of oak woodlands 
for agricultural, urban, and residential uses impacts oak woodlands through direct removal and 
fragmentation (Davis et al., 2016a). The California Department of Finance projects that California’s 
human population will increase to approximately 40.9 million by 2040, further threatening oak 
woodlands of the Sierra Nevada foothills with urban expansion. Outside of human development, 
valley and blue oak populations are projected to decline to less than 60% of their former range, 
while there may be some upward movement of foothill woodlands into higher elevations as 
the climate warms (Kueppers et al., 2005). The direct climate impact on oak woodlands is likely 
centered around drought-induced mortality of adult oak trees, which was substantial during the 
2012–2015 drought, though less than for many Sierra conifers (McLaughlin et al., 2020; Das et al., 
2019). It will also be accompanied by increasingly limited climatic windows for recruitment (Davis 
et al., 2016b). Thorne et al. (2008) have already observed conversions of blue oak woodlands 
to grasslands at lower elevations. In contrast to oaks in the Sierra Nevada foothills, montane 
hardwood forests are projected to increase in extent with climate change (Lenihan et al., 2008). 
Montane hardwood forests are becoming more competitive with conifers because of a continued 
increase in high-severity fires, increased precipitation and higher temperatures, and nutrient 
inputs from air pollution (Lenihan et al., 2008; 2003; North et al., 2016). Densities of Sierra Nevada 
montane hardwood stands have increased by 100% in plots compared from 1930–2000, more 
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than any other forest type in plots compared during this timeframe, with the proportion of plots 
dominated by hardwoods increasing by 100% (Dolanc et al., 2014). During the 2012–2016 drought, 
black oaks had among the highest survivorship of any tree species studied (Pile et al., 2018). 
Indeed, paleoecological evidence suggests that oaks tend to replace pines as the dominant genus 
of California tree in warmer periods with increased fire prevalence (Mensing, 2015), suggesting 
that a spread of montane oaks may ultimately be climate adaptive in order to avoid forest and 
woodland conversion to shrublands or grasslands. 

SHRUBLANDS 

Sierra shrublands fill enormously varied geographic and ecological niches in the region ranging 
from chaparral on the western foothills to sage scrub across much of the eastern Sierras to 
alpine dwarf-shrublands at high elevations. Lower elevation shrublands are drastically increasing 
in abundance, particularly as the result of vegetation type conversion after high-severity fire 
(Guiterman et al., 2022; Steele et al., 2022). Historically, many of these shrublands (e.g., montane 
chaparral) were early-seral cover types or restricted to steep, south-facing slopes with poor 
soil. However, it remains unclear whether the extensive forest to shrub conversion seen in the 
Southern Sierra Nevada in the past decade (Steel et al., 2022) will recover to forests or woodlands 
in the following decades, or transition to semi-permanent shrubland. Though low elevation 
shrublands are increasing in extent, they are also vulnerable to invasion from nonnative grasses 
such as cheatgrass, which further increase ecosystem wildfire vulnerability and can accelerate 
type conversion from shrubland to extensive areas of non-native grassland. Regardless, the 
ecosystem dynamics and functions (e.g., carbon storage) of foothill and montane shrublands are 
less well studied than most other vegetation types and will likely become increasingly significant to 
the ecology of the region over the next century. Meanwhile, high-elevation dwarf-shrubs may have 
important microclimatic buffering potential against warming for alpine ecosystems (Galle et al., 
2024), but it remains difficult to project whether they will experience more benefit from near-term 
climate change due to a longer growing season (Franklin, 2012), or become vulnerable to a drier 
hydroclimate and invasion from subalpine species. 

RIPARIAN AND AQUATIC ECOSYSTEMS 

Riparian and aquatic ecosystems are highly sensitive to stressors that alter local and regional 
hydrologic regimes. High rates of anthropogenic disturbance in these ecosystems further result 
in loss of ecological integrity and decreased resilience. Meadows and fens throughout the 
Sierra Nevada region have been heavily impacted by beaver extirpation, grazing, ditching, road 
construction, and logging since the mid–1800s and, as a result, the majority of those ecosystems 
may have been degraded or lost (Lanman et al., 2012; Menke et al., 1996; Burcham, 1981). These 
disturbances often result in stream channel incision that leads to increased depth to groundwater, 
decreased groundwater recharge, lower vegetative productivity, and reduced habitat value 
(Essaid & Hill, 2014; Loheide & Gorelick, 2007; Toledo & Kauffman, 2001). Aquatic ecosystems 
are some of the most imperiled habitats in the Sierra Nevada and most have experienced loss 
of biotic integrity because of large dams, introduced fish, and human land use (Moyle & Randall, 
1998). Projected changes in the timing, form, and amount of precipitation that are expected 
to lead to earlier peak runoff and decreased summer flows are also likely to alter abiotic 
processes and increase stress on biotic systems, particularly in ecosystems already imperiled by 
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human disturbance (Yarnell et al., 2010; Milly et al., 2008; Jager et al., 1999). Increasing stream 
temperatures may also cause dissolved oxygen concentrations to drop below levels needed 
to maintain aquatic ecosystems, especially in lower elevation subbasins (Ficklin et al., 2013). 
Watersheds at high elevations, with larger groundwater reservoirs, and in areas less dependent on 
snowmelt may be less vulnerable to changes in precipitation timing, or to transitions from snow- 
to rain-dominated precipitation regimes (Null et al., 2010). 

Projected increases in the duration and intensity of droughts are likely to increase stress to 
aquatic and riparian ecosystems. Drier soil conditions and the subsequent loss of wetland 
vegetation are likely to increase their susceptibility to erosion and conifer encroachment, 
particularly in ecosystems with altered hydrology (Lubetkin et al., 2017; Loheide & Gorelick, 
2007; Toledo & Kauffman, 2001). Drought-driven variation in stream conditions may also impact 
biotic assemblages and invasion of non-native species (Leathers et al., 2025; Herbst et al., 2019; 
Kiernan & Moyle, 2012). Meadows and riparian areas with hydrologically connected floodplains 
that support groundwater recharge and dense cover of herbaceous wetland species are likely to 
be less vulnerable to erosion, are better equipped to buffer the effects of extreme climate events, 
and continue to provide critical refugia for aquatic species (Lucas et al., 2016; Tague et al., 2008; 
Micheli & Kirchner 2002). However, ephemeral streams and wetlands, or those with impacted 
hydrology, may experience altered ecosystem function, reduced habitat value, and even type 
conversion to upland vegetation by the end of the century (Lubetkin et al., 2017; Lee et al., 2015).

Increased frequency and severity of wildfire may have complex and contrasting effects on riparian 
and aquatic ecosystems depending on ecosystem condition, fire severity, and precipitation 
patterns. In general, riparian and aquatic ecosystems are relatively unaffected by fire (Fairfax & 
Whittle, 2020) and may provide valuable refugia for wildlife (Jager et al., 2021). However, over 
a century of fire suppression has contributed to widespread encroachment of meadows and 
riparian areas by conifers and shrubs (Cummings et al., 2023). This encroachment of upland 
species, combined with drying of riparian soils as a result of hydrologic alteration compounded 
by drought, may increase the susceptibility of these ecosystems to fire. At the same time, loss of 
upland vegetation following wildfire, and corresponding decreases in rates of evapotranspiration, 
may lead to elevated water tables in hydrologically connected meadows and reconversion of 
encroached areas to riparian vegetation (Boisramé et al., 2017; Wood, 1975). Projected increases 
in intense fires are also likely to increase levels of suspended sediment and alter stream 
chemistry, particularly when followed by extreme precipitation events, with negative implications 
for aquatic organisms (Santos et al., 2019; Verkaik et al., 2013; Gresswell, 1999). 

WILDLIFE 

While climate-driven changes to wildlife and their habitats will likely be pervasive across the 
region, a few groups of species stand out as particularly vulnerable. These include species 
restricted to high-alpine environments, species that are dependent on snowpack for key stages 
of their life cycles, species associated with mature forests, and fully aquatic species dependent on 
cold water (<22°C or 72°F). True mountaintop species associated with high-alpine habitats (e.g., 
Sierra Nevada red fox (Vulpes vulpes necator) and Sierra Nevada bighorn sheep (Ovis canadensis 
sierrae) cannot move up in response to warming conditions (SNRFCAT, 2022; USFWS, 2007). For 
wildlife that depend on the subnivean environment, or who have specific physical or phenological 
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adaptations to snow, reduced snowpack represents a loss of critical habitat (e.g., Halsch et al., 
2024). These snowpack-dependent species have yet to be enumerated, but include invertebrates, 
fishes, amphibians, and mammals, some of which are discussed above. Lastly, because mature 
forests are already diminishing at alarming rates, and are projected to decline more rapidly with 
continued climate change, these species are also likely highly vulnerable. For example, between 
2011–2022, during a period of widespread forest mortality from wildfire and drought, 50% of 
mature forest habitats and 85% of high-density mature forests in the Southern Sierra Nevada 
either transitioned to lower density forests or non-forest vegetation types (Steel et al., 2023). 
As a result, Pacific fisher habitat declined by 48% and canopy cover of California spotted owl 
protected activity centers declined by 49% (Hart et al., 2025; Steel et al., 2023). Finally, a climate 
change vulnerability assessment by Moyle et al. (2013) found that most native fishes in California 
will suffer population declines and become more restricted in their distributions, with fishes that 
require cold water (<22°C or 72°F) being particularly vulnerable to extinction. This vulnerability 
likely extends to other fully aquatic organisms that depend on cold water in the Sierra Nevada.

Table 3.1: Summary of Key Vulnerabilities Across Systems in the Sierra Nevada, with Localized Context and Confidence in Attribution

Category Vulnerability Evidence (Observed & Projected) Localized Context Attribution 
Confidence 

Hydrological 

Snowpack loss 
and increasing 
rain-on-snow 
events 

The historical April 1 SWE has declined across most of the 
region. Projections indicate up to ~90% loss across ~35% 
and ~60% of the currently snow-covered areas of the 
Sierra Nevada by end-century under high and worst-case 
scenarios, respectively. Rising snowlines (~1500–3000 ft) 
increase the proportion of precipitation falling as rain and 
the frequency of rain-on-snow events. 

Northeastern, 
Northern, 
Southeastern, 
and Southern 
Sierra Nevada 
subregions; Sierra 
Nevada headwater 
watersheds 

Very High 

Hydrological 

Seasonal 
redistribution of 
runoff and lower 
flows during the 
summer 

Winter runoff increases (as much as 37% in Southeastern 
Sierra) while summer runoff declines by as much as 
41% (high emission) and 32% (worst-case emission) of 
the historical values in Northern Sierra Nevada by end-
century. Annual totals remain relatively stable (~88–121% of 
historical levels). 

Northern and 
Southern Sierra 
Nevada; mid-
elevation watersheds; 
Sierra Nevada 
headwaters 

High 
(timing); 
Medium 
(annual 
totals) 

Hydrological 
Soil moisture 
drying and 
recharge stress 

Summer soil moisture is projected to decline by up to ~40%; 
increased evapotranspiration and reduced snowmelt, 
limiting soil water availability and groundwater recharge. 

Western slopes of 
the Sierra Nevada; 
meadow systems 
and hydrologically 
connected landscapes 

High 

Ecological Vegetation type 
conversion 

High likelihood of transitions from forest to shrubland or 
grassland; ~30% of conifer forest areas in the Southern 
Sierra transitioned to non-forest cover during 2011–2020. 

Southern Sierra 
Nevada; mixed-
conifer and shrubland 
ecotones 

High 

Ecological 

Increased 
wildfire severity 
and elevation 
shift 

Burned areas are projected to increase by ~59% by 2040; 
expansion of high-severity fire into higher-elevation forests 
and earlier onset of the fire season. 

Higher-elevation 
forests; Wildland–
Urban Interface (WUI) 
zones across Sierra 
Nevada subregions 

Very High 

Ecological Carbon storage 
vulnerability 

Projections indicate net losses in aboveground forest 
carbon and tradeoffs between maximizing carbon storage 
and enhancing fire and drought resilience. Wet meadows 
store high densities of belowground carbon but are 
sensitive to hydrologic disruption. 

Forested landscapes 
and wet meadows of 
the Sierra Nevada 

High 



Fifth Climate Change Assessment: Sierra Nevada Regional Report 51

Category Vulnerability Evidence (Observed & Projected) Localized Context Attribution 
Confidence 

Social 
Water supply 
reliability and 
flood risk 

Earlier runoff peaks challenge reservoir operations 
balancing flood control and water storage; increased 
precipitation extremes and dry-to-wet whiplash events. 

Sierra Nevada 
headwaters supplying 
the Central Valley; 
reservoir-dependent 
communities 

High 

Social 
Public health 
impacts from 
wildfire smoke 

Smoke exposure erodes more than 50% of previous PM2.5 
air-quality improvements, affecting respiratory health and 
visibility. 

Foothill and 
downwind 
communities across 
the Sierra Nevada 
region

High 

Social 

Climate 
vulnerability of 
rural and Tribal 
communities 

More than one-third of the region lies in high or very high 
wildfire hazard zones. Low-income, elderly, disabled, and 
Tribal populations face disproportionate risks to safety, 
health, and recovery. 

Rural towns, Tribal 
lands, and WUI 
communities 

High 

Economic 
Hydropower and 
infrastructure 
seasonality 

The shift from snowmelt-dominated summer inflows to 
increased winter runoff affects generation timing and 
reservoir management. 

Sierra Nevada 
hydropower and 
conveyance systems 

Medium 

Economic 
Recreation and 
resource-based 
livelihoods 

Declining snowpack and intensifying wildfire seasons 
threaten winter recreation- and natural resource-
dependent economies. 

Recreation corridors 
and rural economies 
across Sierra Nevada 
subregions 

High 

Economic 

Forest 
management 
and workforce 
strain 

Rising suppression costs, fuel treatment demands, and 
post-fire recovery pressure small businesses and public 
agencies. 

Forested landscapes 
and community 
workforce programs 

Medium-
High 

3.1.4 Adaptation Actions

Table 3.1 provides a summary of key vulnerabilities in the Sierra Nevada, with localized context 
and confidence in attribution, across various systems (hydrological, ecological, social, and 
economic). The following sections describe adaptation actions for specific ecosystems, resources, 
or threats. However, an overarching approach that integrates the climate threats to Sierra 
Nevada ecosystems with their economic consequences to frontline communities is critical for 
identifying, prioritizing, and funding adaptation actions. The Eastern Sierra Sustainable Recreation 
Partnership: Sustainable Recreation and Tourism Initiative (SRTI), funded by the Sierra Nevada 
Conservancy through Proposition 68 funds, aims to develop a scalable and transferable model 
for such integration (MLTPA, 2022). Part of the SRTI approach was a baseline Natural Capital 
Assessment that was used to guide a Climate Adaptation and Resilience Assessment (TML, 2021), 
monetizing both the direct and indirect impacts of climate change on Eastern Sierra ecosystems to 
identify and prioritize a list of adaptation recommendations. This model provides an encouraging 
approach for integration that could be applied across sections of this report to help us better 
understand climate-driven impacts on communities in the Sierra Nevada.

Adaptive Management Decision Frameworks

There are at least six adaptive management decision frameworks utilized by United States federal, 
state, and local land managers that Carbon Storage and Biophysical Climate Feedbacks are 
designed to help decision-makers track progress and rigorously adjust management strategies 
dynamically when mitigating climate risks to local ecosystems. These frameworks include: 
Resistance, Resilience, Response (RRR) (Millar et al., 2007); Resistance, Resilience, Respond, 
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Realign, Reduce (5-R) (Millar et al., 2008); Resistance, Resilience, Transformation (Peterson St-
Laurent et al., 2021); Resist, Accept, Direct (RAD) (Schuurman et al., 2020); Management Practice 
Assessment Tool (MPAT) (Abelson et al., 2022); and Monitor, Protect, Adapt, and Transform (Povak 
et al., 2024). To date, these decision frameworks have primarily been applied in ecosystem 
management or forestry contexts. However, a general framework that assesses which adaptive 
measures and interventions (e.g., resistance, response, transition, direction, etc.), based on time 
and location, are necessary to address unavoidable change while supporting long-term ecosystem 
health could be productively applied to other areas (e.g., water management, public health, etc.). 
While all frameworks are commonly used in an adaptive management context, certain frameworks 
may be better-suited based on local resources, 
community goals, and specific ecosystem type 
and conditions. For example, the 5-R 
framework is more appropriate to apply in 
situations where the system has been pushed 
far outside its natural range of variability (i.e., 
the system’s current conditions differ 
significantly from their historical baseline) and 
effects are irreversible (see Table A6). In the 
sections below, we focus on a set of illustrative 
examples using the RRR framework.

Figure 3.4: Adaptive Management Decision Framework

It is a core tenet of all adaptive management 
approaches to include research, monitoring, 
and evaluation as integral parts of the decision 
framework (Figure 3.4), ensuring that actions 
are informed by science, are responsive to 
change, and are continuously refined over time. For example, under the RRR framework: resistance 
actions are intended to prevent substantial disturbances and maintain unchanged forest 
character; resilience actions are designed to accommodate some degree of change but preserve 
forest cover and associated ecosystem functions, services, and economic benefits; and response 
actions intentionally accommodate change and focus on facilitating ecosystems to adaptively 
respond to changing conditions (Millar et al., 2007). Long-term monitoring through sentinel 
reference sites is critical for detecting trends, attributing change, and evaluating the effectiveness 
of resistance, resilience, and response actions under changing climate conditions (CSSN, n.d.). 
As a middle of the road option that balances climate change adaptation and maintaining 
some historical forest character, resilience-based management objectives are the most often 
recommended and implemented intervention in the Sierra Nevada forests at this time (e.g., 
Kershner, 2014; Peterson et al., 2011). In particular, with rapid climate change, resistance-based 
management techniques are increasingly ineffective, given the rate of warming and cascading 
impacts on drought events, wildfire risk, and insect and pathogen outbreaks. 

FORESTS, OAK WOODLANDS, AND SHRUBLANDS 

Table 3.2 lists example actions for each type of intervention, specific to forests in Sierra Nevada, 
using the RRR framework. In practice, multiple approaches within a particular intervention are 
often applied simultaneously in adaptive management scenarios. Sierra case studies (Table 3.3) 



Fifth Climate Change Assessment: Sierra Nevada Regional Report 53

provide examples of implemented strategies, using the resilience intervention type, and their 
documented outcomes, demonstrating the effects of forest restoration on the ecosystem’s  
overall resilience.
Table 3.2: Intervention Types and Example Actions for Forests in the Sierra Nevada

Intervention Type Example Actions

Resistance Continue fire suppression

Resistance Use fuel reduction treatments

Resilience Reduce forest densities to lower water stress, associated fire hazards, and risk of insect/pathogen outbreaks

Resilience Reintroduce fire to the landscape through managed and prescribed fire

Resilience Plant disease-resistant species/genotypes

Resilience Expand planting palettes to regionally diverse species

Resilience Increase forest connectivity for seed dispersal

Resilience Increase landscape heterogeneity to improve ecological flexibility and reduce the spread of disturbance

Resilience Maintain and expand seed orchards

Resilience Managed grazing to increase recruitment but reduce fuels and exotic species

Response
Assisted migration or managed relocation of species to locations beyond native ranges where the future 
climate is projected to be favorable

Response Plant genotypes drawn from areas already characterized to be analogous to the future climate

Response Promote hardwood/broadleaf species in settings currently dominated by lower-elevation conifers

Response Implement cessation planting or protect species where their sustainability is highly doubtful

Response Increase ecosystem connectivity to facilitate migration in response to climate change

Response
Decommission roads and trails in locations where large and recurrent climate change-related impacts (e.g., 
flooding) are likely

Shrublands require very different interventions than forest ecosystems. For example, controlled 
burning and selective thinning predominantly opens up shrubland systems for invasion of non-
native grasses, such as cheatgrass (D’Antonio et al., 2016), which not only decreases ecosystem 
resilience, but also increases future fire risk and accelerates type conversion. Effective adaptation 
actions for shrubland systems will require increased collaboration with Southern California 
regions that frequently interact with this vegetation type and with scientific researchers with 
expertise in shrubland ecology in an adaptive management framework. Box 3.2 shares an 
example of a multi-partner collaboration that is crucial within the adaptive management 
framework for the giant sequoia.

Box 3.2: Example of Collaborative Effort to Promote Giant Sequoia Fire Resilience

The Giant Sequoia Lands Coalition (GSLC) is an organized collaboration of public and non-governmental organizations 
(NGOs) with a shared commitment to conserve giant sequoia grove ecosystems. The coalition is composed of all public 
agencies (federal, Tribal, state, local) and organizations that manage giant sequoia groves in public, Tribal or private nonprofit 
ownership. Affiliate partners include select federal and state conservation agencies, NGO conservation groups, and academic 
research partners dedicated to protecting giant sequoias and their ecosystems from emerging threats associated with climate 
change and the extended absence of natural, low-severity wildfire processes on the landscape.
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Table 3.3: Projects, Implemented Strategies, and Documented Outcomes of Forest Restoration on Resilience

Project Name Implemented Strategies Using the Resilience 
Intervention Type Documented Outcomes

Sierra Foothills Research Extension 
Blue Oak Restoration Research 
and Demonstration Site

Planted 43 acres of previously cleared oak 
woodland with native blue oak seedlings

Identified restoration best practices by 
testing multiple propagation and seedling 
protection techniques

Sierra Foothills Research Extension 
Blue Oak Restoration Research 
and Demonstration Site

Planted 43 acres of previously cleared oak 
woodland with native blue oak seedlings

Planted over 6,500 seedlings with >60% 
survival

Sierra Foothills Research Extension 
Blue Oak Restoration Research 
and Demonstration Site

Planted 43 acres of previously cleared oak 
woodland with native blue oak seedlings

Created a platform for ongoing restoration 
research and demonstration activities

Giant Sequoia Land Trust Adaptive 
Management for Giant Sequoia 
Resilience to Climate Change

Thinned and piled ladder fuels and conducted 
prescribed and cultural burns led by Tribes

Reduced the unnatural accumulation of 
hazardous and combustible plant material 
on 10,335 acres since 2022, including 27 
Sequoia groves in 2024 alone

Giant Sequoia Land Trust Adaptive 
Management for Giant Sequoia 
Resilience to Climate Change

Conducted scientific research and monitoring  
to better understand the long-term persistence  
of giant sequoias, tree hydrology, and the impact 
of wildfires and bark beetles on the health of  
giant sequoias.

Restoration work focused on areas that 
experienced uncharacteristically high 
wildfire intensity where overstory seed 
trees have died, burned seeds were 
not able to develop, and insufficient 
regeneration has occurred naturally

Increasing managed wildfire in the 
Illilouette Creek Basin (Yosemite 
National Park)

Allowed wildfires to burn when they did not 
threaten structures and extreme fire weather 
conditions were not anticipated in the near future

Has allowed wildfire to burn and only be 
suppressed under defined management 
conditions for over 40 years (Boisrame et 
al., 2017)

Increasing managed wildfire in the 
Illilouette Creek Basin (Yosemite 
National Park)

Allowed wildfires to burn when they did not 
threaten structures and extreme fire weather 
conditions were not anticipated in the near future

Has increased landscape heterogeneity 
and likely resilience to disturbance

Increasing managed wildfire in the 
Illilouette Creek Basin (Yosemite 
National Park)

Allowed wildfires to burn when they did not 
threaten structures and extreme fire weather 
conditions were not anticipated in the near future

Decreased forest areas by 22%, increased 
meadow areas by 200%, and increased 
shrub areas by 24%

Increasing managed wildfire in the 
Illilouette Creek Basin (Yosemite 
National Park)

Allowed wildfires to burn when they did not 
threaten structures and extreme fire weather 
conditions were not anticipated in the near future

Potentially increased or stabilized water 
yields (data collection ongoing)

RIPARIAN AND AQUATIC ECOSYSTEMS

Riparian and aquatic ecosystems have been stewarded by Indigenous Peoples for as long as 
they have existed. Indigenous land management practices such as cultural burning, selective 
harvesting, pruning, and riparian tending played a significant role in shaping vegetation 
structure, species composition, and ecosystem function prior to colonization (Gilio-Whitaker, 
2019; Anderson, 2005; Anderson & Moratto, 1996). Large-scale erosion of ecological resilience in 
riparian and aquatic ecosystems began in the mid-1800s with the near complete extirpation of 
beavers from the region (Lanman et al., 2012). Similarly, the widespread and intense grazing of 
Sierra Nevada meadows by livestock is a very prominent driver in altering the ecological resilience 
of such ecosystems (Vernon et al., 2022; Myers et al., 2012). Management activities of Euro-
American settlers that impacted stabilizing plant-soil-water feedbacks (e.g., heavy grazing), altered 
flows (e.g., road construction), disrupted habitat connectivity (e.g., large dam construction), or 
fundamentally changed biotic communities (e.g., non-native fish introduction) reduced the ability 
of these ecosystems to recover from disturbance and pushed many beyond the threshold of self-
repair (Moyle et al., 2014; Menke, 1996). Resilience in riparian and aquatic ecosystems is driven by 
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hydrologic connectivity across ecosystems and landscapes that sustain high levels of biodiversity 
and complex interactions between biotic (i.e., living) and abiotic (i.e., non-living) elements 
(Akenbauer & Loheide, 2017; Viers & Rheinheimer, 2011; Yarnell et al., 2010; Loheide et al., 2009). 
In meadows, for example, shallow, meandering stream channels stabilized by dense root mats of 
wetland vegetation slow the flow of water through the ecosystem (Micheli & Krichner, 2002). This 
allows high flows to spread laterally over the floodplain, increasing the period of water retention 
on the landscape, attenuating flood events, and recharging groundwater reservoirs (Loheide et al., 
2009; Hammersmark et al., 2008).
Table 3.4: Intervention Types and Example Actions for Wet Meadows in the Sierra Nevada

Type of Intervention Example Actions 

Resistance Identify and conserve intact aquatic ecosystems and properly functioning meadows and fens – 
particularly those with high importance for biodiversity, habitat, hydrology, or carbon sequestration 

Resistance Manually remove encroaching conifers 

Resilience Reconnect floodplain hydrology in degraded meadows 

Resilience Address hydrologic alterations in the contributing watershed (e.g., flow concentrations, culverts, roads) 

Resilience Connect riparian and forest restoration efforts to improve watershed hydrology 

Resilience Conduct adaptive and experimental management of in-stream flows and habitats to enhance recovery of 
aquatic biodiversity 

Resilience Remove non-native fish and amphibians 

Resilience Expand planting palettes to include drought-tolerant and rhizomatous species 

Resilience Manage livestock grazing to prevent stream bank erosion and improve wildlife habitat 

Resilience Support the expansion of existing beaver populations and reintroduce beaver where they have been lost 

Resilience Build a network of local stewards to continue adaptive management 

Resilience Facilitate reconnection of Indigenous communities to lands they have traditionally stewarded 

Resilience Promote shared learning and creative solutions through applied science and collaborative networks 

Response Prioritize restoration in riparian and aquatic ecosystems with high biodiversity, less vulnerability to 
climate change, or higher likelihood of offering climate refugia 

Response Engineer restoration projects to plan for climate extremes 

Response Assisted migration or managed relocation of species to locations beyond native ranges where the future 
climate is projected to be favorable 

Response Translocate anadromous fish above dams for spawning 

Response Plant genotypes drawn from areas already characterized to be analogous to the future climate 

Response Allow for or facilitate the transition to alternative stable states (e.g., artificial elements within restored 
meadows, fish passage around dams, or inset floodplains within degraded meadows) 

Response Conduct scientific research to better understand the natural range of variability and guide transitions to 
maximize ecosystem function 

Restoration efforts that seek to reconnect floodplain hydrology have been shown to increase 
vegetative growth (Reed et al., 2022), increase groundwater storage (Hammersmark et al., 2008; 
Tague et al., 2008), attenuate peak flow events (Ohara et al., 2014; Tague et al., 2008), improve 
habitat conditions (Campos et al., 2020; Herbst & Kane, 2009), and build soil organic matter 
(Morra et al., 2023; Reed et al., 2022). In aquatic ecosystems, activities that increase flow, improve 
habitat, and remove non-native fish and amphibians have been shown to increase biotic integrity 
and resilience (Kamoroff et al., 2020; Knapp et al., 2016; Herbst et al., 2012). In addition to 
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restoration actions, removing factors that exacerbate or drive ecosystem degradation (e.g., heavy 
grazing) could contribute to building adaptive resilience in riparian and aquatic ecosystems. The 
Resistance, Resilience, Response framework (described in Forests, Oak Woodlands, and Shrublands 
in Section 3.1.4 Adaptation Actions) can be used to guide adaptive actions under changing climate 
conditions. 

Table 3.4 lists example actions for each intervention type, specific to wet meadows in Sierra 
Nevada, using the RRR framework. As mentioned earlier, multiple strategies within a particular 
intervention are often applied simultaneously.

As with forests and oak woodlands, resilience-based management practices are the most 
commonly applied interventions in Sierra Nevada meadows, though rapid climate change 
and high levels of degradation in these ecosystems may necessitate more responsive actions. 
To determine which actions will be the most effective for long-term meadow health, close 
collaboration and partnerships is key (Box 3.3).

Box 3.3: Examples of Collaborative Efforts to Promote Climate Resilience in Sierra Nevada Meadows

The Sierra Meadows Partnership is a consortium of over 90 entities engaged in meadow protection, management, 
restoration, and research. The Partnership was formed in 2016 to increase the pace, scale, inclusivity, and effectiveness of 
meadow restoration and conservation. The institutions and agencies involved—some of which have been pursuing these 
goals for decades—work to develop and share restoration best practices, improve permitting efficiency, study the impacts 
of disturbance and restoration on meadow ecology, and create climate-smart tools to inform adaptive management actions. 
The Partnership is well on its way to achieving its goal of protecting or restoring 30,000 acres of meadows in the Sierra 
Nevada by 2030.

Mountain meadows are places of great importance for Indigenous groups throughout the Sierra Nevada and have been 
stewarded by Indigenous Peoples for centuries for food, medicines, wildlife, and cultural purposes. Collaborative efforts 
to restore Indigenous ownership and stewardship are examples of strategies to increase social-ecological resilience in 
meadows. In 2019, the Maidu Summit Consortium collaborated with the Feather River Land Trust and the California 
Department of Fish and Wildlife to re-acquire 2,325 acres of one of the most ecologically and culturally significant meadows 
in the Northern Sierra. The Maidu Summit Consortium is now working with the Sierra Meadows Partnership to share cultural 
practices, restore the meadow, and develop a Tribal meadow restoration workforce. 

WILDLIFE

For wildlife species that will be adversely affected by climate change, certain human interventions 
may offset negative effects by increasing resilience of wildlife populations. Helping wildlife adapt 
to climate change will generally require us to maintain their habitat conditions, both in size and 
long-term health, to support viable populations. Given the large effect fire is currently having 
on wildlife habitat in the Sierra Nevada landscape, our ability to curb the increasing frequency 
and severity of fires in the near term, with a goal of a mixed severity fire regime that promotes 
heterogeneity successional states, will have large implications for the future of Sierra Nevada 
wildlife. As with habitat-specific adaptation actions, resilience-based management strategies 
are most often implemented for wildlife, though rapid climate change, declining populations of 
wildlife, and a growing climate adaptation gap may necessitate more innovative actions (Stein et 
al., 2024). Using the RRR framework, Table 3.5 lists example actions for each intervention type for 
wildlife conservation.
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Table 3.5: Intervention Types and Example Actions for Wildlife Conservation in the Sierra Nevada

Type of Intervention Example Actions 

Resistance Identify and protect important populations of rare species and subspecies 

Resilience Promote forest resilience to future fires 

Resilience 
Embrace an active mixed severity fire regime to promote seral-stage heterogeneity in  
forested landscapes 

Resilience Restore degraded keystone ecosystems that offer disproportionate benefits for wildlife relative to 
their land area (e.g., wet meadows, riparian areas, aspen) 

Resilience Promote connectivity of wildlife migration corridors 

Resilience Monitor for and remove invasive species 

Resilience Enhance monitoring programs for wildlife and ecosystems 

Response Translocate individuals or populations of species into favorable habitats 

Response Establish captive populations of species or subspecies facing extinction 

WILDFIRE

Wildfires in the Sierra Nevada are generating widespread ecological impacts that are reshaping 
the region’s forests and biodiversity. These conditions have contributed to catastrophic tree 
mortality, most notably among giant sequoias, a species once thought to be nearly fire-immune 
(Keeley & Pausas, 2025). The 2020 Castle Fire, the 2021 Kings Canyon and Sequoia National Parks 
(KNP) Complex Fire, and the Windy Fire, which occurred in this region, could collectively result in 
the loss of a large share of the world’s mature sequoias, as indicated by previous studies of fires 
in other regions (Shive et al., 2022). The ecological consequences extend beyond iconic species— 
repeated large fires are eroding the regenerative capacity of conifer forests, creating expansive 
patches where natural recovery is limited, and accelerating transitions toward shrubland and 
grassland ecosystems with reduced carbon storage and cultural value (Jasperse et al., 2025; 
Zhang et al., 2025; Zhou et al., 2025). Wildlife habitats have also been diminished, including those 
critical for the Pacific fisher and California spotted owl, further compounding the stress on species 
already facing climate-related pressures (Hart et al., 2025). These transformations threaten the 
long-term integrity of Sierra Nevada forests and the ecosystem services they provide.

The hydrological and societal consequences of wildfire are equally profound. Burned landscapes 
exhibit destabilized soils, leading to elevated erosion, debris flows, and sediment loading that 
impair reservoirs and downstream water infrastructure (McNeece, 2025). Post-fire reductions 
in canopy cover can significantly suppress evapotranspiration for more than a decade, altering 
watershed water balances and shifting the timing of streamflow (Collar et al., 2023). These 
hydrologic changes amplify risks to water quality, with post-fire runoff elevating turbidity, heavy 
metals, and nutrient loads that strain drinking water systems and increase treatment costs 
(Paul et al., 2022). Air quality impacts are equally severe. In the western United States, increased 
exposure to fine particulate matter (PM2.5) from wildfires is now linked to anthropogenic climate 
change, erasing decades of progress in California to reduce PM2.5 (Law et al., 2025; Connolly et 
al., 2024). Tribal people and other communities at the wildland-urban interface face the greatest 
exposure, with heightened risks of respiratory illness, economic instability, and displacement. 
Insurance losses reflect this growing vulnerability, with more than 350,000 home insurance 
policies at risk due to the threat of wildfire, which could affect residents of Sierra Nevada counties 
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(Hanes, 2025; Serleth, 2024). Together, these impacts underscore that wildfire is not only an 
ecological disturbance but is also a systemic challenge to forests, water security, public health, and 
community resilience in the Sierra Nevada.

3.2 Water Resources
KEY MESSAGE: 
Climate change is fundamentally transforming Sierra Nevada’s role as California’s primary water 
source by undermining the natural snowpack reservoir that sustains the state. Rising temperatures 
are causing precipitation to fall increasingly as rain instead of snow, leading to a dramatic decline in 
snowpack, earlier and faster snowmelt, and a shift in peak streamflow from late-spring to mid-winter. 
This hydrologic transformation creates a dangerous seasonal mismatch between supply and demand, 
elevating the risk of winter floods while drastically reducing water availability during the dry summer 
months when agricultural, municipal, and ecological demand is greatest. These changes are further 
compounded by more frequent and severe wildfires, which degrade water quality and increase erosion, 
as well as by more intense droughts that strain both surface and groundwater systems. Adapting to 
this new reality requires an urgent, integrated approach that modernizes water infrastructure, expands 
managed aquifer recharge, restores natural ecosystems like forests and meadows to enhance water 
retention, and improves forecasting to manage the increasingly volatile swings between flood and 
drought. 

3.2.1 Introduction

Climate change continues to pose significant challenges to water resources in the Sierra Nevada, 
with direct consequences for local communities and millions of downstream users in the Central 
Valley and beyond. The Sierra Nevada snowpack, the main source of California’s water during 
spring and summer (SNC, n.d.), is now increasingly threatened by rising temperatures, altering 
snowpack levels, snowmelt timing, and streamflow dynamics (Chapter 2 & Table 3.1). These shifts 
are expected to significantly affect water availability for urban areas, agriculture, and ecosystems 
across the state. For instance, the Sacramento–San Joaquin Delta irrigates 3.7 million acres of 
farmland and supplies all or part of the water for over 27 million Californians in urban centers that 
are reliant on exported water (DSC, 2021). 

Spring snowmelt supports both human and natural systems, providing essential water from the 
Sierra Nevada westward to California’s coastline and eastward to the deserts of eastern California 
and western Nevada. At higher elevations, snowmelt remains a primary water source for local 
communities and montane ecosystems. The interconnected nature of upstream headwaters and 
downstream water uses underscores the importance of sustainable water management. The 
state’s extensive water infrastructure, including dams, aqueducts, and levees, plays a vital role in 
regulating seasonal variability. Many structures serve multiple functions: dams store water for dry 
season use, maintain environmental flows, control floods, and generate hydropower; levees and 
waterway networks protect against flooding while maintaining habitat for endangered species 
(CDWR, 2024). 

Despite being sparsely populated compared to urban regions, Sierra Nevada communities rely 
heavily on surface water for residential, commercial, and agricultural purposes, as well as for 



Fifth Climate Change Assessment: Sierra Nevada Regional Report 59

recreational activities like fishing, boating, rafting, and skiing. Changes to snowpack, temperature, 
and precipitation can thereby significantly impact the socioeconomic structure of these 
communities. Water resources are integral to the region’s tourism-driven economy, though these 
uses receive less attention than urban and agricultural demands downstream. Given that most 
Sierra Nevada populations are rural and economically disadvantaged, they face distinct challenges 
in managing water resources due to limited financial and human capacity. Small public and private 
water systems, often staffed part-time or operated by community volunteers, struggle to maintain 
infrastructure and fund improvements. Regulatory barriers, such as Proposition 218 (PPIC, 2025) 
which requires voter approval or formal protest procedures for certain rate increases and limits 
fees to the cost of service, further hinder the ability of some communities to raise funds for 
necessary upgrades and maintenance. 

Warmer winter storms are increasingly producing rain-on-snow events that heighten winter flood 
risks and complicate reservoir operations (Soderquist, 2021; White et al., 2019). Earlier runoff and 
reduced snowpack are also expected to limit groundwater recharge and increase pressure on 
aquifers (Siirila-Woodburn et al., 2021). At the same time, large wildfires are altering watershed 
processes by changing evapotranspiration patterns, increasing sediment loads, and degrading 
water quality (Busari et al., 2025; Dahm et al., 2025). California’s reservoirs could lose up to 15% 
of their capacity to sedimentation (Minear & Kondolf, 2009), which may further intensify with 
increasing wildfires. Together, these changes are reshaping the hydrologic foundation of the state 
and creating new vulnerabilities for both downstream users and Sierra Nevada communities.

3.2.2 Climate Effects, Trends, and Projections

CLIMATE EFFECTS

The trends of rising temperature and shifting precipitation patterns, coupled with increasing 
extreme weather events, are already straining California’s water management strategies 
(Corringham et al., 2019; Mote et al., 2018; Regonda et al., 2005). While projected changes in the 
long-term precipitation trends in Sierra Nevada are small compared the interannual variability 
and are not consistent compared to expected temperature changes (Chapter 2), the extreme 
precipitation events—such as intense atmospheric rivers, rain-on-snow events, and prolonged 
droughts—are expected to intensify (Huang et al., 2020; Gershunov et al., 2019; Musselman et al., 
2018; Swain et al., 2018; Williams et al., 2015). However, the frequency and severity of such events 
can be highly variable. For example, the frequency of rain-on-snow events is expected to increase 
at higher elevations with the opposite expected to occur at lower elevations due to low to no 
snowpack (Musselman et al., 2018).

Given the complex geography of the Sierra Nevada, changes in precipitation and hydrology will 
vary across the region, necessitating sustainable adaptation and policy strategies for resource and 
ecosystem management and climate change resiliency. In addition, water managers will need to 
prepare for more frequent, rapid swings between wet and dry conditions (Swain et al., 2018). Such 
transitions will also stress aging infrastructure (e.g., flood control and conveyance systems), posing 
additional challenges for water management practices.

Increased evapotranspiration, driven by higher vapor pressure deficit and longer growing seasons, 
the expansion of vegetation into cooler areas, and higher water demands from soils and plants, 
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will put additional pressure on water resources (Rungee et al., 2021; Goulden & Bales, 2014; 
Goulden et al., 2012). A recent study shows that higher evaporative demand is the main cause of 
drought under climate change rather than the decrease in precipitation (Zhuang et al., 2024). Drier 
conditions can also provide more fuel for potential wildfires. While elevated atmospheric CO2 
levels may improve plant water-use efficiency (Guo et al., 2022), this benefit could be counteracted 
by nutrient limitations (Chai et al., 2024), or expansion of vegetation to cooler areas at high-
elevations where temperature currently limits the increased growth of plants, leading to higher 
overall water consumption (Goulden & Bales, 2014). Recent modeling and observational studies 
further suggest that sustained warming and an elevated vapor pressure deficit can suppress 
growth and increase mortality risk for plants, thereby opposing CO2 fertilization effects in water-
limited mountain ecosystems (Sperry et al., 2019). This implies that the elevation range and 
frequency of wildfires may continue to shift upward and increase in the future, consistent with 
historical trends and projections (Alizadeh et al., 2021; Li & Banerjee, 2021; AghaKouchak et al., 
2018). As extreme events become more prevalent and severe, their sequencing can also enhance 
local and remote effects on natural resources and communities. Furthermore, climate events, 
whether extreme or not, can have compounding effects that amplify the impacts of individual 
hazards (Zscheischler et al., 2020; AghaKouchak et al., 2018). 

Recent observations highlight that these changes are occurring alongside a pronounced warming 
trend, with mean warm day temperatures in the Sierra Nevada increasing by approximately 
2.9°F (1.6°C) since the early 1970s (Williams et al., 2019). Winter and spring warming is raising 
the elevation at which snow accumulates, reducing overall snowpack volume and shifting the 
timing of runoff (McDermott, 2025; Hatchett et al., 2017). Because the snowpack functions as a 
natural reservoir, these shifts have direct consequences for urban, agricultural, and ecological 
water demands. Precipitation is also becoming more variable and intense, with evidence of 
pronounced whiplash between extreme wet and dry years (Swain et al., 2018). Atmospheric rivers 
are contributing to a growing share of annual precipitation, with individual storms becoming 
more frequent and intense during winter (Dettinger et al., 2020; Gershunov et al., 2019). These 
storms deliver large volumes of rainfall over short periods, particularly at lower elevations 
where snowlines have moved upward, leading to earlier- and higher-magnitude runoff peaks 
that elevate flood risks and complicate reservoir operations. Prolonged dry spells between 
these intense storms are becoming more common, amplifying drought severity and placing 
additional stress on both surface and groundwater systems (Meyers et al., 2021). Warmer 
conditions further accelerate snowpack and soil moisture depletion during droughts, causing 
earlier streamflow recession and reduced groundwater recharge (Diffenbaugh et al., 2015). These 
climatic shifts are also transforming wildfire regimes. Earlier snowmelt, longer dry seasons, and 
hotter summers are creating conditions that favor larger and more severe fires (Abatzoglou et 
al., 2017). Wildfires also trigger cascading hydrologic impacts, including reduced canopy cover, 
suppressed evapotranspiration, flashier runoff, and increased sediment and nutrient loads, all 
of which degrade water quality and strain infrastructure. The combined influence of warming, 
shifting precipitation, intensifying extremes, vegetation changes, and wildfire disturbances is 
fundamentally transforming the Sierra Nevada’s climate-hydrology-ecosystem interactions, 
undermining snowpack reliability, increasing flood hazards, reducing groundwater recharge 
opportunities, and elevating risks to water availability, infrastructure, and public safety.
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SNOWPACK

Seasonal snowpack in the Sierra 
Nevada serves as a dominant 
source of managed runoff, 
delivering a major fraction of 
spring and summer inflows 
to California’s reservoir and 
conveyance systems (see Section 
2.3 Snowpack Trends for regional 
snowpack trends). However, it is 
anticipated that future snowmelt 
contributions to runoff in the 
Sierra Nevada will decline from 
73% to 38% by the year 2100 
under RCP 8.5 (Li et al., 2017). 

Future projections indicate 
continued and accelerated 
declines in snowpack across all 
climate projections (Section 2.3 
Snowpack Trends; Figure 3.5). 
While snowpack is expected to 
keep declining over the long term, 
it won’t be a steady drop (Figures 
A1–A3). Instead, we may see 
years with exceptional snow in 
between (e.g., year 2023). In the 
Northeastern Sierra, snow is likely to disappear completely by mid-century under SSP 5–8.5, and in 
the Southeastern Sierra, snowfall may only happen at infrequent intervals (Figures A1–A3). Since 
the eastern slopes of the Sierra Nevada contain a larger proportion of high-elevation watersheds, 
this may potentially provide some buffering against snowpack loss; however, substantial changes 
in snow accumulation and runoff timing are still expected (Ficklin et al., 2012). In the Northwestern 
Sierra Nevada, percentage increases of snowfall appear large, but these reflect small absolute 
changes amplified by a very low baseline (Figure A4).

Figure 3.5: Projected percentage changes in April 1 snow-water equivalent, 
relative to historical mean (1981–2010), for 2041–2070 (a, b, c) and 
2071–2100 (d, e, f), under SSP 2–4.5 (a, d), SSP 3–7.0 (b, e) and SSP 5–8.5 
(c, f). We estimate approximately 90% SWE loss in 30, 38, and 60% of the 
currently snow-covered Sierra Nevada by the end-century under SSP 2–4.5, 
SSP 3–7.0, and SSP 5–8.5, respectively. The corresponding areal losses by 
mid-century are 16, 21, and 19%, under SSP 2–4.5, SSP 3–7.0, and SSP 
5–8.5, respectively.

Projected shifts in earlier maximum reservoir storage in California will need to be balanced with 
flood and drought risks (Wrzesien et al., 2022). With expected shifts in the timing and distribution 
of snowmelt, changes in the streamflow and recharge necessitate adaptation strategies in sectors 
such as water and energy management and distribution. 

Adapting to these changing snowpack and runoff dynamics will require a mix of infrastructure 
modernization, operational flexibility, and nature-based strategies. Reservoir operations will 
need to be re-optimized to capture earlier runoff while maintaining adequate flood protection, 
supported by improved forecasting and real-time monitoring (Corringham et al., 2019; Mote et 
al., 2018). Managed aquifer recharge (MAR) and conjunctive use strategies offer opportunities to 
store excess winter flows underground for use during the dry season (Sahuquillo, 2017). Forest 
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and meadow restoration can enhance local snow retention and delay melt, providing additional 
buffering against earlier runoff (Pastore et al., 2025; Hunt et al., 2018). Long-term planning will 
also need to address increasingly rain-dominated winters, shorter snow seasons, and shifting 
runoff patterns by upgrading conveyance and storage infrastructure and revising flood control 
rules. Effective adaptation will require coordinated action across water, energy, and ecosystem 
management sectors to balance shifting flood and drought risks while sustaining the multiple 
functions historically supported by the Sierra Nevada snowpack. 

FLOODS

An increase in winter runoff (Section 2.4 Trends in Regional Drying and Runoff) suggests a 
heightened risk of more frequent and severe flooding, posing significant challenges for water 
infrastructure and downstream communities (Halofsky et al., 2021). The Sierra Nevada is the 
primary source of California’s major flood events, driven by increased winter rainfall, rain-on-snow 
occurrences, and winter-season snowmelt (Das et al., 2011; Huang & Swain, 2022). Both Northern 
and Southern subregions of the Sierra Nevada are susceptible to flood risks. By the end of the 
century, 50-year return period flood discharges are projected to rise by 30–90% in the Northern 
Sierra and by 50–100% in the Southern Sierra, depending on the climate model used (Das et 
al., 2013). These projected increases in flood magnitude exceed natural variability at the 95% 
confidence level, with statistically significant changes emerging as early as 2035 under the SRES 
A2 scenario (a high-emissions scenario used in the Coupled Model Intercomparison Project Phase 
3, comparable to SSP 3–7.0). By the late 21st century, the Northern Sierra Nevada is projected 
to see notable declines in rain-on-snow areas, likely due to reduced snow accumulation at its 
lower elevations (Das et al., 2011; Stewart et al., 2015). In contrast, the Southern Sierra shows less 
change, possibly due to offsetting effects—less snow at lower elevations reduces rain-on-snow 
potential while warming increases rainfall at higher elevations. These opposing influences may be 
more pronounced in the Southern Sierra due to its greater elevation range. 

The risk of flooding will increase further due to the projected increase in intensity of atmospheric 
rivers and more part of precipitation falling as rain compared to snow (Huang & Swain, 2022). 
Many rural Sierra Nevada communities lack the infrastructure to cope with heightened winter 
flood risks, while downstream reservoirs and conveyance systems may also face increased strain. 

Warmer winters are expected to raise snowlines and increase both the frequency and intensity 
of rain-on-snow events, leading to larger and earlier runoff peaks (Huang et al., 2018; Musselman 
et al., 2018). Intensifying atmospheric river storms are delivering greater volumes of rainfall over 
shorter periods, further elevating winter flood risks for foothill communities and downstream 
valleys (Dettinger et al., 2020; Gershunov et al., 2019). Adapting to these changing flood-regimes 
will require a combination of infrastructure modernization, operational flexibility, nature-based 
solutions, and most importantly, smart and adaptive water policies. Much of California’s existing 
flood control infrastructure was designed for a snow-dominated hydrologic regime; with earlier 
runoff and larger winter flows, reservoir rule curves will need to be updated to capture earlier 
inflows without compromising flood protection (Wrzesien et al., 2022). Enhanced forecasting, 
real-time monitoring, and improved seasonal prediction can support more dynamic reservoir 
operations (Delaney et al., 2020; Guo et al., 2021). Nature-based approaches such as floodplain 
reconnection, levee setbacks, and watershed restoration can help retain more water upstream, 
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attenuate flood peaks, and provide ecological co-benefits (Chambers, 2025). Coordinated planning 
across agencies will be essential to address the combined risks of extreme precipitation, rain-
on-snow events, and aging infrastructure, ultimately improving the resilience of Sierra Nevada 
communities and California’s broader water management ecosystem to future flood extremes. 

SURFACE WATER 

Elevation-dependent changes in snow and precipitation patterns also influence hydrology, 
controlling the sources of streamflow and groundwater as shown by isotopic analyses in 
snowmelt-fed catchments (Liu et al., 2024). These changes modify seasonal water storage 
and runoff timing, altering soil moisture distribution across elevations and highlighting the 
vulnerability of mid- and high-elevation water sources to warming. 

The future availability of annual surface water remains unclear as projected changes in runoff 
timing and decline in summer streamflow (Section 2.4 Trends in Regional Drying and Runoff) will 
pose challenges for certain water management operations and infrastructure. Earlier snowmelt 
is already altering streamflow patterns across the western United States, with peak runoff into 
snow-fed rivers, such as the Sacramento River, shifting to earlier in the year by up to a month 
(Milanes et al., 2022; Fritze et al., 2011). 

Projected declines in spring and summer streamflow will not affect all sub-watersheds equally 
(Ficklin et al., 2012; Null et al., 2010). Mid-elevation watersheds are expected to experience 
the greatest reductions, driven by significant losses in snow accumulation. In contrast, higher-
elevation basins may be more resilient due to persistently cooler temperatures. Regional analyses 
indicate that watersheds in the Northern Sierra Nevada are particularly vulnerable to reductions 
in annual flow, while those in the south-central Sierra are more likely to face altered runoff timing 
and prolonged low-flow periods (Null et al., 2010). However, volcanic terrains in the northern 
Sierra Nevada with strong groundwater connectivity may partially buffer snowmelt-driven flow 
reductions by sustaining late-season baseflow, consistent with evidence that groundwater-
dominated basins exhibit slower recession (Safeeq et al., 2014). However, groundwater-dominated 
basins have more to lose under a warmer climate as the vegetation will likely draw more water 
from deeper storage to fulfill evaporative demand. While most modeling studies agree that there 
will be a reduction in streamflow during summer, the exact amount of reduction depends on 
climate and hydrological models used and remains uncertain (Miller et al., 2021). 

These hydrologic shifts complicate water management, necessitate adjustments in water storage 
and flood management strategies, and a watershed-specific approach to adaptation (Milanes 
et al., 2022). With uncertainties remaining in total streamflow projections, targeted regional 
assessments are critical for effective planning and resilience-building (Das et al., 2011). 

By the end of the century, dry season baseflows are projected to decline substantially across 
Sierra-fed rivers, increasing stress on water supply systems (Ayers et al., 2024). These hydrologic 
shifts, including earlier runoff peaks, lower summer baseflows, and greater variability, are 
expected to place added strain on aging surface water infrastructure that was originally designed 
for a snowmelt-dominated regime (Wrzesien et al., 2022; Mote et al., 2018). Adapting Sierra 
Nevada’s surface water systems to these changes will require a combination of infrastructure 
modernization, operational flexibility, and watershed-specific strategies. Forecast-informed 
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reservoir operations can help capture earlier runoff while maintaining flood protection, supported 
by improved seasonal prediction and real-time monitoring. Expanding groundwater recharge 
and conjunctive use strategies can store excess winter flows for use during dry periods, while 
conveyance systems and spillways will need to be updated to accommodate larger and earlier 
inflows. Reoperating reservoirs will be essential to balance water supply, hydropower generation, 
and environmental flow objectives. Ecosystem-based measures, such as meadow and forest 
restoration, can enhance infiltration, extend baseflows, and buffer hydrologic extremes at the 
source. Given spatial variability in hydrologic responses, watershed-based adaptation strategies 
are expected to be more effective, particularly in mid-elevation and Northern Sierra basins that 
face the most severe summer flow reductions. Coordinated planning between upstream and 
downstream agencies will be critical to ensure that water allocations, flood management, and 
ecosystem protection remain effective under shifting hydrologic regimes. 

UNCERTAINTIES 

Rapid declines in Sierra Nevada snowpack and shifts toward earlier spring runoff are very likely, 
although uncertainties remain regarding how well downscaled models capture local elevational 
gradients, with some models overestimating stored snow water (Rahimi et al., 2024). Improved 
quantification of snow-to-rain transitions, rain-on-snow events, and snow droughts is needed to 
better understand how these processes affect runoff timing and peak flows. In many headwater 
and montane catchments, groundwater systems, springs, meadow water tables, and fractured-
rock aquifers remain poorly monitored and understood. Mountain recharge is closely tied to 
snowmelt infiltration, so reductions in snowpack can strongly limit recharge processes (Urióstegui 
et al., 2017), and climate-driven declines in montane recharge may worsen groundwater stress 
(Levy et al., 2020). Expanded in-situ monitoring (i.e., collecting data directly at the source) using 
wells, groundwater level sensors, and tracers to estimate transit times is required to capture 
responses at appropriate spatial and temporal scales. In addition, significant questions remain 
regarding the fluvial and ecosystem impacts of flood-based managed aquifer recharge (or 
Flood-MAR), including how episodic high-flow infiltration alters channel morphology, hyporheic 
exchange, sediment transport, riparian vegetation recruitment, and biogeochemical cycling. The 
extent to which Flood-MAR modifies thermal regimes, nutrient dynamics, and habitat suitability 
for aquatic and riparian species, as well as its cumulative effects on downstream flow timing and 
water quality, remains poorly constrained and warrants integrated field experiments and coupled 
surface-subsurface modeling.

Water quality is also vulnerable, as lower baseflows, higher water temperatures, and storm-
driven runoff from wildfire-affected slopes increase risks of sediment intrusion, nutrient loading, 
and contaminant pulses. Better sampling of dissolved oxygen, turbidity, nutrients, and trace 
contaminants, especially following extreme events, is needed to anticipate impacts on ecosystems 
and drinking water treatment as observational networks are too coarse to detect these dynamics 
at high frequency. Beyond physico-chemical metrics, knowledge of aquatic biodiversity across 
Sierra Nevada streams, wetlands, and headwater systems remains limited due to historically 
sparse and spatially uneven biological monitoring. Although recent efforts, including the All 
Taxa Biodiversity Inventory (ATBI) program (Nichols & Langdon, 2007), have begun to improve 
taxonomic coverage and baseline data for aquatic and riparian biota, gaps persist in linking 
species distributions, population dynamics, and functional traits to flow regimes, thermal stress, 
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water quality, and disturbance gradients (e.g., wildfire and flood events). Expanding coordinated, 
long-term biological surveys alongside hydrologic and water quality monitoring is needed to 
assess ecosystem vulnerability, resilience, and adaptive capacity under ongoing climate change. 

Climate extremes, such as atmospheric rivers, drought, and heat waves, are projected to intensify, 
yet significant uncertainty remains regarding their intensity, frequency, and cascading impacts. 
Intensifying atmospheric rivers and rain-on-snow events are expected to increase flood risks, yet 
many Sierra watersheds lack robust modeling of future flood frequencies, durations, and timing 
under climate change. The interactions between post-fire burn scars, debris flows, and flood 
hydrology remain poorly constrained, calling for enhanced forecasting frameworks and empirical 
calibration in fire-affected basins to support resilient infrastructure planning. Small, remote 
communities across the Sierra Nevada are especially vulnerable to shifting water reliability due to 
limited infrastructure, underscoring the importance of collaborating with Tribes and integrating 
social vulnerability, and adaptive capacity into water planning so that adaptation strategies (e.g., 
small-scale storage, demand management, and conjunctive use) are feasible and equitable. 
Finally, the region lacks a fully integrated hydro-climatic observation and modeling network. 
Expanding snowpack sensors, streamflow gauges, groundwater level and quality monitoring, 
and real-time data assimilation would strengthen hydrologic forecasting, scenario planning, and 
adaptive water management under uncertainty. Accurate projections of extremes and thresholds 
(e.g., rain-on-snow flood risks, prolonged heat stress, atmospheric vapor transport) are critical for 
actionable decision-making and for protecting vulnerable populations and ecosystems. 

3.2.3 Vulnerability

The combined effects of reduced snowpack and increased evapotranspiration are projected 
to significantly alter the region’s hydrology, including changes in soil moisture, runoff patterns, 
and groundwater recharge, with cascading impacts on wildfire risk, ecological integrity and 
biodiversity, human communities, and water resources statewide. Beyond these individual 
effects, the region is expected to face compound and cascading hazards. Rainfall intensification 
is projected to occur more than six times per year under RCP 8.5, where the 15-minute rainfall 
intensity exceeds the threshold for post-fire debris flows, compared to only 1.5 exceedances 
per year historically (Thomas et al., 2024). Concurrently, multi-day heat waves occurring during 
drought periods are projected to increase in both frequency and intensity during the mid- and 
late-21st century (Mazdiyasni & AghaKouchak, 2015; Diffenbaugh et al., 2015). These overlapping 
extremes may act synergistically, exacerbating impacts on soil moisture, streamflow, reservoir 
operations, and energy infrastructure (Chiang et al., 2018). Together, these processes illustrate 
how climate-driven changes can produce cascading effects, where one extreme event, such as 
wildfire, heightens vulnerability to subsequent hazards  
(e.g., flash floods and debris flows) (Reid et al., 2016). 

SURFACE WATER SUPPLIES

The Sierra Nevada continues to serve as California’s natural water tower, storing winter 
precipitation as snow and releasing it gradually during spring and summer. A warming climate has 
already altered this balance, and vulnerabilities identified in earlier assessments have become 
more pronounced over the past decade. Observations and modeling studies show that peak 
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streamflow is now occurring several weeks earlier than in the mid-20th century, with many lower 
elevation basins shifting peak discharge from April–May to March (Siirila-Woodburn et al., 2021; 
Stewart et al., 2005). Earlier runoff increases winter and early spring flows, heightening flood 
risks, while reducing late-summer flows when agricultural, municipal, and ecological demands are 
greatest. This seasonal mismatch between supply and demand is one of the central vulnerabilities 
for California’s water management. 

Snowpack decline is emerging as one of the clearest signals of climate change in the Sierra Nevada 
region. April 1 SWE, historically a strong indicator of water availability (Wilson et al., 2024), has 
already diminished across the northern and central Sierra. The reduction in snowpack storage 
undermines the natural buffering capacity of the range, leaving reservoirs and groundwater 
systems to absorb greater strain during dry summers and drought years. Earlier melt-out will also 
increase drought stress to our forested ecosystem and exacerbate tree mortality (Casirati et al., 
2023). Trees will increasingly rely on deeper water storage, leading to runoff prediction uncertainty 
and an overall reduction in runoff ratio (Lapides et al., 2022). 

Reservoir operations illustrate another dimension of vulnerability. Model simulations that couple 
hydrology with operations show that carryover storage in major Northern Sierra reservoirs is 
projected to decline by late century, even under moderate emissions (Knowles et al., 2018). 
Although reservoirs in the Southern Sierra Nevada could show somewhat greater resilience due 
to higher elevation snowpacks, they could be vulnerable to shortages during prolonged droughts. 
Smaller local reservoirs, with limited operational flexibility, are even more exposed to variability in 
runoff timing. 

Compounding hazards further exacerbate these risks. Rising temperatures not only accelerate 
snowmelt but also intensify open-water evaporation from reservoirs and rivers (Wang et al., 2024). 
Consecutive dry years have demonstrated how reservoirs fail to recover between events, reducing 
carryover storage and forcing curtailments to both urban and agricultural users (Swain et al., 
2018; Diffenbaugh et al., 2015). In addition, compound drought and heat wave events suppress 
runoff efficiency and increase evaporative demand, further constraining surface-water supplies 
(Zhao et al., 2024). These dynamics could cascade into ecological vulnerabilities, reducing cold-
water habitat for fish and intensifying wildfire risks by coinciding with the driest fuel conditions. 

In addition to climate-driven changes in snowpack, runoff timing, and streamflow magnitude, 
surface water supplies in the Sierra Nevada are increasingly shaped by demand-side 
vulnerabilities. High per capita and sectoral water use, aging conveyance and distribution 
infrastructure, and limited adoption of conservation-oriented technologies and pricing structures 
can amplify exposure to hydrologic variability and drought. These human and institutional 
dimensions of vulnerability determine how effectively declining or more variable supplies 
translate into actual water scarcity for both in-region communities and downstream users who 
rely on Sierra Nevada water resources. Water conservation therefore represents a critical adaptive 
pathway for reducing surface water vulnerability under future climate conditions. Demand-side 
strategies across residential, agricultural, and tourism sectors, including high-efficiency fixtures 
and appliances, precision irrigation and managed landscape transitions, system modernization 
and leak reduction, and regulatory or incentive-based pricing frameworks, can substantially 
lower water demand while maintaining essential services. By reducing pressure on surface water 
withdrawals and associated energy use for conveyance and treatment, conservation measures 
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can enhance the resilience of coupled water-energy systems and improve the reliability of existing 
and declining surface water supplies. 

Overall, the vulnerabilities of Sierra Nevada surface-water supplies are deepening as the century 
progresses. Earlier runoff, declining snowpack, operational challenges in reservoirs, and the 
increasing frequency of compounding extremes collectively threaten the reliability of water 
deliveries, the resilience of ecosystems, and the well-being of local communities (Chakraborty 
et al., 2023; Duan et al., 2019). Effective management could include smart water policies built 
around adaptive reservoir operations, promoting Flood-MAR, the integration of groundwater and 
surface-water strategies, diversification of water portfolios, and expanded forecasting systems 
to anticipate rapid shifts in water availability. Without such interventions, the Sierra Nevada’s 
capacity to serve as California’s natural reservoir will become increasingly compromised under a 
changing climate.

GROUNDWATER

Groundwater in the Sierra Nevada itself is an essential but often overlooked component of 
the region’s hydrology. Mountain aquifers provide baseflow to rivers, sustain high-elevation 
ecosystems, and connect through mountain block and mountain front recharge to the deeper 
aquifers of the Central Valley. Recent isotopic and geochemical studies suggest that as much as 
31–53% of Central Valley recharge originates in the Sierra Nevada through these mountain system 
pathways (Werth et al., 2025; Armengol et al., 2024). This dependence makes Sierra Nevada 
recharge processes central to both local and statewide groundwater sustainability. 

Climate change directly threatens these recharge pathways. Warming is reducing snowpack 
storage and shifting runoff earlier in the year (Siirila-Woodburn et al., 2021; Mote et al., 2018). 
Earlier streamflow peaks translate to less infiltration during the traditional late spring recharge 
window, particularly in basins where groundwater replenishment depends on slower and 
sustained snowmelt inputs. High-resolution CMIP6 simulations show that recharge becomes 
increasingly concentrated in winter months by mid-century, while late-century conditions produce 
fewer recharge events and greater evaporative losses (Rhoades et al., 2022). Regional differences 
emerge: Northern Sierra watersheds, with lower snow elevations, are most sensitive to rain-snow 
transitions, while Southern Sierra basins retain more snow but still face compressed melt seasons 
that limit percolation opportunities (Klos et al., 2014). 

Observations confirm the stressors projected by these models. Gravity Recovery and Climate 
Experiment (GRACE) satellite records show that groundwater in Sierra-fed basins declined 
sharply during the 2012–2016 and 2020–2022 droughts, with recovery lagging even in wet years 
(Lapides et al., 2022; Liu et al., 2022). The extreme precipitation of 2022–2023 demonstrated the 
potential to replenish storage— MAR across California stored more than 4 million acre-feet that 
year (CDWR, 2024), yet much of the Sierra’s rapid winter runoff bypassed infiltration because 
conveyance and spreading infrastructure were insufficient to capture peak flows. 

The policy landscape is also evolving. The Sustainable Groundwater Management Act (SGMA) 
requires local basins to reach sustainability by 2042 (CWIN, 2025), and Groundwater Sustainability 
Plans (GSPs) are now expected to incorporate climate change in their recharge estimates and 
sustainable yield calculations. However, external reviews find that many plans still underestimate 
climate impacts and lack robust accounting of mountain system recharge (Arthur et al., 2022). 
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The most pressing vulnerabilities for Sierra Nevada groundwater are thus threefold. First, timing 
shifts in runoff compress recharge into earlier, less efficient windows. Second, climate extremes 
such as back-to-back drought years suppress infiltration opportunities and increase demand 
on limited storage. Third, institutional capacity is not yet sufficient to capture the runoff pulses 
that could offset climate-driven recharge declines. Addressing these challenges can include 
quantification of mountain block recharge, expanded recharge infrastructure (such as Flood-MAR 
and high-elevation spreading basins), and stronger incorporation of climate scenarios into SGMA 
planning. Without these measures, the Sierra Nevada’s role as a groundwater recharge engine will 
become increasingly compromised under future warming. 

DROUGHT 

Drought remains one of the most consequential climate hazards for the Sierra Nevada and the 
downstream regions that rely on its water. While reduced snowpack has long been recognized as 
a driver of drought vulnerability, new research shows that the impacts extend far beyond simple 
reductions in snow storage. Warming temperatures accelerate snowmelt and shift precipitation 
toward rain, which reduces the persistence of spring runoff and diminishes the capacity of the 
Sierra to buffer California’s Mediterranean climate pattern of wet winters and dry summers (Siirila-
Woodburn et al., 2021; Mote et al., 2018). This shift translates directly into reduced reservoir 
inflows during summer and fall, declines in late-season streamflow, and constrained groundwater 
recharge opportunities (Hatchett et al., 2022; Rhoades et al., 2022). 

Quantitative projections under CMIP6 scenarios provide clearer estimates of how these processes 
will intensify drought. Multi-model ensembles indicate that by mid-century, SWE in the Sierra 
could decline by half, with runoff volumes reduced as well (Rhoades et al., 2022). By late-century 
under high emissions scenarios, runoff reductions exceed and the shift toward earlier flows 
significantly curtails infiltration into aquifers. Hydrologic modeling shows that these changes 
translate to reduced carryover storage in some key reservoirs, which in turn could lower the 
capacity to meet dry-year demands in the downstream Central Valley (Knowles et al., 2018). 

Beyond snowpack loss, drought severity is increasingly shaped by warmer temperatures and 
higher evaporative demand. Research on the recent 2012–2016 and 2020–2022 droughts shows 
that high temperatures amplified soil moisture deficits, increased vegetation water stress, and 
accelerated depletion of surface and groundwater supplies, producing conditions sometimes 
termed as “hot droughts” (Williams et al., 2020; Diffenbaugh et al., 2015). Both the frequency and 
duration of these hot droughts are expected to increase, with late-century scenarios showing 
multi-year droughts becoming twice as likely compared to the historical period (Cowan et al., 2020; 
Swain et al., 2018). 

Regional differences in vulnerability are also important. Northern Sierra basins, which are most 
sensitive to rain-snow transitions, show the largest declines in summer runoff, while higher 
elevation Southern Sierra catchments retain more snow but still face compressed melt seasons 
and higher evaporative losses. These dynamics mean that agricultural regions of the Sacramento 
Valley may face stronger reductions in surface-water deliveries, while some southern Central 
Valley districts may be more buffered by higher-elevation sources but increasingly dependent on 
groundwater pumping to bridge supply gaps (Liu et al., 2022). 
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The impacts of drought in the Sierra Nevada extend directly to agriculture, ecosystems, and urban 
water supplies. For agriculture, reduced allocations from the State Water Project and Central 
Valley Project during recent droughts forced greater reliance on groundwater, leading to overdraft 
and land subsidence in several subbasins (Liu et al., 2022). For ecosystems, diminished summer 
streamflow has reduced habitat for cold-water fisheries such as salmonids, while prolonged low-
flow conditions increase stream temperature and degrade water quality (Asarian et al., 2023). 
Reduced low-flow and the loss of perennial stream habitat to intermittent conditions is expected 
to show up as another climate stressor to aquatic habitat (Herbst et al., 2019). For urban areas, 
cities dependent on Sierra Nevada reservoirs experienced mandatory restrictions and conservation 
orders during the most recent droughts, underscoring the limits of storage infrastructure under 
more volatile hydrology (Swain et al., 2018). 

Taken together, these findings illustrate that drought in the Sierra Nevada is no longer just a 
matter of precipitation deficits. It is increasingly a compound hazard driven by warming, declining 
snowpack, earlier runoff, and higher evaporative demand. Projections suggest that these 
vulnerabilities will grow more severe by mid-century and intensify further by late-century under 
high-emissions scenarios. The consequences will be felt not only within the Sierra Nevada itself, 
but across California’s agricultural heartlands, ecosystems, and urban centers that depend on 
the region’s water. Addressing these risks will require integrated strategies that link snowpack 
monitoring, reservoir operations, MAR, and demand-management to prepare for a drier and 
hotter future. 

WATER QUALITY 

Water quality in the Sierra Nevada is increasingly at risk from climate-driven changes in snowpack, 
runoff, drought, and wildfire. Warmer conditions and declining snowpack reduce dilution 
capacity in rivers and reservoirs, concentrating pollutants and raising stream temperatures 
during the summer low-flow season. During droughts, low flows can often coincide with high 
air temperatures, driving up stream temperatures and reducing dissolved oxygen levels, with 
cascading effects on cold-water fisheries such as salmonids (Asarian et al., 2023). Climate 
projections show that with longer summer droughts and hotter extremes, these stressors will 
intensify throughout the century (Williams et al., 2020). 

Earlier snowmelt and shifts toward rain not only change runoff timing but also alter the flushing 
of pollutants and nutrients. Mid- to late-century conditions of warmer temperatures along with 
earlier snowmelt could translate into higher summer concentrations of nutrients and organic 
matter, raising the risk of harmful algal blooms (HABs) in major foothill reservoirs (Ralston & Moore, 
2020; Moore et al, 2008). Observations from Folsom reservoir and many other Californian inland 
water bodies already show HAB outbreaks that align with drought years, earlier runoff, and higher 
evaporation (Richardson, 2025; Robbins, 2021). 

Wildfire represents one of the largest and fastest-growing threats to Sierra Nevada water quality. 
As fire seasons lengthen and high-severity burns become more common (Williams et al., 2023), 
watersheds face greater post-fire erosion and sedimentation risks (Box 3.4). Intense storms in 
burned basins mobilize large quantities of ash, fine sediment, and soil nutrients, which are then 
delivered into downstream rivers and reservoirs. These inputs spike turbidity, raise treatment costs, 
fill reservoir storage capacity, and destabilize aquatic habitats (Brucket et al., 2025; Hacker, 2015).
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Box 3.4: Post-Fire Erosion and Sediment Impacts on Sierra Nevada Water Quality

Wildfire is emerging as one of the most severe water quality threats in the Sierra Nevada, not only because of the immediate 
loss of vegetation and soil cover, but also due to the cascading impacts of post-fire erosion. High-severity fires create 
hydrophobic soils and expose bare slopes, which dramatically increase runoff and sediment transport during subsequent 
storms. 

Following the 2014 King Fire in the El Dorado National Forest area, sediment delivery to streams increased more than fourfold 
compared to pre-fire conditions, with turbidity spikes disrupting downstream water treatment operations (Ewell et al., 2014; 
Bland, 2017). More recently, the 2021 Caldor Fire burned over 220,000 acres of the central Sierra, and rainfall in its aftermath 
triggered severe debris flows and sediment pulses, raising turbidity levels in many downstream reservoirs, forcing emergency 
monitoring by local water utilities (Ellsworth & Stamer, 2021; East et al., 2025).

Climate change is projected to increase the likelihood of such cascading events. Warming temperatures and drier summers 
lengthen fire seasons and promote high-severity burns, while more intense winter storms, including atmospheric rivers, can 
mobilize vast amounts of fire-generated ash and sediment (Albano et al., 2017). Together, these shifts suggest that post-fire 
sediment loads into Sierra reservoirs may become more frequent and more severe, reducing reservoir storage capacity, 
elevating treatment costs, and degrading aquatic habitats. 

Mitigation measures such as forest restoration to reduce fire severity, rapid deployment of erosion control practices (e.g., 
mulching, contour felling, re-seeding), and investments in post-fire watershed recovery programs will be increasingly critical 
to protect water quality in the Sierra Nevada. 

Groundwater quality also faces indirect vulnerabilities. Reduced recharge from the Sierra 
could diminish dilution, which can increase pumping to mobilize salts, nitrates, and geogenic 
contaminants, such as arsenic, in connected Central Valley basins (Haugen et al., 2021). This 
compounds the stress on both drinking water supplies and agricultural irrigation quality in foothill 
and valley communities.

Taken together, the Sierra Nevada’s water quality vulnerabilities reflect an intensifying 
combination of stressors: reduced summer dilution flows, increased thermal stress, more 
frequent HABs in reservoirs, and heightened post-fire erosion and sedimentation. These 
processes cascade downstream, affecting agriculture, urban supply, and aquatic ecosystems. 
Proactive strategies such as post-fire erosion control, forest restoration to reduce fire severity, 
improved HAB monitoring, and integrated surface-groundwater quality management will be 
essential to safeguard water quality in a changing climate.

WATER DEMAND

Water demand in the Sierra Nevada region is becoming increasingly vulnerable to climate-driven 
changes in snowpack, streamflow timing, and temperature. Sierra Nevada provides a critical share 
of California’s water storage, ranging from 61–71% of the water stored in reservoirs (Dettinger & 
Anderson, 2015; Bales et al., 2011). Warming temperatures have also shifted runoff earlier in the 
year by one to three weeks on average, leading to reduced water availability during the late spring 
and summer when demand is highest (Beltran-Peña et al., 2015).

These hydroclimatic shifts have increased seasonal pressure on both local and downstream 
water users. Municipal and agricultural demand typically peaks between May and September, 
but surface water supplies from Sierra Nevada’s snowmelt now diminish earlier in the season, 
prompting greater reliance on groundwater pumping and reservoir releases. In dry years, this 
shift intensifies competition among urban, agricultural, and environmental water needs, and 
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contributes to over-extraction in connected basins such as the San Joaquin Valley, where 
groundwater levels have dropped by tens of meters over recent decades (Liu et al., 2022). 

Future scenarios indicate that continued snowpack loss and warming could further amplify 
demand pressures. The evaporative water demand in connected basins may rise during extreme 
dry years, even as natural storage capacity from snow and soil moisture declines. These trends 
highlight the importance of integrating MAR, meadow and forest restoration, and improved 
monitoring to maintain seasonal water availability and reduce demand-supply mismatches 
under a changing climate. 

3.2.4 Adaptation Actions 

Adaptation strategies in the Sierra Nevada region focus on maintaining ecosystem services, 
sustaining water supply reliability, and reducing community vulnerabilities as climate pressures 
intensify. A central pillar of adaptation involves restoring and managing natural infrastructure, 
including meadows, forests, and riparian corridors. Meadow restoration projects across the 
Sierra Nevada have increased baseflows, enhanced late-season water availability, and improved 
drought resilience (Hunt et al., 2018; Loheide et al., 2009; Hammersmark et al., 2008). Forest 
management practices, including strategic thinning, prescribed fire, and cultural burning led by 
Tribes, are increasingly used to reduce wildfire risk, reduce evapotranspiration, improve forest 
structure, and stabilize snowpack retention at mid-elevations (Guo et al., 2025; Shive et al., 2025; 
Stephens et al., 2018; Saksa et al., 2017; North et al., 2012). Such ecosystem-based approaches 
deliver multiple benefits by linking hydrologic functions with ecological integrity and carbon 
storage (Guo et al., 2025). 

Water management adaptation is shifting toward integrated surface-groundwater strategies and 
modernized infrastructure. The California Department of Water Resources and local agencies 
are advancing MAR, expanding high-elevation snow and soil moisture monitoring networks, and 
improving forecasting for reservoir operations to address earlier runoff timing (CDWR, 2024; 
Hanak & Lund, 2012; Null et al., 2010). Infrastructure modernization, including reoperating 
reservoirs to align with changing hydrologic regimes, is a key strategy for maintaining summer 
water availability. Coordinated conjunctive use and recharge projects are emerging across the 
Sierra foothills and adjacent basins to buffer against seasonal supply-demand mismatches. 

Tribal and community-led adaptation is also gaining momentum. Indigenous land stewardship, 
including cultural burning and riparian restoration, is being restored through collaborative 
agreements that repair fire regimes and support ecosystem health (Lake et al., 2024; Lake et al., 
2017). Tribal Ecological Knowledges are informing forest and watershed management through 
partnerships with state and federal agencies. In parallel, rural communities and water districts 
are investing in drought contingency planning, emergency water supply diversification, and 
forest fuel reduction to protect water infrastructure and ecosystems (Soderquist, 2021). 

Despite these advances, adaptation gaps persist. Climate change is not only limiting the water 
supply but it is also exposing structural limitations in the legal and regulatory infrastructure 
governing water allocation. Western water rights systems were largely designed under 
assumptions of climate stationarity (i.e., past observations can reliably predict future conditions), 
with diversion rights tied to historic seasons of runoff and water demand. As warming reduces 
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snowpack, shifts runoff to earlier, and lengthens dry summers, water may no longer be available 
during the legally defined season of diversion, leaving some rights holders unable to access water 
when they are entitled to use it. At the same time, riparian users, whose rights depend on natural 
river flow rather than stored water, may face declining late summer water availability under 
most climate scenarios. These shifts highlight that adaptation must address not only physical 
infrastructure but also the legal and institutional frameworks governing water allocation, timing of 
diversion, and instream flow protection under changing hydroclimatic conditions (Bork & Mensik, 
2023). There is also a need to scale up meadow and forest restoration across entire watersheds, 
expand real-time snow and soil monitoring, integrate climate projections more directly into 
regional water allocation and land management plans, and secure long-term funding to support 
Tribal and community adaptation leadership. Effective adaptation will require coordinated 
watershed-scale approaches that link ecosystem restoration, water management, and community 
resilience across jurisdictional boundaries.
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Chapter 4. 

Built Systems
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Key Message
The Sierra Nevada region’s critical infrastructure, including its vast water conveyance, reservoir, 
energy, and transportation systems, is increasingly vulnerable to climate extremes like wildfire, 
floods, and drought. Aging dams and roads are strained by the “climate whiplash” of extreme 
precipitation and drought. Wildfire directly threatens energy generation and transmission, 
creating compounding risks such as power shut-offs, debris flows, and supply disruptions. 
To safeguard these essential services that support both local communities and the entire 
state, a fundamental shift is required from static, historically-based management to dynamic, 
climate-informed resilience strategies. This includes modernizing reservoir operations with 
forecast-informed systems, expanding managed aquifer recharge, and investing in hardened 
infrastructure like underground transmission lines and slope stabilization to withstand the 
escalating pressures of a changing climate. Infrastructure that is resilient to climate threats, 
combined with long-term investments in projects designed to address future challenges, will 
strengthen climate resilience across the region.

4.1 Introduction 
Infrastructure in the Sierra Nevada is embedded within a region of diverse topographies 
and climatic variability. The region encompasses extensive systems of roads, reservoirs, 
hydroelectric facilities, water conveyance networks, and power transmission infrastructure, 
many of which serve both local communities and broader statewide needs. Early infrastructure 
projects in this region, such as the completion of the transcontinental railroad through the 
Sierra Nevada in 1868 and the creation of the Hetch Hetchy Reservoir in 1923 (Hanson, 
2005), pre-date modern understanding of climate variability, presenting both systemic 
vulnerabilities and strengthening the need for climate-resilient design and management 
strategies. Observations and modeling indicate increasing frequency and intensity of wildfire, 
extreme precipitation, and drought, which place both physical and operational stresses on 
infrastructure. This region hosts a complex mix of interdependent federal, state, and local water 
and power systems which are both increasingly vulnerable to projected climate extremes and 
critical to improving climate resilience across the region. 

4.2 Vulnerability 

4.2.1 Reservoirs and Conveyances 

California’s reservoir and water conveyance systems underpin the state’s water security, energy 
production, and flood management capacities. Historically, these systems were designed and 
managed based on 20th-century hydrologic records, which often fail to capture the variability 
and extremes projected under current climate trends. Climate modeling indicates intensified 
climate whiplash, the abrupt oscillation between extreme weather conditions, will increasingly 
challenge reservoir operations caught between the opposing objectives of flood control and 
water storage. 
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Since the Fourth Assessment, observations suggest that the capacity of existing dams and 
reservoirs to reliably store and manage water has not improved in line with evolving climate 
pressures. An overwhelmingly wet winter in 2022 and spring in 2023 brought a series of 
atmospheric rivers that simultaneously ended a multi-year drought while challenging flood control 
systems. Research indicates that atmospheric rivers are becoming larger and more frequent 
under observed warming, suggesting that existing storage and flood management infrastructure 
may be increasingly pushed beyond their operational design limits (Henny & Kim, 2025; 
Purohit, 2024). Aging dam structures, limited flood control capacity, and insufficient conveyance 
infrastructure to capture and direct excess runoff highlight persistent infrastructure gaps. These 
gaps reduce the system’s flexibility in responding to both droughts and extreme precipitation 
events, underscoring the need for modernization and adaptation. 

Existing infrastructure based on historic hydrological patterns will likely face challenges 
when it comes to a more dynamic future climate. For example, hydropower generation, 
traditionally considered a reliable and flexible energy source, is vulnerable to more variable and 
unpredictable runoff patterns. As snowpack reliability declines and precipitation shifts from 
snow to rain, the alignment of water availability and electricity demand becomes increasingly 
misaligned, undermining hydropower reliability and efficiency. To mitigate these challenges, 
emerging strategies for enhancing California’s water resilience may be adopted, including 
expanding off-stream reservoirs, increasing MAR capacity, and improving water conveyance 
to effectively distribute excess runoff to recharge sites rather than relying solely on traditional 
reservoir storage. 

4.2.2 Roads 

Transportation infrastructure through mountainous regions like the Sierra Nevada is increasingly 
susceptible to climate-related events. Intense precipitation, especially on fire-scarred landscapes, 
can induce high-magnitude debris flows and landslides, damaging critical infrastructure including 
roads, trails, culverts, and bridges (Keller et al., 2021). In 2021, the Dixie Fire devastated the 
Feather River Canyon, a critical watershed that supplies a majority of the water for the State Water 
Project (Taylor et al., 2022). This occurred during the hottest summer on record and after two 
consecutive years of severe drought (CDWR, 2021). Low precipitation, diminished snowpack, and 
dry soils, along with excessive fuel buildup, primed the landscape for intense burning and extreme 
post-fire erosion. Following the fire, intense precipitation triggered high-magnitude debris flows 
and landslides from the Dixie Fire burn scar, destroying numerous bridges, culverts, and trail 
networks, as well as rendering Highway 70 impassable for an extended period of time. 

The region’s steep terrain, coupled with the frequency of high-intensity storms and prolonged fire 
seasons, continues to threaten the stability and reliability of critical transportation corridors. While 
climate change is expected to exacerbate risks from wildfire and flooding, one modest offsetting 
effect may be fewer seasonal closures due to snow, potentially improving road and rail access 
during winter months in some years. However, this benefit is outweighed by the projected rise 
in wildfire intensity and more frequent extreme storm events, which amplify disruptions to road 
and rail networks across the Sierra Nevada and increase the need to invest in climate-resilient 
infrastructure to safeguard regional transportation networks. 
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4.2.3 Energy Infrastructure 

The Sierra Nevada region generates power primarily through hydroelectric facilities which are 
operated not only by federal agencies such as the United States Bureau of Reclamation (USBR) 
(e.g., Shasta, Folsom, Trinity, and New Melones Dams), but also by major utilities including PG&E, 
Southern California Edison (SCE), and the San Francisco Public Utilities Commission’s Hetch Hetchy 
system. Together, these public and private systems supply a substantial share of California’s 
hydropower, supporting both the regional and statewide grid. In addition, the State Water Project 
and numerous smaller water and power districts operate reservoirs and generation facilities 
throughout the Sierra Nevada, further contributing to the region’s energy portfolio. While solar 
and wind facilities are not yet present in the Sierra Nevada at the scale observed in California’s 
desert or coastal regions, distributed solar adoption is increasing in foothill communities, 
providing some localized diversification of supply. Forest biomass projects, such as Sierra 
Pacific Industries in Plumas County and Heartwood Biomass Project in Tuolumne County, also 
supplement generation capacity, though they do not substantially reduce grid vulnerability to 
climate extremes. 

Energy infrastructure in the Sierra Nevada faces multiple stressors from climatic extremes: the 
physical threat of wildfire to generation and transmission systems, surging electricity demand 
driven by continued warming and intensifying heat extremes (ASCE, 2025; Force, 2019), and 
a regulatory environment that is becoming increasingly incompatible with management in a 
changing climate (e.g., time frames of Federal Energy Regulatory Commission [FERC] licenses). 
Wildfire risk has led utilities to implement preemptive power shut offs to reduce ignition 
potential during extreme weather, but such actions impose cascading costs on communities 
and critical services (CPUC, 2019). Beyond transmission lines, wildfire hazards during active 
fire events also pose safety risks to staff and facilities and jeopardize the integrity of the 
hydropower infrastructure itself. Large woody debris washed into reservoirs from burned 
watersheds can obstruct intakes, damage penstocks, and impair turbines, creating operational 
challenges and costly repairs (Wasklewicz et al., 2023). Meanwhile, high summer temperatures 
drive peak electricity demand for cooling, often coinciding with fire-related transmission 
outages or generation disruptions. These interacting stressors have increased the risk of 
rolling blackouts, underscoring the vulnerability of the regional grid to both hydrologic 
variability and wildfire disturbance. 

4.3 Adaptation Pathways for Climate-Resilient Infrastructure 
Infrastructure adaptation in the Sierra Nevada necessitates a shift from static risk management 
toward more dynamic, climate-informed resilience planning. Recent advances such as Forecast-
Informed Reservoir Operations (FIRO) illustrate how water management agencies are evolving. 
FIRO is a reservoir operations strategy that improves real-time reservoir management and 
enhances flood control and water supply optimization by dynamically adjusting reservoir 
operations to forecasted hydrological data (Delaney et al., 2020). It is being deployed across the 
Sierra Nevada and the broader western United States. The United States Bureau of Reclamation 
(USBR) has incorporated FIRO principles into operations at Folsom Lake, in coordination with the 
US Army Corp of Engineers (USACE). Similarly, Lake Oroville, New Bullards Bar, and Don Pedro 
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Reservoir are implementing FIRO approaches, moving beyond strict adherence to historical water 
control manuals. These collaborative efforts by local agencies, utilities, and federal partners 
(including PG&E, SCE, and Hetch Hetchy water and power operators) demonstrate the expanding 
scope of FIRO in enhancing both flood protection and water supply reliability. 

In parallel, new infrastructure projects are advancing anticipatory strategies that complement 
FIRO. A notable example is the planned Atmospheric River Control (ARC) Spillway at New 
Bullards Bar Dam, a major initiative of the Yuba Water Agency in 2023. The ARC Spillway will 
provide operators with flexibility to manage large inflows more proactively, particularly during 
atmospheric river events. While beneficial even under traditional operating rules, its utility is 
magnified in the context of FIRO and in a future characterized by greater volatility. 

Beyond flood management, water conservation and groundwater sustainability represent equally 
critical adaptation pathways. The Sierra Nevada is a headwaters region that supplies much of 
California’s developed water supply, and conservation measures will be central to reducing 
demand pressures under warmer conditions. Additionally, MAR is gaining recognition as a 
promising strategy to mitigate summer water shortages driven by earlier snowmelt and declining 
snowpack. MAR has the potential to store high winter and spring runoff for use later in the dry 
season (Ferencz et al., 2024; CDWR, 2017). However, significant infrastructure gaps remain, 
including limited conveyance capacity to move high-flows to recharge sites, inadequate surface 
spreading basins, and insufficient monitoring and permitting frameworks. Streamlining permitting 
for flood-MAR and advancing research on how diversion of high-flows affects river ecosystems will 
be essential to ensure recharge expansion does not compromise ecological function or instream 
flow needs. Investments could include expanding inter-basin conveyance networks, constructing 
or retrofitting recharge basins and infiltration galleries, scaling on-farm recharge systems, and 
deploying advanced monitoring and control technologies to maximize recharge efficiency while 
safeguarding groundwater quality. Statewide initiatives also shape climate-resilient infrastructure 
planning. The California Department of Water Resources plays a central role through the 
implementation of the SGMA, which requires local agencies to develop and implement plans to 
bring groundwater basins into long-term sustainability. Efforts like these encourage alignment of 
local projects, such as FIRO, Atmospheric River Control Spillways (also known as, ARC spillways), 
MAR, and conservation programs, with state-level priorities for climate resilience. 

Investing in upgrades to existing infrastructure is also critical to the viability of infrastructure in the 
Sierra Nevada. Ongoing efforts in this region include slope stabilization initiatives for preserving 
transport and utility corridors in high-relief zones, and modernization of electric grid architecture, 
including underground transmission lines in fire-prone areas (CNRA, 2018; Rogers-Gibson, 2017). 
Adaptation of Sierra Nevada infrastructure requires a portfolio approach, which may include 
modernizing reservoir operations with FIRO, investing in spillway and slope stabilization projects, 
conserving water resources, and integrating climate science into all planning and permitting. 
Collectively, these strategies create a more robust, flexible, and adaptive infrastructure system 
capable of withstanding projected climate changes.
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Chapter 5. 

Social Systems
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Key Message

The Sierra Nevada’s predominantly rural and resource-dependent communities, including over 
70 Native American Tribes, face profound and disproportionate climate vulnerabilities rooted 
in their lower-than-state average median incomes, heavy reliance on natural resource- and 
tourism-based economies, and geographic isolation. These communities are on the front lines 
of a climate crisis manifesting as more frequent and severe wildfires, which not only cause direct 
destruction but also trigger cascading crises through public safety power shutoffs, skyrocketing 
insurance premiums or non-renewals, and prolonged smoke exposure that degrades air quality 
and public health. Concurrently, the region is experiencing extreme heat events for which 
mountain communities are unprepared, lacking widespread air conditioning and public health 
response plans, while the foundational winter tourism economy is undermined by dwindling 
snowpack and a shorter ski season. Building true resilience requires a multi-faceted approach that 
includes targeted support for the most vulnerable populations, significant investment in climate 
resilient infrastructure, and proactive economic diversification through the development of new, 
sustainable industries like forest biomass products and regenerative agriculture to ensure the 
long-term viability and equity of these vital communities.

5.1 Introduction 
Despite covering one-quarter of the state’s land mass, the Sierra Nevada is home to roughly 
1.2 million people (just over 3% of California’s population) and over 70 Native American Tribes, 
who have lived and worked within these landscapes for thousands of years. Residents of the 
Sierra Nevada, and California at large, rely on healthy forests and watersheds for water security, 
livelihoods, and recreation. 

As the climate projections in the previous section show, changing conditions will have wide-
ranging impacts on Sierra Nevada, including risks to human and natural communities, cultural 
practices, and values. It is becoming extremely difficult for Indigenous Peoples to practice cultural 
burning as a tool for environmental stewardship and food security. Loss of cultural sites during 
wildfires, drying springs, medicinal plants, and materials used for jewelry, ceremonies, and 
basketry have already been documented (State of California, 2023a, 2023b). Hotter and more 
frequent droughts, flooding events, heat waves, and longer and more extreme fire seasons will 
challenge the ability of communities to sustain essential infrastructure, protect public health, 
maintain food and water security, and preserve economic and social stability. Most Sierra Nevada 
residents live in rural communities and are disproportionately dependent on natural resource- 
and recreation- based economies. These communities face heightened risks, including disruptions 
to agriculture, forestry, and tourism, as well as reduced access to emergency services and limited 
resources to recover from climate-related disasters. Strengthening and sustaining rural hospitals 
and emergency medical access in the Sierra Nevada is critical for addressing growing climate-
related health risks, as geographic isolation and declining rural healthcare capacity can limit timely 
care during extreme heat, wildfire smoke, and other climate-driven hazards. 

Additionally, changing climate conditions will have heavy impacts on cultural practices and 
traditional values across the region. Indigenous practices are being affected through loss of 
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culturally important species and sites, as well as through disrupted seasonal cycles that affect 
gathering and ceremonies tied to the predictable timing of snowmelt, plant growth, animal 
migration, and other cycles. Sierra Nevada Tribes are acting as true stewards of the land 
despite these impacts by revitalizing cultural burning, meadow restoration, and reclaiming land 
management authority despite bureaucratic barriers. 

The Sierra Nevada’s population is defined by connection to place. As the landscape changes, 
children will grow up in a Sierra Nevada that is vastly different from their parents. Some changes 
will be due to negative climate hazards like megafires, mass tree mortality from bark beetles and 
drought, and shifting animal patterns. Other changes will be visual indicators of implemented 
climate adaptation and restoration efforts. Forest thinning projects, beneficial fire, and other 
landscape-level efforts will change the population’s relationship with the land as places become 
less familiar and new traditions develop to reflect updated landscapes, seasonal cycles, and 
accessibility. 

The ecosystem services provided by the Sierra Nevada region are vast, supplying much of the 
state’s drinking water, regulating water flows via snowpack runoff, storing carbon in forests and 
mountain meadows, and many more. One study evaluating the ecosystem services provided by 
the aggregated lands across Alpine, Mono, and Inyo counties estimated that ecosystem services 
provide $43.6–$190.9 billion in benefits, largely from carbon storage and water resources (MLTPA, 
STRI Vulnerability Assessment). These benefits are at high risk to climate impacts, and for a region 
with an average household income below the state’s median (Table 5.1), it is critical to evaluate 
the region’s value through nontraditional lenses.

https://mltpa.org/images/downloads/703_02_AChangingClimate_2021-05-13_FINAL.pdf
https://mltpa.org/images/downloads/703_02_AChangingClimate_2021-05-13_FINAL.pdf
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Table 5.1: Statistics for Counties in the Sierra Nevada

County 2023 Population 
(July 1 estimate) 

2023 Median 
Household 
Income 

Persons 65 
years+ 

With a 
disability, 
under age 
65 years 

Percentage 
of persons 
age 16 
years+ in 
civilian labor 
force 

Percentage of 
persons age 25 
years + with a 
Bachelor's degree 
or higher 

2020 
Population 
per square 
mile 

Modoc 8,500 $56,648 30.70% 10.90% 46.00% 23.00% 2.2 

Lassen 28,861 $64,395 18.40% 12.50% 39.50% 13.20% 7.2 

Plumas 19,131 $64,946 33.00% 12.50% 47.40% 20.50% 7.8 

Sierra 3,200 $60,000 32.60% 11.90% 50.40% 24.40% 3.4 

Nevada 102,037 $84,905 30.10% 8.70% 53.30% 39.50% 106.8 

Placer 423,561 $114,678 21.00% 6.80% 61.00% 42.90% 287.6 

El Dorado 192,215 $106,190 24.30% 7.60% 58.00% 38.80% 111.9 

Alpine 1,141 $110,781 27.90% 7.50% 59.00% 42.10% 1.6 

Amador 41,811 $81,526 28.10% 10.40% 48.00% 22.40% 68.1 

Calaveras 46,565 $79,877 29.70% 15.20% 48.40% 22.20% 44.4 

Tuolumne 54,204 $72,259 28.70% 14.30% 49.30% 23.90% 25 

Mariposa 16,919 $65,378 31.00% 12.30% 54.60% 30.90% 11.8 

Mono 13,066 $86,953 19.30% 4.60% 69.70% 34.30% 4.3 

Inyo 18,527 $72,432 25.60% 9.60% 56.90% 31.80% 1.9 

Madera 162,858 $75,496 14.60% 10.40% 56.10% 17.10% 73.1 

Fresno 1,017,162 $71,434 13.20% 9.30% 61.10% 23.90% 169.3 

Tulare 479,468 $69,489 12.20% 8.70% 60.50% 15.80% 98.1 

Kern 913,820 $67,660 12.20% 8.50% 58.40% 18.60% 111.8 

Source: American Community Survey 5-year estimates 2019–2023, unless another year is indicated. Note that county-wide data has been 
shown in this table despite Mono, Inyo, Madera, Fresno, Tulare, and Kern counties only having a small geographic portion housed in the Sierra 
Nevada’s Fifth Assessment region.

5.2 Community Impacts from Climate Hazards 
The climate projections described earlier in this report will have direct impacts on Sierra Nevada 
communities. Sierra communities are uniquely vulnerable to climate change due to their remote 
locations, lack of communication infrastructure and essential services, and reliance on nature-
based economies. Extreme heat, changing precipitation patterns, and wildfires are the climate-
driven events most likely to impact Sierra Nevada communities. 

5.2.1 Increasing Temperatures and Changing Precipitation Patterns 

Higher temperatures are expected across the region, punctuated by periods of summer extreme 
heat in the lower elevations and hot temperatures in higher elevations that have historically 
remained temperate through the summer months. Mountain communities, unaccustomed to 
heat, are largely unprepared for periods of heat in the 80°F and 90°F (26.6°C and 32.2°C) ranges. 
Jurisdictions lack plans and infrastructure to deal with extreme heat, and few residences and 
businesses have air conditioning. In the past three years, the Town of Truckee saw an increased 



Fifth Climate Change Assessment: Sierra Nevada Regional Report 82

demand for permits to install air conditioning units, with more than 85% of the Town’s units 
being installed between 2020–2023 (Town of Truckee, 2025). Even communities like Sonora, 
where an average of 75 days a year reach 90°F (32.2°C), are projected to see a 34-day increase in 
the number of days over 90°F (32.2°C) by the end of the century (from CMIP6 LOCA2 projections; 
as discussed in Chapter 2). These events will likely strain grid capacity and, in the event of power 
outages, often lead to longer restoration times for rural communities due to limited resources 
and accessibility.

Warmer temperatures driven by climate change are altering long-standing precipitation patterns, 
especially in mountainous regions. Many Sierra Nevada communities depend on snowy winters 
for both their economies and way of life. Snow supports winter recreation industries like skiing 
and snowboarding, while also acting as a natural reservoir that slowly releases water in rivers and 
streams throughout the spring and summer. However, as temperatures rise, more precipitation 
is falling as rain instead of snow, disrupting these systems. This shift not only shortens the winter 
recreation season, harming local economies, but also increases the risk of flooding. When rain 
falls on existing snowpack—known as rain-on-snow events—it can rapidly accelerate snowmelt, 
overwhelming streams and rivers and leading to dangerous flood conditions. These changes 
challenge water resource management, threaten infrastructure, and pose serious safety risks to 
communities downstream 

5.2.2 Wildfires 

The increasing size, severity, and frequency of wildfires is the primary stressor affecting Sierra 
Nevada communities, impacting every aspect of the economy and quality of life. As noted in 
Section 2.5 Trends in Wildfires, wildfires are becoming increasingly destructive due to a combination 
of climate change, fuel buildup from fire suppression and historical forest management practices, 
and the expansion of the wildland-urban interface (Kosmala-Dahlbeck, 2024). The frequency and 
intensity of wildfires are projected to continue to rise, exacerbating risks to local economies, public 
health, and community infrastructure. According to the 2025 Fire Hazard Severity Zones (FHSZ) 
update from CAL FIRE, approximately a third of the Sierra Nevada region has high or very high 
wildfire hazard in state and federal responsibility areas (CalFire, n.d.). Nearly all incorporated cities 
and towns in the region have very high hazard levels in local responsibility areas. 

When large, high-severity fires occur, they render vast parts of the state inhospitable at best and 
uninhabitable at worst, with lasting impacts on local residents. These fires incur billions of dollars 
in economic loss (Moore Foundation, n.d.), while also compromising the mental, physical, and 
financial health of affected communities. The record-setting wildfires of 2020 and 2021 resulted 
in mass evacuations and widespread disruption to the tourism- and resource-based industries 
that provide the economic foundation of many Sierra Nevada communities. Even the mere risk of 
wildfire has far-reaching impacts: public safety power shutoffs, the closure of national forests due 
to extreme wildfire conditions, and the increasing cost of homeowners’ insurance are degrading 
quality of life, disrupting economic activity, and limiting affordability in Sierra Nevada communities 
(Pauls, 2024). 

In addition to broader economic disruptions, climate change is directly affecting household 
and business finances. At least 40% of households in the Sierra Nevada region live in a county 
with a median household income below the state’s median household income, leaving them 
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particularly vulnerable to rising costs (USCB, n.d.). As temperatures climb, the need for air 
conditioning and cooling increases, driving up energy demand—especially during heat waves 
—while simultaneously reducing the efficiency of the power grid. This combination, along with 
rate increases, is straining residents’ abilities to afford electricity. Power outages—whether due 
to equipment failure, accidental disruption, or public safety shutoffs aimed at preventing wildfire 
ignition—have serious consequences, including disruptions to electric-powered medical devices, 
lost income for businesses and workers, and reduced emergency and general communications 
(Murphy, 2021). 

The growing risk of wildfires have triggered a crisis in the homeowners insurance market. A 
significant percentage of Sierra Nevada communities lie within CAL FIRE High Hazard Zones 
(Figure 5.1) and face an increased risk of losing 
insurance coverage. Homeowners are often 
left with few choices: costly policies, less 
comprehensive plans, or going without 
coverage altogether (Little Hoover Commission, 
2023). Participation in CAL FIRE-supported 
Firewise Communities programs provides an 
important pathway for reducing wildfire risk 
and strengthening community resilience 
(NFPA, n.d.).

Wildfires also have tremendous consequences 
for human health, contributing to prolonged 
air quality degradation, particularly from 
smoke and particulate matter (PM2.5), with 
even brief exposure known to adversely 
affect health. The aftermath of wildfires 
further challenges communities through 
water contamination, increased vulnerability 
to mudslides, and impacts to mental and 
emotional health. Vulnerable populations—
including people with disabilities, Indigenous 
communities and people of color, people with 
limited English proficiency, older adults, and 
low-income households—are particularly at 
risk and experience disproportionate impacts 
from these cascading threats. Beneficial fire—
such as prescribed burning or cultural burns 
led by Tribes—is a critical tool for reducing 
fuels and wildfire risks. Although these 
treatments can be managed to minimize smoke exposure, Sierra Nevada communities will need to 
help residents live with and manage smoke impacts.

Figure 5.1: Fire Hazard Severity Zones across California, 
showing State Responsibility Areas (SRA) effective April 
1, 2024, and Local Responsibility Areas (LRA) based 
on recommended zones from 2007–2011. Fire hazard 
severity is classified into three categories—Moderate, 
High, and Very High—which inform land-use planning, 
building regulations, and wildfire risk mitigation. The 
dashed outline indicates the Sierra Nevada region within 
California.

The region has developed a more nimble, diverse, and locally driven response to the challenges 
of mitigating and adapting to climate change at the community level due to an increase in 
collaborative groups focused on forest and watershed health and wildfire risk reduction; the 
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continued openness of land management agencies to work with these groups in an institutional 
framework; and the capacity support provided by new funding streams like the Sierra Nevada 
Conservancy’s Regional Forest and Fire Capacity Program (RFFCP). 

5.2.3 Public Health and Healthcare Availability

The Sierra Nevada’s population of 1.2 million is at high risk of wildfire smoke exposure, heat-
related illnesses, specific injuries or illnesses caused by climate hazards (e.g., injuries obtained 
while evacuating, lack of household medical equipment or medication during power outages, 
injuries due to flood or mudslide), and climate-adjacent health impacts related to mental health  
or community trauma, displacement, economic hardship, and more.

Climate-vulnerable populations are at higher risk of these impacts and may need to seek 
additional medical care during climate events. Healthcare availability varies across the region, 
with some populations accessing ample healthcare, and others forced to travel multiple hours to 
receive general or specialty care. The Southern Inyo Healthcare District is an example of a rural 
hospital that is the only healthcare provider for a 60-mile radius. Located in Lone Pine and serving 
over 1 million patients each year, Southern Inyo Healthcare District was almost forced to close in 
2025 due to financial strain. Had it closed, there would have been a medical desert with 136 miles 
to the next hospital serving the Eastern Sierra Nevada (Donohue, 2025).

5.3 Implications for Workforce and Small Business 
The economic and workforce implications of climate change in the Sierra region are particularly 
connected to three industries: forest resilience (including biomass and wood products), 
regenerative agriculture, and tourism and recreation.

5.3.1 Forest Management and Resilience & New Markets in Biomass  
and Wood Products 

With the increasing frequency of severe wildfires in the Sierra Nevada region (Section 2.5 Trends 
in Wildfires), millions of acres of forests and shrublands could be lost, along with the destruction 
of several Sierra Nevada communities. In response to the combined threats of wildfire, drought, 
extreme weather events, and invasive species, the state has committed to treating one million 
acres each year over the next decade through fuels reduction and forest management (State of 
California, 2018). One estimate suggests that this effort would double current United States Forest 
Service (USFS) activity and expand state-funded work by a factor of five (Foye & Field, 2022).

Meeting this goal requires a monumental coordination of policy, environmental review and 
permitting, workforce training, infrastructure, and market development. An entire supply chain 
is warranted, including research and development, enhanced wood processing capacity, logistics 
facilities, biomass energy plants, and markets for new wood products. These developments will 
create opportunities for small-scale timber operators, local and regional biofuels plants, sawmills, 
and manufacturing wood products. Many regions lack infrastructure, fuel treatment contractors, 
trained workers, and permitting capacity. More broadly, there are nascent markets for many wood 
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products and woody biomass from low-value wood chips and small diameter timber (CalFire, 
2023; Heard & Franklin, 2023; Foye & Field, 2022; Go-Biz, 2022; Valley Vision, 2021) 

Workforce availability represents another crucial barrier: Several studies indicate workforce gaps 
among firefighters, foresters, conservation scientists, environmental specialists and technicians, 
tree fallers, equipment operators, truck drivers, and warehousing technicians (Heard & Franklin, 
2023; Foye & Field, 2022; Valley Vision, 2021). Many of these positions face a raft of job quality 
challenges—low wages and uneven pay between employers, lack of career pathways, poor health 
outcomes, physical danger, and seasonal insecurity (GAO, 2024; Heard & Franklin, 2023). To 
address workforce gaps, universities, community colleges, and nonprofits started or scaled up 
workforce training programs across the Sierra. Over a dozen community colleges are participating 
in a federally funded Good Jobs Challenge consortium (FoundationCCC, 2022; Valley Vision, 2021), 
which includes forestry, wildland firefighting, and other forest management workforce training 
programs (Box 5.1).

Box 5.1: California Jobs First Initiative

California Jobs First initiative was a landmark planning and investment initiative that applied a triple bottom line approach to 
making investments in equitable regional economic development. Regions grappled with defining and meeting job quality 
targets of self-sufficiency wage thresholds in key sectors. Extensive community outreach and planning emphasized bringing 
historically marginalized Tribal and Latino partners into the process. Three regions encompass the Sierra: the 7-county Sierra 
region, the 8-county Capital region, and the 10-county North region. Each region created strategies for target industries and 
foundational capacity to address climate change and strengthen local economies.

Workforce development represented a major focus in the initial Catalyst funding round, with projects developing workforce 
pathways in firefighting, fuels reduction, sustainable agriculture, and outdoor recreation leadership. Across the regions, 
Catalyst funds supported feasibility studies, infrastructure planning, and business incubation in key sectors common to the 
Sierra, including outdoor recreation and tourism, forest management and bioeconomy, and sustainable agriculture and food 
systems. Additional investments built philanthropic infrastructure, regional business incubators, revolving loan funds, and 
small business development and entrepreneurial resources to build overall capacity.

For more information, see: 
Capital Region We Prosper Together 
North State Jobs First 
Sierra Jobs First

BIOMASS AND WOOD PRODUCTS

Meeting California’s forest management goals is likely to create 5 million dry tons of waste 
biomass annually (CARB, 2022). Currently, most of the woody byproducts from fuels reduction 
work are piled and burned, contributing significantly to air pollution and the release of GHGs, 
jeopardizing the state’s air quality and climate goals. Although beneficial fire is a necessary 
part of the forest management toolkit, meeting California’s climate goals will also require the 
development of viable markets in bioenergy and wood products.

California is investing in scaling infrastructure to utilize the byproducts of forest restoration and 
fuels reduction work. Entrepreneurial programs have cropped up to support these efforts in the 
Sierra region including the Sierra Forest Entrepreneurs program led by the Sierra Institute, and 
the Forest Entrepreneurship Training Bootcamp offered by the Sierra Business Council. These 
programs offer business plan development, mentorship, public agency procurement support, and 

https://www.weprospertogether.org/catalyst-projects/
https://sierrainstitute.us/ca-jobs-first-north-state/
https://sierrajobsfirst.org/
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direct support for businesses in fuels treatment, wood product manufacturing, prescribed fire, 
home hardening, and biomass energy (SBC, 2025; CWDB, 2021).

AGRICULTURE WORKFORCE AND BUSINESS IMPACTS

Climate change will continue to threaten and impact small farms, ranches, and agricultural 
workers in the Sierra region due to disruptions to water availability, extreme weather events,  
and wildfire. These disruptions will impact worker health and safety, and may force many to 
transition to other industries, and potentially other regions. Multiple climate threats such as  
shifts in precipitation patterns, reductions in snowpack, heat events, and increases in wildfires 
result in declining crop yields, reductions in groundwater, pest and disease issues, and weed 
problems (Medellin-Azuara et. al., 2024; PPIC, 2022; Pathak et al., 2018; CalCAN, 2019). Box 5.2 
shows an example of ongoing climate adaptation at a small family farm scale in the neighboring 
Siskiyou County.

Box 5.2: Adapting to Change: Small Family Farms in Siskiyou County

A case study of small, family-run farms in Siskiyou County highlights their vulnerabilities to climate change. These farms 
face drought and wildfire exposure combined with limited infrastructure and financial resources to mitigate climate-related 
impacts. Many farmers in the region, as elsewhere in the Sierra, rely on off-farm income to sustain their operations. Despite 
cultural resistance to explicitly acknowledge climate change, many farmers have adopted adaptation strategies, including 
diversifying crops, implementing more water-efficient irrigation, increasing water storage, and incorporating organic matter 
into soils (Peterson-Rockney, 2022a, 2022b).

The study notes that many farmers and ranchers adopted these strategies as emergency responses to weather events. 
However, such transitions can make returning to prior practices difficult. As a result, the cumulative pressures of climate 
impacts and operational adjustments have led many to consider supplemental income strategies such as agritourism, 
reducing herd size, or in some cases, leaving ranching altogether (Peterson-Rockney, 2022a, 2022b).

5.3.2 Tourism and Outdoor Recreation—Climate Change Implications for 
Regional Economies and Workforce Development

Outdoor recreation and tourism activities play a vital role in rural economies, where extractive 
industries no longer sustain regional economic growth. Outdoor amenity-rich areas are among 
the few rural places that have stabilized or increasing populations, (Haggerty, 2019; Olugbenga, 
2019 USDOI, 2012; Lawson, 2019; McGranahan et al., 2010; Hunter et al., 2005). However, these 
regions’ successes can threaten to bring urban problems to rural places: housing availability and 
affordability, traffic congestion, and job quality issues (Visit California, 2025a, 2025b, 2025c; CJF, 
2024; SJF, 2024; Valley Vision, 2021; Rumore et al., 2019).

Climate change poses particular risk to the outdoor recreation-based economies of the Sierra 
region. Outdoor recreation and tourism industries are likely to experience massive operational 
disruptions and unpredictability due to shifting weather, heat events, natural disasters, and 
other climate effects. Some destinations will experience declining visitation, while others will 
see erratic swings that include periods of overcrowding (USFS, 2021; Yanez et al., 2020; NOAA, 
2019; Fisichelli et al., 2015). A 2023 study found that every additional 10 degrees increases traffic 
flows by approximately 1,200 vehicles over two entry points to the Lake Tahoe Basin and leads 
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to approximately 7,000 additional daily visitor miles of travel (Hui et al., 2023). This may lead to 
a dramatic influx in tourism during low-elevation extreme heat events. The communities around 
Lake Tahoe, like many tourism destinations in the Sierra Nevada, are predominantly rural with 
one-lane roads, limited health care access, and have high fire risk. This influx of visitors leads 
to traffic congestion, limited evacuation routes, and degradation of public lands. The local 
communities will need more support and regional planning to handle the trash, sewage, power, 
parking, and resource constraints during extreme heat events.

Box 5.3: Integrating Outdoor Recreation with Forest and Wildfire Resilience

The Mammoth Lakes Trails and Public Access Foundation (MLTPA) led an effort to convene a working group to establish an 
inter-agency and multi-stakeholder sustainable outdoor recreation strategy on behalf of the California’s Wildfire and Forest 
Resilience Task Force to develop California’s Joint Strategy for Sustainable Recreation & Wildfire Resilience. Mono and Nevada 
Counties have officially adopted the plan as a roadmap and framework for protecting access to outdoor recreation while 
confronting the increasing threat of wildfires (Mono County California, 2025; Molina, 2025). The strategy contains principles 
and goals related to integrating forest health with outdoor recreation, enhancing recreation access, promoting public health, 
and supporting local economies. Some key strategies include:

 

 

 

• Implementing multi-benefit projects in, or adjacent to, the Wildland-Urban Interface (WUI),

• Establishing permanent fuel breaks proximate to recreation trails,

• Prioritizing wildfire risk reduction treatments in outdoor recreation areas.

Certain recreation industries are especially vulnerable: Boating and fishing will be affected by 
surface water reduction during drought, access issues during early runoffs, low water quality, 
and eradication of cold-water species (Miller et al., 2022; USFS, 2021). Whitewater recreation, 
such as kayaking and rafting, may also be affected by altered flow timing and reduced summer 
discharge, influencing season length, safety, and tourism revenue. Snowpack loss threatens 
Sierra economies that are dependent on winter sports. Lengths of winter recreation seasons 
are projected to see reductions of 50% by 2050 and 80% in 2090, resulting in the loss of millions 
to tens of millions of recreational visits annually by 2050 with an annual monetized impact of 
hundreds of millions of dollars (Wobus et al., 2017; Fisichelli et al., 2015). Communities that act as 
gateways to these activity destinations can likely expect less winter season visitation and business 
revenue losses. Community-led efforts on building a holistic resilience strategy for fuel reductions 
in forests are underway (see Box 5.3). 

5.4 Climate Vulnerable Populations in the Sierra Nevada 
Understanding the demographic and socioeconomic conditions in the Sierra Nevada region is 
essential to analyze community-wide risk factors associated with climate change, as well as plan 
for mitigation and adaptation strategies. While it is difficult to quantify all risk factors faced by 
every community, several metrics can be utilized to evaluate regional vulnerabilities based on 
high-risk and disadvantaged populations, and to plan regionally specific resilience measures. The 
populations most vulnerable to the impacts of climate change include people 65 years of age and 
older who live alone, 5 years of age and younger, people with disabilities, people living in poverty, 
households that do not have access to a vehicle or reliable transportation, and those who do not 
have adequate health or property insurance coverage (Table 5.2) (USEPA, 2025; USGCRP, 2016).

https://www.mltpa.org/our-work/calrec-vision
https://wildfiretaskforce.org/wp-content/uploads/2023/03/RecStrat_3_9_23_FNL.pdf
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Table 5.2 Social Vulnerability Characteristics of the Sierra Nevada Population by Region

Characteristic Sierra Nevada Sierra Nevada 
North

Sierra Nevada 
Northeast 

Sierra Nevada 
South 

Sierra Nevada 
Southeast 

Over 65 Living Alone 121,936 (10.5%) 39,723 (13.3%) 2,007 (16.3%) 78,480 (9.4%) 1,726 (12.8%) 

Children 5 and Under 227,999 (6,5%) 36,154 (4.7%) 1,883 (4.7%) 188,345 (7.0%) 1,617 (5.1%) 

People with 
Disabilities 445,101 (12.9%) 95,472 (12.5%) 5,970 (18.3%) 339,717 (12.9%) 3,942 (12.5%) 

People Living in 
Poverty 550,002 (16.0%) 59,458 (7.8%) 4,996 (15.4%) 482,179 (18.4%) 3,369 (10.7%) 

Households w/o a 
Vehicle 65,286 (5.6%) 11,859 (4.0%) 725 (5.9%) 51,992 (6.2%) 710 (5.3%) 

People w/o Health 
Insurance 231,578 (6.7%) 30,414 (4.0%) 2,445 (7.5%) 195,897 (7.5%) 2,822 (9.0%) 

Source: US Census, ACS, 2023. Includes full-county data for all full and partial counties in the region.

Children 5 years of age and younger, as well as adults 65 years of age and older, are more 
susceptible to heat-related illness, respiratory health issues associated with air pollution and 
smoke inhalation, and direct injury or displacement due to extreme weather events (USGCRP, 
2016). Adults 65 years of age and older who live alone face greater challenges when trying to 
evacuate during a climate-related emergency (USEPA, 2025).

People with disabilities also face heightened risks due to communication barriers, mobility 
limitations, and economic insecurity. Emergency communication systems frequently lack the 
accessible formats that may be necessary for people with disabilities. Extreme weather events 
may also limit access to life-sustaining medical equipment and cause challenges with evacuation 
for people with disabilities. In addition, emergency shelters do not always accommodate the 
accessibility needs of people with disabilities (USEPA, 2025).

Households without access to a vehicle or other means of reliable transportation also face greater 
risks during evacuations due to extreme weather events or other climate-related emergencies, 
such as wildfires (USEPA, 2025).

Individuals living in poverty have an increased risk of developing childhood asthma from climate-
driven changes in particulate matter and increased ground-level ozone, the largest loss of land to 
inundation, are the most likely to experience fatal illness from extreme temperatures, and will see 
the highest rates of labor hour losses due to extreme temperatures (USEPA, 2021).

When rebuilding after disasters, people without sufficient health or property insurance often 
face barriers in accessing medical care for climate-related health issues, such as heatstroke or 
respiratory issues that are caused by wildfire smoke or air pollution, and vector-borne illnesses 
(USGCRP, 2016).

Although overall property and fire insurance coverage has been increasing in the State of 
California, there were a total of 1,118,422 insurer- and consumer-initiated cancellations and non-
renewals of property and fire insurance policies in 2021 (CalDOI, 2022). Nine out of ten counties 
with the highest exposure to wildfires are in the Sierra Nevada region. These ten counties, 
despite comprising only 2% of the state’s homeowners and dwelling fire insurance policies from 
the voluntary market, make up almost 22% of the state’s FAIR Plan (Fair Access to Insurance 
Requirements) policies (CalDOI, 2022).
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5.5 Knowledge Gaps 
The sparsely populated Sierra Nevada presents a significant challenge in tracking demographic 
and economic trends. Rural communities are spread out over large areas, sometimes with 
densities as low as 1–2 people per square mile. Traditional demographic and community data 
sources are usually aggregated at the scale of census tracts, which are too broad to capture 
local variation. These data limitations complicate efforts to understand local conditions and 
plan effectively. Small population changes can have substantial impacts on social infrastructure 
that provides essential services, such as schools, yet may go undetected in standard reporting. 
As a result, rural communities are at risk of being underrepresented in data that is foundational 
for making resource allocation and policy decisions.

The economic contributions of these communities are also frequently underestimated. The 
Sierra Nevada economy relies heavily on the management and health of its natural systems, 
including forests, oak woodlands, shrublands, lakes, rivers, and meadows. While activities such 
as forest management, watershed protection, and wildlife conservation generate substantial 
societal benefits, traditional measures such as Gross Domestic Product (GDP) don’t capture the 
beneficial ecosystem services that stem from effective ecosystem management. Consequently, 
the work of these communities—while critical to California—is challenging to value 
appropriately. Valuations of ecosystem services have employed avoided costs and Willingness 
to Pay for environmental and conservation measures, including some intangible benefits like 
aesthetic or pride of place. Such valuations could support decision-making, like converting open 
space to housing, for example. They are associated with novel policy approaches like Enhanced 
Infrastructure Finance Districts and markets for carbon sequestration. The challenge lies in 
accessibility and standardization of such valuations in an applied policy context (Coleman & 
Machado, 2022; Livingston & O’Connell, 2017).
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Conclusion
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By the end of the 21st century, long-term warming across the Sierra Nevada is projected to range 
from approximately 5.4–9.7°F (3–5.3°C) for daily maximum temperatures and 5–9.5°F (2.7–5.2°C) 
for daily minimum temperatures, compared to the 1981–2010 period. Long-term changes in total 
precipitation are expected to be relatively modest, generally staying within a 17% increase over 
the same time-period. However, the intensity, frequency, and sequencing of precipitation events 
are projected to increase, leading to more frequent droughts and extreme precipitation events. 
Snowpack is projected to decline substantially across all Sierra Nevada subregions under all 
emission scenarios, with April 1 SWE projected to reduce approximately 35–77% by mid-century 
and 53–93% by end-century, altering the magnitude and timing of streamflow and worsening 
summer dryness. These hydrologic changes are expected to increase drought risk, fire risk, 
reduce groundwater recharge, and place additional stress on local and statewide water systems. 
Moreover, projected intensification of winter storms is likely to further challenge water quality, 
infrastructure, and resource management.

Rising temperatures, shifting precipitation patterns, and reduced snowpack are expected to 
continue altering the hydrology of the Sierra Nevada. Runoff is projected to occur earlier in 
the year, summer streamflows are likely to decline, and year-to-year variability is expected to 
increase. These changes will put additional pressure on water supply systems, ecosystems, and 
downstream communities. Competition for limited water will likely grow among agricultural, 
urban, and environmental sectors, while declining surface water availability may increase reliance 
on groundwater and strain existing infrastructure. Building resilience will require coordinated 
actions such as adjusting reservoir operations, improving groundwater monitoring and recharge, 
increasing water use efficiency, restoring headwater meadows and forests to enhance natural 
storage, and strengthening cross-jurisdictional water management. Implementing these 
measures, supported by climate-informed planning and data, will be essential to sustain Sierra 
Nevada water resources in the face of a changing climate.

Changes in climate and hydrology will continue to alter Sierra ecosystems, posing challenges 
for the conservation and maintenance of ecosystem services such as carbon storage. Shifts in 
species composition, structure, and range will continue, with some species benefiting from a 
warmer climate, while others will be negatively impacted. The distribution of cover types (forests, 
woodlands, shrublands, meadows) will likely shift substantially, often driven by amplifying 
disturbance events, particularly wildfire. 

By 2040, the Sierra Nevada is projected to experience more than a 50% increase in wildfire 
frequency and burned area, depending on GHG emissions. Warmer temperatures, earlier 
snowmelt, and longer dry seasons are expected to provide ideal conditions for the fire season 
to start earlier and extend into traditionally wetter months. Increased fuel dryness, especially at 
mid-elevations where snowpack is declining, may lead to more high-severity fires, threatening 
conifer forests and promoting shifts toward shrublands and grasslands with lower carbon storage 
capacity. Novel and creative management approaches will be required to rebalance forest and 
landscape structure of highly fire-prone (and fire-adapted) ecosystems with 21st-century fire 
regimes, despite the legacy of 20th-century fire suppression.
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The Sierra Nevada’s rural communities and economies face growing threats from wildfire, extreme 
heat, shifting precipitation, and declining snowpack. These stresses will disproportionately impact 
vulnerable and under-resourced populations. The region’s natural resources provide ecosystem 
services such as water supply, carbon storage, recreation, and cultural values that are vital to 
California’s resilience and prosperity. Prioritizing and advancing community-driven adaptation, 
workforce development, and collaborative forest and watershed management will be critical to 
protecting both the people of the Sierra Nevada and the state.

The State of California is already taking significant steps to adapt to climate change and build 
resilience to growing climate risks. There are statewide initiatives, such as Forecast-Informed 
Reservoir Operations, proactive forest management, expanded wildfire prevention and fuel 
reduction programs, and water conservation and groundwater sustainability efforts (e.g., the 
Sustainable Groundwater Management Act [SGMA])—and investments in climate-resilient 
infrastructure, that the State is implementing to reduce vulnerability across natural and human 
systems. Programs that integrate climate information into land-use planning, ecosystem 
restoration, and emergency preparedness are helping communities manage risks. Together, these 
actions reflect a proactive shift from reacting to climate impacts toward strengthening long-term 
resilience for ecosystems, water resources, and communities across the state.
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Figure A1: Daily snow-water equivalent (SWE) in four subregions of Sierra Nevada from 1981–2100. Values are reported as the 
ensemble mean of 4 GCMs under SSP 5–8.5. Panels correspond to (a) Northern Sierra Nevada, (b) Northeastern Sierra Nevada, (c) 
Southern Sierra Nevada, and (d) Southeastern Sierra Nevada. Circular lines represent daily SWE for each water year (1981–2100), 
radial lines mark months (October–September), and colors indicate SWE depth.
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Figure A2: Daily snow-water equivalent (SWE) in four subregions of Sierra Nevada from 1981–2100. Values are reported as the 
ensemble mean of 4 GCMs under SSP 3–7.0. Panels correspond to (a) Northern Sierra Nevada, (b) Northeastern Sierra Nevada, (c) 
Southern Sierra Nevada, and (d) Southeastern Sierra Nevada. Circular lines represent daily SWE for each water year (1981–2100), 
radial lines mark months (October–September), and colors indicate SWE depth.
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Figure A3: Daily snow-water equivalent (SWE) in four subregions of Sierra Nevada from 1981–2100. Values are reported as the 
ensemble mean of 4 GCMs under SSP 2–4.5. Panels correspond to (a) Northern Sierra Nevada, (b) Northeastern Sierra Nevada, (c) 
Southern Sierra Nevada, and (d) Southeastern Sierra Nevada. Circular lines represent daily SWE for each water year (1981–2100), 
radial lines mark months (October–September), and colors indicate SWE depth.
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Figure A4: Projected absolute changes in April 1 snow-water equivalent (SWE), relative to historical mean (1981–2010),  
for 2041–2070 (a, b, c) and 2071–2100 (d, e, f), under SSP 2–4.5 (a, d), SSP 3–7.0 (b, e) and SSP 5–8.5 (c, f).
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Find Tables A1-A5 (described below) in the supplemental appendix for the Sierra Nevada 
Regional Report on the California’s Climate Change Assessment website.

Table A1: Projected changes in maximum (Tmax) and minimum temperatures (Tmin) in °F relative to 
the 1981–2010 baseline for Sierra Nevada subregions and their HUC-8 hydrological basins under 
SSP2–4.5 (n=33), SSP3–7.0 (n=62), and SSP5–8.5 (n=34). Values represent ensemble mean, standard 
deviation (SD), minimum (min), and maximum (max) changes (future minus historical) in °F for mid-
century (2041–2070) and end-century (2071–2100) periods.

Table A2: Projected changes in precipitation (%) in future relative to the 1981–2010 baseline for 
selected Sierra Nevada subregions and their HUC-8 hydrological basins across SSPs, SSP 2–4.5 (n=33), 
SSP 3–7.0 (n=62), and SSP 5–8.5 (n=34). Values represent the ensemble mean, standard deviation 
(SD), minimum (min), and maximum (max) percent changes in precipitation in the future, mid-century 
(2041–2070) and end-century (2071–2100), periods relative to the historical period (1981–2010) 
for each basin. Members total indicates the number of climate model realizations included, and 
Agreement (%) shows the percentage of models projecting a change in the same direction as the 
ensemble mean.

Table A3: Projected percent changes in April 1 snow water equivalent (SWE) relative to the historical 
period (1981–2010) for Sierra Nevada subregions and HUC-8 hydrological basins across three future 
emissions scenarios (SSP2–4.5 (n=4), SSP3–7.0 (n=4), SSP5–8.5 (n=4)) and mid-century (2041–2070) 
and end-century (2071–2100) time periods. Values show ensemble mean (Mean), standard deviation 
(SD), minimum (min), and maximum (Max) percent changes based on four VIC-model simulations 
forced by four CMIP6 GCMs.

Table A4: Average projected runoff, reported as the percentage ratio (Future/Historical x 100), for 
Sierra Nevada subregions and HUC-8 hydrologic basins under three future emissions scenarios 
(SSP2–4.5 (n=4), SSP3–7.0 (n=4), and SSP5–8.5 (n=4)). Values show ensemble mean (Mean), standard 
deviation (SD), minimum (Min), and maximum (Max) percent values based on VIC-model simulations 
forced by four CMIP6 GCMs.

Table A5: Projected percent changes in seasonal soil moisture relative to the historical period for 
Sierra Nevada subregions and HUC-8 hydrological basins across three future scenarios (SSP2–4.5 
(n=4), SSP3–7.0 (n=4), SSP5–8.5 (n=4)). Values show ensemble mean (Mean), standard deviation (SD), 
minimum (Min), and maximum (Max) percent changes based on four VIC-model simulations forced 
by four CMIP6 GCMs.

https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.climateassessment.ca.gov%2F2810%2F&data=05%7C02%7CJessica.McCool%40lci.ca.gov%7C9e4d489e479f4382007808decc80a704%7Cc95b6f534a1442c5ad9ff5a2dd89a2a9%7C0%7C0%7C639173050122352211%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=8zUKNgtT2raz72e9G%2FgNTRQy971Jiq0Uil79UqxYxRI%3D&reserved=0
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Table A6: Adaptation Pathways in the Sierra Nevada Using the 5-R Framework

Intervention Type Adaptation Actions Systems Addressed Localized Context Implementation 
Confidence 

Resistance 

Mechanical thinning 
and fuels reduction; 
prescribed and cultural 
burning to reduce fuel 
loads and protect forest 
structure and headwater 
function. 

Terrestrial ecosystems; 
watersheds; 
communities 

Forested landscapes; 
higher-elevation 
forests; Wildland–Urban 
Interface (WUI) zones; 
Tribal stewardship areas 

High 

Resilience 

Meadow and watershed 
restoration to improve 
hydrologic connectivity, 
groundwater recharge, 
flood attenuation, and 
belowground carbon 
retention. 

Hydrology; ecosystems 

Wet meadows; 
hydrologically connected 
landscapes; Sierra 
Nevada headwaters 

High 

Response 

Adaptive reservoir 
and water-operations 
planning to address 
earlier runoff timing 
and increased winter 
flows; emergency 
preparedness for 
wildfire and extreme 
events. 

Water resources; 
built infrastructure; 
communities 

Reservoir-dependent 
communities; Sierra 
Nevada headwaters; 
rural towns and WUI 
communities 

Medium–High 

Realignment 

Transition planning for 
a shift from snowmelt-
dominated to rain-
dominated hydrologic 
regimes; long-term land 
and forest management 
acknowledging 
vegetation type 
conversion and altered 
fire regimes. 

Hydrology; ecosystems; 
regional planning 

Lower- and mid-
elevation landscapes; 
burn and/or mortality 
areas experiencing 
warmer and drier 
conditions; regions 
with a greater shift in 
hydrology; and wildland-
urban interfaces 

Medium 

Reduce 

Investing in multi-benefit 
forest management; 
lowering wildfire-
related emissions and 
promoting long-term 
carbon sequestration; 
lowering fossil fuel 
consumption and 
promoting biomass-
based energy and 
hydropower. 

Water resources; 
ecosystem; built 
infrastructure; 
communities 

Landscapes with high 
wildfire risks; rural areas 
for bioeconomy; terrains 
with high potential of 
clean energy storage 

High 



Fifth Climate Change Assessment: Sierra Nevada Regional Report 100

References



Fifth Climate Change Assessment: Sierra Nevada Regional Report 101

Abatzoglou, J. T., Kolden, C. A., Williams, A. P., Lutz, 
J. A., & Smith, A. M. (2017).  Climatic influences on 
interannual variability in regional burn severity across 
western US forests. International Journal of Wildland 
Fire, 26(4), 269-275. 

Abelson, E., Reynolds, K., White, A., Long, J., Maxwell, 
C., & Manley, P. (2022).  Evaluating pathways to 
social and ecological landscape resilience. Ecology and 
Society. 27 (4): 8, 27(4). 

AghaKouchak, A., Huning, L. S., Chiang, F., Sadegh, M., 
Vahedifard, F., Mazdiyasni, O., ... & Mallakpour, 
I. (2018).  How do natural hazards cascade to cause 
disasters?. Nature, 561(7724), 458-460. 

AghaKouchak et al. (forthcoming).  Climate Change 
Impact on Compound and Cascading Hazards in 
California. 

Albano, C. M., Dettinger, M. D., & Soulard, C. E. 
(2017). Influence of atmospheric rivers on vegetation 
productivity and fire patterns in the southwestern 
US. Journal of Geophysical Research: Biogeosciences, 
122(2), 308-323. 

Alizadeh, M. R., Abatzoglou, J. T., Luce, C. H., 
Adamowski, J. F., Farid, A., & Sadegh, M. (2021)  
Warming enabled upslope advance in western US 
forest fires. Proceedings of the National Academy of 
Sciences, 118(22), e2009717118. 

Anderegg, L. D., & HilleRisLambers, J. (2019). Local  
range boundaries vs. large-scale trade-offs: Climatic 
and competitive constraints on tree growth. Ecology 
Letters, 22(5), 787-796. 

Anderegg, W. R. L., Trugman, A. T., Badgley, G., et al. 
(2020). Climate-driven risks to the climate mitigation  
potential of forests. Science, 368, eaaz7005. 

Anderson, K. (2005).  Tending the wild: Native American 
knowledge and the management of California’s natural 
resources. Univ of California Press. 

Anderson, M. K. (1999). The fire, pruning, and coppice  
management of temperate ecosystems for basketry 
material by California Indian tribes. Hum.Ecol., 27, 
79-113. 

Anderson, M. K. (2006). The use of fire by Native  
Americans in California. In N. G. Sugihara, J. W. van 
Wagtendonk, K. E. Shafer, J. Fites-Kaufmann, & A. E. 
Thode (Eds.), Fire in California ecosystems (pp. 417–
430). University of California Press. 

Anderson, M. K., & Moratto, M. J. (1996, January).  
Native American land-use practices and ecological 
impacts. In Sierra Nevada ecosystem project: final report 
to Congress (Vol. 2, pp. 187-206). Centers for Water 
and Wildland Resources: University of California, 
Davis, USA. 

Angert, A. L., Crozier, L. G., Rissler, L. J., Gilman, S. E., 
Tewksbury, J. J., & Chunco, A. J. (2011). Do species’  
traits predict recent shifts at expanding range edges?. 
Ecology letters, 14(7), 677-689. 

Ankenbauer, K. J., & Loheide, S. P. (2017).  The effects of 
soil organic matter on soil water retention and plant 
water use in a meadow of the Sierra Nevada, CA. 
Hydrological Processes, 31(4), 891-901. 

Argus, D. F., Martens, H. R., Borsa, A. A., Knappe, E., 
Wiese, D. N., Alam, S., ... & Gardiner, W. P. (2022).  
 Subsurface water flux in California’s Central Valley and 
its source watershed from space geodesy. Geophysical 
Research Letters, 49(22), e2022GL099583. 

Armengol, S., Ajami, H., Acero Triana, J. S., O. 
Sickman, J., & Ortega, L. (2024).  Isogeochemical 
characterization of mountain system recharge 
processes in the Sierra Nevada, California. Water 
Resources Research, 60(7), e2023WR035719. 

Arnold, C., Ghezzehei, T. A., & Berhe, A. A. (2014). Early  
spring, severe frost events, and drought induce rapid 
carbon loss in high elevation meadows. PloS one, 9(9), 
e106058. 

Arthur, S., Atume, N., Ortiz-Partida, J. P., & Rohde, 
M. M. (2022).  Groundwater sustainability assessments: 
A review of the Department of Water Resources’ 
determinations on groundwater sustainability plans in 
critically overdrafted basins. Groundwater Leadership 
Forum. https://groundwaterexchange.org/wp-
content/uploads/2022/08/NGO-DWR-Determinations-
Analysis-2022.pdf (last accessed on 9/30/2025). 

Asarian, J. E., Robinson, C., & Genzoli, L. (2023).  
Modeling seasonal effects of river flow on water 
temperatures in an agriculturally dominated 
California river. Water Resources Research, 59(3), 
e2022WR032915. 

ASCE [American Society of Civil Engineers - 
Committee on America’s Infrastructure]. (2025).  
2025 infrastructure report card: A comprehensive 
assessment of America’s infrastructure. https://
infrastructurereportcard.org/wp-content/
uploads/2025/03/Full-Report-2025-Natl-IRC-WEB.pdf 
(last accessed on 9/30/2025). 

https://groundwaterexchange.org/wp-content/uploads/2022/08/NGO-DWR-Determinations-Analysis-2022.pdf
https://groundwaterexchange.org/wp-content/uploads/2022/08/NGO-DWR-Determinations-Analysis-2022.pdf
https://groundwaterexchange.org/wp-content/uploads/2022/08/NGO-DWR-Determinations-Analysis-2022.pdf
https://infrastructurereportcard.org/wp-content/uploads/2025/03/Full-Report-2025-Natl-IRC-WEB.pdf
https://infrastructurereportcard.org/wp-content/uploads/2025/03/Full-Report-2025-Natl-IRC-WEB.pdf
https://infrastructurereportcard.org/wp-content/uploads/2025/03/Full-Report-2025-Natl-IRC-WEB.pdf


Fifth Climate Change Assessment: Sierra Nevada Regional Report 102

 

Ayers, J. R., Yarnell, S. M., Baruch, E., Lusardi, R. A., & 
Grantham, T. E. (2024).  Perennial and non-perennial 
streamflow regime shifts across California, USA. Water 
Resources Research, 60(4), e2023WR035768. 

Bagcilar, S. H., Reed, C. C., Poulson, S. R., Verburg, P. 
S., & Sullivan, B. W. (2024). Does montane meadow  
restoration influence the mineral association and 
stability of soil carbon?. Biogeochemistry, 167(9), 1089-
1105. 

Balch, J. K., Iglesias, V., Mahood, A. L., Cook, M. C., 
Amaral, C., DeCastro, A., ... & Kolden, C. A. (2024). 
The fastest-growing and most destructive fires in the 
US (2001 to 2020). Science, 386(6720), 425-431. 

Baldwin, B. G., Thornhill, A. H., Freyman, W. A., 
Ackerly, D. D., Kling, M. M., Morueta-Holme, N., & 
Mishler, B. D. (2017). Species richness and endemism  
in the native flora of California. American Journal of 
Botany, 104(3), 487-501.

Bales, R. C., Battles, J. J., Chen, Y., Conklin, M. H., Holst, 
E., O’Hara, K. L., ... & Stewart, W. (2011). Forests and  
water in the Sierra Nevada: Sierra Nevada watershed 
ecosystem enhancement project. Sierra Nevada 
Research Institute report, 11. https://cawaterlibrary.
net/wp-content/uploads/2019/10/Bales-et-al.pdf (last 
accessed on 9/30/2025). 

Barnett, T. P., Pierce, D. W., Hidalgo, H. G., Bonfils, C., 
Santer, B. D., Das, T., ... & Dettinger, M. D. (2008).  
Human-induced changes in the hydrology of the 
western United States. Science, 319(5866), 1080-1083. 

Beissinger, S. R., & Riddell, E. A. (2021).  Why are species’ 
traits weak predictors of range shifts?. Annual Review 
of Ecology, Evolution, and Systematics, 52(1), 47-66. 

Beltran-Peña, A. A., Rhoades, A., Burakowski, E. A., 
Girotto, M., Michalak, A. M., Diffenbaugh, N. S., ... & 
D’Odorico, P. (2025). Future implications of enhanced  
hydroclimate variability and reduced snowpack on 
California’s water resources. Environmental Research: 
Water. 

Berg, N., & Hall, A. (2015). Increased interannual  
precipitation extremes over California under climate 
change. Journal of Climate, 28(16), 6324-6334. 

Bernal, A. A., Stephens, S. L., Collins, B. M., & Battles, 
J. J. (2022). Biomass stocks in California’s fire-prone  
forests: Mismatch in ecology and policy. Environmental 
Research Letters, 17(4), 044047. 

Bi-State Action Plan. (2025).  Bi-State Sage-Grouse 
Action Plan Strategy to Conserve the Bi-State Distinct 
Population Segment of the Greater Sage-Grouse. 
Sierra Forever. Bishop, CA. 

Bland, A. (2017, September 20).  The West’s wildfires are 
taking a toll on reservoirs. Water Deeply. https://deeply.
thenewhumanitarian.org/water/articles/2017/09/20/
the-wests-wildfires-are-taking-a-toll-on-reservoirs (last 
accessed on 9/30/2025). 

Boisramé, G., Thompson, S., Collins, B., & Stephens, S. 
(2017). Managed wildfire effects on forest resilience  
and water in the Sierra Nevada. Ecosystems, 20(4), 
717-732. 

Bork, K., & Mensik, J. (2023). Adapting Seasonal Water  
Rights. Wm. & Mary Env’t L. & Pol’y Rev., 48, 483. 

Brown DJ, Mali I, Forstner MRJ. (2014).  Wildfire and 
Postfire Restoration Action Effects on Microclimate 
and Seedling Pine Tree Survivorship. Journal of Fish 
and Wildlife Management, 5(1):174–182. 

Brown, D. J., Street, G. M., Nairn, R. W., & Forstner, 
M. R. (2012). A place to call home: amphibian use of  
created and restored wetlands. International Journal of 
Ecology, 2012(1), 989872. 

Brucker, C. P., Livneh, B., Rosario-Ortiz, F. L., Yao, F., 
Williams, A. P., Becker, W. C., ... & Rajagopalan, 
B. (2025).  Wildfires drive multi-year water quality 
degradation over the western United States. 
Communications Earth & Environment, 6(1), 489. 

Burcham, L. T. (1981).  California rangelands in historical 
perspective. Rangelands Archives, 3(3), 95-104. 

Burke, M., Childs, M. L., de la Cuesta, B., Qiu, M., Li, J., 
Gould, C. F., ... & Wara, M. (2023).  The contribution 
of wildfire to PM2. 5 trends in the USA. Nature, 
622(7984), 761-766. 

Busari, I., Sloggy, M. R., Rouhi Rad, M., Sahoo, D., 
Drury, S. A., & Escobedo, F. J. (2025).  Modeling 
Wildfire Effects on Ecosystem Services in two 
Disparate California Watersheds and Communities. 
Environmental Management, 1-21. 

CalCAN [California Climate & Agriculture Network]. 
(2019, August).  Cultivating climate resilience in farming: 
Ensuring California farms and ranches thrive in the face 
of climate change. Sacramento, CA: CalCAN. https://
calclimateag.org/wp-content/uploads/2019/07/
Cultivating-Resilience-August-2019.pdf (last accessed 
on 9/30/2025). 

CalDOI [California Department of Insurance]. (2022, 
December).  Residential insurance market policy 
count data – December 2022. https://www.insurance.
ca.gov/01-consumers/200-wrr/upload/CDI-Fact-Sheet-
Residential-Insurance-Market-Policy-Count-Data-
December-2022.pdf (last accessed on 9/30/2025). 

https://cawaterlibrary.net/wp-content/uploads/2019/10/Bales-et-al.pdf
https://cawaterlibrary.net/wp-content/uploads/2019/10/Bales-et-al.pdf
https://deeply.thenewhumanitarian.org/water/articles/2017/09/20/the-wests-wildfires-are-taking-a-toll-on-reservoirs?utm_source=chatgpt.com
https://deeply.thenewhumanitarian.org/water/articles/2017/09/20/the-wests-wildfires-are-taking-a-toll-on-reservoirs?utm_source=chatgpt.com
https://deeply.thenewhumanitarian.org/water/articles/2017/09/20/the-wests-wildfires-are-taking-a-toll-on-reservoirs?utm_source=chatgpt.com
https://calclimateag.org/wp-content/uploads/2019/07/Cultivating-Resilience-August-2019.pdf
https://calclimateag.org/wp-content/uploads/2019/07/Cultivating-Resilience-August-2019.pdf
https://calclimateag.org/wp-content/uploads/2019/07/Cultivating-Resilience-August-2019.pdf
https://www.insurance.ca.gov/01-consumers/200-wrr/upload/CDI-Fact-Sheet-Residential-Insurance-Market-Policy-Count-Data-December-2022.pdf
https://www.insurance.ca.gov/01-consumers/200-wrr/upload/CDI-Fact-Sheet-Residential-Insurance-Market-Policy-Count-Data-December-2022.pdf
https://www.insurance.ca.gov/01-consumers/200-wrr/upload/CDI-Fact-Sheet-Residential-Insurance-Market-Policy-Count-Data-December-2022.pdf
https://www.insurance.ca.gov/01-consumers/200-wrr/upload/CDI-Fact-Sheet-Residential-Insurance-Market-Policy-Count-Data-December-2022.pdf


Fifth Climate Change Assessment: Sierra Nevada Regional Report 103

 

CalFire [California Department of Forestry and Fire 
Protection]. (2025, January).  Top 20 most destructive 
California wildfires (Supplements December 2024 
version with early 2025 data). California Department 
of Forestry and Fire Protection. https://www.fire.
ca.gov/-/media/calfire-website/our-impact/fire-
statistics/top-20-destructive-ca-wildfires.pdf

CalFire [California Department of Forestry and Fire 
Protection]. (2023).  Biomass offtake opportunities and 
logistics. Sacramento, CA: CAL FIRE. https://www.fire.
ca.gov/media/…/2023-Biomass-Offtake-Opportunities-
and-Logistics.pdf (last accessed on 9/30/2025). 

CalFire [California Department of Forestry and Fire 
Protection]. (n.d.).  Fire hazard severity zones. Office 
of the State Fire Marshal. Retrieved May 23, 2025, 
from https://osfm.fire.ca.gov/what-we-do/community-
wildfire-preparedness-and-mitigation/fire-hazard-
severity-zones (last accessed on 9/30/2025). 

Campos, B. R., Latif, Q. S., Burnett, R. D., & Saab, V. 
A. (2020).  Predictive habitat suitability models for 
nesting woodpeckers following wildfire in the Sierra 
Nevada and Southern Cascades of California. The 
Condor, 122(1), duz062. 

CARB [California Air Resources Board]. (2022, 
December).  2022 scoping plan for achieving carbon 
neutrality. https://ww2.arb.ca.gov/sites/default/
files/2023-04/2022-sp.pdf (last accessed on 
9/30/2025). 

Casirati, S., Conklin, M. H., & Safeeq, M. (2023). 
Influence of snowpack on forest water stress in the 
Sierra Nevada. Frontiers in Forests and Global Change, 
6, 1181819. 

CSSN [California Sentinel Site Network]. (n.d.).  Sentinel 
Sites for Nature – California. https://cassn.org/ (last 
accessed on 2/9/2026). 

CDWR [California Department of Water Resources 
Climate Change Technical Advisory Group]. (2015, 
August).  Perspectives and guidance for climate 
change analysis. https://water.ca.gov/-/media/
DWR-Website/Web-Pages/Programs/All-Programs/
Climate-Change-Program/Climate-Program-Activities/
Files/Reports/Perspectives-Guidance-Climate-Change-
Analysis.pdf (last accessed on 9/30/2025). 

CDWR [California Department of Water Resources]. 
(2017).  FLOOD-MAR: Using flood water for managed 
aquifer recharge to support sustainable water resources 
(White paper). https://secure.cdfa.ca.gov/egov/
groundwater/docs/DWR_Flood%20MAR_Discussion.
pdf (last accessed on 9/30/2025). 

CDWR [California Department of Water Resources]. 
(2021).  Water Year 2021: An extreme year. https://
water.ca.gov/-/media/DWR-Website/Web-Pages/
Water-Basics/Drought/Files/Publications-And-
Reports/091521-Water-Year-2021-broch_v2.pdf (last 
accessed on 9/30/2025). 

CDWR [California Department of Water Resources]. 
(2024, May 6).  Historic 2023 water year delivered big 
boost to California’s groundwater supplies. https://
water.ca.gov/News/News-Releases/2024/May-24/
Historic-2023-Water-Year-Delivered-Big-Boost-to-
Groundwater-Supplies (last accessed on 9/30/2025). 

CDWR [California Department of Water Resources]. 
(2025, January 31).  Snowpack dips well below average 
in second snow survey of the season. https://water.
ca.gov/News/News-Releases/2025/Jan-25/Snowpack-
Dips-Well-Below-Average-in-Second-Snow-Survey-of-
the-Season (last accessed on 9/30/2025). 

Chai, Y., Miao, C., Berghuijs, W.R., Yang, Y., Zhu, 
B., Hu, Y. and Slater, L., (2024).  Global reduction 
in sensitivity of vegetation water use efficiency to 
increasing CO2. Journal of Hydrology, 641: 131844. 

Chakraborty, A., Sekhar, M., & Rao, L. (2023).  The fate 
of vegetation carbon stocks of India: Insights from a 
remote-sensed evaluation of carbon use efficiency. 
Ecological Informatics, 78, 102374. 

Chambers, M. L. (2025).  An Engineering and Economic 
Analysis of Floodplain Reconnection in Leveed 
River Corridors (Doctoral dissertation, University of 
Georgia). 

Chen, B., Jin, Y., Scaduto, E., Moritz, M. A., Goulden, 
M. L., & Randerson, J. T. (2021).  Climate, fuel, and 
land use shaped the spatial pattern of wildfire in 
California’s Sierra Nevada. Journal of Geophysical 
Research: Biogeosciences, 126(2), e2020JG005786. 

Chiang, F., Mazdiyasni, O. and AghaKouchak, A., 
(2018).  Amplified warming of droughts in southern 
United States in observations and model simulations. 
Science Advances, 4(8): eaat2380. 

CHIPS Forestry [Calaveras Healthy Impact Product 
Solutions]. (n.d.).  https://www.chipsforestry.org/ (last 
accessed on 6/17/2026). 

Cho, E., McCrary, R. R., & Jacobs, J. M. (2021).  Future 
changes in snowpack, snowmelt, and runoff potential 
extremes over North America. Geophysical Research 
Letters, 48(22), e2021GL094985. 

https://www.fire.ca.gov/-/media/calfire-website/our-impact/fire-statistics/top-20-destructive-ca-wildfires.pdf
https://www.fire.ca.gov/-/media/calfire-website/our-impact/fire-statistics/top-20-destructive-ca-wildfires.pdf
https://www.fire.ca.gov/-/media/calfire-website/our-impact/fire-statistics/top-20-destructive-ca-wildfires.pdf
https://www.fire.ca.gov/media//2023-Biomass-Offtake-Opportunities-and-Logistics.pdf
https://www.fire.ca.gov/media//2023-Biomass-Offtake-Opportunities-and-Logistics.pdf
https://www.fire.ca.gov/media//2023-Biomass-Offtake-Opportunities-and-Logistics.pdf
https://osfm.fire.ca.gov/what-we-do/community-wildfire-preparedness-and-mitigation/fire-hazard-sever
https://osfm.fire.ca.gov/what-we-do/community-wildfire-preparedness-and-mitigation/fire-hazard-sever
https://osfm.fire.ca.gov/what-we-do/community-wildfire-preparedness-and-mitigation/fire-hazard-sever
https://ww2.arb.ca.gov/sites/default/files/2023-04/2022-sp.pdf
https://ww2.arb.ca.gov/sites/default/files/2023-04/2022-sp.pdf
https://cassn.org/
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://secure.cdfa.ca.gov/egov/groundwater/docs/DWR_Flood%20MAR_Discussion.pdf
https://secure.cdfa.ca.gov/egov/groundwater/docs/DWR_Flood%20MAR_Discussion.pdf
https://secure.cdfa.ca.gov/egov/groundwater/docs/DWR_Flood%20MAR_Discussion.pdf
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Water-Basics/Drought/Files/Publications-And-Repor
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Water-Basics/Drought/Files/Publications-And-Repor
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Water-Basics/Drought/Files/Publications-And-Repor
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Water-Basics/Drought/Files/Publications-And-Repor
https://water.ca.gov/News/News-Releases/2024/May-24/Historic-2023-Water-Year-Delivered-Big-Boost-to-
https://water.ca.gov/News/News-Releases/2024/May-24/Historic-2023-Water-Year-Delivered-Big-Boost-to-
https://water.ca.gov/News/News-Releases/2024/May-24/Historic-2023-Water-Year-Delivered-Big-Boost-to-
https://water.ca.gov/News/News-Releases/2024/May-24/Historic-2023-Water-Year-Delivered-Big-Boost-to-
https://water.ca.gov/News/News-Releases/2025/Jan-25/Snowpack-Dips-Well-Below-Average-in-Second-Snow-
https://water.ca.gov/News/News-Releases/2025/Jan-25/Snowpack-Dips-Well-Below-Average-in-Second-Snow-
https://water.ca.gov/News/News-Releases/2025/Jan-25/Snowpack-Dips-Well-Below-Average-in-Second-Snow-
https://water.ca.gov/News/News-Releases/2025/Jan-25/Snowpack-Dips-Well-Below-Average-in-Second-Snow-
https://www.chipsforestry.org/


Fifth Climate Change Assessment: Sierra Nevada Regional Report 104

 

 

 

Christensen, G. A., Gray, A. N., Kuegler, O., Tase, 
N. A., & Rosenberg, M. (2017).  AB 1504 California 
forest ecosystem and harvested wood product 
carbon inventory: 2006–2015. Final Report. California 
Department of Forestry and Fire Protection Agreement, 
(7CA02025). 

Cisneros, R., Schweizer, D., Gharibi, H., Tavallali, P., 
Veloz, D., & Navarro, K. (2021). Air Quality Impacts  
during the 2015 Rough Fire in Areas Surrounding the 
Sierra Nevada, California. Fire, 4(3), 31. 

CJF [California Jobs First]. (2024, June).  North State 
Planning & Development Collective, & Sierra Institute 
for Community and Environment. (2024, June). North 
State CA Jobs First Regional Plan / North State Regional 
Strategies: Regional Plan Part 1 & Part 2. Chico State. 
https://www.csuchico.edu/_assets/documents/office/
nspd/northstate-ca-jobs-first.pdf (last accessed on 
9/30/2025). 

CNAHC [California Native American Heritage 
Commission]. (n.d.).  State of America Native American 
Heritage Commission. https://nahc.ca.gov/ 

CNRA [California Natural Resources Agency - Climate-
Safe Infrastructure Working Group]. (2018).  Paying 
it forward: The path toward climate-safe infrastructure 
in California. Report of the Climate-Safe Infrastructure 
Working Group to the California State Legislature 
and the Strategic Growth Council (Publication No. 
CNRA-CCA4-CSI-001). https://resources.ca.gov/
CNRALegacyFiles/docs/climate/ab2800/AB2800_ES_
FINAL.pdf (last accessed on 9/30/2025). 

CNRA [California Natural Resources Agency]. 
(2025).  Tribal Stewardship Policy & Toolkit (Draft). 
June 2025. Draft policy, Tribal Affairs Initiative. 
Sacramento: California Natural Resources Agency. 
https://resources.ca.gov/-/media/CNRA-Website/
Files/Initiatives/Tribal-Affairs/Tribal-Stewardship-
Policy062025-Final-Draft.pdf (last accessed on 
9/30/2025). 

Coates, P. S., M. A. Ricca, B. G. Prochazka, M. L. Brooks, 
K. E. Doherty, T. Kroger, E. J. Blomberg, C. A. 
Hagen, and M. L. Casazza. (2016).  Wildfire, climate, 
and invasive grass interactions negatively impact an 
indicator species by reshaping sagebrush ecosystems. 
Proceedings of the National Academy of Sciences 
113:12745–12750. 

Coffield SR, Vo CD, Wang JA, Badgley G, Goulden ML, 
Cullenward D, Anderegg WRL, Randerson JT (2022). 
Using remote sensing to quantify the additional 
climate benefits of California forest carbon offset 
projects. Global Change Biology, 28(22):6789–6806. 

Coleman, A. F. & Machado, M. R. (2022).  Ecosystem 
Services in Working Lands Practice and Policy in 
the U.S. Northeast: Successes, Challenges, and 
Opportunities for Producers and Extension. Extension 
Foundation. https://online.flippingbook.com/
view/749315583/. 

Collar, N. M., Ebel, B. A., Saxe, S., Rust, A. J., & 
Hogue, T. S. (2023).  Implications of fire-induced 
evapotranspiration shifts for recharge-runoff 
generation and vegetation conversion in the western 
United States. Journal of Hydrology, 621, 129646. 

Colles, A., Liow, L. H., & Prinzing, A. (2009).  Are 
specialists at risk under environmental change? 
Neoecological, paleoecological and phylogenetic 
approaches. Ecology letters, 12(8), 849-863. 

Collins, B. M., Stephens, S. L., Roller, G. B., & Battles, 
J. J. (2011).  Simulating fire and forest dynamics for a 
landscape fuel treatment project in the Sierra Nevada. 
Forest Science, 57(2), 77–88. 

Connolly, R., Marlier, M. E., Garcia-Gonzales, D. A., 
Wilkins, J., Su, J., Bekker, C., ... & Jerrett, M. (2024). 
Mortality attributable to PM2. 5 from wildland fires 
in California from 2008 to 2018. Science advances, 
10(23), eadl1252. 

Corringham, T. W., Ralph, F. M., Gershunov, A., Cayan, 
D. R., & Talbot, C. A. (2019).  Atmospheric rivers drive 
flood damages in the western United States. Science 
Advances, 5(12), eaax4631. 

Cowan, T., Undorf, S., Hegerl, G. C., Harrington, L. J., 
& Otto, F. E. (2020).  Present-day greenhouse gases 
could cause more frequent and longer Dust Bowl 
heatwaves. Nature Climate Change, 10(6), 505-510. 

CPUC [California Public Utilities Commission]. (2019). 
Order instituting rulemaking to examine electric utility 
de-energization of power lines in dangerous conditions. 
https://docs.cpuc.ca.gov/PublishedDocs/Efile/
G000/M319/K530/319530378.PDF (last accessed on 
9/30/2025). 

Cui, G., Anderson, M. and Bales, R. (2023).  Runoff 
response to the uncertainty from key water-budget 
variables in a seasonally snow-covered mountain 
basin. Journal of Hydrology: Regional Studies, 50: 
101601. 

Cummings, A. K., Pope, K. L., & Mak, G. (2023).  Resetting 
the baseline: using machine learning to find lost 
meadows. Landscape Ecology, 38(10), 2639-2653. 

https://www.csuchico.edu/_assets/documents/office/nspd/northstate-ca-jobs-first.pdf
https://www.csuchico.edu/_assets/documents/office/nspd/northstate-ca-jobs-first.pdf
https://nahc.ca.gov/
https://resources.ca.gov/CNRALegacyFiles/docs/climate/ab2800/AB2800_ES_FINAL.pdf
https://resources.ca.gov/CNRALegacyFiles/docs/climate/ab2800/AB2800_ES_FINAL.pdf
https://resources.ca.gov/CNRALegacyFiles/docs/climate/ab2800/AB2800_ES_FINAL.pdf
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Tribal-Affairs/Tribal-Stewardship-Po
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Tribal-Affairs/Tribal-Stewardship-Po
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Tribal-Affairs/Tribal-Stewardship-Po
https://online.flippingbook.com/view/749315583/
https://online.flippingbook.com/view/749315583/
https://docs.cpuc.ca.gov/PublishedDocs/Efile/G000/M319/K530/319530378.PDF
https://docs.cpuc.ca.gov/PublishedDocs/Efile/G000/M319/K530/319530378.PDF


Fifth Climate Change Assessment: Sierra Nevada Regional Report 105

 

 

 

 

Curtis, J. A., Flint, L. E., Flint, A. L., Lundquist, J. D., 
Hudgens, B., Boydston, E. E., & Young, J. K. (2014). 
Incorporating cold-air pooling into downscaled 
climate models increases potential refugia for 
snow-dependent species within the Sierra Nevada 
Ecoregion, CA. PLoS One, 9(9), e106984. 

CWDB [California Workforce Development 
Board]. (2021).  High Road Training Partnerships 
(HRTP). https://cwdb.ca.gov/wp-content/uploads/
sites/43/2021/05/2021.HRTP_.Sierra_ACCESSIBLE.pdf 
(last accessed on 9/30/2025). 

CWIN [California Water Impact Network]. (2025, 
March 10).  SGMA explainer. https://www.c-win.org/
cwin-water-blog/2025/3/10/sgma-explainer (last 
accessed on 9/30/2025). 

Dahm, C. N., Colombano, D. D., & Dalgren, R. (2025). 
Recent Findings and Future Prospects for Water 
Quality Effects from Catastrophic Wildfires in 
California, USA. San Francisco Estuary and Watershed 
Science, 23(3). 

D’Antonio, C. M., August-Schmidt, E., & Fernandez-
Going, B. (2016).  Invasive species and restoration 
challenges. In D. A. Falk, M. A. Palmer, & J. B. 
Zedler (Eds.), Ecology and evolution of communities. 
Foundations of restoration ecology (pp. 216–244). 
Washington, DC: Island Press. 

Das, A. J., Ampersee, N. J., Pfaff, A. H., Stephenson, 
N. L., Swiecki, T. J., Bernhardt, E. A., Haggerty, 
P. K., & Nydick, K. R. (2019).  Tree mortality in blue 
oak woodland during extreme drought in Sequoia 
National Park, California. Madroño, 66(4), 164. 

Das, A. J., Stephenson, N. L., & Davis, K. P. (2016).  Why 
do trees die? Characterizing the drivers of background 
tree mortality. Ecology, 97(10), 2616-2627. 

Das, T., Dettinger, M. D., Cayan, D. R., & Hidalgo, H. 
G. (2011).  Potential increase in floods in California’s 
Sierra Nevada under future climate projections. 
Climatic Change, 109(1), 71–94. 

Davis FW, Sweet LC, Serra-Diaz JM, Franklin J, 
McCullough I, Flint A, Flint L, Dingman JR, Regan 
HM, Syphard AD, Hannah L, Redmond K, Moritz 
MA (2016b)  Shrinking windows of opportunity for 
oak seedling establishment in southern California 
mountains. Ecosphere, 7(11):e01573. 

Davis FW, Synes NW, Fricker GA, McCullough IM, 
Serra-Diaz JM, Franklin J, Flint AL (2019)  LiDAR-
derived topography and forest structure predict fine-
scale variation in daily surface temperatures in oak 
savanna and conifer forest landscapes. Agricultural 
and Forest Meteorology, 269–270:192–202. 

Davis, F. W., Tyler, C. M., & Mahall, B. E. (2011). 
Consumer control of oak demography in a 
Mediterranean-climate savanna. Ecosphere, 2(10), 
art108. https://doi.org/10.1890/ES11-00187.1 

Davis, F. W., Baldocchi, D. D., & Tyler, C. M. (2016a). 
Oak woodlands. Ecosystems of California, 509-534. 

DeBenedetti, S. H., & Parsons, D. J. (1979).  Natural fire 
in subalpine meadows: a case description from the 
Sierra Nevada. Journal of Forestry, 77(8), 477-479. 

Delaney, C. J., Hartman, R. K., Mendoza, J., Dettinger, 
M., Delle Monache, L., Jasperse, J., ... & Evett, S. 
(2020).  Forecast informed reservoir operations using 
ensemble streamflow predictions for a multipurpose 
reservoir in Northern California. Water Resources 
Research, 56(9), e2019WR026604. 

DeSante, D. F., & Saracco, J. F. (2021).  Climate variation 
drives dynamics and productivity of a subalpine 
breeding bird community. The Condor, 123(2), 
duab014. 

Dettinger, M. (2016).  Historical and future relations 
between large storms and droughts in California. San 
Francisco estuary and watershed science, 14(2). 

Dettinger, M. D. (2015).  Perspectives and guidance for 
climate change analysis. https://water.ca.gov/-/media/
DWR-Website/Web-Pages/Programs/All-Programs/
Climate-Change-Program/Climate-Program-Activities/
Files/Reports/Perspectives-Guidance-Climate-Change-
Analysis.pdf (last accessed on 09/30/2025). 

Dettinger, M. D., & Anderson, M. L. (2015).  Storage in 
California’s reservoirs and snowpack in this time of 
drought. San Francisco Estuary and Watershed Science, 
13(2). 

Dettinger, M. D., Lavers, D. A., Compo, G. P., 
Gorodetskaya, I. V., Neff, W., Neiman, P. J., ... & 
White, A. B. (2020).  Effects of atmospheric rivers. 
Atmospheric rivers, 141-177. 

Dettinger, M. D., Ralph, F. M., Das, T., Neiman, P. J., & 
Cayan, D. R. (2011). Atmospheric rivers, floods and  
the water resources of California. Water, 3(2), 445-478. 

Dettinger, M., Alpert, H., Battles, J., Kusel, J., Saford, 
H., Fougeres, D., Knight, C., Miller, L., & Sawyer, 
S. (2018).  Sierra Nevada summary report. California’s 
Fourth Climate Change Assessment. Publication No. 
SUM-CCCA4-2018-004. 

Dettinger, M., Redmond, K., & Cayan, D. (2004).  Winter 
orographic precipitation ratios in the Sierra Nevada—
Large-scale atmospheric circulations and hydrologic 
consequences. Journal of Hydrometeorology, 5(6), 1102-
1116. 

https://cwdb.ca.gov/wp-content/uploads/sites/43/2021/05/2021.HRTP_.Sierra_ACCESSIBLE.pdf
https://cwdb.ca.gov/wp-content/uploads/sites/43/2021/05/2021.HRTP_.Sierra_ACCESSIBLE.pdf
https://www.c-win.org/cwin-water-blog/2025/3/10/sgma-explainer
https://www.c-win.org/cwin-water-blog/2025/3/10/sgma-explainer
https://doi.org/10.1890/ES11-00187.1
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Climate-Change-Program/Clim


Fifth Climate Change Assessment: Sierra Nevada Regional Report 106

 

 

 
Diffenbaugh, N. S., Swain, D. L., & Touma, D. (2015).  

Anthropogenic warming has increased drought risk 
in California. Proceedings of the National Academy of 
Sciences, 112(13), 3931-3936. 

Doherty, K., Theobald, D.M., Bradford, J.B., Wiechman, 
L.A., Bedrosian, G., Boyd, C.S., Cahill, M., Coates, 
P.S., Creutzburg, M.K., Crist, M.R., Finn, S.P., Kumar, 
A.V., Littlefield, C.E., Maestas, J.D., Prentice, K.L., 
Prochazka, B.G., Remington, T.E., Sparklin, W.D., 
Tull, J.C., Wurtzebach, Z., and Zeller, K.A. (2022). 
A sagebrush conservation design to proactively 
restore America’s sagebrush biome: U.S. Geological 
Survey Open-File Report 2022–1081, 38 p., https://doi.
org/10.3133/ofr20221081. 

Dolanc, C. R., Safford, H. D., Dobrowski, S. Z., & Thorne, 
J. H. (2014).  Twentieth century shifts in abundance 
and composition of vegetation types of the Sierra 
Nevada, CA, US. Applied Vegetation Science, 17(3), 442-
455. 

Donohue, A. (2025).  Another rural hospital is in danger of 
shutting down in the coming days. https://calmatters.
org/newsletter/inyo-county-hospitals-newsletter/ (last 
accessed, 2/10/2026) 

DSC [Delta Stewardship Council]. (2021).  Delta adapts: 
Creating a climate resilient future. Sacramento–San 
Joaquin Delta climate change vulnerability assessment 
(Public Review Draft). 

Duan, K., Caldwell, P. V., Sun, G., McNulty, S. G., 
Zhang, Y., Shuster, E., ... & Bolstad, P. V. (2019). 
Understanding the role of regional water connectivity 
in mitigating climate change impacts on surface water 
supply stress in the United States. Journal of Hydrology, 
570, 80-95. 

Dukes, J. S., & Mooney, H. A. (1999).  Does global change 
increase the success of biological invaders?. Trends in 
ecology & evolution, 14(4), 135-139. 

Duncan, D. A., McDougald, N. K., & Westfall, S. E. 
(1987).  Long-term changes from different uses 
of foothill hardwood rangelands. In T. R. Plumb & 
N. H. Pillsbury (Tech. Coords.), Proceedings of the 
symposium on multiple-use management of California’s 
hardwood resources (pp. 367–372). U.S. Department of 
Agriculture, Forest Service, Pacific Southwest Forest 
and Range Experiment Station. Gen. Tech. Rep. PSW-
100. 

East, A. E., Logan, J. B., Dartnell, P., Dow, H. W., 
Lindsay, D. N., & Cavagnaro, D. B. (2025).  Post-
fire sediment yield from a western Sierra Nevada 
watershed burned by the 2021 Caldor Fire. Earth and 
Space Science, 12(1), e2024EA003939. 

Edwards, A. C., Scalenghe, R., & Freppaz, M. (2007). 
Changes in the seasonal snow cover of alpine regions 
and its effect on soil processes: a review. Quaternary 
international, 162, 172-181. 

Ellsworth, T., & Stamer, M. (2021, October).  2021 
Caldor Fire – Burned Area Emergency Response (BAER) 
Assessment Report Summary (Pacific Southwest Region, 
USDA Forest Service). https://thegreatbasininstitute.
org/wp-content/uploads/2022/10/fseprd963659.pdf 
(last accessed on 9/30/2025). 

Elsen, P. R., & Tingley, M. W. (2015).  Global mountain 
topography and the fate of montane species under 
climate change. Nature Climate Change, 5(8), 772-776. 

Erman, N. A. (1996).  Status of aquatic invertebrates. In 
Sierra Nevada ecosystem project: final report to Congress 
(Vol. 2, pp. 987-1008). https://www.krisweb.com/
biblio/cal_snep_erman_1996_c35.pdf 

Espinoza, V., Waliser, D. E., Guan, B., Lavers, D. A., & 
Ralph, F. M. (2018).  Global analysis of climate change 
projection effects on atmospheric rivers. Geophysical 
Research Letters, 45(9), 4299-4308. 

Essaid, H. I., & Hill, B. R. (2014).  Watershed-scale 
modeling of streamflow change in incised montane 
meadows. Water Resources Research, 50(3), 2657-2678. 

Ewell, C., Courson, M., Reiner, A., Morgan, C., 
Dickinson, M., Borovicka, W., Key, H., Hornsby, 
B., Mallek, C., & Dailey, S. (2014).  2014 King Fire, 
Eldorado National Forest: Fire Behavior Assessment 
Team Summary Report. USDA Forest Service Fire 
Behavior Assessment Team. 29 p. https://www.
frames.gov/documents/fbat/reports/KING_FBAT_
report_20150225.pdf (last accessed on 9/30/2025). 

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, 
B., Stouffer, R. J., & Taylor, K. E. (2016).  Overview of 
the Coupled Model Intercomparison Project Phase 
6 (CMIP6) experimental design and organization. 
Geoscientific Model Development, 9(5), 1937-1958. 

Fairfax, E., & Whittle, A. (2020).  Smokey the Beaver: 
beaver-dammed riparian corridors stay green during 
wildfire throughout the western United States. 
Ecological Applications, 30(8), e02225. 

Fan, X., Miao, C., Zscheischler, J., Slater, L., Wu, Y., 
Chai, Y., & AghaKouchak, A. (2023).  Escalating hot-
dry extremes amplify compound fire weather risk. 
Earth’s Future, 11(11), e2023EF003976. 

Fass, R. P. (2025).  Burn Season and Fuel Treatment 
Effects on Black Oak (Quercus kelloggii) Survivorship 
in Southern California Prescribed Fires (Master’s 
thesis, University of California, Santa Barbara). 

https://doi.org/10.3133/ofr20221081
https://doi.org/10.3133/ofr20221081
https://calmatters.org/newsletter/inyo-county-hospitals-newsletter/
https://calmatters.org/newsletter/inyo-county-hospitals-newsletter/
https://thegreatbasininstitute.org/wp-content/uploads/2022/10/fseprd963659.pdf
https://thegreatbasininstitute.org/wp-content/uploads/2022/10/fseprd963659.pdf
https://www.krisweb.com/biblio/cal_snep_erman_1996_c35.pdf
https://www.krisweb.com/biblio/cal_snep_erman_1996_c35.pdf
https://www.frames.gov/documents/fbat/reports/KING_FBAT_report_20150225.pdf
https://www.frames.gov/documents/fbat/reports/KING_FBAT_report_20150225.pdf
https://www.frames.gov/documents/fbat/reports/KING_FBAT_report_20150225.pdf


Fifth Climate Change Assessment: Sierra Nevada Regional Report 107

 

 

 

Ferencz, S.B., Mangel, A., Day-Lewis, F. (2024).  Managed 
Aquifer Recharge as a Strategy to Redistribute Excess 
Surface Flow to Baseflow in Snowmelt Hydrologic 
Regimes. Frontiers in Water. Vol 6. https://doi.
org/10.3389/frwa.2024.1375523 

Fettig, C. J., Mortenson, L. A., Bulaon, B. M., & Foulk, 
P. B. (2019).  Tree mortality following drought in the 
central and southern Sierra Nevada, California, US. 
Forest Ecology and Management, 432, 164-178. 

Ficklin, D. L., Stewart, I. T., & Maurer, E. P. (2012). 
Projections of 21st century Sierra Nevada local 
hydrologic flow components using an ensemble of 
general circulation models 1. JAWRA, 48(6), 1104-1125.

Ficklin, D. L., Stewart, I. T., & Maurer, E. P. (2013). 
Effects of climate change on stream temperature, 
dissolved oxygen, and sediment concentration in the 
Sierra Nevada in California. Water Resources Research, 
49(5), 2765-2782. 

Fisichelli, N. A., Monahan, W. B., Ziesler, P. F., Beier, 
C. H., & Hoffman, C. H. (2015).  Protected area 
tourism in a changing climate: Will visitation at U.S. 
national parks warm up or overheat? PLOS ONE, 10(6), 
e0128226. 

Force, G. N. (2019, April).  Wildfire and climate change: 
California’s energy future: A report from Governor 
Newsom’s Strike Force. https://www.gov.ca.gov/wp-
content/uploads/2019/04/Wildfires-and-Climate-
Change-California%E2%80%99s-Energy-Future.pdf 
(last accessed on 9/30/2025). 

Forister, M. L., Fordyce, J. A., Nice, C. C., Thorne, J. H., 
Waetjen, D. P., & Shapiro, A. M. (2018).  Impacts of 
a millennium drought on butterfly faunal dynamics. 
Climate Change Responses, 5(1), 1-9. 

Forister, M. L., McCall, A. C., Sanders, N. J., Fordyce, 
J. A., Thorne, J. H., O’Brien, J., ... & Shapiro, A. M. 
(2010).  Compounded effects of climate change and 
habitat alteration shift patterns of butterfly diversity. 
Proceedings of the National Academy of Sciences, 107(5), 
2088-2092. 

FoundationCCC [Foundation for California Community 
Colleges]. (2022, August 4).  FoundationCCC awarded 
$21.5 million through the American Rescue Plan Good 
Jobs Challenge. https://foundationccc.org/foundation-
for-california-community-colleges-is-awarded-21-5-
million-through-the-american-rescue-plan-good-jobs-
challenge/ (last accessed on 9/30/2025). 

Foye, J., & Field, C. B. (2022, April).  Pathways to carbon 
neutrality in California: The forest management 
opportunity. Stanford Center for Carbon Storage & 
Stanford Carbon Removal Initiative. https://sccs.
stanford.edu/sites/g/files/sbiybj17761/files/media/file/
The%20Forest%20Management%20Opportunity%20
Final.pdf (last accessed on 9/30/2025). 

Franklin, R. S. (2012).  Growth response of the alpine 
shrub, Linanthus pungens, to snowpack and 
temperature at a rock glacier site in the eastern Sierra 
Nevada of California, USA. Quaternary International, 30, 
1-14. 

FRAP [Fire and Resource Assessment Program]. (2017). 
California’s forests and rangelands: 2017 assessment. 
California Department of Forestry and Fire Protection, 
Fire and Resource Assessment Program. 

Fritze, H., Stewart, I. T., & Pebesma, E. (2011).  Shifts in 
western North American snowmelt runoff regimes for 
the recent warm decades. Journal of Hydrometeorology, 
12(5), 989-1006. 

Galle, R., Galle-Szpisjak, N., & Batáry, P. (2024).  Dwarf 
shrubs may mitigate the negative effects of climate 
change on spiders by moderating microclimate. Basic 
and Applied Ecology, 80, 92-100. 

GAO [U.S. Government Accountability Office]. (2024, 
November 15).  Performance and accountability report, 
fiscal year 2024 (GAO-25-900570). https://www.gao.
gov/products/gao-25-900570 

Gershunov, A., Shulgina, T., Clemesha, R. E. S., 
Guirguis, K., Pierce, D. W., Dettinger, M. D., Lavers, 
D. A., Cayan, D. R., Polade, S. D., Kalansky, J., & 
Ralph, F. M. (2019).  Precipitation regime change in 
Western North America: The role of atmospheric 
rivers. Scientific Reports, 9(1), 9944. 

Gilbert NA, Kolbe SR, Eyster HN, Grinde AR (2024)  Can 
internal range structure predict range shifts? Journal 
of Animal Ecology, 93(10):1556–1566. https://doi.
org/10.1111/1365-2656.14168 

Gilio-Whitaker, D. (2019).  As long as grass grows: 
The Indigenous fight for environmental justice, from 
colonization to Standing Rock. Beacon Press. 

Glick, P., Stein, B. A., & Edelson, N. A. (2011).  Scanning 
the conservation horizon: a guide to climate change 
vulnerability assessment. Washington, DC: National 
Wildlife Federation. 168 p. 

https://doi.org/10.3389/frwa.2024.1375523
https://doi.org/10.3389/frwa.2024.1375523
https://www.gov.ca.gov/wp-content/uploads/2019/04/Wildfires-and-Climate-Change-California%E2%80%99s-Energy-Future.pdf
https://www.gov.ca.gov/wp-content/uploads/2019/04/Wildfires-and-Climate-Change-California%E2%80%99s-Energy-Future.pdf
https://www.gov.ca.gov/wp-content/uploads/2019/04/Wildfires-and-Climate-Change-California%E2%80%99s-Energy-Future.pdf
https://foundationccc.org/foundation-for-california-community-colleges-is-awarded-21-5-million-throu
https://foundationccc.org/foundation-for-california-community-colleges-is-awarded-21-5-million-throu
https://foundationccc.org/foundation-for-california-community-colleges-is-awarded-21-5-million-throu
https://foundationccc.org/foundation-for-california-community-colleges-is-awarded-21-5-million-throu
https://sccs.stanford.edu/sites/g/files/sbiybj17761/files/media/file/The%20Forest%20Management%20Opp
https://sccs.stanford.edu/sites/g/files/sbiybj17761/files/media/file/The%20Forest%20Management%20Opp
https://sccs.stanford.edu/sites/g/files/sbiybj17761/files/media/file/The%20Forest%20Management%20Opp
https://sccs.stanford.edu/sites/g/files/sbiybj17761/files/media/file/The%20Forest%20Management%20Opp
https://www.gao.gov/products/gao-25-900570
https://www.gao.gov/products/gao-25-900570
https://doi.org/10.1111/1365-2656.14168
https://doi.org/10.1111/1365-2656.14168


Fifth Climate Change Assessment: Sierra Nevada Regional Report 108

 

 

 

GO-Biz. (2022, February).  Sustainable woody biomass 
industry development in California. Governor’s Office 
of Business and Economic Development. https://
business.ca.gov/wp-content/uploads/2022/02/
GO-Biz-Interagency-Biomass-Market-Development-
Framework.pdf (last accessed on 9/30/2025). 

Goulden, M. L., & Bales, R. C. (2014).  Mountain runoff 
vulnerability to increased evapotranspiration with 
vegetation expansion. Proceedings of the National 
Academy of Sciences, 111(39), 14071-14075. 

Goulden, M. L., & Bales, R. C. (2019).  California forest 
die-off linked to multi-year deep soil drying in 2012–
2015 drought. Nature Geoscience, 12(8), 632-637. 

Goulden, M. L., Anderson, R. G., Bales, R. C., Kelly, 
A. E., Meadows, M., & Winston, G. C. (2012). 
Evapotranspiration along an elevation gradient in 
California’s Sierra Nevada. Journal of Geophysical 
Research: Biogeosciences, 117(G3). 

Graber, D. M. (1996).  Status of terrestrial vertebrates. In 
Sierra Nevada Ecosystem Project: final report to Congress 
(Vol. 2, pp. 709-734). Davis: University of California. 

Gregory, S. V., Swanson, F. J., McKee, W. A., & 
Cummins, K. W. (1991). An ecosystem perspective of  
riparian zones. BioScience, 41(8), 540-551. 

Gresswell, R. E. (1999).  Fire and aquatic ecosystems in 
forested biomes of North America. Transactions of the 
American fisheries society, 128(2), 193-221. 

Groffman, P. M., Driscoll, C. T., Fahey, T. J., Hardy, J. 
P., Fitzhugh, R. D., & Tierney, G. L. (2001).  Colder 
soils in a warmer world: a snow manipulation 
study in a northern hardwood forest ecosystem. 
Biogeochemistry, 56(2), 135-150. 

Guiterman, C. H., Gregg, R. M., Marshall, L. A., 
Beckmann, J. J., van Mantgem, P. J., Falk, D. A., ... 
& Stevens, J. T. (2022). Vegetation type conversion  
in the US Southwest: frontline observations and 
management responses. Fire Ecology, 18(1), 1-16. 

Guo, H., Conklin, M., Maurer, T., Avanzi, F., Richards, 
K., & Bales, R. (2021). Valuing enhanced hydrologic  
data and forecasting for informing hydropower 
operations. Water, 13(16), 2260. 

Guo, H., Goulden, M., Chung, M. G., Xu, Q., Nyelele, 
C., Guo, W., ... & Bales, R. (2025). Valuing co-benefits  
of forest fuels treatment for reducing wildfire risk 
in California’s Sierra Nevada. Science of The Total 
Environment, 1001, 180487. 

Guo, W., Safeeq, M., Cui, G., Myint, P. C., Jiang, P., Guo, 
H., ... & Bales, R. C. (2025).  Enhancing carbon storage 
through proactively managing fire-prone coniferous 
mountain forests. Ecological Modelling, 510, 111332. 

Guo, W., Safeeq, M., Liu, H., Wu, X., Cui, G., Ma, Q., ... 
& Bales, R. C. (2022).  Mechanisms controlling carbon 
sinks in semi-arid mountain ecosystems. Global 
Biogeochemical Cycles, 36(3), e2021GB007186. 

Gutierrez, A. A., Hantson, S., Langenbrunner, B., Chen, 
B., Jin, Y., Goulden, M. L., & Randerson, J. T. (2021). 
Wildfire response to changing daily temperature 
extremes in California’s Sierra Nevada. Science 
advances, 7(47), eabe6417. 

Hacker, Kaitlyn, “Post-Fire Sedimentation and the 
Risk to Sierra Nevada Water Supply” (2015). 
Master’s Projects and Capstones. 149. https://
repository.usfca.edu/capstone/149 (last accessed on 
9/30/2025). 

Haggerty, J. (2019, May 4).  Community resilience and 
the Third West in transition [Essay]. In R. Rasker (Ed.), 
People & Public Lands: Forum Essays. Headwaters 
Economics. https://headwaterseconomics.org/public-
lands/papl-haggerty/ (last accessed on 9/30/2025). 

Haig, S. M., Murphy, S. P., Matthews, J. H., Arismendi, 
I., & Safeeq, M. (2019).  Climate-altered wetlands 
challenge waterbird use and migratory connectivity in 
arid landscapes. Scientific reports, 9(1), 4666. 

Hale, K. E., Jennings, K. S., Musselman, K. N., Livneh, 
B., & Molotch, N. P. (2023).  Recent decreases in 
snow water storage in western North America. 
Communications Earth & Environment, 4(1), 170. 

Halofsky, J. E., Peterson, D. L., Buluç, L. Y., & Ko, J. M. 
(2021).  Climate change vulnerability and adaptation 
for infrastructure and recreation in the Sierra Nevada. 
U.S. Department of Agriculture, Forest Service, Pacific 
Southwest Research Station. 

Halsch, C. A., Shapiro, A. M., Thorne, J. H., Rodman, 
K. C., Parra, A., Dyer, L. A., ... & Forister, M. L. 
(2024).  Thirty-six years of butterfly monitoring, snow 
cover, and plant productivity reveal negative impacts 
of warmer winters and increased productivity on 
montane species. Global Change Biology, 30(1), e17044. 

Halstead, B. J., Kleeman, P. M., Rose, J. P., & Fellers, G. 
M. (2023).  Sierra Nevada amphibians demonstrate 
stable occupancy despite precipitation volatility in the 
early 21st Century. Frontiers in Ecology and Evolution, 
10, 1040114. 

https://business.ca.gov/wp-content/uploads/2022/02/GO-Biz-Interagency-Biomass-Market-Development-Framework.pdf
https://business.ca.gov/wp-content/uploads/2022/02/GO-Biz-Interagency-Biomass-Market-Development-Framework.pdf
https://business.ca.gov/wp-content/uploads/2022/02/GO-Biz-Interagency-Biomass-Market-Development-Framework.pdf
https://business.ca.gov/wp-content/uploads/2022/02/GO-Biz-Interagency-Biomass-Market-Development-Framework.pdf
https://repository.usfca.edu/capstone/149
https://repository.usfca.edu/capstone/149
https://headwaterseconomics.org/public-lands/papl-haggerty/
https://headwaterseconomics.org/public-lands/papl-haggerty/


Fifth Climate Change Assessment: Sierra Nevada Regional Report 109

 

 

Hammer, R. B., Radelof, V. C., Fried, J. S. & Stewart, 
S. I. (2007).  Wildland–urban interface housing 
growth during the 1990s in California, Oregon, and 
Washington. Int. J. Wildland Fire, 16, 255-265. 

Hammersmark, C. T., Rains, M. C., & Mount, J. F. 
(2008).  Quantifying the hydrological effects of 
stream restoration in a montane meadow, northern 
California, USA. River Research and applications, 24(6), 
735-753. 

Hanak, E., & Lund, J. R. (2012). Adapting California’s  
water management to climate change. Climatic 
change, 111(1), 17-44. 

Hanes, K. (2025).  Blazing a Trail to Dispute Resolution: 
The Advantages of Mediating Insurance and Mass 
Tort Claims following Wildfires in California. Pepp. Disp. 
Resol. LJ, 25, 113. 

Hanson, W. D. (2005).  A history of the municipal water 
department & Hetch Hetchy system (2005 ed.). San 
Francisco Water & Power. https://www.sfpuc.gov/
sites/default/files/about-us/HH_historybook-2005.pdf 
(last accessed on 9/30/2025). 

Harpold, A., Brooks, P., Rajagopal, S., Heidbuchel, 
I., Jardine, A., & Stielstra, C. (2012).  Changes 
in snowpack accumulation and ablation in the 
intermountain west. Water Resources Research, 48(11). 

Harrison, S., Franklin, J., Hernandez, R. R., Ikegami, M., 
Safford, H. D., & Thorne, J. H. (2024).  Climate change 
and California’s terrestrial biodiversity. Proceedings 
of the National Academy of Sciences, 121(32), 
e2310074121. 

Hart, R., Thompson, C. M., Tucker, J. M., Sawyer, S. 
C., Eyes, S. A., Saberi, S. J., ... & Jones, G. M. (2025). 
Rapid declines in southern Sierra Nevada fisher 
habitat driven by drought and wildfire. Diversity and 
Distributions, 31(5), e70023. 

Hatchett, B. J., Daudert, B., Garner, C. B., Oakley, N. 
S., Putnam, A. E., & White, A. B. (2017).  Winter snow 
level rise in the Northern Sierra Nevada from 2008 to 
2017. Water, 9(11), 899. 

Hatchett, B. J., Rhoades, A. M., & McEvoy, D. J. (2022). 
Monitoring the daily evolution and extent of snow 
drought. Natural Hazards and Earth System Sciences, 
22(3), 869-890. 

Haugen, E. A., Jurgens, B. C., Arroyo-Lopez, J. A., & 
Bennett, G. L. (2021).  Groundwater development 
leads to decreasing arsenic concentrations in the 
San Joaquin Valley, California. Science of the Total 
Environment, 771, 145223. 

He, L., Zhong, L., Ma, Y., Qi, Y., Liu, J., & Li, P. (2024).  A 
study on the simulation of carbon and water fluxes of 
Dangxiong alpine meadow and its response to climate 
change. Atmospheric and Oceanic Science Letters, 17(5), 
100507. 

He, Q., Williams, A. P., Johnston, M. R., Juang, C. S., 
& Wang, B. (2025).  Influence of time-averaging of 
climate data on estimates of atmospheric vapor 
pressure deficit and inferred relationships with 
wildfire area in the western United States. Geophysical 
Research Letters, 52(7), e2024GL113708. 

Heard, S., & Franklin, B. (2023).  Building California’s 
forest resilience workforce: A critical gap in increasing 
the pace and scale of wildfire prevention. The Nature 
Conservancy. https://www.nature.org/content/
dam/tnc/nature/en/documents/BuildingCAs_
Forest_Resilience_Workforce.pdf (last accessed on 
9/30/2025). 

Hemes, K. S., Norlen, C. A., Wang, J. A., Goulden, M. 
L., & Field, C. B. (2023).  The magnitude and pace of 
photosynthetic recovery after wildfire in California 
ecosystems. Proceedings of the National Academy of 
sciences, 120(15), e2201954120. 

Henny, L., & Kim, K. M. (2025).  The changing nature of 
atmospheric rivers. Journal of Climate, 38, 1435–1456. 
https://doi.org/10.1175/JCLI-D-20-0666.s1 

Herbst, D. B., Bogan, M. T., Roll, S. K., & Safford, H. D. 
(2012).  Effects of livestock exclusion on in-stream 
habitat and benthic invertebrate assemblages in 
montane streams. Freshwater Biology, 57(1), 204-217. 

Herbst, D. B., & Cooper, S. D. (2010).  Before and after 
the deluge: rain-on-snow flooding effects on aquatic 
invertebrate communities of small streams in the 
Sierra Nevada, California. Journal of the North American 
Benthological Society, 29(4), 1354-1366. 

Herbst, D. B., Cooper, S. D., Medhurst, R. B., 
Wiseman, S. W., & Hunsaker, C. T. (2019).  Drought 
ecohydrology alters the structure and function of 
benthic invertebrate communities in mountain 
streams. Freshwater Biology, 64(5), 886-902. 

Herbst, D. B. (2023).  Developmental and reproductive 
costs of osmoregulation to an aquatic insect that 
is a key food resource to shorebirds at salt lakes 
threatened by rising salinity and desiccation. Frontiers 
in Ecology and Evolution, 11, 1136966. 

HilleRisLambers, J., Harsch, M. A., Ettinger, A. K., 
Ford, K. R., & Theobald, E. J. (2013).  How will biotic 
interactions influence climate change–induced range 
shifts?. Annals of the New York Academy of Sciences, 
1297(1), 112-125. 

https://www.sfpuc.gov/sites/default/files/about-us/HH_historybook-2005.pdf
https://www.sfpuc.gov/sites/default/files/about-us/HH_historybook-2005.pdf
https://www.nature.org/content/dam/tnc/nature/en/documents/BuildingCAs_Forest_Resilience_Workforce.pdf
https://www.nature.org/content/dam/tnc/nature/en/documents/BuildingCAs_Forest_Resilience_Workforce.pdf
https://www.nature.org/content/dam/tnc/nature/en/documents/BuildingCAs_Forest_Resilience_Workforce.pdf
https://doi.org/10.1175/JCLI-D-20-0666.s1


Fifth Climate Change Assessment: Sierra Nevada Regional Report 110

 

 

 

 

Hino, M., & Field, C. B. (2023).  Fire frequency and 
vulnerability in California. PLOS climate, 2(2), 
e0000087. 

Huang, X., & Swain, D. L. (2022).  Climate change is 
increasing the risk of a California megaflood. Science 
Advances, 8(32), eabq0995. 

Huang, X., Hall, A. D., & Berg, N. (2018). Anthropogenic  
warming impacts on today’s Sierra Nevada snowpack 
and flood risk. Geophysical Research Letters, 45(12), 
6215-6222. 

Huang, X., Swain, D. L., & Hall, A. D. (2020).  Future 
precipitation increase from very high resolution 
ensemble downscaling of extreme atmospheric 
river storms in California. Science advances, 6(29), 
eaba1323. 

Huey, R. B., & Kingsolver, J. G. (2019).  Climate warming, 
resource availability, and the metabolic meltdown 
of ectotherms. The American Naturalist, 194(6), 
E140-E150. 

Hui, T., Pike, S., Kelley, S., Handy, S., Segan, D., & 
Haefer, R. (2023).  Escaping the heat: Climate change 
and visitation to the Lake Tahoe basin. Transportation 
Research Interdisciplinary Perspectives, 18, 100779. 
https://doi.org/10.1016/j.trip.2023.100779 

Huning, L. S., & AghaKouchak, A. (2018).  Mountain 
snowpack response to different levels of warming. 
Proceedings of the National Academy of Sciences, 
115(43), 10932-10937. 

Huning, L. S., & Margulis, S. A. (2017).  Climatology of 
seasonal snowfall accumulation across the Sierra 
Nevada (USA): Accumulation rates, distributions, and 
variability. Water Resources Research, 53(7), 6033-6049. 

Huning, L. S., & Margulis, S. A. (2018).  Investigating 
the variability of high-elevation seasonal orographic 
snowfall enhancement and its drivers across Sierra 
Nevada, California. Journal of Hydrometeorology, 19(1), 
47-67. 

Hunt, L. J., Fair, J., & Odland, M. (2018).  Meadow 
restoration increases baseflow and groundwater 
storage in the Sierra Nevada Mountains of California. 
JAWRA Journal of the American Water Resources 
Association, 54(5), 1127-1136. 

Hunter, L. M., Boardman, J. D., & Saint Onge, J. M. 
(2005).  The association between natural amenities 
and rural growth. Rural Sociology, 70(4), 452–469. 

IPCC [Intergovernmental Panel for Climate Change]. 
(2023).  Climate Change 2023: Synthesis report. 
Contribution of Working Groups I, II and III to the 
Sixth Assessment Report of the Intergovernmental 
Panel on Climate Change (Core Writing Team, H. Lee 
& J. Romero, Eds.; pp. 35–115). IPCC. https://doi.
org/10.59327/IPCC/AR6-9789291691647 

Jager, H. I., Long, J. W., Malison, R. L., Murphy, B. P., 
Rust, A., Silva, L. G., ... & Flitcroft, R. L. (2021). 
Resilience of terrestrial and aquatic fauna to historical 
and future wildfire regimes in western North America. 
Ecology and Evolution, 11(18), 12259-12284. 

Jager, H. I., Van Winkle, W., & Holcomb, B. D. (1999). 
Would hydrologic climate changes in Sierra Nevada 
streams influence trout persistence?. Transactions of 
the American Fisheries Society, 128(2), 222-240. 

Jasperse, L., Collins, B. M., Coppoletta, M., Merriam, 
K., & Stephens, S. L. (2025).  Drivers of fire severity in 
repeat fires: implications for mixed-conifer forests in 
the Sierra Nevada, California. Fire Ecology, 21(1), 46. 

Jerrett, M., Jina, A. S., & Marlier, M. E. (2022).  Up 
in smoke: California’s greenhouse gas reductions 
could be wiped out by 2020 wildfires. Environmental 
Pollution, 310, 119888. 

Jiang, M., Li, H., Zhang, W., Liu, J., & Zhang, Q. (2024). 
Effects of climate change and grazing on the soil 
organic carbon stock of alpine wetlands on the 
Tibetan Plateau from 2000 to 2018. Catena, 238, 
107870. 

Johnston-Dodds, K. (2002, September).  Early California 
laws and policies related to California Indians. 
California State Library, California Research Bureau. 
https://courts.ca.gov/sites/default/files/courts/
default/2024-08/ib.pdf (last accessed on 2/7/2026). 

Jones, G. M., Gutiérrez, R. J., Tempel, D. J., Whitmore, 
S. A., Berigan, W. J., & Peery, M. Z. (2016).  Megafires: 
an emerging threat to old-forest species. Frontiers in 
Ecology and the Environment, 14(6), 300-306. 

Jones, G. M., Gutiérrez, R. J., Tempel, D. J., Zuckerberg, 
B., & Peery, M. Z. (2016a). Using dynamic occupancy  
models to inform climate change adaptation 
strategies for California spotted owls. Journal of 
Applied Ecology, 53(3), 895-905. 

Jones, H. P., Holmes, N. D., Butchart, S. H., Tershy, B. 
R., Kappes, P. J., Corkery, I., ... & Croll, D. A. (2016b). 
Invasive mammal eradication on islands results in 
substantial conservation gains. Proceedings of the 
National Academy of Sciences, 113(15), 4033-4038. 

https://doi.org/10.1016/j.trip.2023.100779
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://courts.ca.gov/sites/default/files/courts/default/2024-08/ib.pdf
https://courts.ca.gov/sites/default/files/courts/default/2024-08/ib.pdf


Fifth Climate Change Assessment: Sierra Nevada Regional Report 111

Jongsomjit, D., Stralberg, D., Gardali, T., Salas, L., & 
Wiens, J. (2013).  Between a rock and a hard place: the 
impacts of climate change and housing development 
on breeding birds in California. Landscape Ecology, 
28(2), 187-200. 

Keeley, J. E. (2010).  Fire on California landscapes. 
Fremontia, 38(2), 3. 

Keeley, J. E., & Pausas, J. G. (2025).  Sequoia and 
Sequoiadendron: Two paleoendemic megatrees with 
markedly different adaptive responses to recent high-
severity fires. American Journal of Botany, e70089. 

Keeley, J., & Safford, D. (2016).  Fire as an ecosystem 
process. In H. Mooney E. Zavaleta & M. C. Chapin 
(Eds.). Ecosystems of California, (pp. 27–46). Oakland, 
CA: University of California Press. 

Keller, G. R., Boak, L. J., & Furniss, M. J. (2021).  Climate 
change and infrastructure in the Sierra Nevada. In 
J. E. Halofsky, D. L. Peterson, L. Y. Buluç, & J. M. Ko 
(Eds.), Climate change vulnerability and adaptation for 
infrastructure and recreation in the Sierra Nevada (Gen. 
Tech. Rep. PSW-GTR-272, pp. 49–179, Chap. 4). U.S. 
Department of Agriculture, Forest Service, Pacific 
Southwest Research Station. 

Kershner, J. (Ed.). (2014).  A climate change vulnerability 
assessment for focal resources of the Sierra Nevada 
(Version 1.0). EcoAdapt. 

Kiernan, J. D., & Moyle, P. B. (2012). Flows, droughts,  
and aliens: factors affecting the fish assemblage 
in a Sierra Nevada, California, stream. Ecological 
Applications, 22(4), 1146-1161. 

Kilgore, B. M. (1973). The ecological role of fire in  
Sierra conifer forests: Its application to National 
Park management. Journal of Quaternary Research, 3, 
496–513. 

Kingsolver, J. G., Diamond, S. E., & Buckley, L. B. (2013).  
Heat stress and the fitness consequences of climate 
change for terrestrial ectotherms. Functional Ecology, 
27(6), 1415-1423. 

Klos, P. Z., Link, T. E., & Abatzoglou, J. T. (2014). Extent  
of the rain-snow transition zone in the western US 
under historic and projected climate. Geophysical 
Research Letters, 41(13), 4560-4568. 

Klos, P. Z., Lucas, R. G., & Conklin, M. H. (2023).  
Influence of critical zone architecture and snowpack 
on streamflow generation processes: A Mountain-
Meadow headwater system in a Mediterranean 
climate. Water Resources Research, 59(7), 
e2023WR034493. 

Knapp, R. A., Fellers, G. M., Kleeman, P. M., Miller, D. 
A., Vredenburg, V. T., Rosenblum, E. B., & Briggs, 
C. J. (2016).  Large-scale recovery of an endangered 
amphibian despite ongoing exposure to multiple 
stressors. Proceedings of the National Academy of 
Sciences, 113(42), 11889-11894. 

Knowles, N., Cronkite-Ratcliff, C., Pierce, D. W., & 
Cayan, D. R. (2018).  Responses of unimpaired flows, 
storage, and managed flows to scenarios of climate 
change in the San Francisco Bay-Delta watershed. 
Water Resources Research, 54(10), 7631-7650. 

Kobziar, L. N., & McBride, J. R. (2006).  Wildfire burn 
patterns and riparian vegetation response along two 
northern Sierra Nevada streams. Forest Ecology and 
Management, 222(1-3), 254-265. 

Kosmala-Dahlbeck, K. (2024, May).  Scoping the public 
health impacts of wildfire: A primer for stakeholders. 
UC Berkeley Center for Law, Energy & the 
Environment. https://clee.berkeley.edu/wp-content/
uploads/archive/2026/01/Scoping-the-Public-Health-
Impacts-of-Wildfire.pdf

Krawchuk, M., & Moritz, M. (2012).  Fire and climate 
change in California: changes in the distribution 
and frequency of fire in climates of the future and 
recent past (1911-2099). https://escholarship.org/uc/
item/5wd1797m

Kueppers, L. M., Snyder, M. A., Sloan, L. C., Zavaleta, 
E. S., & Fulfrost, B. (2005).  Modeled regional 
climate change and California endemic oak ranges. 
Proceedings of the National Academy of Sciences, 
102(45), 16281-16286. 

Kurz, W. A., Stinson, G., Rampley, G. J., Dymond, C. C., 
& Neilson, E. T. (2008).  Risk of natural disturbances 
makes future contribution of Canada’s forests to the 
global carbon cycle highly uncertain. Proceedings of the 
National Academy of Sciences, 105(5), 1551-1555. 

Kwan, G. T., Sanders, T., Huang, S., Kilaghbian, K., 
Sam, C., Wang, J., ... & Fangue, N. A. (2024).  Fish 
Blood Response to Ash-Induced Environmental 
Alkalinization, and their Implications to Wildfire-
Scarred Watersheds. bioRxiv, 2024-01. 

Lacan, I., Matthews, K. R., & Feldman, K. V. (2008).  
Interaction of an introduced predator with future 
effects of climate change in the recruitment dynamics 
of the imperiled Sierra Nevada yellow-legged frog 
(Rana Sierrae). Herpetological Conservation and Biology 
3 (2): 211-223, 3(2), 211-223. 

https://clee.berkeley.edu/wp-content/uploads/archive/2026/01/Scoping-the-Public-Health-Impacts-of-Wildfire.pdf
https://clee.berkeley.edu/wp-content/uploads/archive/2026/01/Scoping-the-Public-Health-Impacts-of-Wildfire.pdf
https://clee.berkeley.edu/wp-content/uploads/archive/2026/01/Scoping-the-Public-Health-Impacts-of-Wildfire.pdf
https://escholarship.org/uc/item/5wd1797m
https://escholarship.org/uc/item/5wd1797m


Fifth Climate Change Assessment: Sierra Nevada Regional Report 112

 

 

 

Lapides, D. A., Hahm, W. J., Rempe, D. M., Whiting, J., 
& Dralle, D. N. (2022).  Causes of missing snowmelt 
following drought. Geophysical Research Letters, 49(19), 
e2022GL100505. 

Lake, F. K., Long, J., Twieg, B., & Hostler, J. (2024).  Tribal 
stewardship for resilient forest socio-ecosystems. 
Artemisia. 50 (1): 14-20., 50(1), 14-20. 

Lake, F. K., Wright, V., Morgan, P., McFadzen, M., 
McWethy, D., & Stevens-Rumann, C. (2017). 
Returning fire to the land: celebrating traditional 
knowledge and fire. Journal of Forestry, 115(5), 343-
353. 

Lambert, A. M., D’antonio, C. M., & Dudley, T. L. (2010). 
Invasive species and fire in California ecosystems. 
Fremontia, 38(2), 29-36. 

Lanman, R. B., Perryman, H., Dolman, B., James, C. D., 
& Osborn, S. (2012).  The historical range of beaver in 
the Sierra Nevada: a review of the evidence. California 
Fish and Game, 98(2), 65-80. 

Law, B. E., Abatzoglou, J. T., Schwalm, C. R., Byrne, D., 
Fann, N., & Nassikas, N. J. (2025). Anthropogenic  
climate change contributes to wildfire particulate 
matter and related mortality in the United States. 
Communications Earth & Environment, 6(1), 336. 

Lawson, M. (2019, January 24).  Recreation 
counties attracting new residents and higher 
incomes. Headwaters Economics. https://
headwaterseconomics.org/wp-content/uploads/
recreation-counties-attract-report.pdf (last accessed 
on 9/30/2025). 

Leathers, K., D Herbst, M. Safeeq, and A. Ruhi. 
(2022).  Dynamic, downstream-propagating thermal 
vulnerability in a mountain stream network: 
Implications for biodiversity in the face of climate 
change. Limnology and Oceanography. https://doi.
org/10.1002/lno.12264 

Leathers, K., Herbst, D., Bogan, M., Jeliazkov, G., & 
Ruhí, A. (2025). Ecological pathways connecting  
riverine drought to community change across space 
and time. Ecological Monographs, 95(3), e70035. 

Leathers, K., Herbst, D., de Mendoza, G., Doerschlag, 
G., & Ruhi, A. (2024).  Climate change is poised to alter 
mountain stream ecosystem processes via organismal 
phenological shifts. Proceedings of the National 
Academy of Sciences, 121(14), e2310513121. 

Lee, D., Ward, P. J., & Block, P. (2018).  Identification of 
symmetric and asymmetric responses in seasonal 
streamflow globally to ENSO phase. Environmental 
Research Letters, 13(4), 044031. 

Lenihan, J. M., Bachelet, D., Neilson, R. P., & Drapek, 
R. (2008).  Response of vegetation distribution, 
ecosystem productivity, and fire to climate change 
scenarios for California. Climatic Change, 87(S1), 
215–230. https://doi.org/10.1007/s10584-007-9362-0 

Lenihan, J. M., Drapek, R., Bachelet, D., & Neilson, 
R. P. (2003).  Climate change effects on vegetation 
distribution, carbon, and fire in California. Ecological 
Applications, 13(6), 1667–1681. 

Levy, Z. F., Fram, M. S., Faulkner, K. E., Alpers, C. N., 
Soltero, E. M., & Taylor, K. A. (2020).  Effects of 
montane watershed development on vulnerability of 
domestic groundwater supply during drought. Journal 
of Hydrology, 583, 124567. 

Li, D., Wrzesien, M. L., Durand, M., Adam, J., & 
Lettenmaier, D. P. (2017).  How much runoff 
originates as snow in the western United States, 
and how will that change in the future?. Geophysical 
Research Letters, 44(12), 6163-6172. 

Li, S., & Banerjee, T. (2021).  Spatial and temporal pattern 
of wildfires in California from 2000 to 2019. Scientific 
reports, 11(1), 8779. 

Liang, S., Hurteau, M. D., & Westerling, A. L. (2017). 
Response of Sierra Nevada forests to projected 
climate–wildfire interactions. Global change biology, 
23(5), 2016-2030. 

Liang, X., Lettenmaier, D. P., Wood, E. F., & Burges, S. 
J. (1994).  A simple hydrologically based model of land 
surface water and energy fluxes for general circulation 
models. Journal of Geophysical Research: Atmospheres, 
99(D7), 14415-14428. 

Lindsay, B. C. (2012).  Murder state: California’s Native 
American genocide, 1846–1873. University of Nebraska 
Press. 

Little Hoover Commission. (2023, December).  Building 
a stronger home insurance market for California 
(Report No. 283). https://lhc.ca.gov/wp-content/
uploads/Report283.pdf (last accessed on 9/30/2025). 

Liu, F., Conklin, M.H. and Shaw, G.D., (2024).  Elevational 
control of isotopic composition and application 
in understanding hydrologic processes in the mid 
Merced River catchment, Sierra Nevada, California, 
USA. Hydrol. Earth Syst. Sci., 28(10): 2239-2258. 

Liu, P. W., Famiglietti, J. S., Purdy, A. J., Adams, K. 
H., McEvoy, A. L., Reager, J. T., ... & Rodell, M. 
(2022).  Groundwater depletion in California’s Central 
Valley accelerates during megadrought. Nature 
Communications, 13(1), 7825. 

https://headwaterseconomics.org/wp-content/uploads/recreation-counties-attract-report.pdf
https://headwaterseconomics.org/wp-content/uploads/recreation-counties-attract-report.pdf
https://headwaterseconomics.org/wp-content/uploads/recreation-counties-attract-report.pdf
https://doi.org/10.1002/lno.12264
https://doi.org/10.1002/lno.12264
https://doi.org/10.1007/s10584-007-9362-0
https://lhc.ca.gov/wp-content/uploads/Report283.pdf
https://lhc.ca.gov/wp-content/uploads/Report283.pdf


Fifth Climate Change Assessment: Sierra Nevada Regional Report 113

 

 

 

 

 

Livingston, A. & O’Connell, D. (2017).  Ecosystem 
Services and California’s Working Landscapes: Market 
Mechanisms to Revitalize Rural Economies. California 
Forward (CA-Fwd). https://centralvalleypartnership.
org/wp-content/uploads/2020/06/Ecosystem-
Services-and-Californias-Working-Landscapes.pdf (last 
accessed on 9/30/2025). 

Loheide, S. P., & Gorelick, S. M. (2007).  Riparian 
hydroecology: a coupled model of the observed 
interactions between groundwater flow and meadow 
vegetation patterning. Water Resources Research, 43(7). 

Loheide, S. P., Deitchman, R. S., Cooper, D. J., Wolf, E. 
C., Hammersmark, C. T., & Lundquist, J. D. (2009). 
A framework for understanding the hydroecology 
of impacted wet meadows in the Sierra Nevada and 
Cascade Ranges, California, USA. Hydrogeology Journal, 
17(1), 229-246. 

Lubetkin, K. C., Westerling, A. L., & Kueppers, L. M. 
(2017).  Climate and landscape drive the pace and 
pattern of conifer encroachment into subalpine 
meadows. Ecological Applications, 27(6), 1876-1887. 

Lundquist, J. D., & Cayan, D. R. (2007).  Surface 
temperature patterns in complex terrain: Daily 
variations and long-term change in the central Sierra 
Nevada, California. Journal of Geophysical Research: 
Atmospheres, 112(D11). 

Lundquist, J. D., Abel, M. R., Henn, B., Gutmann, 
E. D., Livneh, B., Dozier, J., & Neiman, P. (2015). 
High-elevation precipitation patterns: Using snow 
measurements to assess daily gridded datasets 
across the Sierra Nevada, California. Journal of 
Hydrometeorology, 16(4), 1773-1792. 

Lundquist, J. D., Minder, J. R., Neiman, P. J., & 
Sukovich, E. (2010).  Relationships between barrier 
jet heights, orographic precipitation gradients, and 
streamflow in the northern Sierra Nevada. Journal of 
Hydrometeorology, 11(5), 1141-1156. 

Lundquist, J. D., Pepin, N., & Rochford, C. (2008). 
Automated algorithm for mapping regions of cold-
air pooling in complex terrain. Journal of Geophysical 
Research: Atmospheres, 113(D22). 

Ma, Q., Bales, R. C., Rungee, J., Conklin, M. H., Collins, 
B. M., & Goulden, M. L. (2020).  Wildfire controls 
on evapotranspiration in California’s Sierra Nevada. 
Journal of Hydrology, 590, 125364. 

MacMynowski, D. P., & Root, T. L. (2007).  Climate 
change and the timing of Songbird migration in 
California: Focus on coastal central and northern 
regions. A report prepared for the California Energy 
Commission. California Climate Change Center Report 
Series, (2007-003). 

Madakumbura, G. D., Moritz, M. A., McKinnon, K. A., 
Williams, A. P., Rahimi, S., Bass, B., ... & Hall, A. 
(2025).  Anthropogenic warming drives earlier wildfire 
season onset in California. Science Advances, 11(32), 
eadt2041. 

Minear, J. T., & Kondolf, G. M. (2009).  Estimating 
reservoir sedimentation rates at large spatial and 
temporal scales: A case study of California. Water 
Resources Research, 45(12). 

Mallek, C., Safford, H., Viers, J., & Miller, J. (2013). 
Modern departures in fire severity and area vary by 
forest type, Sierra Nevada and southern Cascades, 
California, USA. Ecosphere, 4(12), 1-28. 

Margulis, S. A., Cortés, G., Girotto, M., Huning, L. S., Li, 
D., & Durand, M. (2016).  Characterizing the extreme 
2015 snowpack deficit in the Sierra Nevada (USA) and 
the implications for drought recovery. Geophysical 
Research Letters, 43(12), 6341-6349. 

Mazdiyasni, O., & AghaKouchak, A. (2015).  Substantial 
increase in concurrent droughts and heatwaves in the 
United States. Proceedings of the National Academy of 
Sciences, 112(37), 11484-11489. 

McClaran, M. P., & Bartolome, J. W. (1989).  Fire-related 
recruitment in stagnant Quercus douglasii populations. 
Canadian Journal of Forest Research, 19(5), 580–585. 

McCreary, D. D., & George, M. R. (2005).  Managed 
grazing and seedling shelters enhance oak 
regeneration on rangelands. California Agriculture, 
59(4). 

McDermott, A. (2025).  Future winters promise less snow, 
more rain. Nobody’s prepared. Proceedings of the 
National Academy of Sciences, 122(34), e2520764122. 

McGranahan, D. A., Wojan, T. R., & Lambert, D. M. 
(2011).  The rural growth trifecta: Outdoor amenities, 
creative class and entrepreneurial context. Journal of 
Economic Geography, 11(3), 529–557. 

McIntyre, P. J., Thorne, J. H., Dolanc, C. R., Flint, A. 
L., Flint, L. E., Kelly, M., & Ackerly, D. D. (2015). 
Twentieth-century shifts in forest structure in 
California: Denser forests, smaller trees, and 
increased dominance of oaks. Proceedings of the 
National Academy of Sciences, 112(5), 1458-1463. 

https://centralvalleypartnership.org/wp-content/uploads/2020/06/Ecosystem-Services-and-Californias-W
https://centralvalleypartnership.org/wp-content/uploads/2020/06/Ecosystem-Services-and-Californias-W
https://centralvalleypartnership.org/wp-content/uploads/2020/06/Ecosystem-Services-and-Californias-W


Fifth Climate Change Assessment: Sierra Nevada Regional Report 114

 

 

 

McLaughlin, B. C., Blakey, R., Weitz, A. P., Feng, 
X., Brown, B. J., Ackerly, D. D., Dawson, T. E., & 
Thompson, S. E. (2020).  Weather underground: 
Subsurface hydrologic processes mediate tree 
vulnerability to extreme climatic drought. Global 
Change Biology, 26(5), 3091–3107. 

McNeece, B. (2025).  The Water Report. 

Medellín-Azuara, J., Alvar Escriva-Bou, A., Gaudin, 
A. C. M., Schwabe, K. A., & Sumner, D. A. (2024). 
Cultivating climate resilience in California agriculture: 
Adaptations to an increasingly volatile water future. 
Proceedings of the National Academy of Sciences, 
121(32), e2310079121. 

Menke, J. W., Davis, C., & Beesley, P. (1996).  Rangeland 
Assessment. In Sierra Nevada Ecosystem Project: Final 
Report to Congress (Vol. 3, pp. 901-972). 

Mensing, S. (2015).  The paleohistory of California 
oaks. Gen. Tech. Rep. PSW-GTR-251. Berkeley, CA: 
US Department of Agriculture, Forest Service, Pacific 
Southwest Research Station: 35-47, 251, 35-47. 

Meyers, Z. P., Frisbee, M. D., Rademacher, L. K., & 
Stewart-Maddox, N. S. (2021).  Old groundwater 
buffers the effects of a major drought in groundwater-
dependent ecosystems of the eastern Sierra Nevada 
(CA). Environmental Research Letters, 16(4), 044044. 

Milanes, C., Kadir, T., Lock, B., Miller, G., Monserrat, L., 
& Randles, K. (2022).  Indicators of climate change in 
California (4th ed.). 

Millar, C. I., Stephenson, N. L., & Stephens, S. L. (2007). 
Climate change and forests of the future: managing in 
the face of uncertainty. Ecological applications, 17(8), 
2145-2151. 

Millar, C. I., Stephenson, N. L., & Stephens, S. L. (2008). 
Re-Framing Forest and Resource Management 
Strategies for a Climate Change Context. USDA Forest 
Service, Pacific Southwest Research Station. https://
www.fs.usda.gov/psw/publications/millar/5Rs_
MtnViews020508.pdf

Millar, C. I., D. Westfall, R., & Delany, D. L. (2014). 
Thermal regimes and snowpack relations of periglacial 
talus slopes, Sierra Nevada, California, USA. Arctic, 
Antarctic, and Alpine Research, 46(2), 483-504. 

Millar, C. I., Westfall, R. D., & Delany, D. L. (2013).  
Thermal and hydrologic attributes of rock glaciers and 
periglacial talus landforms: Sierra Nevada, California, 
USA. Quaternary International, 310, 169-180. 

Millar, C. I., & Smith, A. T. (2022).  Return of the pika: 
American pikas re-occupy long-extirpated, warm 
locations. Ecology and Evolution, 12(9), e9295. 

Miller, A. B., Winter, P. L., Sánchez, J. J., Peterson, D. 
L., Smith, J. W., et al. (2022).  Climate change and 
recreation in the western United States: Effects and 
opportunities for adaptation. Journal of Forestry, 
120(4), 453–465. 

Miller, J. D., Safford, H. D., Crimmins, M., & Thode, A. E. 
(2009).  Quantitative evidence for increasing forest fire 
severity in the Sierra Nevada and southern Cascade 
Mountains, California and Nevada, USA. Ecosystems, 
12(1), 16-32. 

Miller, O. L., Puettmann, A. L., Alder, J., Miller, M., 
Jones, D. K., & Wise, D. R. (2021).  Changing climate 
drives future streamflow declines and challenges 
in meeting water demand across the southwestern 
United States. Journal of Hydrology X, 11, 100074 

Miller, R. K., Field, C. B., & Mach, K. J. (2020).  Barriers 
and enablers for prescribed burns for wildfire 
management in California. Nature Sustainability, 3(2), 
101-109. 

Milly, P. C., Betancourt, J., Falkenmark, M., Hirsch, 
R. M., Kundzewicz, Z. W., Lettenmaier, D. P., & 
Stouffer, R. J. (2008).  Stationarity is dead: Whither 
water management?. Science, 319(5863), 573-574. 

MLTPA. (2021, May 13).  A changing climate [PDF]. 
https://mltpa.org/images/downloads/703_02_
AChangingClimate_2021-05-13_FINAL.pdf (last 
accessed on 9/30/2025). 

MLTPA [Mammoth Lakes Trails and Public Access 
Foundation]. (2022, January 31).  Sustainable 
Recreation and Tourism Initiative. https://mltpa.org/
our-work/sustainable-recreation-and-tourism-project 
(last accessed on 6/17/2026). 

Molina, P. (2025, August 18).  Outdoor access meets 
forest health in new Nevada County adopted strategy. 
Sierra Sun. https://www.sierrasun.com/news/outdoor-
access-meets-forest-health-in-new-nevada-county-
adopted-stra… (last accessed on 2/11/2026). 

Mono Lake Committee. (n.d.).  Kootzaduka’a People. 
https://www.monolake.org/learn/aboutmonolake/
humanhistory/kootzadukaapeople/ (last accessed on 
2/11/2026). 

Mono County California (2025, April 10).  Mono County 
adopts state strategy to bolster outdoor recreation 
and wildfire resilience. https://monocounty.ca.gov/
cao/page/mono-county-adopts-state-strategy-
bolster-outdoor-recreation-and… (last accessed on 
2/11/2026). 

https://www.fs.usda.gov/psw/publications/millar/5Rs_MtnViews020508.pdf
https://www.fs.usda.gov/psw/publications/millar/5Rs_MtnViews020508.pdf
https://www.fs.usda.gov/psw/publications/millar/5Rs_MtnViews020508.pdf
https://mltpa.org/images/downloads/703_02_AChangingClimate_2021-05-13_FINAL.pdf
https://mltpa.org/images/downloads/703_02_AChangingClimate_2021-05-13_FINAL.pdf
https://mltpa.org/our-work/sustainable-recreation-and-tourism-project
https://mltpa.org/our-work/sustainable-recreation-and-tourism-project
https://www.sierrasun.com/news/outdoor-access-meets-forest-health-in-new-nevada-county-adopted-strategy/
https://www.sierrasun.com/news/outdoor-access-meets-forest-health-in-new-nevada-county-adopted-strategy/
https://www.sierrasun.com/news/outdoor-access-meets-forest-health-in-new-nevada-county-adopted-strategy/
https://www.monolake.org/learn/aboutmonolake/humanhistory/kootzadukaapeople/
https://www.monolake.org/learn/aboutmonolake/humanhistory/kootzadukaapeople/
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience


Fifth Climate Change Assessment: Sierra Nevada Regional Report 115

 

 

 

 

Monteith, K. L., Bleich, V. C., Stephenson, T. R., Pierce, 
B. M., Conner, M. M., Klaver, R. W., & Bowyer, R. 
T. (2011).  Timing of seasonal migration in mule deer: 
effects of climate, plant phenology, and life-history 
characteristics. Ecosphere, 2(4), 1-34. 

Moore Foundation. (n.d.).  The economic, fiscal, and 
environmental costs of wildfires in CA. https://www.
moore.org/docs/default-source/default-document-
library/the-economic-fiscal-and-environmental-costs-
of-wildfires-in-ca.pdf (last accessed on 9/30/2025). 

Moore, S. K., Trainer, V. L., Mantua, N. J., Parker, M. 
S., Laws, E. A., Backer, L. C., & Fleming, L. E. (2008). 
Impacts of climate variability and future climate 
change on harmful algal blooms and human health. 
Environmental health, 7(Suppl 2), S4. 

Moritz, C., Patton, J. L., Conroy, C. J., Parra, J. L., White, 
G. C., & Beissinger, S. R. (2008).  Impact of a century 
of climate change on small-mammal communities in 
Yosemite National Park, USA. Science, 322(5899), 261-
264. 

Moritz, M. A., Parisien, M. A., Batllori, E., Krawchuk, 
M. A., Van Dorn, J., Ganz, D. J., & Hayhoe, K. (2012). 
Climate change and disruptions to global fire activity. 
Ecosphere, 3(6), 1-22. 

Morra, B. M., Richardson, W. C., Stringham, T. K., 
& Sullivan, B. W. (2023).  Carbon stocks and total 
belowground carbon flux respond to weather and 
grazing in semiarid montane meadows. Ecosystems, 
26(7), 1428-1440. 

Morton, M. L. (2002).  The mountain white-crowned 
sparrow: Migration and reproduction at high altitude. 
Studies in Avian Biology, 24. 

Morton, M. L., Orejuela, J. E., & Budd, S. M. (1972). 
The biology of immature mountain white-crowned 
sparrows (Zonotrichia leucophrys oriantha) on the 
breeding ground. The Condor, 74(4), 423-430. 

Mote, P. W., Li, S., Lettenmaier, D. P., Xiao, M., & 
Engel, R. (2018).  Dramatic declines in snowpack in the 
western US. Npj Climate and Atmospheric Science, 1(1), 
2. 

Moyle, P. B., Kiernan, J. D., Crain, P. K., & Quinones, 
R. M. (2013).  Climate change vulnerability of native 
and alien freshwater fishes of California: a systematic 
assessment approach. PLoS One, 8(5), e63883. 

Murphy, P. (2021, March 19).  Preventing wildfires with 
power outages: The growing impacts of California’s 
public safety power shutoffs. PSE Healthy Energy. 
https://www.psehealthyenergy.org/preventing-
wildfires-with-power-outages-the-growing-impacts-of-
californias-public-safety-power-shutoffs/ 

Musselman, K. N., Lehner, F., Ikeda, K., Clark, M. 
P., Prein, A. F., Liu, C., ... & Rasmussen, R. (2018). 
Projected increases and shifts in rain-on-snow flood 
risk over western North America. Nature Climate 
Change, 8(9), 808-812. 

Myers, L., & Whited, B. (2012).  The impact of cattle 
grazing in high elevation Sierra Nevada mountain 
meadows over widely variable annual climatic 
conditions. Journal of Environmental Protection, 3, 823. 

National Park Service (n.d.).  Native American tribes and 
history of Sequoia and Kings Canyon National Parks. U.S. 
https://www.nps.gov/seki/learn/historyculture/native-
americans.htm 

Nesbit, K. A., Collins, B. M., Steel, Z. L., Battles, J. J., 
Goulden, M. L., & Stephens, S. L. (2025).  Multi-scale 
assessment of wildfire use on carbon stocks in the 
Sierra Nevada, CA. Fire Ecology, 21(1), 49. 

NFPA [National Fire Protection Association]. (n.d.).  
Firewise Communities/USA® recognition program. 
https://www.readyforwildfire.org/prepare-for-wildfire/
firewise-communities/ . Retrieved on 03/02/2026. 

 Nichols, B. J., & Langdon, K. R. (2007).  The Smokies 
all taxa biodiversity inventory: history and progress. 
Southeastern Naturalist, 6(sp2), 27-34. 

NOAA [National Oceanic and Atmospheric 
Administration National Integrated Drought 
Information System (NOAA-NIDIS)]. (2019).  Drought 
and outdoor recreation: Impacts, adaptation strategies, 
and information gaps. https://www.drought.gov/
sectors/recreation-and-tourism (last accessed on 
9/30/2025). 

NOAA [National Oceanic and Atmospheric 
Administration]. (2025).  About ARs – Atmospheric River 
Portal. NOAA Physical Sciences Laboratory. https://psl.
noaa.gov/arportal/ (last accessed on 9/30/2025). 

North, M. P., Bisbing, S. M., Hankins, D. L., Hessburg, 
P. F., Hurteau, M. D., Kobziar, L. N., ... & Stevens-
Rumann, C. S. (2024).  Strategic fire zones are 
essential to wildfire risk reduction in the Western 
United States. Fire Ecology, 20(1), 50. 

https://www.moore.org/docs/default-source/default-document-library/the-economic-fiscal-and-environme
https://www.moore.org/docs/default-source/default-document-library/the-economic-fiscal-and-environme
https://www.moore.org/docs/default-source/default-document-library/the-economic-fiscal-and-environme
https://www.moore.org/docs/default-source/default-document-library/the-economic-fiscal-and-environme
https://www.psehealthyenergy.org/preventing-wildfires-with-power-outages-the-growing-impacts-of-cali
https://www.psehealthyenergy.org/preventing-wildfires-with-power-outages-the-growing-impacts-of-cali
https://www.psehealthyenergy.org/preventing-wildfires-with-power-outages-the-growing-impacts-of-cali
https://www.nps.gov/seki/learn/historyculture/native-americans.htm
https://www.nps.gov/seki/learn/historyculture/native-americans.htm
https://www.readyforwildfire.org/prepare-for-wildfire/firewise-communities/
https://www.readyforwildfire.org/prepare-for-wildfire/firewise-communities/
https://www.drought.gov/sectors/recreation-and-tourism
https://www.drought.gov/sectors/recreation-and-tourism
https://psl.noaa.gov/arportal/
https://psl.noaa.gov/arportal/


Fifth Climate Change Assessment: Sierra Nevada Regional Report 116

 

 

 

 

 

North, M., Collins, B. M., & Stephens, S. (2012).  Using 
fire to increase the scale, benefits, and future 
maintenance of fuels treatments. Journal of Forestry, 
110(7), 392-401. 

North, M., Collins, B., Safford, H., & Stephenson, 
S. (2016).  Montane forests. In H. Mooney & E. 
Zavaleta (Eds.), Ecosystems of California (pp. 553–578). 
University of California Press. 

Norton, J. B., Jungst, L. J., Norton, U., Olsen, H. R., 
Tate, K. W., & Horwath, W. R. (2011).  Soil carbon and 
nitrogen storage in upper montane riparian meadows. 
Ecosystems, 14(8), 1217-1231. 

Norton, J. B., Olsen, H. R., Jungst, L. J., Legg, D. E., & 
Horwath, W. R. (2014).  Soil carbon and nitrogen 
storage in alluvial wet meadows of the Southern 
Sierra Nevada Mountains, USA. Journal of Soils and 
Sediments, 14(1), 34-43. 

Null, S. E., Viers, J. H., & Mount, J. F. (2010).  Hydrologic 
response and watershed sensitivity to climate 
warming in California’s Sierra Nevada. PLoS One, 5(4), 
e9932. 

Null, S. E., Viers, J. H., Deas, M. L., Tanaka, S. K., & 
Mount, J. F. (2013).  Stream temperature sensitivity to 
climate warming in California’s Sierra Nevada: impacts 
to coldwater habitat. Climatic Change, 116(1), 149-170. 

Office of the Governor of California. (2019, June 18). 
Executive Order N-15-19. https://www.gov.ca.gov/wp-
content/uploads/2019/06/6.18.19-Executive-Order.pdf 
(last accessed on 2/7/2026). 

Olsen, W. H., Wagenbrenner, J. W., & Robichaud, P. R. 
(2021).  Factors affecting connectivity and sediment 
yields following wildfire and post-fire salvage logging 
in California’s Sierra Nevada. Hydrological Processes, 
35(1), e13984. 

Olugbenga, F. (2019).  Rural recreation and cultural 
connection. Cultural Landscapes Journal, 5(2). 

O’Neill, B. C., Tebaldi, C., Van Vuuren, D. P., Eyring, 
V., Friedlingstein, P., Hurtt, G., ... & Sanderson, 
B. M. (2016).  The scenario model intercomparison 
project (ScenarioMIP) for CMIP6. Geoscientific Model 
Development, 9(9), 3461-3482. 

Pastore, M. A., Nelson, S. J., Burakowski, E. A., 
Contosta, A. R., D’Amato, A. W., Garlick, S., ... 
& Weiskittel, A. (2025).  Snow refugia: Managing 
temperate forest canopies to maintain winter 
conditions. Ecosphere, 16(7), e70302. 

Pathak, T., Maskey, M. L., Sumner, D. P., Guirguis, 
K. L., Melvin, A. L. S., Mitchell, B. J., & Kuminoff, 
F. K. (2018).  Climate change trends and impact on 
California agriculture: A detailed review. Agronomy, 
8(3), 25. https://doi.org/10.3390/agronomy8030025 

Paul, M. J., LeDuc, S. D., Lassiter, M. G., Moorhead, L. 
C., Noyes, P. D., & Leibowitz, S. G. (2022).  Wildfire 
induces changes in receiving waters: A review with 
considerations for water quality management. Water 
Resources Research, 58(9), e2021WR030699. 

Pauls, B. (2024).  California’s Homeowners Insurance 
Crisis: Examining Nonrenewals, Wildfire Risk, and 
Rurality by County. 

Pepin, N. C., Arnone, E., Gobiet, A., Haslinger, K., 
Kotlarski, S., Notarnicola, C., ... & Adler, C. (2022). 
Climate changes and their elevational patterns in the 
mountains of the world. Reviews of geophysics, 60(1), 
e2020RG000730. 

Peterson St-Laurent, G., Oakes, L. E., Cross, M., & 
Hagerman, S. (2021).  R–R–T (resistance–resilience–
transformation) typology reveals differential 
conservation approaches across ecosystems and time. 
Communications biology, 4(1), 39. 

Peterson, D. L., Millar, C. I., Joyce, L. A., Furniss, M. J., 
Halofsky, J. E., Neilson, R. P., & Morelli, T. L. (2011). 
Responding to climate change in national forests: A 
guidebook for developing adaptation options (Gen. Tech. 
Rep. PNW-GTR-855). U.S. Department of Agriculture, 
Forest Service, Pacific Northwest Research Station. 

Peterson-Rockney, M. (2022a).  Social risk perceptions 
of climate change. Global Environmental 
Change, 72, 102445. https://doi.org/10.1016/j.
gloenvcha.2021.102445 

Peterson-Rockney, M. (2022b).  Farmers adapt to climate 
change irrespective of stated belief in climate change: 
A California case study. Climatic Change. https://doi.
org/10.1007/s10584-022-03417-9 

PG&E [Pacific Gas & Electric Company]. (2024). 
Hydroelectric system https://www.pge.com/en/about/
pge-systems/hydroelectric-system.html (last accessed 
on 9/30/2025). 

Pile, L. S., Meyer, M. D., Rojas, R., & Roe, O. (2018). 
Characterizing tree morality after extreme drought 
and insect outbreaks in the southern Sierra Nevada. 
In: Kirschman, Julia E., Comp. 2018. Proceedings of 
the 19th Biennial Southern Silvicultural Research 
Conference. e-General Technical Report SRS- 234. 
Asheville, NC: U.S. Department of Agriculture Forest 
Service, Southern Research Station., 2018, 89–96. 

https://www.gov.ca.gov/wp-content/uploads/2019/06/6.18.19-Executive-Order.pdf
https://www.gov.ca.gov/wp-content/uploads/2019/06/6.18.19-Executive-Order.pdf
https://doi.org/10.3390/agronomy8030025
https://doi.org/10.1016/j.gloenvcha.2021.102445
https://doi.org/10.1016/j.gloenvcha.2021.102445
https://doi.org/10.1007/s10584-022-03417-9
https://doi.org/10.1007/s10584-022-03417-9
https://www.pge.com/en/about/pge-systems/hydroelectric-system.html
https://www.pge.com/en/about/pge-systems/hydroelectric-system.html


Fifth Climate Change Assessment: Sierra Nevada Regional Report 117

 

 

Polade, S. D., Gershunov, A., Cayan, D. R., Dettinger, M. 
D., & Pierce, D. W. (2017).  Precipitation in a warming 
world: Assessing projected hydro-climate changes in 
California and other Mediterranean climate regions. 
Scientific reports, 7(1), 10783. 

Povak, N. A., Manley, P. N., & Wilson, K. N. (2024). 
Quantitative methods for integrating climate 
adaptation strategies into spatial decision support 
models. Frontiers in Forests and Global Change, 7, 
1286937. 

PPIC [Public Policy Institute of California]. (2022, 
April).  Drought and California’s agriculture: Policy 
brief. https://www.ppic.org/publication/policy-brief-
drought-and-californias-agriculture/ (last accessed on 
9/30/2025). 

PPIC [Public Policy Institute of California]. (2025, 
January 30).  Prop 218’s ongoing impacts on California 
water. https://www.ppic.org/blog/prop-218s-
ongoing-impacts-on-california-water/ . Retrieved on 
03/02/2026. 

Prein, A. F., Coen, J., & Jaye, A. (2022).  The character 
and changing frequency of extreme California fire 
weather. Journal of Geophysical Research: Atmospheres, 
127(9), e2021JD035350. 

Purohit, S. (2024).  Rainfall in California: Special reference 
to 2023 rains that caused floods. Annals of the 
American Association of Geographers, 115(1), 97–109. 

Rahimi, S. (2023).  Data Adoption Justification Memo 
(for California’s Fifth Climate Change Assessment): 
Dynamically Downscaled Datasets (EPC-20-006). https://
www.energy.ca.gov/sites/default/files/2024-06/02_
DynamicalDownscaling_DataJustificationMemo_
Rahimi_Adopted_v2May2024_ada.pdf 

Rahimi, S., Huang, L., Norris, J., Hall, A., Goldenson, N., 
Krantz, W., ... & UCLA Center for Climate Science 
Team. (2024). An overview of the Western United  
States dynamically downscaled dataset (WUS-D3). 
Geoscientific Model Development, 17(6), 2265-2286. 

Ralston, D. K., & Moore, S. K. (2020).  Modeling harmful 
algal blooms in a changing climate. Harmful Algae, 91, 
101729. 

Ratliff, R. D. (1985).  Meadows in the Sierra Nevada of 
California: state of knowledge. 

Reed, C. C., Berhe, A. A., Moreland, K. C., Wilcox, J., & 
Sullivan, B. W. (2022).  Restoring function: Positive 
responses of carbon and nitrogen to 20 years 
of hydrologic restoration in montane meadows. 
Ecological Applications, 32(7), e2677. 

Reed, C. C., Merrill, A. G., Drew, W. M., Christman, 
B., Hutchinson, R. A., Keszey, L., ... & Sullivan, B. 
W. (2021).  Montane meadows: a soil carbon sink or 
source?. Ecosystems, 24(5), 1125-1141. 

Reed, C., Campos, B., Burnett, R. D., Hart, S. C., 
Moreland, K., Rosseau, J., & Sullivan, B. W. 
(2026).  Sierra Nevada Montane Meadows: Keystone 
Ecosystems for Carbon Stability and Ecosystem 
Services Under Climate Change (California’s Fifth 
Climate Change Assessment). Point Blue Conservation 
Science. https://www.climateassessment.ca.gov/2712/ 

Regonda, S. K., Rajagopalan, B., Clark, M., & Pitlick, J. 
(2005).  Seasonal cycle shifts in hydroclimatology over 
the western United States. Journal of Climate, 18(2), 
372–384. 

Reid, C. E., Brauer, M., Johnston, F. H., Jerrett, M., 
Balmes, J. R., & Elliott, C. T. (2016).  Critical review 
of health impacts of wildfire smoke exposure. 
Environmental health perspectives, 124(9), 1334. 

Rhoades, A. M., Hatchett, B. J., Risser, M. D., Collins, 
W. D., Bambach, N. E., Huning, L. S., ... & Jones, A. 
D. (2022).  Asymmetric emergence of low-to-no snow 
in the midlatitudes of the American Cordillera. Nature 
Climate Change, 12(12), 1151-1159. 

Riahi, K., Van Vuuren, D. P., Kriegler, E., Edmonds, J., 
O’neill, B. C., Fujimori, S., ... & Tavoni, M. (2017).  The 
Shared Socioeconomic Pathways and their energy, 
land use, and greenhouse gas emissions implications: 
An overview. Global environmental change, 42, 153-168. 

Richardson, I. A. P. (2025).  Spatial and Temporal 
Variability of Harmful Algal Blooms in California’s 
Lakes. 

Robbins, R. (2021).  A Toxic Relationship: Proposed Policy 
Solutions to Mitigate Climate Change’s Effect on 
Freshwater Harmful Algal Blooms. Tex. Env’t LJ, 51, 135. 

Roberts, L. J., Burnett, R., Tietz, J., & Veloz, S. (2019). 
Recent drought and tree mortality effects on the avian 
community in southern Sierra Nevada: a glimpse of 
the future?. Ecological Applications, 29(2), e01848. 

Rogers-Gibson, J. (2017).  Built to last: Challenges and 
opportunities for climate-smart infrastructure in 
California. Union of Concerned Scientists. https://
www.ucs.org/sites/default/files/attach/2017/11/gw-
whitepaper-smart-infrastructure.pdf (last accessed on 
9/30/2025). 

Root, T. L., Price, J. T., Hall, K. R., Schneider, S. H., 
Rosenzweig, C., & Pounds, J. A. (2003). Fingerprints  
of global warming on wild animals and plants. Nature, 
421(6918), 57-60. 

https://www.ppic.org/publication/policy-brief-drought-and-californias-agriculture/
https://www.ppic.org/publication/policy-brief-drought-and-californias-agriculture/
https://www.ppic.org/blog/prop-218s-ongoing-impacts-on-california-water/
https://www.ppic.org/blog/prop-218s-ongoing-impacts-on-california-water/
https://www.energy.ca.gov/sites/default/files/2024-06/02_DynamicalDownscaling_DataJustificationMemo_
https://www.energy.ca.gov/sites/default/files/2024-06/02_DynamicalDownscaling_DataJustificationMemo_
https://www.energy.ca.gov/sites/default/files/2024-06/02_DynamicalDownscaling_DataJustificationMemo_
https://www.energy.ca.gov/sites/default/files/2024-06/02_DynamicalDownscaling_DataJustificationMemo_
https://www.climateassessment.ca.gov/2712/
https://www.ucs.org/sites/default/files/attach/2017/11/gw-whitepaper-smart-infrastructure.pdf
https://www.ucs.org/sites/default/files/attach/2017/11/gw-whitepaper-smart-infrastructure.pdf
https://www.ucs.org/sites/default/files/attach/2017/11/gw-whitepaper-smart-infrastructure.pdf


Fifth Climate Change Assessment: Sierra Nevada Regional Report 118

 

 

 

 

 

Rother DE, De Sales F, Stow D, McFadden JP (2022) 
Summer and Fall Extreme Fire Weather Projected to 
Occur More Often and Affect a Growing Portion of 
California throughout the 21st Century. Fire, 5(6):177. 
https://doi.org/10.3390/fire5060177 

Rousseau, J. S., Johnston, A., & Rodewald, A. D. (2025). 
Where the wild bees are: Birds improve indicators of 
bee richness. PloS one, 20(4), e0321496. 

Rowe, K. C., Rowe, K. M., Tingley, M. W., Koo, M. S., 
Patton, J. L., Conroy, C. J., ... & Moritz, C. (2015). 
Spatially heterogeneous impact of climate change on 
small mammals of montane California. Proceedings 
of the Royal Society B: Biological Sciences, 282(1799), 
20141857. 

Rumore, D., Stoker, P., Levine, Z., & Romaniello, L. 
(2019).  Planning in gateway and natural amenity region 
communities: Understanding the unique challenges 
associated with transportation, mobility, and livability 
(NITC-RR-1118). Transportation Research & Education 
Center (TREC). https://ppms.trec.pdx.edu/media/
project_files/NITC-RR-1118_Planning_in_Gateway_and_
Natural_Amenity_Regions_DIyPfxv.pdf (last accessed 
on 9/30/2025). 

Rungee, J., Ma, Q., Goulden, M. L., & Bales, R. (2021). 
Evapotranspiration and runoff patterns across 
California’s Sierra Nevada. Frontiers in Water, 3, 
655485. 

Rutz, J. J., Steenburgh, W. J., & Ralph, F. M. (2014). 
Climatological characteristics of atmospheric rivers 
and their inland penetration over the western United 
States. Monthly Weather Review, 142(2), 905-921. 

Safeeq, M., Grant, G. E., Lewis, S. L., Kramer, M. G., 
& Staab, B. (2014). A hydrogeologic framework  
for characterizing summer streamflow sensitivity 
to climate warming in the Pacific Northwest, USA. 
Hydrology and Earth System Sciences, 18(9), 3693-3710. 

Safeeq, M., Shukla, S., Arismendi, I., Grant, G. E., 
Lewis, S. L., & Nolin, A. (2015). Influence of winter  
season climate variability on snow-precipitation ratio 
in the western United States. International Journal of 
Climatology, n-a. 

Safford, H. D., & Stevens, J. T. (2017).  Natural range of 
variation for yellow pine and mixed-conifer forests in 
the Sierra Nevada, southern Cascades, and Modoc 
and Inyo National Forests, California, USA. Gen. 
Tech. Rep. PSW-GTR-256. Albany, CA: US Department of 
Agriculture, Forest Service, Pacific Southwest Research 
Station. 229 p., 256. 

Safford, H. D., Butz, R. J., Bohlman, G. N., Coppoletta, 
M., Estes, B. L., Gross, S. E., ... & Wuenschel, 
A. (2021).  Fire ecology of the North American 
Mediterranean-climate zone. In Fire ecology and 
management: Past, present, and future of US forested 
ecosystems (pp. 337-392). Cham: Springer International 
Publishing. 

Sahuquillo, A. (2017).  Water storage and conjunctive 
water use. In Competition for Water Resources (pp. 
382-402). Elsevier. 

Saksa, P. C., Conklin, M. H., Battles, J. J., Tague, C. L., 
& Bales, R. C. (2017).  Forest thinning impacts on 
the water balance of Sierra Nevada mixed-conifer 
headwater basins. Water Resources Research, 53(7), 
5364-5381. 

Santos, F., Wymore, A. S., Jackson, B. K., Sullivan, S. 
M. P., McDowell, W. H., & Berhe, A. A. (2019).  Fire 
severity, time since fire, and site-level characteristics 
influence streamwater chemistry at baseflow 
conditions in catchments of the Sierra Nevada, 
California, USA. Fire Ecology, 15(1), 1-15. 

Saracco, J. F., Siegel, R. B., Helton, L., Stock, S. L., & 
DeSante, D. F. (2019).  Phenology and productivity in 
a montane bird assemblage: Trends and responses to 
elevation and climate variation. Global Change Biology, 
25(3), 985-996. 

Savage, V. M., Gillooly, J. F., Brown, J. H., West, G. B., 
& Charnov, E. L. (2004).  Effects of body size and 
temperature on population growth. The American 
Naturalist, 163(3), 429-441. 

SBC [Sierra Business Council]. (2025, October).  Intro to 
Forest Entrepreneurship Bootcamp [Event description]. 
https://www.sierrabusiness.org/archives/forestry-
entrepreneurship/ (last accessed on 9/30/2025). 

Schmitt, J., Tseng, K. C., Hughes, M., & Johnson, N. 
C. (2024).  Illuminating snow droughts: The future 
of Western United States snowpack in the SPEAR 
large ensemble. Journal of Geophysical Research: 
Atmospheres, 129(10), e2023JD039754. 

Scholl, A. E., & Taylor, A. H. (2010).  Fire regimes, forest 
change, and self-organization in an old-growth mixed-
conifer forest, Yosemite National Park, USA. Ecological 
Applications, 20(2), 362–380. 

Schuurman, G. W., Hawkins Hoffman, C., Cole, D. N., 
Lawrence, D. J., Morton, J. M., Magness, D. R., ... & 
Fisichelli, N. A. (2020).  Resist-accept-direct (RAD)-A 
framework for the 21st-century natural resource 
manager. USGS Report, 20. 

https://doi.org/10.3390/fire5060177
https://ppms.trec.pdx.edu/media/project_files/NITC-RR-1118_Planning_in_Gateway_and_Natural_Amenity_R
https://ppms.trec.pdx.edu/media/project_files/NITC-RR-1118_Planning_in_Gateway_and_Natural_Amenity_R
https://ppms.trec.pdx.edu/media/project_files/NITC-RR-1118_Planning_in_Gateway_and_Natural_Amenity_R
https://www.sierrabusiness.org/archives/forestry-entrepreneurship/
https://www.sierrabusiness.org/archives/forestry-entrepreneurship/


Fifth Climate Change Assessment: Sierra Nevada Regional Report 119

 

 

 

Schwartz, M., Hall, A., Sun, F., Walton, D., & Berg, 
N. (2017).  Significant and inevitable end-of-
twenty-first-century advances in surface runoff 
timing in California’s Sierra Nevada. Journal of 
Hydrometeorology, 18(12), 3181-3197. 

Schweizer, D., & Cisneros, R. (2014). Wildland fire  
management and air quality in the southern Sierra 
Nevada: Using the Lion Fire as a case study with a 
multi-year perspective on PM2. 5 impacts and fire 
policy. Journal of environmental management, 144, 265-
278. 

Seavy, N. E., Gardali, T., Golet, G. H., Griggs, F. T., 
Howell, C. A., Kelsey, R., ... & Weigand, J. F. (2009).  
Why climate change makes riparian restoration more 
important than ever: recommendations for practice 
and research. Ecological Restoration, 27(3), 330-338. 

Serleth, E. (2024).  Playing with Fire: California 
Homeowners Risk High Insurance Costs or Losing 
Homes to Climate Change Disasters. San Diego J. 
Climate & Energy L., 16, 91. 

Serreze, M. C., Clark, M. P., & Frei, A. (2001). 
Characteristics of large snowfall events in the 
montane western United States as examined using 
snowpack telemetry (SNOTEL) data. Water Resources 
Research, 37(3), 675-688. 

Shive, K. L., Knight, C. A., Steel, Z. L., Stanley, C. K., & 
Wilson, K. N. (2025).  Leveraging wildfire to augment 
forest management and amplify forest resilience. 
Ecosphere, 16(6), e70306. 

Shive, K. L., Wuenschel, A., Hardlund, L. J., Morris, S., 
Meyer, M. D., & Hood, S. M. (2022). Ancient trees and  
modern wildfires: Declining resilience to wildfire in the 
highly fire-adapted giant sequoia. Forest Ecology and 
Management, 511, 120110. 

Shulgina, T., Gershunov, A., Hatchett, B. J., Guirguis, 
K., Subramanian, A. C., Margulis, S. A., ... & Ralph, 
F. M. (2023).  Observed and projected changes in 
snow accumulation and snowline in California’s snowy 
mountains. Climate Dynamics, 61(9), 4809-4824. 

Shukla, S., Safeeq, M., AghaKouchak, A., Guan, K., & 
Funk, C. (2015).  Temperature impacts on the water 
year 2014 drought in California. Geophysical Research 
Letters, 42(11), 4384-4393. 

Sierra Institute. (2026).  Sierra Institute for Community and 
Environment. https://sierrainstitute.us/ (last accessed 
on 02/10/2026) 

Sierra Institute. (2020).  Sierra Institute and the 
Maidu Summit Consortium Partner on Landscape 
Treatments on the West Shore of Lake Almanor. 
Sierra Institute Blog, November 19, 2020. https://
sierrainstitute.us/blog-maiduforestproperty/ (last 
accessed on 02/10/2026). 

Siegel, R. B., & DeSante, D. F. (1999).  The draft avian 
conservation plan for the Sierra Nevada Bioregion: 
conservation priorities and strategies for safeguarding 
Sierra bird populations, version 1.0. Institute for Bird 
Populations report to California Partners in Flight. 

Siirila-Woodburn, E. R., Rhoades, A. M., Hatchett, B. 
J., Huning, L. S., Szinai, J., Tague, C., ... & Kaatz, L. 
(2021).  A low-to-no snow future and its impacts on 
water resources in the western United States. Nature 
Reviews Earth & Environment, 2(11), 800-819. 

SJF [Sierra Jobs First]. (2024, August 29).  Sierra Jobs First 
strategic plan. Sierra Jobs First. https://sierrajobsfirst.
org/strategic-plan/ (last accessed on 9/30/2025). 

Streib, L. C., Stone, J. R., Lyon, E. C., Quang, H. H., 
Yeager, K. M., Zimmerman, S. R., & McGlue, M. M. 
(2021).  Anthropogenic climate change has altered lake 
state in the Sierra Nevada (California, USA). Global 
change biology, 27(23), 6059-6070. 

Smith, A. T., Millar, C. I., & White, E. R. (2024).  Fifty-
year population trajectory in a marginal American 
Pika (Ochotona princeps) population. Journal of 
Mammalogy, 105(6), 1418-1429. 

Smits, A. P., Gomez, N. W., Dozier, J., & Sadro, S. (2021). 
Winter climate and lake morphology control ice 
phenology and under-ice temperature and oxygen 
regimes in mountain lakes. Journal of Geophysical 
Research: Biogeosciences, 126(8), e2021JG006277. 

SNC [Sierra Nevada Conservancy]. (2021, October). 
Prescribed fire & cultural burning training project: Sierra-
Sequoia Burn Cooperative (SSBC), Upper Kings River 
Watershed. https://sierranevada.ca.gov/snc-funds-
prescribed-fire-cultural-burning-training-project/ 

SNC [Sierra Nevada Conservancy]. (n.d.).  Land 
conservation and stewardship grant program. https://
sierranevada.ca.gov/grants/land-conservation-
stewardship/ (last accessed on 9/30/2025). 

SNRFCAT [Sierra Nevada Red Fox Conservation 
Advisory Team]. (2022). A Conservation Strategy for  
the Sierra Nevada Red Fox. California Department of 
Fish and Wildlife, Sacramento, USA. <https://wildlife.
ca.gov/Conservation/Mammals/Sierra-Nevada-Red-
Fox/Strategy>. 

https://sierrainstitute.us/
https://sierrainstitute.us/blog-maiduforestproperty/
https://sierrainstitute.us/blog-maiduforestproperty/
https://sierrajobsfirst.org/strategic-plan/
https://sierrajobsfirst.org/strategic-plan/
https://sierranevada.ca.gov/snc-funds-prescribed-fire-cultural-burning-training-project/
https://sierranevada.ca.gov/snc-funds-prescribed-fire-cultural-burning-training-project/
https://sierranevada.ca.gov/grants/land-conservation-stewardship/
https://sierranevada.ca.gov/grants/land-conservation-stewardship/
https://sierranevada.ca.gov/grants/land-conservation-stewardship/
https://wildlife.ca.gov/Conservation/Mammals/Sierra-Nevada-Red-Fox/Strategy
https://wildlife.ca.gov/Conservation/Mammals/Sierra-Nevada-Red-Fox/Strategy
https://wildlife.ca.gov/Conservation/Mammals/Sierra-Nevada-Red-Fox/Strategy


Fifth Climate Change Assessment: Sierra Nevada Regional Report 120

 

 

 

Soderquist, B. S. (2021).  Adapting infrastructure and 
recreation in the Sierra Nevada to climate change. 
Gen. Tech. Rep. PSW-GTR-272. Albany, CA: US Department 
of Agriculture, Forest Service, Pacific Southwest Research 
Station: 245-266. Chapter 6., 272, 245-266. 

Sperry, J. S., Venturas, M. D., Todd, H. N., Trugman, A. 
T., Anderegg, W. R., Wang, Y., & Tai, X. (2019).  The 
impact of rising CO2 and acclimation on the response 
of US forests to global warming. Proceedings of the 
National Academy of Sciences, 116(51), 25734-25744. 

State of California, & U.S. Department of Agriculture, 
Forest Service, Pacific Southwest Region. (2018). 
Agreement for shared stewardship of California’s forests 
and rangelands: Memorandum of understanding. 

State of California. (2023a).  Impacts of climate change 
on the North Fork Band of Mono Indians of California. 
https://oehha.ca.gov/climate-change/epic-2022/
impacts-tribes/impacts-climate-change-nork-fork-
band-… (last accessed on 2/12/2026) 

State of California. (2023b).  Impacts of Climate Change 
on the Bishop Paiute Tribe. https://oehha.ca.gov/
climate-change/epic-2022/impacts-tribes/impacts-
climate-change-bishop-paiute-tribe … (last accessed on 
2/12/2026) 

Stavros, E. N., McKenzie, D., & Larkin, N. (2014).  The 
climate–wildfire–air quality system: interactions and 
feedbacks across spatial and temporal scales. Wiley 
Interdisciplinary Reviews: Climate Change, 5(6), 719-733. 

Steel, Z. L., Campos, B., Frick, W. F., Burnett, R., & 
Safford, H. D. (2019).  The effects of wildfire severity 
and pyrodiversity on bat occupancy and diversity in 
fire-suppressed forests. Scientific Reports, 9(1), 16300. 

Steel, Z. L., Fogg, A. M., Burnett, R., Roberts, L. J., & 
Safford, H. D. (2022).  When bigger isn’t better—
Implications of large high-severity wildfire patches for 
avian diversity and community composition. Diversity 
and Distributions, 28(3), 439-453. 

Steel, Z. L., Foster, D., Coppoletta, M., Lydersen, J. 
M., Stephens, S. L., Paudel, A., ... & Collins, B. M. 
(2021).  Ecological resilience and vegetation transition 
in the face of two successive large wildfires. Journal of 
Ecology, 109(9), 3340-3355. 

Steel, Z. L., Jones, G. M., Collins, B. M., Green, R., 
Koltunov, A., Purcell, K. L., ... & Thompson, C. 
(2023).  Mega-disturbances cause rapid decline of 
mature conifer forest habitat in California. Ecological 
Applications, 33(2), e2763. 

Steel, Z. L., Safford, H. D., & Viers, J. H. (2015).  The fire 
frequency-severity relationship and the legacy of fire 
suppression in California forests. Ecosphere, 6(1), 1-23. 

Stephens, S. L., Collins, B. M., Fettig, C. J., Finney, M. 
A., Hoffman, C. M., Knapp, E. E., ... & Wayman, R. B. 
(2018).  Drought, tree mortality, and wildfire in forests 
adapted to frequent fire. BioScience, 68(2), 77-88. 

Stephens, S. L., Lydersen, J. M., Collins, B. M., Fry, D. 
L., & Meyer, M. D. (2015).  Historical and current 
landscape-scale ponderosa pine and mixed conifer 
forest structure in the Southern Sierra Nevada. 
Ecosphere, 6(5), 1-63. 

Stephens, S. L., Moghaddas, J. J., Edminster, C., Fiedler, 
C. E., Haase, S., Harrington, M., ... & Youngblood, A. 
(2009).  Fire treatment effects on vegetation structure, 
fuels, and potential fire severity in western US forests. 
Ecological Applications, 19(2), 305-320. 

Stephenson, N. L., Das, A. J., Ampersee, N. J., Bulaon, 
B. M., & Yee, J. L. (2019).  Which trees die during 
drought? The key role of insect host-tree selection. 
Journal of Ecology, 107(5), 2383-2401. 

Stephenson, N. L., Das, A. J., Ampersee, N. J., Cahill, 
K. G., Caprio, A. C., Sanders, J. E., & Williams, A. 
P. (2018).  Patterns and correlates of giant sequoia 
foliage dieback during California’s 2012–2016 hotter 
drought. Forest ecology and management, 419, 268-278. 

Stephenson, N. L., Soderberg, D. N., Flickinger, J. A., 
Caprio, A. C., & Das, A. J. (2024).  Effects of recent 
wildfires on giant sequoia groves were anomalous at 
millennial timescales: a response to Hanson et al. Fire 
Ecology, 20(1), 89. 

Stephenson, N., & Brigham, C. (2021).  Preliminary 
estimates of sequoia mortality in the 2020 Castle 
Fire. National Park Service. https://www.nps.gov/
articles/000/preliminary-estimates-of-sequoia-
mortality-in-the-2020-castle-fire.htm (last accessed on 
9/30/2025). 

Stewart, I. T., Cayan, D. R., & Dettinger, M. D. (2005). 
Changes toward earlier streamflow timing across 
western North America. Journal of climate, 18(8), 1136-
1155. 

Stewart, I. T., Ficklin, D. L., Carrillo, C. A., & McIntosh, 
R. (2015).  21st century increases in the likelihood of 
extreme hydrologic conditions for the mountainous 
basins of the Southwestern United States. Journal of 
Hydrology, 529, 340–353. 

Stewart, J. A., Wright, D. H., & Heckman, K. A. (2017). 
Apparent climate-mediated loss and fragmentation 
of core habitat of the American pika in the Northern 
Sierra Nevada, California, USA. PLoS One, 12(8), 
e0181834. 

https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://www.nps.gov/articles/000/preliminary-estimates-of-sequoia-mortality-in-the-2020-castle-fire.htm
https://www.nps.gov/articles/000/preliminary-estimates-of-sequoia-mortality-in-the-2020-castle-fire.htm
https://www.nps.gov/articles/000/preliminary-estimates-of-sequoia-mortality-in-the-2020-castle-fire.htm


Fifth Climate Change Assessment: Sierra Nevada Regional Report 121

 

 

 

 

 

 

Stillman, A. N., Siegel, R. B., Wilkerson, R. L., Johnson, 
M., & Tingley, M. W. (2019).  Age-dependent habitat 
relationships of a burned forest specialist emphasise 
the role of pyrodiversity in fire management. Journal 
of Applied Ecology, 56(4), 880-890. 

Storer, T. I., Usinger, R. L., & Lukas, D. (2004).  Sierra 
Nevada Natural History. University of California Press. 

Sun, F., Berg, N., Hall, A., Schwartz, M., & Walton, D. 
(2019).  Understanding end-of-century snowpack  
changes over California’s Sierra Nevada. Geophysical 
Research Letters, 46(2), 933-943. 

Swain, D. L., Langenbrunner, B., Neelin, J. D., & Hall, 
A. (2018). Increasing precipitation volatility in twenty- 
first-century California. Nature Climate Change, 8(5), 
427-433. 

Swann, A. L., Laguë, M. M., Garcia, E. S., Field, J. P., 
Breshears, D. D., Moore, D. J., ... & Minor, D. M. 
(2018).  Continental-scale consequences of tree die-
offs in North America: identifying where forest loss 
matters most. Environmental Research Letters, 13(5), 
055014. 

Syphard, A. D., Radelof, V. C., Keeley, J. E., Hawbaker, 
T. J., Clayton, M. K., Stewart, S. I. & Hammer, R. B. 
(2007).  Human influence on California fire regimes. 
Ecol.Appl., 17, 1388-1402. 

Tague, C., Valentine, S., & Kotchen, M. (2008).  Effect of 
geomorphic channel restoration on streamflow and 
groundwater in a snowmelt-dominated watershed. 
Water resources research, 44(10). 

Taillie, P. J., Burnett, R. D., Roberts, L. J., Campos, 
B. R., Peterson, M. N., & Moorman, C. E. (2018). 
Interacting and non-linear avian responses to mixed-
severity wildfire and time since fire. Ecosphere, 9(6), 
e02291. 

Tarbill, G. L., White, A. M., & Sollmann, R. (2023). 
Response of pollinator taxa to fire is consistent 
with historic fire regimes in the Sierra Nevada 
and mediated through floral richness. Ecology and 
Evolution, 13(12), e10761. 

Taylor, A. H., Maxwell, R. S., Bernal, A. A., Quinn-
Davidson, L., Coppoletta, M., Collins, B. M., 
Stephens, S. L., & Safford, H. D. (2022).  Severity 
patterns of the 2021 Dixie Fire exemplify the need to 
increase low-severity fire treatments in California’s 
forests. Environmental Research Letters, 17(7), 071002. 

Taylor, A. H., Trouet, V., Skinner, C. N., & Stephens, S. 
(2016).  Socioecological transitions trigger fire regime 
shifts and modulate fire–climate interactions in the 
Sierra Nevada, USA, 1600–2015 CE. Proceedings of the 
National Academy of Sciences, 113(48), 13684-13689. 

Tebaldi, C., Debeire, K., Eyring, V., Fischer, E., 
Fyfe, J., Friedlingstein, P., ... & Ziehn, T. (2021). 
Climate model projections from the scenario model 
intercomparison project (ScenarioMIP) of CMIP6. Earth 
System Dynamics, 12(1), 253-293. 

Thomas, M. A., Michaelis, A. C., Oakley, N. S., Kean, 
J. W., Gensini, V. A., & Ashley, W. S. (2024).  Rainfall 
intensification amplifies exposure of American 
Southwest to conditions that trigger postfire debris 
flows. NPJ Natural Hazards, 1(1), 14. 

Thorne, J. H., Morgan, B. J., & Kennedy, J. A. (2008). 
Vegetation changed over sixty years in the Central 
Sierra Nevada, California, USA. Madrono, 55(3), 223-
237. 

Tingley, M. W., Monahan, W. B., Beissinger, S. R., & 
Moritz, C. (2009).  Birds track their Grinnellian niche 
through a century of climate change. Proceedings of 
the National Academy of Sciences, 106(supplement_2), 
19637-19643. 

Tingley, M. W., Ruiz-Gutiérrez, V., Wilkerson, R. L., 
Howell, C. A., & Siegel, R. B. (2016).  Pyrodiversity 
promotes avian diversity over the decade following 
forest fire. Proceedings of the Royal Society B: Biological 
Sciences, 283(1840), 20161703. 

TML [Town of Mammoth Lakes]. (2021).  A changing 
climate | vulnerability in California’s eastern 
Sierra. Eastern Sierra Sustainable Recreation 
and Tourism Initiative. https://mltpa.org/images/
downloads/703_02_AChangingClimate_2021-05-13_
FINAL.pdf (last accessed on 9/30/2025). 

Town of Truckee. (2025, November).  Town of Truckee 
request for proposals. https://www.townoftruckee.
com/DocumentCenter/View/2458/Heat-Pump-AC-
Request-for-Proposals-with-attachments?bidId= (last 
accessed on 9/30/2025). 

Trugman, A. T., Anderegg, L. D., Anderegg, W. R., Das, 
A. J., & Stephenson, N. L. (2021).  Why is tree drought 
mortality so hard to predict?. Trends in Ecology & 
Evolution, 36(6), 520-532. 

Tyler, C. M., Kuhn, B., & Davis, F. W. (2006). 
Demography and Recruitment Limitations of 
Three Oak Species in California. The Quarterly 
Review of Biology, 81(2), 127–152. https://doi.
org/10.1086/506025 

Ullrich, P. A., Xu, Z., Rhoades, A. M., Dettinger, M. D., 
Mount, J. F., Jones, A. D., & Vahmani, P. (2018). 
California’s drought of the future: A midcentury 
recreation of the exceptional conditions of 2012–2017. 
Earth’s Future, 6(11), 1568-1587. 

https://mltpa.org/images/downloads/703_02_AChangingClimate_2021-05-13_FINAL.pdf
https://mltpa.org/images/downloads/703_02_AChangingClimate_2021-05-13_FINAL.pdf
https://mltpa.org/images/downloads/703_02_AChangingClimate_2021-05-13_FINAL.pdf
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://monocounty.ca.gov/cao/page/mono-county-adopts-state-strategy-bolster-outdoor-recreation-and-wildfire-resilience
https://doi.org/10.1086/506025
https://doi.org/10.1086/506025


Fifth Climate Change Assessment: Sierra Nevada Regional Report 122

 

 

 

Urióstegui, S. H., Bibby, R. K., Esser, B. K., & Clark, J. F. 
(2017).  Quantifying annual groundwater recharge and 
storage in the central Sierra Nevada using naturally 
occurring 35S. Hydrological Processes, 31(6), 1382-
1397. 

USCB [U.S. Census Bureau]. (n.d.).  QuickFacts: California. 
U.S. Department of Commerce. https://www.census.
gov/quickfacts/fact/table/CA/INC110223 (last accessed 
05/23/2025). 

USDOI [U.S. Department of the Interior]. (2012). 
Recreation and public lands report. U.S. Department of 
the Interior. 

USEPA [U.S. Environmental Protection Agency]. (2021, 
November).  Findings on disproportionate risks of 
climate change to low-income individuals. https://www.
epa.gov/system/files/documents/2021-11/factsheet_
low-income.pdf (last accessed on 9/30/2025). 

USEPA [U.S. Environmental Protection Agency]. (2025, 
March 25).  Climate change and human health: Who’s 
most at risk? U.S. Department of Environmental 
Protection. https://www.epa.gov/climateimpacts/
climate-change-and-human-health-whos-most-risk 
(last accessed on 9/30/2025). 

USFS [United States Forest Service]. (2021). 
Infrastructure and recreation vulnerability assessment. 
https://www.fs.usda.gov/psw/publications/
documents/psw_gtr272/psw_gtr272.pdf (last accessed 
on 9/30/2025). 

USFWS [United State Fish and Wildlife Service]. 2007.  
Recovery plan for the Sierra Nevada bighorn sheep. 
California/Nevada Operations Office, US Fish and 
Wildlife Service. 

USGCRP [U.S. Global Change Research Program]. 
(2016).  The impacts of climate change on human 
health in the United States: A scientific assessment. 
https://www.healthandenvironment.org/
docs/ImpactsClimageChangeHumanHealth 
USGlobalChangeResearchProgramSmall2016.pdf

Valley Vision. (2021, November).  North State Planning 
and Development Collective Forest sector workforce 
study report: https://www.valleyvision.org/wp-content/
uploads/Forest-Sector-Workforce-Study-Final-
Report-1.pdf (last accessed on 9/30/2025). 

Van Mantgem, P. J., Stephenson, N. L., Byrne, J. C., 
Daniels, L. D., Franklin, J. F., Fulé, P. Z., ... & Veblen, 
T. T. (2009).  Widespread increase of tree mortality 
rates in the western United States. Science, 323(5913), 
521-524. 

Venette, R. C., Coleman, T. W., & Seybold, S. (2015).  
Assessing the risks posed by goldspotted oak borer to 
California and beyond. Gen. Tech. Rep. PSW-GTR-251. 
Berkeley, CA: U.S. Department of Agriculture, Forest 
Service, Pacific Southwest Research Station: 317-329, 
251, 317–329. 

Verkaik, I., Rieradevall, M., Cooper, S. D., Melack, J. M., 
Dudley, T. L., & Prat, N. (2013).  Fire as a disturbance 
in Mediterranean climate streams. Hydrobiologia, 
719(1), 353-382. 

Vernon, M. E., Campos, B. R., & Burnett, R. D. (2022). 
Effects of livestock grazing on the ecology of Sierra 
meadows: a review of the current state of scientific 
knowledge to inform meadow restoration and 
management. Environmental Management, 69(6), 1118-
1136. 

Visit California. (2025a, June).  High Sierra regional 
strategic tourism plan (High Sierra Region). Visit 
California. https://travelmattersca.com/-/media/travel-
matters-site/issue-and-insights/regional-strategic-
tourism-plans/plans/june-2025/high_sierra_regional_
strategic_tourism_plan_june_2025.pdf (last accessed 
on 9/30/2025). 

Visit California. (2025b, June).  Gold Country regional 
strategic tourism plan (Gold Country Region). Visit 
California. https://travelmattersca.com/-/media/travel-
matters-site/issue-and-insights/regional-strategic-
tourism-plans/plans/june-2025/gold_country_
regional_strategic_tourism_plan_june_2025.pdf (last 
accessed on 9/30/2025). 

Visit California. (2025c, March).  Regional strategic 
tourism plan: Shasta Cascade (Phase 1 draft) (North 
Coast Region). Visit California. https://travelmattersca.
com/-/media/travel-matters-site/issue-and-insights/
regional-strategic-tourism-plans/plans/june-2025/
shasta_cascade_regional_strategic_tourism_plan_
june_2025.pdf (last accessed on 9/30/2025). 

Wang, C., Li, Z., Chen, Y., Ouyang, L., Zhao, H., Zhu, 
J., ... & Zhao, Y. (2024).  Characteristic changes in 
compound drought and heatwave events under 
climate change. Atmospheric Research, 305, 107440. 

Wang, J. A., Randerson, J. T., Goulden, M. L., Knight, 
C. A., & Battles, J. J. (2022).  Losses of tree cover in 
California driven by increasing fire disturbance and 
climate stress. AGU Advances, 3(4), e2021AV000654. 

Wasklewicz, T., Chen, A., Guthrie, R.H. (2023).  Post-
Wildfire Debris Flow and Large Woody Debris 
Transport Modeling from the North Complex Fire 
to Lake Oroville. Water, 15(4), 762. https://doi.
org/10.3390/w15040762 

https://www.census.gov/quickfacts/fact/table/CA/INC110223
https://www.census.gov/quickfacts/fact/table/CA/INC110223
https://www.epa.gov/system/files/documents/2021-11/factsheet_low-income.pdf
https://www.epa.gov/system/files/documents/2021-11/factsheet_low-income.pdf
https://www.epa.gov/system/files/documents/2021-11/factsheet_low-income.pdf
https://www.epa.gov/climateimpacts/climate-change-and-human-health-whos-most-risk
https://www.epa.gov/climateimpacts/climate-change-and-human-health-whos-most-risk
https://www.fs.usda.gov/psw/publications/documents/psw_gtr272/psw_gtr272.pdf
https://www.fs.usda.gov/psw/publications/documents/psw_gtr272/psw_gtr272.pdf
https://www.healthandenvironment.org/docs/ImpactsClimageChangeHumanHealthUSGlobalChangeResearchProgramSmall2016.pdf
https://www.healthandenvironment.org/docs/ImpactsClimageChangeHumanHealthUSGlobalChangeResearchProgramSmall2016.pdf
https://www.healthandenvironment.org/docs/ImpactsClimageChangeHumanHealthUSGlobalChangeResearchProgramSmall2016.pdf
https://www.valleyvision.org/wp-content/uploads/Forest-Sector-Workforce-Study-Final-Report-1.pdf
https://www.valleyvision.org/wp-content/uploads/Forest-Sector-Workforce-Study-Final-Report-1.pdf
https://www.valleyvision.org/wp-content/uploads/Forest-Sector-Workforce-Study-Final-Report-1.pdf
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://travelmattersca.com/-/media/travel-matters-site/issue-and-insights/regional-strategic-touris
https://doi.org/10.3390/w15040762
https://doi.org/10.3390/w15040762


Fifth Climate Change Assessment: Sierra Nevada Regional Report 123

 

 

 

 

 

Webster, K. M., & Halpern, C. B. (2010).  Long-term 
vegetation responses to reintroduction and repeated 
use of fire in mixed-conifer forests of the Sierra 
Nevada. Ecosphere, 1(5), 1-27. 

Welty, J., & Zeng, X. (2021).  Characteristics and causes 
of extreme snowmelt over the conterminous United 
States. Bulletin of the American Meteorological Society, 
102(8), E1526-E1542. 

Werth, S., Shirzaei, M., Carlson, G., & Bürgmann, 
R. (2025).  Connecting Deep Aquifer Recharge in 
California’s Central Valley to Sierra Nevada Snowmelt 
via Multi-Sensor Remote Sensing Data. EGUsphere, 
2025, 1-35. 

Westerling, A. L. (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 No. CCCA4-CEC-2018-014. 

White, A. B., Moore, B. J., Gottas, D. J., & Neiman, P. J. 
(2019).  Winter storm conditions leading to excessive 
runoff above California’s Oroville Dam during 
January and February 2017. Bulletin of the American 
Meteorological Society, 100(1), 55-70. 

Whittaker, R. H. (1975).  Communities and Ecosystems. 
Macmil. Collier Macmillan. 

Wilkin, K. M., Ackerly, D. D., & Stephens, S. L. (2016). 
Climate change refugia, fire ecology and management. 
Forests, 7(4), 77. 

Willard, E., Wakimoto, R., & Ryan, K. (1995).  Vegetation 
recovery in sedge meadow communities within 
the Red Bench Fire, Glacier National Park. In Fire in 
wetlands: A management perspective (pp. 102–110). 
Proceedings of the Tall Timbers Fire Ecology 
Conference. 

Williams, A. P., Abatzoglou, J. T., Gershunov, A., 
Guzman-Morales, J., Bishop, D. A., Balch, J. K., 
& Lettenmaier, D. P. (2019).  Observed impacts 
of anthropogenic climate change on wildfire in 
California. Earth’s Future, 7(8), 892-910. 

Williams, A. P., Cook, B. I., & Smerdon, J. E. (2022). 
Rapid intensification of the emerging southwestern 
North American megadrought in 2020–2021. Nature 
Climate Change, 12(3), 232-234. 

Williams, A. P., Cook, E. R., Smerdon, J. E., Cook, B. I., 
Abatzoglou, J. T., Bolles, K., ... & Livneh, B. (2020). 
Large contribution from anthropogenic warming to 
an emerging North American megadrought. Science, 
368(6488), 314-318. 

Williams, A. P., Seager, R., Abatzoglou, J. T., Cook, B. I., 
Smerdon, J. E., & Cook, E. R. (2015).  Contribution of 
anthropogenic warming to California drought during 
2012–2014. Geophysical Research Letters, 42(16), 6819-
6828. 

Williams, J. N., Safford, H. D., Enstice, N., Steel, Z. L., 
& Paulson, A. K. (2023).  High-severity burned area 
and proportion exceed historic conditions in Sierra 
Nevada, California, and adjacent ranges. Ecosphere, 
14(1), e4397. 

Wilson, G., Green, M., Campbell, J., Contosta, A., Lany, 
N., & Bailey, A. (2024).  Long-term measurements of 
seasonal snowpacks indicate increases in mid-winter 
snowmelt and earlier snowpack disappearance in the 
northeastern US. PLOS Climate, 3(12), e0000529. 

Wobus, C., Small, E. E., Hosterman, H., Mills, D., Stein, 
J., Rissing, M., Jones, R., Duckworth, M., et al. 
(2017).  Projected climate change impacts on skiing 
and snowmobiling: A case study of the United States. 
Global Environmental Change, 45, 1–14. 

Wohl, E. 2013.  Landscape-scale carbon storage 
associated with beaver dams. Geophysical Research 
Letters; 40, 3631-3636. doi:10.1002/grl.50710, 2013 

Wolf, K. D., Higuera, P. E., Davis, K. T., & Dobrowski, S. 
Z. (2021).  Wildfire impacts on forest microclimate vary 
with biophysical context. Ecosphere, 12(5), e03467. 

Wood, S. H. (1975).  Holocene stratigraphy and chronology 
of mountain meadows, Sierra Nevada, California. 
California Institute of Technology. 

Wrege, P. H., David Shuford, W., Winkler, D. W., & 
Jellison, R. (2006).  Annual variation in numbers of 
breeding California Gulls at Mono Lake, California: The 
importance of natal philopatry and local and regional 
conditions. The Condor, 108(1), 82-96. 

Wright, D. H., & Stewart, J. A. (2018).  Within-talus 
temperatures are not limiting for pikas in the 
northern Sierra Nevada, California, USA. California Fish 
and Game, 104(4), 180-195. 

Wrzesien, M. L., Pavelsky, T. M., Sobolowski, S. P., 
Huning, L. S., Cohen, J. S., & Herman, J. D. (2022). 
Tracking the impacts of precipitation phase changes 
through the hydrologic cycle in snowy regions: From 
precipitation to reservoir storage. Frontiers in Earth 
Science, 10, 995874. 

Wu, C., Coffield, S. R., Goulden, M. L., Randerson, 
J. T., Trugman, A. T., & Anderegg, W. R. (2023). 
Uncertainty in US forest carbon storage potential due 
to climate risks. Nature Geoscience, 16(5), 422-429. 



Fifth Climate Change Assessment: Sierra Nevada Regional Report 124

 

 

 

Xu, Q., Westerling, A. L., & Baldwin, W. J. (2022).  Spatial 
and temporal patterns of wildfire burn severity and 
biomass burning-induced emissions in California. 
Environmental Research Letters, 17(11), 115001. 

Yañez, C. C., Hopkins, F. M., & Porter, W. C. (2020). 
Projected impacts of climate change on tourism in the 
Coachella Valley, California. Climatic Change, 162(2), 
707-721. 

Yarnell, S. M., Viers, J. H., & Mount, J. F. (2010).  Ecology 
and management of the spring snowmelt recession. 
Bioscience, 60(2), 114-127. 

YFS [Yosemite Field Station]. (n.d.).  University of 
California, Merced. Retrieved on 03/02/2026. https://
yfs.ucnrs.org/geology/ 

Zavaleta, E. S., Hulvey, K. B., & Fulfrost, B. (2007). 
Regional patterns of recruitment success and 
failure in two endemic California oaks. Diversity and 
Distributions, 13(6), 735–745. 

Zhang, S., Carter, N., Sexton, J. O., Wang, J. A., Wang, 
P., & Zhu, K. (2025).  Accelerated biomass loss in 
western US forestlands due to shifting fire regime. 
bioRxiv, 2025-08. 

Zhao, T., Xiong, S., Tian, Y., Wu, Y., Li, B., & Chen, X. 
(2024).  Compound dry and hot events over major 
river basins of the world from 1921 to 2020. Weather 
and Climate Extremes, 44, 100679. 

Zhou, G., Eisenhauer, N., Du, Z., Lucas-Borja, M. E., 
Zhai, K., Berdugo, M., ... & Delgado-Baquerizo, 
M. (2025).  Fire-driven disruptions of global soil 
biochemical relationships. Nature communications, 
16(1), 1190. 

Zhuang, Y., Fu, R., Lisonbee, J., Sheffield, A. M., Parker, 
B. A., & Deheza, G. (2024). Anthropogenic warming  
has ushered in an era of temperature-dominated 
droughts in the western United States. Science 
Advances, 10(45), eadn9389. 

Zscheischler, J., Martius, O., Westra, S., Bevacqua, E., 
Raymond, C., Horton, R. M., ... & Vignotto, E. (2020). 
A typology of compound weather and climate events. 
Nature reviews earth & environment, 1(7), 333-347.

https://yfs.ucnrs.org/geology/
https://yfs.ucnrs.org/geology/


CALIFORNIA’S FIFTH
CLIMATE CHANGE
ASSESSMENT


	Sierra Nevada Regional Report
	About California’s Fifth Climate Change Assessment
	Purpose of the Regional Reports
	Climate Modeling, Scenarios, & Time Periods
	Executive Summary
	Table of Contents 
	Chapter 1. Introduction
	Chapter 2. Climate Science: Historical & Projected Trends
	2.1 Historical Climate
	2.2 Temperature and Precipitation Trends
	2.3 Snowpack Trends 
	2.4 Trends in Regional Drying and Runoff
	2.5 Trends in Wildfires

	Chapter 3. Natural and Working Lands & Waters
	3.1 Terrestrial Ecosystems and Biodiversity 
	3.1.1 Climate Effects, Trends, and Projections in Ecosystems
	3.1.2 Climate Effects, Trends, and Projections for Biodiversity
	3.1.3 Vulnerability 
	3.1.4 Adaptation Actions

	3.2 Water Resources
	3.2.1 Introduction
	3.2.2 Climate Effects, Trends, and Projections
	3.2.3 Vulnerability
	3.2.4 Adaptation Actions 


	Chapter 4. Built Systems
	4.1 Introduction 
	4.2 Vulnerability 
	4.2.1 Reservoirs and Conveyances 
	4.2.2 Roads 
	4.2.3 Energy Infrastructure 

	4.3 Adaptation Pathways for Climate-Resilient Infrastructure 

	Chapter 5. Social Systems
	5.1 Introduction 
	5.2 Community Impacts from Climate Hazards 
	5.2.1 Increasing Temperatures and Changing Precipitation Patterns 
	5.2.2 Wildfires 
	5.2.3 Public Health and Healthcare Availability

	5.3 Implications for Workforce and Small Business 
	5.3.1 Forest Management and Resilience & New Markets in Biomass and Wood Products 
	5.3.2 Tourism and Outdoor Recreation—Climate Change Implications for Regional Economies and Workforce Development

	5.4 Climate Vulnerable Populations in the Sierra Nevada 
	5.5 Knowledge Gaps 

	Conclusion
	Appendices
	References






