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Coastal Redwood Forests 

Northern California Climate Change Vulnerability Assessment Synthesis 

An Important Note About this Document: This document represents an initial evaluation of vulnerability 
for coastal redwood forests in northern California based on expert input and existing information. 
Specifically, the information presented below comprises vulnerability factors selected and scored by 
regional experts, relevant references from the scientific literature, and peer-review comments and 
revisions (see end of document for a glossary of terms and brief overview of study methods). The aim of 
this document is to expand understanding of habitat vulnerability to changing climate conditions, and to 
provide a foundation for developing appropriate adaptation responses. 

Peer reviewers for this document included Anonymous (Humboldt State University), Emily Burns (Save 
the Redwoods League), Laura Lalemand (Save the Redwoods League), and Daniel Wooden (Bureau of 
Land Management). Vulnerability scores were provided by Eureka workshop participants. 
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Habitat Description 

Coastal redwood forests extend from central California into southern Oregon, and distribution 
is limited to the coastal fog zone at elevations up to 600 m (2,000 ft; CNPS 2019) and distances 
of up to 57 km (35.4 mi) inland from the coast (Carroll et al. 2018). Coast redwoods (Sequoia 
sempervirens) dominate the canopy (Olson et al. 1990; Noss 2000; Mooney & Dawson 2016; 
Van Pelt et al. 2016) and can reach heights of over 115 m (377 ft; Sillett et al. 2015), making 
them the tallest known trees in the world (Koch et al. 2004). The great height and biomass of 
these trees influence climate conditions (e.g., light, temperature, humidity, soil moisture) 
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within coastal redwood forests, providing favorable microsites under the closed canopy that 
are consistently cool and moist (Mooney & Dawson 2016). 
 
The canopy of coastal redwood forest is often multi-layered; commonly associated species in 
lower layers of the canopy include western hemlock (Tsuga heterophylla), Douglas-fir 
(Pseudotsuga menziesii), tanoak (Notholithocarpus densiflorus), grand fir (Abies grandis), 
western redcedar (Thuja plicata), Sitka spruce (Picea sitchensis), Pacific madrone (Arbutus 
menziesii), bigleaf maple (Acer macrophyllum), vine maple (A. circinatum), and red alder (Alnus 
rubra; Olson et al. 1990; Sawyer 2007; Mooney & Dawson 2016; Van Pelt et al. 2016; CNPS 
2019). The understory ranges from sparse to dense and is comprised of shrubs and herbaceous 
species such as western azalea (Rhododendron occidentale), Pacific rhododendron (R. 
macrophyllum), California hazel (Corylus cornuta californica), salmonberry (Rubus spectabilis), 
evergreen huckleberry (Vaccinium ovatum), red huckleberry (V. parvifolium), sword fern 
(Polystichum munitum), lady fern (Athyrium filix-femina), deer fern (Blechnum spicant), and 
redwood sorrel (Oxalis oregana), among other species (Olson et al. 1990; Mooney & Dawson 
2016; Van Pelt et al. 2016). Across their range, coastal redwood forest composition and stand 
structure vary widely due to changes in moisture availability from north to south (Sawyer et al. 
2000c; Sawyer 2007; Van Pelt et al. 2016), as well as elevation, coastal proximity, soil type, 
topographic position (e.g. slope, aspect), and disturbance and management history (Olson et al. 
1990; Lorimer et al. 2009; Mooney & Dawson 2016). In the northern and central parts of their 
range (within the study area for this project), stands typically occur on alluvial river terraces, 
moist coastal plains, valley bottoms, and low-elevation slopes (Olson et al. 1990; Johnstone & 
Dawson 2010; Van Pelt et al. 2016; CNPS 2019). The oldest and tallest stands are often found 
on alluvial flats in west-draining canyons (Olson et al. 1990; Johnstone & Dawson 2010). Old-
growth patches are interspersed throughout the coastal redwood range, but are most extensive 
in northern areas (Olson et al. 1990; Mahony & Stuart 2000; Lorimer et al. 2009; Mooney & 
Dawson 2016; Van Pelt et al. 2016; O’Hara et al. 2017). 
 
Coastal redwood forests provide important habitat for threatened and endangered species, 
many of which reside in the forest canopy (Mooney & Dawson 2016). Structural characteristics 
within old-growth forests, in particular, are associated with many rare species and/or species 
with specialized habitat niches, including the marbled murrelet (Brachyramphus marmoratus), 
northern spotted owl (Strix occidentalis caurina), Pacific fisher (Pekania pennant pacifica), 
Humboldt marten (Martes caurina humboldtensis), and clouded salamander (Aneides ferreus), 
as well as northern flying squirrels (Glaucomys sabrinus), tree voles (Arborimus longicaudus, A. 
pomo), and canopy invertebrates (Cooperrider et al. 2000; Mooney & Dawson 2016).  
 
Coastal redwood forests represent a landscape of significant cultural importance to the Yurok 
and other northwestern California tribes (Huntsinger & McCaffrey 1995). Although most tribal 
members historically lived, hunted, and gathered food outside of the redwood forests, they 
held great spiritual significance (Huntsinger & McCaffrey 1995). Redwood trees are utilized to 
build canoes, houses, and other structures (Huntsinger & McCaffrey 1995), and many plant and 
wildlife species found within this forest type (e.g., tanoak, evergreen huckleberry) are highly 
valued for food, fiber, and other materials (Huntsinger & McCaffrey 1995). Active ecosystem 
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management through cultural burning and other stewardship practices in and around coastal 
redwood forests increased the diversity and predictability of natural resources utilized by 
California tribes (Huntsinger & McCaffrey 1995). 

 

Executive Summary 

The relative vulnerability of coastal 
redwood forests in northern 
California was evaluated as moderate 
by regional experts due to moderate 
sensitivity to climate and non-climate 
stressors, moderate-high exposure to 
projected future climate changes, and 
moderate-high adaptive capacity. 
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y Climate and climate-driven factors:  

• Air temperature, storms, precipitation amount, climatic water deficit, soil moisture, coastal 
fog 

Disturbance regimes:  

• Disease, wildfire 
Non-climate stressors:  

• Timber harvest, fire exclusion and suppression, agriculture 

 
Coastal redwood forests are primarily sensitive to climate factors that increase water stress 
(e.g., precipitation amount, climatic water deficit, soil moisture, coastal fog), which affects 
coast redwood growth and survival, as well as understory plant survival and composition. In the 
wetter northern forests, coast redwoods have demonstrated greater than expected growth 
over the past several decades, likely due in part to increased light availability associated with 
reduced fog and low cloud cover. However, continued trends toward a warmer, drier climate 
may negatively impact growth for trees that already experience water stress, such as those in 
the central and southern part of their range. Coastal redwood forests are also sensitive to 
changes in disturbance regimes that increase seedling and mature tree mortality, shift species 
composition in the understory and sub-canopy, and/or impact forest structure. One of the 
greatest current threats is sudden oak death, which is causing high rates of tanoak mortality in 
coastal redwood forests and is likely to impact ecosystem functioning as tanoak abundance 
declines. Altered wildfire regimes may also impact redwood forest composition and structure, 
and changes in fuel availability could increase the risk of redwood trunk injury or mortality. 
Finally, non-climate stressors, including timber harvest, fire suppression, and land-use 
conversion to agriculture, have greatly reduced the extent of coastal redwood forests, 
particularly old-growth stands. Significant changes in species composition and forest structure 

Coastal Redwood 
Forests Rank Confidence 

Sensitivity Moderate High 

Future Exposure Moderate-High Moderate 

Adaptive Capacity Moderate-High High 

Vulnerability Moderate Moderate 
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in second-growth forests increase vulnerability to climate change by enhancing moisture stress 
and contributing to changes in the fire regime.1 
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Factors that enhance adaptive capacity:  

+ Supports many plant and wildlife species that are rare and/or occupy specialized habitat 
niches 

+ Very high public and societal value 

+ Possible to accelerate the development of old-growth characteristics through management 
Factors that undermine adaptive capacity:  

− 95% loss of old-growth forest across the habitat range due primarily to logging 

− Significant lack of connectivity between remaining old-growth forest patches 

− Reduced integrity and spatial complexity in second-growth forest 

 
The extent of coastal redwood forests has been significantly reduced by timber harvesting. 
Over 95% of old-growth forest area has been lost, and connectivity among remaining old-
growth forest patches has declined, resulting in the loss of many species dependent on old-
growth habitat characteristics (e.g., snags, complex crown structure). In addition, the integrity 
and spatial complexity of second-growth forests has been degraded in the region. Coastal 
redwood forests have relatively low species richness but harbor a high proportion of species 
that occupy specialized niches, including epiphytes (i.e., plants with no connection to the 
ground) and an array of insects, amphibians, reptiles, mammals, and birds that depend on the 
cool, moist microclimate and complex habitat structure provided by old-growth forests. 
Because redwoods are long-lived, recover rapidly following injury, and are resistant to insects, 
disease, and fire, old-growth forests may respond more slowly to climate changes than many 
other forest types. However, coastal redwood forests are highly dependent on sites where 
coastal fog is frequent and many associated understory plants are dependent on the influence 
of redwoods on the forest microclimate, suggesting that degraded forests may be less able to 
recover, particularly in drier areas. Support for management of coastal redwood forests is high 
due to their great public and societal value, which is recognized worldwide. Conservation of 
remaining old-growth forest areas is critical for preserving unique forest characteristics (e.g., 
complex crowns) and providing refugia for species sensitive to climate change. It is also 
important to protect second-growth forest areas that represent the range of habitat variability 
and areas that increase connectivity for species migration. In degraded second-growth forests, 
the scientific literature supports several management strategies that may enhance or restore 
ecosystem functioning and increase tree growth rates and structural complexity, accelerating 
the development of old-growth forest characteristics. 

 

 
1 For the purposes of this assessment, “second-growth forests” will be applied to all forests that have been logged 
at least once (as defined in Burns et al. 2018). Forest structure and composition in second-growth stands vary 
widely depending on site conditions, logging practices, and time since disturbance, but these forests are generally 
denser and skewed towards younger age classes (Burns et al. 2018). 
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Sensitivity and Exposure 

Coastal redwood forests were evaluated by regional experts as having moderate overall 
sensitivity (high confidence in evaluation) and moderate-high overall future exposure 
(moderate confidence) to climate and climate-driven factors, changes in disturbance regimes, 
and non-climate stressors. 
 
Climate change is projected to alter 
climatically suitable habitat area for coastal 
redwood forests due to increases in 
temperature and water stress, as well as 
possible changes in the timing and 
frequency of coastal fog (Flint & Flint 2012; 
Fernández et al. 2015; Thorne et al. 2016, 
2017; DellaSala et al. 2018). It is difficult to 
accurately predict shifts in habitat 
distribution for coastal redwood forests 
because the global climate models (GCMs) 
used for many studies are unable to 
accurately capture the complex interactions 
between ocean currents and atmospheric 
processes that drive patterns of 
temperature and moisture (including fog) in 
coastal climates (Wang et al. 2010; 
Fernández et al. 2015). However, most studies agree that the climatically suitable area for this 
habitat will generally shift north, with possible contractions in climatically suitable habitat of up 
to 89% state-wide by 2100; the largest losses would likely occur at the southern end of the 
current range and under hotter/drier future scenarios (Fernández et al. 2015; Thorne et al. 
2016, 2017; DellaSala et al. 2018).2 The majority of the area projected to remain climatically 
suitable is in northern California, with all studies highlighting Humboldt County as one of the 
primary areas of refuge (Fernández et al. 2015; Thorne et al. 2016; DellaSala et al. 2018). Some 
expansion in the climatically suitable range may occur outside of California to the north, and 
some scenarios indicate slight expansion at the inland edge of the current distribution 
(Fernández et al. 2015; Thorne et al. 2016; DellaSala et al. 2018). Although coastal redwood 
forests are likely to experience novel climates in many areas, it is important to note that there 
is no empirical evidence that coast redwoods will disappear and little information is known 

 
2 Projections for Thorne et al. (2016, 2017) are based on two different future climate models, MIROC ESM (warmer 
and drier) and CNRM CM5 (warmer and wetter), and two future greenhouse gas emissions scenarios, RCP 8.5 
(business as usual emissions) and RCP 4.5 (Paris Accord target emissions). These scenarios encompass minimum 
temperature increases of 1.9–4.5°C (3.42–8.1°F) and a -24.8 to +22.9% change in precipitation by 2100 relative to 
1980–2010 (Thorne et al. 2016, 2017). Fernández et al. (2015) created scenarios based on historically anomalous 
conditions, which were compared to an average of 19 CMIP5 GCMs using the RCP 4.5 emissions scenario for 2020–
2030. Finally, DellaSala et al. (2015) used 3 GCMs (CSIRO, CCCMA, HADCM3) that spanned dry and wet projections 
for the 2050s and 2080s compared to 1950–2000 using the A2 high-emissions scenario (comparable to RCP 8.5). 

Potential Changes in Habitat Distribution 

• Northward shifts in climatically suitable area for 
coastal redwood forests, with possible 
contractions of up to 89% in climatically suitable 
area state-wide  

• The majority of the area projected to remain 
suitable within the state is in northern 
California, with Humboldt County highlighted as 
an area of refuge in multiple studies  

• Little to no information is available about the 
impact of novel climate conditions on the 
survival of coast redwoods and associated 
species 

Source(s): (DellaSala et al. 2015; Fernández et al. 
2015; Thorne et al. 2016, 2017; Vuln. Assessment 
Reviewer, pers. comm., 2018) 
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about how novel climates may affect the survival of associated species (Vuln. Assessment 
Reviewer, pers. comm., 2018).  
 

Sensitivity and future exposure to climate and climate-driven factors 

Regional experts evaluated coast redwood forests as having moderate sensitivity to climate and 
climate-driven factors (moderate confidence in evaluation), with an overall moderate-high 
future exposure to these factors within the study region (low confidence). Key climatic factors 
that affect coastal redwood forests include air temperature, storms, precipitation amount, 
climatic water deficit, soil moisture, and coastal fog.3  
 
Air temperature 
Coastal forests in northern California experience a relatively cool and mild climate year-round 
compared to other forest ecosystems within the state due to the proximity of the ocean (Olson 
et al. 1990; Mooney & Dawson 2016). The limited temperature variability characteristic of 
maritime climates allows coast redwood trees to attain great height and biomass, largely by 
maintaining a steady balance between the energetic costs of productivity (i.e., growth) and 
maintenance (i.e., respiration and transpiration; Larjavaara 2013). However, warmer 
temperatures can enhance drought stress by increasing evaporative demand (Flint & Flint 
2012), particularly if fog is also reduced (Johnstone & Dawson 2010; Carroll et al. 2014). The 
potential impacts of warmer temperatures on redwoods depends on both their location and 
the degree of additional stress experienced (Carroll et al. 2014). In a study examining climate 
constraints on interannual growth of coast redwoods, Carroll et al. (2014) found that minimum 
summer temperature is positively correlated with growth in trees within northern populations 
where forest growth is not water-limited. However, in the drier central and southern portions 
of their range, growth is negatively correlated with spring or summer maximum temperature 
(Carroll et al. 2014, 2018). 
 

Regional Air Temperature Trends4 

Historical & current trends: 

• 0.2°C (0.4°F) increase in the average annual 
temperature between 1900 and 2009 for the 
Northwestern California ecoregion 
(Rapacciuolo et al. 2014) 
o No seasonal temperature trends available 

Projected future trends: 

• 2.2–5.2°C (4.0–9.4°F) increase in the average 
annual temperature by 2100 (compared to 
1951–1980) for the North Coast ecoregion 
(Flint et al. 2013; Flint & Flint 2014) 
o 1.9–4.5°C (3.4–8.1°F) increase in average 

winter minimum temperatures 

 
3 All climate and climate-driven factors presented were ranked as having a moderate or higher impact on this 
habitat type. 
4 Trends in climate factors and natural disturbance regimes presented in this and subsequent summary tables are 
not habitat-specific; rather, they represent broad trends and future projections for the study region. The 
precipitation, temperature, climatic water deficit, and snowpack projections for this project are derived from the 
Basin Characterization Model, which uses modified Jepson ecoregions (Flint et al. 2013; Flint & Flint 2014). 
Projections for all other factors are based on a review of relevant studies in the scientific literature. For this 
project, exposure was evaluated by calculating the magnitude and direction of projected change within the 
modified Jepson ecoregions that include habitat distribution within the study geography. 
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Regional Air Temperature Trends4 

o 2.3–6.1°C (4.1–11.0°F) increase in average 
summer maximum temperatures 

Summary of Potential Impacts on Habitat (see text for citations) 

• Possible increases in radial growth in coast redwoods where water is not a limiting factor 

• Enhanced drought stress associated with increased evaporative demand 

 
Storms 
Winter rain storms provide the majority of precipitation in coast redwood ecosystems (Santiago 
& Dawson 2014). Although severe winter storms are not common in northern California, they 
can occur from October to March as mid-latitude cyclones form over the Northern Pacific 
(Lorimer et al. 2009). Wind damage and flooding can affect the structure and composition of 
coastal redwood forests, although these factors are not typically associated with redwood 
mortality due to a number of unique adaptation possessed by this species (Lorimer et al. 2009). 
For instance, redwood roots can grow upwards after being buried in sediment, creating pure 
redwood stands where other species do not survive flooding (Lorimer et al. 2009). Flood 
deposits can also benefit redwood growth by providing nutrients (Lorimer et al. 2009). 
Following flooding, alders colonize the sediment deposits, eventually stabilizing the area and 
trapping further fine sediment and organic material that support coast redwood stand 
development (Lorimer et al. 2009).  
 
Because coast redwoods can sprout from epicormic buds on their trunk and stems, injuries to 
the branches and tree canopy during wind events can allow sprouting and the development of 
reiterated branches and trunks in the resulting canopy gaps (Sawyer et al. 2000a; Sillett & Van 
Pelt 2007; Van Pelt et al. 2016). Because these complex structures support the development of 
arboreal soil and promote epiphyte growth, this process is crucial to the development of the 
complex canopy structure that characterizes old-growth forests (Sillett & Van Pelt 2007; Sillett 
et al. 2018).  
 
Changes in the intensity, duration, and frequency of storm events in northern California may 
further impact redwood forests by increasing windthrow (Olson et al. 1990; Lorimer et al. 
2009). Although windthrow has historically been uncommon, it has been observed in 
waterlogged soils, particularly where the tree trunk is already tilted (Olson et al. 1990; Van Pelt 
et al. 2016). Limb death can also occur due to salt spray and desiccation from strong onshore 
ocean winds (Olson et al. 1990). 
 

Regional Storm Trends 

Historical & current trends: 

• Decline in the frequency of extreme two-day 
precipitation events between 1950 and 2009, 
with a slight decrease in the amount of 
precipitation received during extreme two-day 

Projected future trends: 

• Increase in storm intensity and duration, 
resulting in greater maximum precipitation 
rates and volume (Dettinger 2011; Shields & 
Kiehl 2016; Prein et al. 2017) 
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Regional Storm Trends 

events (Mass et al. 2010) 

• No trends available for storm-related wind 
events 

• Slight to moderate increase in storm frequency 
(up to 30% increase in atmospheric river days, 
or ~2.5 days per year; Dettinger 2011) 

• Projected statewide increases in daily extreme 
precipitation values of 5–20% by 2100 (Pierce 
et al. 2018) 

• No projections available for storm-related 
wind events 

Summary of Potential Impacts on Habitat (see text for citations) 

• Enhanced structural complexity in redwoods due to the development of reiterative trunks and 
branches following injury 

• Increased windthrow, especially where soils are waterlogged 

• Possible limb death on forest edges due to salt spray and desiccation from ocean winds 

 
Precipitation amount, climatic water deficit, and soil moisture 
A north-to-south gradient in rainfall volume and evapotranspiration exists across the region, 
with northern sites nearest the coast experiencing the lowest moisture stress (Olson et al. 
1990; Sillett et al. 2015; Van Pelt et al. 2016). However, changes in the amount of precipitation 
and associated changes in soil moisture are likely to alter patterns of moisture stress in coastal 
redwood forests (Johnstone & Dawson 2010; Flint & Flint 2012; Carroll et al. 2014). One 
particularly useful way to measure moisture stress is climatic water deficit (CWD), which 
provides a “plant-relevant” metric to account for the interaction between water (precipitation) 
and energy (temperature; Stephenson 1998).5 Because most precipitation in coastal redwood 
forest zones occurs in the winter (Olson et al. 1990), the balance between water supply and 
demand shifts over the course of the year, with CWD increasing as soil moisture from the 
winter rains is depleted by late spring and evapotranspiration increases in warmer months 
(Stephenson 1998). During the long periods of summer drought when little rain falls, redwoods 
are primarily dependent upon coastal fog to relieve drought stress (Burgess & Dawson 2004; 
Simonin et al. 2009; Johnstone & Dawson 2010; Limm et al. 2012). However, factors such as soil 
depth and drainage significantly affect the water-holding capacity of soil, and topographic 
features such as north-facing slopes can mediate CWD at a site-level scale (Dobrowski 2011; 
Flint et al. 2013; Reilly et al. 2018). Site moisture levels strongly influence understory species 
composition (Mahony & Stuart 2000), plant density, and percent cover (Santiago & Dawson 
2014). In drier parts of its range, coast redwood is limited to sites with higher soil moisture 
(e.g., north- and west-facing slopes, valley bottoms; Olson et al. 1990). 
 
Precipitation and soil moisture are correlated with inter-annual variability in coast redwood 
growth (Carroll et al. 2014), and both the largest trees and highest aboveground carbon storage 

 
5 CWD, calculated as potential evapotranspiration (PET) minus actual evapotranspiration (AET), measures the 
degree to which the impact of local atmospheric conditions (particularly air temperature and relative humidity) on 
plants and soil exceeds available moisture (Stephenson 1998).  
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(i.e., carbon contained in live trees and dead wood) occur in the northern part of their range 
(Van Pelt et al. 2016). However, growth rates in similarly-sized trees do not appear to vary 
significantly along north-to-south or elevational gradients (Sillett et al. 2015). High levels of soil 
moisture are required for seedling germination, and early fall and late spring rains are critical 
for seedling survival (Olson et al. 1990). During periods of abundant soil moisture, high water 
use efficiency enables greater investment of resources into trunk growth (Burgess & Dawson 
2004; Ambrose et al. 2015). However, coast redwood is not well-adapted to dry conditions 
(Burgess & Dawson 2004; Ambrose et al. 2015). Although some stomatal regulation reduces the 
rate of water loss under moderately dry conditions (Dagley et al. 2017), studies suggest that 
redwood stomata are slow to respond as soil moisture continues to decline (Ambrose et al. 
2015). Under more severe drought conditions, ongoing high transpiration rates increase the 
potential for hydraulic failure and result in significant growth declines in redwood seedlings 
(Ambrose et al. 2015). 
 
Although the direction and amount of change in future precipitation projections for California 
are highly uncertain, warmer temperatures and associated increases in evaporative demand 
mean that even areas where precipitation may increase are expected to see a rise in CWD 
(Thorne et al. 2015; Fernández et al. 2015; Micheli et al. 2018). While climate modeling efforts 
have found that much of the current redwood range may experience increasingly unsuitable 
conditions over next several decades (Fernández et al. 2015; Thorne et al. 2016, 2017; DellaSala 
et al. 2018), redwoods occur across a wide precipitation gradient and it is unknown whether 
coast redwoods will experience mortality and/or range shifts under drier future conditions 
(Burns et al. 2018; Vuln. Assessment Reviewer, pers. comm., 2018). 
 

Regional Precipitation, Climatic Water Deficit (CWD), & Soil Moisture Trends 

Historical & current trends: 

• 7.2 cm (2.8 in) increase in mean annual 
precipitation and 0.4 cm (0.2 in) increase in 
average annual CWD between 1900 and 2009 
for the Northwestern California ecoregion 
(Rapacciuolo et al. 2014) 

• No trends available for soil moisture 

Projected future trends: 

• 20% decrease to 27% increase in mean annual 
precipitation and 9–29% increase in average 
annual CWD by 2100 (compared to 1951–
1980) for the North Coast ecoregion (Flint et 

al. 2013; Flint & Flint 2014)6 

• Seasonal changes are projected to be more 
significant as the wet season becomes wetter 
and shorter (i.e., later onset of fall rains and 
earlier onset of summer drought) and the dry 
season becomes drier and longer (Pierce et al. 
2018; Swain et al. 2018) 

• Overall, interannual variability is expected to 
increase (Pierce et al. 2018; Swain et al. 2018) 

• Increased CWD and decreased top-level soil 
moisture is likely even if precipitation increases 

 
6 Projections for changes in seasonal precipitation can be found at in the full climate impacts table 
(https://bit.ly/2LHgZaG). 

https://bit.ly/2LHgZaG
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Regional Precipitation, Climatic Water Deficit (CWD), & Soil Moisture Trends 

due to temperature-related changes in 
evaporative demand (Thorne et al. 2015; 
Micheli et al. 2018; Pierce et al. 2018) 

Summary of Potential Impacts on Habitat (see text for citations) 

• Possible growth constraints for trees in drier locations 

• Reduced seedling germination where soil moisture declines, as well as impacts to seedling survival 
if fall and/or spring precipitation declines 

• Unknown impacts of drier conditions on redwood survival and/or shifts in forest distribution 

 
Coastal fog 
Fog patterns are dependent on wind-driven upwelling of the California Current and can be 
impacted by large-scale patterns of climate variability (e.g., the Pacific Decadal Oscillation) and 
land-sea temperature contrasts (Schwing et al. 2006; Wang et al. 2010; Johnstone & Dawson 
2010; O’Brien 2011), as well as inversion heights, wind direction, and topographical features 
that impact the movement of fog inland (Torregrosa et al. 2016). During the summer months 
when the upwelling of the California Current is at its strongest (Wang et al. 2010), heavy fog 
and low clouds blanket the coast, occurring on up to 44% of days between June and September 
(although significant interannual variability is present; Johnstone & Dawson 2010). The 
distribution of redwood forests closely correspond to areas that have an average fog frequency 
of over 40%, suggesting that fog plays a crucial role in relieving the summer drought stress that 
characterizes most other forested ecosystems in the region (Olson et al. 1990). 
 
In coastal redwood forests, fog droplets are intercepted by the tall redwood crowns, creating a 
unique microclimate and relieving drought stress during the summer months when little to no 
rain falls (Dawson 1998; Limm et al. 2012). Fog can contribute moisture to the ecosystem via 
both fog drip (Dawson 1998) and foliar absorption (Burgess & Dawson 2004; Limm et al. 2009, 
2012). For individual coast redwood trees, fog drip alone provides an average of 34% of the 
annual water budget and can comprise up to 45% of the water used for transpiration annually 
(Dawson 1998). By contrast, the average annual water budget input from fog in areas without 
trees was 17% (Dawson 1998); thus, the presence of trees themselves significantly influences 
the amount of fog inputs to the ecosystem (Dawson 1998).  
 
Foliar absorption occurs when fog water is absorbed directly into the plant while the leaf is wet 
(Burgess & Dawson 2004; Limm et al. 2009, 2012; Simonin et al. 2009), and can potentially 
increase leaf water input by up to 11% (Limm et al. 2009). Foliar absorption benefits coast 
redwoods by reducing the need to transport water from the soil to leaves in the canopy, 
decoupling plant water status from soil moisture availability and enhancing photosynthesis 
during periods of mild water stress (Simonin et al. 2009). The presence of fog also reduces the 
amount of water loss to transpiration, especially at night (Burgess & Dawson 2004; Limm et al. 
2009). In addition to relieving water stress, coastal fog also contains nitrogen that can be 
absorbed by foliage and then utilized for photosynthesis (Templer et al. 2015). 
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Understory plant communities are comprised of species that are highly dependent on fog to 
provide growing season moisture, especially during years with low precipitation, so reduced fog 
also has the potential to alter understory community composition (Dawson 1998). One study 
found that an average of 66% of the water within understory plants during the summer came 
from fog drip (Dawson 1998). Additionally, 80% of the dominant understory species in coast 
redwood forests can take up water through foliar absorption (Limm et al. 2012). Sword fern is 
particularly adept at foliar absorption (Limm et al. 2012), and in dry years can receive up to 
100% of its summer water supply from fog (Dawson 1998).  
 
While fog plays a key role in summer drought amelioration, low coastal clouds and fog can 
obscure sunlight, limiting plant growth (Johnstone et al. 2013). Over the past century, a study at 
2 locations in northern and central California found that the frequency of days with fog and low 
clouds (i.e., all cloud cover under 400 m [1,312 ft]) has declined by up to 33% (Johnstone & 
Dawson 2010). There is limited evidence that light availability contributes to patterns of 
greater-than-expected growth for coast redwoods that are not water stressed, perhaps due to 
greater light availability for photosynthesis at the height of the growing season (Johnstone et al. 
2013; Carroll et al. 2014; Sillett et al. 2015). While redwoods on wetter sites in the north may 
increase growth as light availability increases, those on drier sites in the south may more 
stressed; thus the net impact of fog reductions on redwood growth is dependent on geographic 
gradients of moisture and light availability (Carroll et al. 2014). Further reductions in summer 
fog would increase evapotranspiration and reduce water inputs (e.g., fog drip, foliar uptake) in 
coastal redwood forests, enhancing drought stress and potentially limiting growth (Dawson 
1998; Burgess & Dawson 2004; Johnstone & Dawson 2010).  
 
On the forest floor, light levels can be very low and flecks of sun are brief (Mooney & Dawson 
2016). Species adapted to coast redwood ecosystems likely possess specialized traits to 
maximize the use of the light they do receive (Santiago & Dawson 2014; Van Pelt et al. 2016). 
For instance, reorganization of foliage in the crowns of the largest trees allows greater light to 
pass through the canopy to plants below, maximizing forest leaf area and biomass (Van Pelt et 
al. 2016). Many understory species are able to begin photosynthesizing very rapidly in response 
to sudden light availability, in addition to demonstrating greater light use efficiency (Santiago & 
Dawson 2014). Utilization of short-duration lightflecks is typically enhanced on sites with higher 
moisture availability, and these sites generally support greater understory plant density and 
percent cover (Santiago & Dawson 2014). Thus, the presence of fog is an important driver in 
photosynthesis of understory plants, providing moisture that enhances the plant’s ability to 
increase light use efficiency and the speed of photosynthetic light-harvesting (Santiago & 
Dawson 2014). 
 

Regional Coastal Fog Trends 

Historical & current trends: 

• 3–4% decline per decade in the frequency of 
California coastal fog and low clouds under 400 
m (1,312 ft) from 1920–1950, then 0.5–1% 

Projected future trends: 

• Weak decline (0.1% per decade) in the 
frequency of California coastal fog and low 
clouds by 2100, driven primarily by warming 
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Regional Coastal Fog Trends 

decline per decade from 1950–2008 (O’Brien 
2011) 

• Observed 33% decrease in the frequency of 
days with coastal fog and low clouds at two 
locations on the northern and central 
California coast over the past century 
(Johnstone & Dawson 2010) 

sea surface temperatures (O’Brien 2011) 

• Potential changes in global circulation patterns 
(e.g., the jet stream), the timing and strength 
of upwellings, wind intensity, and other 
interacting oceanic and atmospheric factors 
that influence coastal fog are largely unknown 
(Grantham 2018) 

Summary of Potential Impacts on Habitat (see text for citations) 

• Increase in summer drought stress and possible growth declines for coast redwoods on water-
limited sites if fog frequency continues to decline 

• Changes in understory plant species composition due to altered patterns of fog water and light 
availability 

• Possible increase in radial growth of coast redwoods on sites where water is not a limiting factor 
due to greater light availability 

 

Sensitivity and future exposure to changes in natural disturbance regimes 

Regional experts evaluated coastal redwood forests as having moderate sensitivity to changes 
in natural disturbance regimes (high confidence in evaluation), with an overall moderate future 
exposure to these stressors within the study region (moderate confidence). Key natural 
disturbance regimes that affect coastal redwood forests include disease and wildfire.7 
 
Disease 
Coast redwoods are typically resistant to disease (Olson et al. 1990). However, twig branch 
cankers (Coryneum spp.) can cause girdling of stems and branches of young trees, reducing 
coast redwood seedling and sapling survival in plantation settings (Olson et al. 1990). 
Pathogenic fungi in soils can also decrease seedling germination (Mooney & Dawson 2016). 
 
Sudden oak death, caused by the introduced pathogen Phytophthora ramorum, has become a 
significant threat in coastal forests since it was discovered in central California in the 1990s 
(Rizzo & Garbelotto 2003; Meentemeyer et al. 2004). The disease is currently distributed from 
coastal central California northwards into Humboldt County, with an additional infected site 
occurring in Curry County, Oregon (Meentemeyer et al. 2011; Filipe et al. 2012). Sudden oak 
death has caused extensive tree injury and mortality in coastal forests (Davidson et al. 2003; 
Rizzo & Garbelotto 2003), with the highest rates of mortality occurring in tanoak, particularly 
among large trees (Cobb et al. 2012; Metz et al. 2012). Although coast redwoods can 
experience foliar damage from the disease, infection rates are much lower and do not seem to 
result in significant impacts or sporulation (Davidson et al. 2008; Metz et al. 2012). However, 
many additional plant species found within this habitat type are affected by sudden oak death 
(Davidson et al. 2003; Rizzo & Garbelotto 2003), including culturally-important species such as 

 
7 Disturbance regimes presented are those ranked as having a moderate or higher impact on this habitat type; 
additional changes in disturbance regimes that may influence the habitat to a lesser degree include wind. 
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California hazel, evergreen huckleberry, and salmonberry (Ortiz 2008). The loss of valued 
resources such as acorn-bearing tanoak trees are likely to have significant impacts on northern 
California tribes (Ortiz 2008; Voggesser et al. 2013; Norgaard et al. 2016). 
Sudden oak death can cause a variety of impacts to vegetation, ranging from leaf blight and 
stem dieback to complete mortality following the development of trunk cankers (Rizzo & 
Garbelotto 2003; Kliejunas 2011; Metz et al. 2017). Spread of sudden oak death is facilitated by 
host plants that support spore production, including California bay (Umbellularia californica) 
and tanoak (Rizzo & Garbelotto 2003; Cobb et al. 2010, 2012). The presence of California bay is 
a major driver in transmission of P. ramorum and high densities of California bay are associated 
with greater risk of infection, in part because this species facilitates spore production without 
experiencing mortality when infected (Davidson et al. 2008; Cobb et al. 2010, 2012). By 
contrast, high mortality rates for infected tanoak trees result in more limited spread of the 
disease (Cobb et al. 2010). Redwood does not support sporulation and may be able to function 
as a dead-end host by intercepting aerially-dispersed spores (Metz et al. 2012). Forest areas 
with a high proportion of non-sporulating hosts such as redwood are likely to experience 
reductions in pathogen populations over time (Cobb et al. 2012; Metz et al. 2012). 
 
Patterns of tanoak mortality have already resulted in altered species composition and forest 
structure within coastal redwood forests (Cobb et al. 2012; Metz et al. 2012). Long-term 
changes in the forest are primarily dependent on pre-disease stand composition, with forests 
where tanoak is more dominant experiencing the greatest risk of infection and most significant 
changes in species composition and sub-canopy structure (Cobb et al. 2010; Metz et al. 2012). 
As the tanoak component of the forest declines and shifts towards smaller trees, redwood 
dominance may increase (Cobb et al. 2012; Metz et al. 2012). Although it is unlikely that tanoak 
will completely disappear from the forest due to its sprouting ability (Cobb et al. 2012; Metz et 
al. 2012), the presence of the P. ramorum pathogen may prevent tanoak from reaching the sub-
canopy by repeatedly killing sprouts before they produce acorns (Ramage et al. 2011; Bowcutt 
2014). Other species are unlikely to fulfill the functional role of tanoak within coastal redwood 
forests, potentially leading to novel ecosystem conditions (Ramage et al. 2011; Metz et al. 
2012). The loss of tanoak acorns utilized by many wildlife species is likely to have cascading 
effects on ecosystem food webs by reducing habitat quality and food resources for many birds 
and small mammals (Monahan & Koenig 2006; Fryer 2008; Ramage et al. 2011; Bowcutt 2014). 
Ecosystem processes (e.g., nutrient cycling) could also be impacted by the loss of the extensive 
mycorrhizal networks associated with tanoak (Bergemann et al. 2013; Cobb et al. 2013). 
Changes in soil nitrogen availability and litterfall dynamics tied to the timing and patterns of 
tanoak mortality may also occur (Rizzo & Garbelotto 2003; Cobb et al. 2013). 
 
In areas impacted by sudden oak death, disease-related mortality and resulting shifts in species 
composition may also change patterns of fuel composition and availability, potentially altering 
the frequency and severity of wildfire (Metz et al. 2011, 2013, 2017; Forrestel et al. 2015; 
Varner et al. 2017). However, the relationship between tree mortality, fuel dynamics, and fire 
behavior is complex and depends on multiple factors including the length of time between 
infection and fire (Metz et al. 2011). For example, fire severity may increase in stands that burn 
shortly after infection due to dead leaves and twigs that remain on standing trees (Metz et al. 
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2011). In the intermediate stages of disease, a mixture of aerial, ladder, and surface fuels in 
various stages of decomposition can promote intense fires and transmit surfaces fires into the 
canopy (Metz et al. 2013). As time since infection progresses, surface fires can smolder for long 
periods of time, increasing soil damage and post-fire erosion (Metz et al. 2011; Cobb et al. 
2016). Over longer time scales, shifts in forest species composition towards greater redwood 
dominance and reduced tanoak abundance could alter the flammability of the fuelbed because 
redwood is significantly less flammable than tanoak (Varner et al. 2017). Changes in fire 
behavior associated with variable fuels generated by sudden oak death may reduce the 
normally high resilience of coastal redwood forests to wildfire (Metz et al. 2013). For instance, 
small redwoods in areas affected by sudden oak death have been observed to experience a 
200% increase in mortality following fire compared to uninfected stands, with the highest 
mortality rates occurring in the intermediate stages of disease progression (Metz et al. 2013). 
Tanoaks are also more likely to experience total fire mortality in areas impacted by the disease, 
particularly in large trees (Simler et al. 2017). However, the presence of sudden oak death does 
not appear to impact tanoak regrowth, even where post-fire re-infection occurs (Simler et al. 
2017). 
 
Changing climate conditions may alter patterns of spore production, disease transmission, 
susceptibility, and mortality in coastal redwood forests impacted by sudden oak death 
(Meentemeyer et al. 2004; Venette 2009; Kliejunas 2011). Temperature and moisture both play 
a role in P. ramorum spore production and survival, with the frequency, timing, and intensity of 
winter rain and storms playing a particularly large role in inoculum production (Venette & 
Cohen 2006; Davidson et al. 2008; Kliejunas 2011; DiLeo et al. 2014). Although models of 
disease spread based on downscaled climate projections are not available, models predicting P. 
ramorum dispersal and infection risk based on host availability and weather conditions suggest 
that coastal areas from Mendocino County through southwestern Oregon are at very high risk 
of infection (Meentemeyer et al. 2011). Warmer winter temperatures and increased winter and 
spring precipitation would likely enhance spore production and increase infection risk 
(Davidson et al. 2008; Kliejunas 2011; Meentemeyer et al. 2011; DiLeo et al. 2014), with 
favorable weather conditions potentially doubling the rate of spread by 2030 (Meentemeyer et 
al. 2011). Conversely, drier summer conditions could reduce disease prevalence by limiting 
growth of P. ramorum (Venette & Cohen 2006; Venette 2009). 
 

Regional Disease Trends 

Historical & current trends: 

• Northwards expansion of sudden oak death 
into Humboldt County since the discovery of 
the disease in the 1990s (Meentemeyer et al. 
2011) 

Projected future trends: 

• Increased spore production and infection risk, 
resulting in range expansion of sudden oak 
death northwards and slightly inland (Venette 
2009; Kliejunas 2011) 

• Suitable weather conditions (e.g., warmer 
temperatures, increased precipitation) could 
double the rate of spread by 2030 
(Meentemeyer et al. 2011) 
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Regional Disease Trends 

Summary of Potential Impacts on Habitat (see text for citations) 

• Increased tanoak mortality in response to the introduced pathogen P. ramorum, including 
functional extirpation in many parts of the species’ range 

• Shifts in species composition and forest structure following the loss of tanoak in the overstory and 
sub-canopy 

• Changes in fuel composition and availability due to the presence of dead and dying trees, 
potentially altering fire behavior 

• Reduced food resources and habitat quality for wildlife, with the possibility of cascading impacts to 
the food web 

• Changes in ecosystem processes due to the loss of ectomycorrhizal networks associated with 
tanoak 

• Loss of cultural resources including acorn-bearing tanoak trees and other culturally-valued species 
susceptible to sudden oak death 

 
Wildfire 
Although coastal redwood forests are not necessarily dependent on fire for persistence, fire 
likely plays an important role in maintaining overall ecosystem structure and function (Stuart & 
Stephens 2006; Ramage et al. 2010; Simler et al. 2017). The frequency of fire in coastal 
redwood forests varies depending on site conditions and climatic gradients of temperature, 
precipitation, and fog frequency, with moist sites in northern stands burning less frequently 
than drier sites in the southern and interior portion of the range (Stuart & Stephens 2006; 
Lorimer et al. 2009). Determining historical fire return intervals in coastal redwood forests is 
challenging because the complex patterns of redwood growth rings and reiterative trunks make 
interpretation of fire scars difficult (Brown & Swetnam 1994; Baxter & Brown 2003). 
Additionally, low-intensity fires may not always leave scars, increasing the likelihood that fire 
frequencies will be underestimated in the scientific literature (Lorimer et al. 2009). A review of 
studies using a variety of methodologies suggests that mean fire return intervals are 6–25 years 
at most sites (Lorimer et al. 2009). The longest fire intervals recorded were up to 500 years in 
Del Norte County (the most northern part of the California range; Veirs 1982), but this may not 
reflect the more frequent low-intensity surface fires common in redwood forests (Lorimer et al. 
2009). 
 
Coastal redwood forests primarily experience surface fires at lower severities compared to 
most other forest types of the region (Baxter & Brown 2003; Stuart & Stephens 2006; Lorimer 
et al. 2009; Steel et al. 2015; Varner et al. 2017) because the cool, moist climate of the region 
and rapidly decomposing fuelbed limits fire activity (Stuart & Stephens 2006). Most fires in 
coastal redwood forests occur during the driest part of the year (late summer and early fall); 
when larger, more severe fires take place, it is generally during drought periods or under the 
influence of warm, dry east winds (Stuart & Stephens 2006). Although redwood litter is quite 
flammable (Varner et al. 2017), mature redwood trees have thick bark that largely insulates 
them from injury (Stuart & Stephens 2006; Lorimer et al. 2009; Ramage et al. 2010; Lazzeri-
Aerts & Russell 2014). However, dry conditions can allow smoldering fires at the base of the 
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trunk to hollow out sections that may become larger during subsequent fires (Stuart & 
Stephens 2006; Lorimer et al. 2009). These basal hollow formations provide critical habitat for 
bats and other wildlife (Vuln. Assessment Reviewer, pers. comm., 2018), but eventually they 
can undermine the structural integrity of the tree (Stuart & Stephens 2006; Lorimer et al. 2009).  
 
Historically, human ignitions accounted for the majority of fires in coastal redwood forests, as 
lightning is relatively uncommon on the northern California coast (Brown & Swetnam 1994; 
Stephens & Fry 2005; Stuart & Stephens 2006; van Wagtendonk & Cayan 2008). Small areas of 
redwood forests were burned by northwestern California tribes to enhance tanoak acorn 
production, as well as to expedite travel and increase the availability and predictability of other 
species utilized for food (e.g., berries), basketry, and medicine (Huntsinger & McCaffrey 1995). 
Fires set in adjacent habitats frequently spread into redwood forests, where they were limited 
by the cool, moist understory of closed-canopy stands (Stephens & Fry 2005; Stuart & Stephens 
2006). The cessation of cultural burning following Euro-American settlement in 1850 and the 
implementation of fire suppression in the 1930s have increased fire return intervals, 
particularly in the drier portions of the range (Baxter & Brown 2003; Stuart & Stephens 2006).8 
Unlike drier forest types, however, fire severity in coastal redwood forests tends to decrease as 
fires become less frequent (Steel et al. 2015). This is likely due to increased fire resistance in 
trees that reach larger sizes, as well as relatively rapid decomposition in moist forests which 
prevents surface fuel accumulation (Steel et al. 2015). 
 
Both coast redwood and tanoak are able to resprout following fire damage or topkill, as can 
many other component species within coastal redwood ecosystems (Ramage et al. 2010; Simler 
et al. 2017). Redwood bole survival is greater than tanoak during more intense fires due to both 
greater resistance and vigorous regeneration via sprouting; thus, redwoods generally increase 
in relative dominance following fire, particularly higher-intensity fires that affect other species 
to a greater degree (Ramage et al. 2010). Although it is less common, redwoods can also 
regenerate post-fire from seed on areas of bare mineral soil (Simler et al. 2017). Following a 
fire, redwood growth is likely limited due to increased investment of resources to basal 
sprouting and rebuilding crowns and leaf area, particularly during periods of drought (Carroll et 
al. 2018). Seed production is also low for at least four years following a fire (Olson et al. 1990). 
 
Because redwoods are highly resistant to fire, the majority of post-fire changes in species 
composition and structure occur within the sub-canopy and understory (Ramage et al. 2010). 
The low- to moderate-intensity surface fires typical of redwood forests determine the size and 
spacing of trees within the sub-canopy, creating gaps that allow regeneration of shade-tolerant 
species (e.g., western hemlock) while also preventing these fire-sensitive conifers from making 
up a significant portion of the sub-canopy (Veirs 1982; Stuart & Stephens 2006). Fires also 
create snags, dead limbs, and fallen logs that provide important habitat elements for wildlife, 
particularly species that depend on old-growth forests (Stuart & Stephens 2006).  
 

 
8 Refer to the section on non-climate stressors for a more complete discussion of the impacts of fire suppression 
on coastal redwood forests. 
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Reduced human ignitions and modifications to forest structure following a century of timber 
harvesting can alter fire behavior in coastal redwood forests, primarily by impacting fuel 
characteristics (Stuart & Stephens 2006). In young second-growth stands, dense mixtures of 
small-diameter conifers and broadleaf trees and shrubs can increase the availability and 
continuity of fuel, potentially enhancing the risk of crown fires (Stuart & Stephens 2006). Young 
stands also have more litter on the ground and a drier microclimate compared to older forests 
(Olson et al. 1990; Stuart & Stephens 2006). Such altered and degraded conditions in second-
growth forests may interact with climate stressors to modify future fire regimes; for instance, 
drier conditions could further enhance the risk of intense crown fires (Stuart & Stephens 2006). 
More frequent fires under drier conditions may also reduce tree structural integrity, as 
prolonged burning at the base of the tree leads to hollows in the trunk that are enlarged during 
each subsequent fire (Lorimer et al. 2009). Additionally, the expansion of sudden oak death 
may increase post-fire mortality in both redwood and tanoak within affected stands (Metz et al. 
2013; Simler et al. 2017), especially in the middle stages of disease progression (Metz et al. 
2013). 
 

Regional Wildfire Trends 

Historical & current trends: 

• 85% of U.S. Forest Service lands in northern 
California are burning less frequently 
compared to pre-1850 fire return intervals, 
largely due to fire suppression (Safford & Van 
de Water 2014) 

• Fire size and total area burned increased on 
U.S. Forest Service lands in northwestern 
California between 1910-2008, with the 
highest values occurring after 2000 (Miller et 
al. 2012) 

• Changes in fire size, area burned, and fire 
frequency over the past several decades 
remain well below historical tribally-influenced 
frequency and extent of burning in California 
(Stephens et al. 2007) 

• No significant trends in the average areal 
proportion of high-severity fire were 
documented in northwestern CA from 1984–
2008 (Miller et al. 2012; Parks et al. 2015; Law 
& Waring 2015; Keyser & Westerling 2017) 
o The relatively short period of record for fire 

severity data may obscure long-term trends 
o To date, there are no peer-reviewed studies 

on trends in northern California fire severity 
that include data from the last ten years 

Projected future trends: 

• State-wide, up to 77% increase in mean annual 
area burned and 50% increase in the frequency 
of extremely large fires (>10,000 ha) by 2100 
(Westerling 2018) 
o Less significant increases or possible 

decrease along the North Coast (Westerling 
et al. 2011) 

• Little projected change in fire severity in 
northwestern California by 2050 in models 
based solely on historical fire-climate 
relationships (Parks et al. 2016) 
o However, human activity and fuel buildup 

from decades of fire suppression have 
altered historical fire-climate relationships 
(Taylor et al. 2016; Syphard et al. 2017; 
Wahl et al. 2019), and projections that 
incorporate these factors suggest that more 
significant increases in fire severity and size 
may occur (Mann et al. 2016; Wahl et al. 
2019) 

• The majority of impacts to natural and human 
ecosystems come from extreme fire events 
(i.e., fires that have a low probability of 
occurring in any given place and time), which 
are likely to increase over the coming century 
(Westerling 2018) 
o Generally, these patterns are not well-
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Regional Wildfire Trends 

represented in studies that evaluate indices 
of mean fire size, intensity/severity, etc. 

Summary of Potential Impacts on Habitat (see text for citations) 

• Immediate: 
o Limited growth and low seed production in redwoods immediately after a fire 
o Increase in snags, dead limbs, and fallen logs that provide habitat for wildlife 
o Increased post-fire redwood mortality under drier conditions and/or in stands affected by 

sudden oak death 

• Longer-term (2+ years):  
o Changes in plant community composition and structure within the understory and sub-canopy 
o Increased redwood dominance, particularly following more intense fires that cause high rates of 

mortality in other tree species 
o Frequent fires may gradually enlarge burned hollows at the base of redwood trunks, increasing 

wildlife habitat but also potentially reducing tree structural integrity 

 

Sensitivity and current exposure to non-climate stressors 

Regional experts evaluated coastal redwood forests as having moderate-high sensitivity to non-
climate stressors (low confidence in evaluation), with an overall moderate-high current 
exposure to these stressors within the study region (high confidence). Key non-climate stressors 
that affect coastal redwood forests include timber harvest, fire exclusion and suppression, and 
agriculture.9 
 
Timber harvest 
Timber harvesting has significantly reduced the extent of old-growth forest areas and altered 
the composition and structure in logged areas (Sawyer et al. 2000b; van Mantgem & Das 2014; 
O’Hara et al. 2017; Sillett et al. 2018). Over 91% of the current extent of coastal redwood 
forests is young or intermediately-aged second-growth forest (Burns et al. 2018). Timber 
harvest in coastal redwood forests continues today, both as a form of revenue from forest 
management activities and as a primary extractive industry (Burns et al. 2018). The majority of 
contemporary timber harvest occurs on privately-owned second-growth forest, and biomass 
continues to be moved on a rotating basis from at least 800,000 acres out of the 1.6 million 
total acres for this ecosystem (Burns et al. 2018). 
 
Intensive logging of redwood forests began in the early 1800s, and was focused primarily at 
lower elevations (Sawyer et al. 2000b). During this time, the burning of slash that accumulated 
on the forest floor benefitted redwoods and sprouting hardwoods (e.g., tanoak) while limiting 
the regeneration of shade-tolerant conifers such as Douglas-fir, grand fir, Sitka spruce, and 
western hemlock (Sawyer et al. 2000b). As demand increased and more efficient logging 
methods were developed, clear-cutting and soil disturbances from the construction of roads 

 
9 Non-climate stressors presented are those ranked as having a moderate or higher impact on this habitat type; 
additional non-climate stressors that may influence the habitat to a lesser degree include recreation. 
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and skid trails began to favor the establishment of these same species, which were now able to 
persist because fire was no longer required to remove slash (Sawyer et al. 2000b). Because a 
higher proportion of trees were cut on each site, potential seed sources were significantly 
reduced and most of the trees left behind were those considered less valuable (e.g., western 
hemlock; (Sawyer et al. 2000b). In some areas, clear-cuts were repeatedly burned to create 
pastures, which favored redwood establishment in pure second-growth stands (Sawyer et al. 
2000b). The expansion of selective harvest practices (i.e., the removal of single trees) in the late 
20th century led to further shifts in species composition, with mixed forests of conifers and 
sprouting hardwoods becoming more common as redwood abundance decreased (Sawyer et al. 
2000b). Reseeding often followed the harvest of Douglas-fir, resulting in dense, even-aged 
Douglas-fir stands interspersed with redwoods at low densities (Sawyer et al. 2000b). In clear-
cut areas, forests were replanted with evenly-spaced Douglas-fir and redwood saplings which 
created a dense, homogenous canopy, although the re-growth of sprouting hardwoods such as 
tanoak and Pacific madrone created some structural complexity (Sawyer et al. 2000b).  
 
The development of even-aged stands through timber harvest and subsequent reseeding of 
Douglas-fir has significantly altered the structure and composition of coastal redwood forests in 
logged areas (O’Hara et al. 2017). Young even-aged stands typically have increased stem 
density and reduced basal area, and often contain a large Douglas-fir component (van 
Mantgem & Das 2014; O’Hara et al. 2017). Although redwood sprouts initially grow rapidly, 
conifers and some broadleaved trees can become dominant within the first several decades 
(O’Hara et al. 2017). Even second-growth stands that are over a hundred years old may lack 
significant structural diversity because young redwoods maintain simple crowns until damaged 
by wind or fire, a process that may take centuries (Sillett et al. 2018). Logging is also associated 
with changes in the composition and reduced abundance and/or cover of understory perennial 
plants; for instance, old-growth forests tend to support more ferns, huckleberry, and salal 
(Gaultheria shallon), while logged forests have more red alder and small conifers (Bury 1983). 
 
Forests with a history of logging are more vulnerable to windthrow due to increased edge 
effects (Lorimer et al. 2009). Road construction associated with timber harvesting also causes 
significant erosion, resulting in soil loss within redwood stands and degradation of connected 
aquatic systems (Mooney & Dawson 2016). Additionally, the loss of large redwoods alters the 
hydrological balance and forest microclimate by reducing moisture input, decreasing humidity, 
and increasing temperatures (Dawson 1998; Mooney & Dawson 2016). Tree removal can 
reduce the amount of fog captured by the forest ecosystem by up to 50%, causing more xeric 
site conditions (Dawson 1998). Thus, timber harvest can convert ecosystems characterized by 
moist, cool, closed-canopy conditions to drier, warmer, and more open forests (Dawson 1998). 
The loss of these conditions can reduce redwood seedling recruitment and increase moisture 
stress for understory plants and animals, potentially altering forest species composition 
(Dawson 1998) and enhancing fire risk (Olson et al. 1990). 
 
Timber harvesting also has significant impacts on wildlife associated with coastal redwood 
forests, particularly species that require old-growth habitat elements (Bury 1983; Mazurek & 
Zielinski 2004). For instance, long-term effects on amphibian communities includes reduced 
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abundance and changes in species composition, likely due to the more open canopy on logged 
sites that causes changes in microclimate and/or plant cover (Bury 1983). A study of logged and 
unlogged forests in Redwood National Park found that many species dependent on old-growth 
forests were not found at all in harvested plots even after 6–14 years, including tailed frog 
(Ascaphus truei), Olympic torrent salamander (Rhyacotriton olympicus), and Pacific giant 
salamander (Dicamptodon tenebrosus); second-growth sites appeared to greater numbers of a 
few species (e.g., clouded salamander; Bury 1983). The loss of old trees with cavities, deeply 
furrowed bark, and basal hollows also reduces nesting areas for birds and bats, although the 
preservation of legacy trees in stands managed for commercial timber production can allow 
these species to maintain a presence within young second-growth forests (Mazurek & Zielinski 
2004).  
 
Fire exclusion and suppression 
Fire exclusion and suppression has significantly reduced the frequency of fire in coastal 
redwood forests since implementation in the early 1900s (Baxter & Brown 2003; Steel et al. 
2015). However, fire exclusion has not affected this habitat to the same degree as it has in 
more fuel-limited habitat types because fires in coastal redwood forests are limited by climate 
conditions and the vast majority of ignitions prior to Euro-American settlement were 
anthropogenic (Stuart & Stephens 2006; Steel et al. 2015). Based only on natural ignitions, the 
current fire return intervals are likely within the natural range of variability (Stuart & Stephens 
2006; Steel et al. 2015). This is particularly true in wetter northern forests; in the drier southern 
and central portions of the range, fire return intervals appear to have lengthened over the past 
century (Stuart & Stephens 2006).  
 
The effects of fire exclusion on coastal redwood forests is not well-understood (Lorimer et al. 
2009). Fire severity in coastal redwood forests tends to decrease as fires become less frequent, 
likely due to the growth of larger, more fire-resistant trees and rapid decomposition of surface 
fuels in moist forests (Steel et al. 2015). While this prevents significant fuel accumulation, even 
in the absence of fire (Steel et al. 2015), some shifts in fuel structure have likely occurred 
(Baxter & Brown 2003; Lorimer et al. 2009); specifically, large fuels may have become more 
readily available (Lorimer et al. 2009). Additionally, fire suppression may reduce the dominance 
of coast redwood by contributing to increases in shrub cover and the abundance of fire-
intolerant species such as western hemlock and grand fir (Baxter & Brown 2003; Lorimer et al. 
2009). Although the impact of these changes on fire behavior in coastal redwood forests is 
unknown, they may increase fire residence times at tree bases, contributing to higher mortality 
of Douglas-fir and enhanced stem breakage of old-growth coast redwoods via fire enlarging 
basal hollows (Lorimer et al. 2009). Fuel accumulation in adjacent habitats due to fire 
suppression could also lead to higher-intensity fires that spread more readily into redwood 
stands (Baxter & Brown 2003). 
 
Agriculture 
Land-use conversion to agricultural purposes has resulted in the loss and fragmentation of 
some coastal redwood forests in northern California, particularly in the southern part of the 
study region where wine vineyards are expanding (Vuln. Assessment Workshop, pers. comm., 



 

Climate change vulnerability assessment for the Northern California Climate Adaptation Project  
Copyright EcoAdapt 2019 

21 

2017). However, many early attempts to convert redwood forests to pasture or cropland failed 
due to the difficulty of removing stumps and the rapid resprouting that typically occurs after 
trees are cut (Sawyer et al. 2000b).  
 
Cannabis (Cannabis sativa, C. indica) cultivation is also a known stressor for redwood forests, 
due primarily to water diversions that can result in significant reductions in summer streamflow 
within redwood forests (Bauer et al. 2015), as well as the clearing of marijuana grow sites 
(CDFW 2016; Wang et al. 2017). Additionally, rodenticides commonly used around cannabis 
plants and pesticide runoff have increased mortality in forest wildlife, including the Pacific 
fisher (Gabriel et al. 2012, 2018). 

 

Adaptive Capacity 

Old-growth coastal redwood forests were evaluated by regional experts as having moderate 
overall adaptive capacity (high confidence in evaluation). second-growth coastal redwood 
forests were evaluated as having moderate-high overall adaptive capacity (high confidence). 
 

Habitat extent, integrity, continuity, and permeability 

Regional experts evaluated old-growth coastal redwood forests as having a low geographic 
extent (moderate confidence in evaluation), high structural and functional integrity (high 
confidence), and low continuity (moderate confidence). By contrast, second-growth coastal 
redwood forests were as having a moderate-high geographic extent (moderate confidence in 
evaluation), low structural and functional integrity (high confidence), and moderate-high 
continuity (moderate confidence).  
 
Landscape permeability for coastal redwood forests overall was evaluated as moderate-high 
(high confidence). Timber harvest and clear-cuts were identified as the primary barriers to 
habitat continuity and dispersal across the study region.10 
 
Coastal redwood forests have a limited distribution restricted to the coastal fog zone, occurring 
in a narrow band along the coast from southern Monterey County northwards to the southwest 
corner of Oregon (Olson et al. 1990). Coastal redwood forests form a fairly continuous belt 
north of the Sonoma-Mendocino County line, though they occur in more isolated patches in the 
southern region (Olson et al. 1990). Forest limits appear to be controlled by low soil moisture 
and high evapotranspiration associated with reduced frequency and intensity of summer fog, 
particularly on the southern and eastern (inland) edges (Mahony & Stuart 2000; Burgess & 
Dawson 2004); to the north, coastal redwood forests are primarily limited by competition and 
temperature (Burgess & Dawson 2004). Coastal redwood forests now occupy only a remnant of 
their former distribution, which has steadily declined over several million years as mountain 
ranges formed and climate conditions became more limiting (Sawyer et al. 2000b).  

 
10 Barriers presented are those ranked as having a moderate or higher impact on this habitat type; additional 
barriers that may limit habitat continuity and dispersal to a lesser degree include land use conversion and 
roads/highways/trails. 
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Prior to Euro-American settlement in the mid-1800s, coastal redwood forests were distributed 
across 2.2 million acres (Burns et al. 2018). Currently, they are distributed across 1.6 million 
acres (overall loss of 27%; Cowan et al. 2017; Burns et al. 2018), but over 91% of this area is 
comprised of second-growth forest in varying stages of maturity (Burns et al. 2018). Second-
growth stands occur across both public and private lands, and some private areas are still 
managed for timber (Olson et al. 1990; Mooney & Dawson 2016; O’Hara et al. 2017). A small 
proportion of second-growth forests (2% of the total current redwood forest distribution) are 
over 100 years old and are now dominated by large redwoods, but around 50% of the current 
forest distribution has been logged within the last few decades (Burns et al. 2018). Younger 
second-growth forests have a larger proportion of dense, small-diameter conifers mixed with 
hardwoods and shrubs (Stuart & Stephens 2006). 
 
Coastal redwood forests have become increasingly fragmented over the past century, with 
declining structural and functional integrity in second-growth stands and significant losses of 
connectivity occurring between remaining old-growth patches (Sawyer et al. 2000b; O’Hara et 
al. 2017). Only 7% of the remaining forest area (113,000 acres) is old-growth forest that has 
never been logged (Burns et al. 2018), with 80% of that area occurring in Humboldt and Del 
Norte counties (Ohmann & Gregory 2002; Burns et al. 2018). Old-growth forest is highly 
fragmented, with isolated patches ranging in size from 0.25 acres to 28,000 acres (Burns et al. 
2018). Half of these patches are smaller than 30 acres, and only seven of them include patches 
or a group of patches close together than comprise over 1,000 acres (Burns et al. 2018). Many 
of the remaining old-growth stands are now in protected areas (e.g., Redwood State and 
National Parks), but most of these were established only within the last several decades 
(Mooney & Dawson 2016; O’Hara et al. 2017). Overall, 22% of the current distribution of 
coastal redwood forests are protected from commercial logging and development, and at least 
40% is already impacted by edge effects due to roads, development, and agriculture (Burns et 
al. 2018). 
 
The loss of old-growth forest has likely led to reduced abundances of species dependent on 
specific characteristics (e.g., snags, downed logs, complex crown structure) and/or specialized 
habitat niches (Cooperrider et al. 2000). Although species extinction of coast redwood is 
unlikely, ecological extinction of old-growth redwood ecosystems may occur if further old-
growth habitat is lost (Noss 2000). 
 

Habitat diversity 

Regional experts evaluated coastal redwood forests as having moderate physical and 
topographical diversity (high confidence in evaluation), moderate component species diversity 
(high confidence), and low-moderate functional diversity (high confidence). Spatial and 
structural diversity was evaluated as high for old-growth forests and low for second-growth 
forests (high confidence for both). 
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Coast redwood is the keystone species within this forest type, dominating the canopy due its 
great height and longevity (Olson et al. 1990; Sawyer et al. 2000c; Lorimer et al. 2009; Mooney 
& Dawson 2016; Van Pelt et al. 2016) and creating microclimates that support understory 
species adapted to the cool, moist conditions maintained under closed canopies (Mooney & 
Dawson 2016). Along the North Coast, pure or nearly pure redwood stands can be found on 
alluvial flats where flooding has killed other species (Olson et al. 1990; Sawyer et al. 2000c; 
Busing et al. 2002), as well as in some logged second-growth stands (Sawyer et al. 2000b). On 
upland sites, other conifer and hardwood species co-occur with coast redwood, forming a 
multi-layered canopy that may include species such as tanoak and Douglas-fir, among others 
(Olson et al. 1990; Lorimer et al. 2009; Van Pelt et al. 2016). Understory vegetation is diverse 
and site-specific, but is typically dominated by perennials adapted to low light levels (Olson et 
al. 1990; Mooney & Dawson 2016; Van Pelt et al. 2016), as light availability in the understory of 
coastal redwood forests is too low to support the growth of annual species that must 
germinate, develop, and produce seeds within a single growing season (Mooney & Dawson 
2016). On the inland edge, increased evapotranspiration and moisture stress limits the 
distribution of coastal redwood forests, with redwoods becoming progressively smaller and 
giving way to a mixture of Douglas-fir, evergreen, and deciduous hardwoods (Olson et al. 1990; 
Stuart & Stephens 2006). 
 
Across their range, coastal redwood forests can be roughly divided into three geographic 
regions; both the northern and central redwood forests fall within the study area for this 
project, with the split between these two occurring around the Mattole-Bear River watershed 
(Sawyer et al. 2000c; Sawyer 2007). Coastal redwood forests from the northern end of their 
range down to Humboldt Bay include relatively few hardwoods and a greater proportion of 
conifers, including Douglas-fir, western hemlock, western redcedar, and Port-Orford-cedar 
(Chamaecyparis lawsoniana); bigleaf maple and red alder occur along streams and in recently 
flooded areas (Sawyer et al. 2000c; Sawyer 2007; Van Pelt et al. 2016). In the central part of 
their range (southern Humboldt County south to San Francisco), forests have a greater 
proportion of hardwoods in addition to redwood, including tanoak, Pacific madrone, and 
California bay (Sawyer et al. 2000c; Sawyer 2007; Van Pelt et al. 2016). Douglas-fir may occur in 
central forests, but Sitka spruce and western hemlock are not found in this group (Sawyer et al. 
2000c; Sawyer 2007). Southern redwood forests are often more fragmented and include 
Douglas-fir and various hardwoods (e.g., California bay, tanoak) with sparse understories except 
on the wettest sites (Sawyer et al. 2000c; Sawyer 2007; Van Pelt et al. 2016).11 
 
In old-growth forests, basal area is very high though trees are randomly distributed throughout 
the forest at relatively low densities (van Mantgem & Sarr 2015; O’Hara et al. 2017). By 
contrast, younger stands have higher stem density and lower basal area (i.e., large number of 
small trees), and trees primarily occur in clumps (van Mantgem & Das 2014; O’Hara et al. 2017). 
Small canopy gaps created following the loss of an individual tree or small group of trees allows 
seedling recruitment and/or the regeneration of sprouting species where light reaches the 

 
11 This project does not include coastal forests south of Humboldt County, but these characteristics may be a useful 
analog for possible changes in response to a warmer, drier future climate.  
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forest floor, after which stem exclusion begins to occur (Van Pelt et al. 2016; O’Hara et al. 
2017). Occasionally, larger disturbances may allow even-aged stands to develop (O’Hara et al. 
2017). Old-growth forests are characterized by large amounts of fallen wood of varying ages on 
the forest floor (Mooney & Dawson 2016; Van Pelt et al. 2016). Because redwoods are so 
resistant to decay, large fallen logs may last for centuries (Van Pelt et al. 2016; O’Hara et al. 
2017).  
 
Within the forest canopy, old-growth forests support extremely high spatial and structural 
complexity in tree stems and crowns (Sillett & Van Pelt 2007; Van Pelt et al. 2016), which is 
created by small-scale disturbances that damage trees and stimulate trunk iterations (Sillett et 
al. 2018). Reiterated trunks promote the accumulation of leaves and organic debris on large 
branches and crotches formed by multiple trunks, which eventually forms soil (Sillett 1999) and 
creates arboreal microhabitats that support high epiphyte diversity (i.e., plants with no 
connection to the ground; Sillett 1999; Williams & Sillett 2007). Arboreal soils have high water-
holding capacity (Sillett & Van Pelt 2007), and can be colonized by over 250 epiphytic species, 
including lichens, bryophytes, liverworts, and mosses, ferns, shrubs, and trees (Sillett 1999; 
Williams & Sillett 2007). Some of these are adapted primarily to arboreal habitats, while others 
are accidental epiphytes that are more commonly found on the forest floor (Sillett 1999). 
Overall, epiphyte biomass in coastal redwood forests is relatively low (Williams & Sillett 2007), 
but abundance and tree-to-tree diversity can be very high, depending on factors such as tree 
age and health, microclimate, and plant dispersal (Sillett 1999). 
 
Compared to many other northern California forest types, coastal redwood forests host 
relatively low species richness (Cooperrider et al. 2000) and a significant portion of the species 
diversity in this forest type is harbored within the forest canopy (Mooney & Dawson 2016). 
However, redwood forests, and in particular old-growth forests, are likely vital to the 
persistence of many species that occupy very specialized habitat niches (Cooperrider et al. 
2000). Although there are no species that are strictly endemic to coastal redwood forests, 
several are considered near-endemics and/or are endemic to the redwood region; for instance, 
the red-bellied newt (Taricha rivularis) is primarily associated with redwood forests and is 
found only in the redwood region of northern California (Cooperrider et al. 2000).  
 
Amphibians are particularly well-represented in coastal redwood forests (Cooperrider et al. 
2000). Common species in northern California include the ensatina (Ensatina eschscholtzii), 
California slender salamander (Batrachoseps attenuatus), Del Norte salamander (Plethodon 
elongatus), and clouded salamander (Cooperrider et al. 2000). Coastal redwood forests also 
support invertebrates such as the Pacific banana slug (Ariolimax columbianus), as well as 
reptiles, birds, and mammals, including bats (Cooperrider et al. 2000; Mooney & Dawson 2016).  
 

Resistance and recovery 

Regional experts evaluated coastal redwood forests as having high resistance to climate 
stressors and natural disturbance regimes (moderate confidence in evaluation). Recovery 
potential was evaluated as high (moderate confidence). 
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Coast redwood has been a dominant species in the region for much of the Holocene (last 
11,650 years), and current forest conditions have been relatively stable for the last 4,000 years 
(Sawyer et al. 2000b). Due to the incredible longevity of coast redwood (+2,510 years; (Sillett et 
al. 2015), many of the current trees were established during the Medieval Warm Period, and 
some areas may have only seen a single redwood generation (Sawyer et al. 2000b; Sawyer 
2007). The longevity of the species and the persistence of this forest type for millennia suggest 
that it is slow to change and can tolerate a wide range of climate conditions and disturbance 
regimes (Lorimer et al. 2009; Fernández et al. 2015; O’Hara et al. 2017). However, long-lived 
species such as redwoods are also very slow to adapt to change, and the low rates of sexual 
reproduction in this species further reduces opportunities for species migration and/or shifts 
towards more adaptive traits (Fernández et al. 2015; O’Hara et al. 2017). The dependence of 
coastal redwood forests on coastal fog and the importance of microsite factors on the 
productivity of component species also suggests that this forest type is highly site-sensitive 
(O’Hara et al. 2017). 
 
Overall, coast redwoods are highly resistant to most disturbances, including insects, disease, 
wildfire, and flooding, and stands are able to recover rapidly because most of the dominant 
species can resprout following injury or topkill (Mooney & Dawson 2016; O’Hara et al. 2017). 
Redwood, in particular, has a competitive advantage due to its greater fire resistance and rapid 
growth (Ramage et al. 2010; van Mantgem & Das 2014; O’Hara et al. 2017). Redwoods are 
more prolific sprouters than most other species, and vegetative reproduction can occur from 
burls at the base of the trunk and dormant epicormic buds on the stem and branches, as well as 
from layering (i.e., new roots and stems generated following burial of a fallen branch; (Mooney 
& Dawson 2016; O’Hara et al. 2017). Following storm events or other disturbances that cause 
tree injury, regeneration takes place within the canopy itself (Mooney & Dawson 2016). 
Seedlings can also become established on disturbed soil within canopy gaps (Stuart & Stephens 
2006), although redwood seeds have low viability rates and short dispersal distances (Olson et 
al. 1990; Mooney & Dawson 2016). Seedling establishment outside of disturbances can occur 
on decaying logs or the root mounds of fallen trees, but this is rare and seedlings require 
abundant soil moisture for germination and growth (Olson et al. 1990; Lorimer et al. 2009). 
However, even very low rates of seedling establishment allow redwoods to be maintained as a 
dominant species due to their long lives (Lorimer et al. 2009; Mooney & Dawson 2016). 
 

Management potential 

Public and societal value 
Regional experts evaluated old-growth coastal redwood forests as having high public and 
societal value (high confidence in evaluation). For second-growth forests, public and societal 
value was evaluated as moderate-high (high confidence). 
Coast redwoods are considered an iconic species of California, as most of their range falls 
within the state (Mooney & Dawson 2016; Burns et al. 2018). Coastal redwood forests are very 
highly valued for economic, aesthetic, recreational, biological, cultural, and spiritual reasons, 
particularly old-growth stands (Noss 2000; Burns et al. 2018). Coastal redwood forests have 
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been identified by the World Wildlife Federation as falling within the highest conservation 
priority class for the U.S. ecoregion (Noss 2000), and coast redwoods were declared an 
endangered species on the IUCN Red List of Threatened Species in 2013 due to the loss of old-
growth forest within the region (Burns et al. 2018). The work of the Save the Redwoods League 
played a large role in the development of the U.S. conservation movement, and coastal 
redwood forests have received much attention from the public, scientists, conservationists, and 
the forest industry (Noss 2000; Mooney & Dawson 2016). As a result, most old-growth stands 
are now protected within parks, experimental forests, and private reserves (Mooney & Dawson 
2016; CNPS 2019). 
 
Historical changes in the tax code that incentivized harvest and increased the value of timber 
and other forest products following World War II have significantly impacted habitat extent and 
quality, contributing to contemporary changes in forest structure and species composition 
(Sawyer et al. 2000b). Prior to 1977, the tax code incentivized harvest of at least 70% of the 
volume from a given area, which allowed the remaining timber to be removed from the tax rolls 
until the stand had regenerated enough for another harvest (Sawyer et al. 2000b). Additionally, 
estate inheritance taxes of 55% of the value of land and timber resulted in many landowners 
cutting all trees large enough to sell upon inheriting land (Sawyer et al. 2000b). Current 
regulatory standards, including the Forest Practice Rules of California, have improved timber 
management practices by requiring the protection of riparian buffers and the retention of 
individual trees with certain key characteristics, as well as establishing requirements for 
replanting (Duggan & Mueller 2005; Burns et al. 2018). 
 

Management capacity and ability to alleviate impacts12 
Regional experts evaluated the potential for reducing climate impacts on old-growth coastal 
redwood forests through management as low (moderate confidence in evaluation). For second-
growth forests, the potential for reducing climate impacts through management was evaluated 
as moderate-high (moderate confidence). Timber industry interests can conflict with forest 
conservation and restoration needs (Vuln. Assessment Workshop, pers. comm., 2017), although 
the Forest Practice Rules in California have increased tree retention during logging operations 
(Burns et al. 2018; Vuln. Assessment Reviewer, pers. comm., 2018). 
 
Protecting existing old-growth coastal redwood forests is vital because old-growth forests are 
more resistant to changing climate conditions and disturbance regimes, including fire, drought, 
insects, and disease (Mooney & Dawson 2016; O’Hara et al. 2017). Protecting forests in areas 
where projected climate conditions are expected to remain within or close to the suitable range 
for coast redwood would also provide refugia and increase connectivity for many rare and/or 
endemic species threatened by climate change (Koopman et al. 2014; DellaSala et al. 2018). 
Protection efforts should include biologically-significant second-growth that represent the 
natural range of variability within this habitat type, particularly those that connect existing 
intact forest patches (Noss 2000). 

 
12 Further information on climate adaptation strategies and actions for northern California can be found on the 
project page (https://bit.ly/31AUGs5). 

https://bit.ly/31AUGs5
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Despite rapid growth and regeneration, many redwood stands have been degraded and/or are 
threatened by climatic and anthropogenic stressors (O’Hara et al. 2017). In degraded and 
second-growth forest areas, habitat conservation and management strategies may alleviate 
some of these impacts, increasing resilience to future climate changes (Noss 2000; DellaSala et 
al. 2018). The primary management tool for restoration is thinning in dense stands; however, 
the results are highly dependent on site-specific factors, thinning intensity, and the spatial 
arrangement of residual trees (van Mantgem & Das 2014; Dagley et al. 2018). Variable-density 
thinning, which creates a mosaic of thinned and unthinned forest patches, has generally been 
the most successful thinning treatment in second-growth redwood forests (van Mantgem & Das 
2014; Dagley et al. 2018). Multiple studies have demonstrated increases in tree growth 
(particularly in redwoods) following variable-density thinning at moderate intensities, as well as 
increased structural diversity and shifts in species composition towards enhanced dominance of 
redwoods (van Mantgem & Das 2014; Dagley et al. 2018). After thinning, crown manipulation in 
young forests may accelerate the development of characteristics that reflect the forest 
composition and structure of old-growth forest (Sillett et al. 2018). For instance, strategic injury 
of trees can initiate trunk reiteration and limb formation within the crown, increasing structural 
complexity (Sillett et al. 2018). The reintroduction of low- to moderate-intensity fire into coastal 
redwood forests through prescribed burns and/or managed wildfire may also benefit forests by 
reducing understory fuels in drier forests and restoring forest structure and composition within 
the sub-canopy and understory (Thornburgh et al. 2000; Stuart & Stephens 2006). Some 
prescribed fire already occurs in protected areas, including state parks and Redwood National 
Park (Thornburgh et al. 2000; Stuart & Stephens 2006). 
 
Managing coastal redwood forests to mitigate the threat of sudden oak death is difficult due to 
a current lack of effective management strategies for either eradication or active suppression of 
the disease, particularly at large scales (Swiecki et al. 2017). Currently, slowing the spread of 
the disease is the most feasible option. For instance, to prevent the movement of contaminated 
soil along roads and trails, management activities could include installing signage, using trail 
closures (especially during the wet season), posting preferred travel direction on trails, altering 
road surface materials, and providing additional instruction to road crews (Swiecki et al. 2017). 
However, the pathogen can persist in the soil over long periods of time, and the above actions 
do not address spread of the disease through plant roots or drainage (Swiecki et al. 2017). 
 

Ecosystem services 
Coastal redwood forests provide a variety of ecosystem services, including: 

• Provisioning of lumber, food, fiber, fuel, genetic resources, natural medicines, and fresh 
water; 

• Regulation of air quality, climate/microenvironments (e.g., fog interception), 
flood/erosion control, and water purification;  

• Support of primary production, oxygen production, soil formation/retention, nutrient 
cycling, and water cycling; and 
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• Cultural/tribal uses for spiritual/religious purposes, knowledge systems, educational 
values, aesthetic values, sense of place, cultural heritage, inspiration, and recreation 
(Mooney & Dawson 2016; Ellison et al. 2017; Burns et al. 2018). 

 
One of the most important ecosystem services provided by coastal redwood forests habitats is 
carbon sequestration and storage (Mooney & Dawson 2016; Van Pelt et al. 2016). Coastal 
redwood forests have the highest biomass of any forest system globally due to the longevity, 
height, and plastic crown structure of coast redwoods (Van Pelt et al. 2016). Productivity in 
coast redwoods does not decline as trees age, allowing biomass to continue accumulating at 
increasing rates for hundreds or even thousands of years (Sillett et al. 2015). Additionally, old 
trees have a large proportion of decay-resistant heartwood, which allows carbon to remain 
sequestered in logs long after the trees die and fall to the forest floor (Sillett et al. 2015). 
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Northern California Climate Adaptation Project: 

Vulnerability Assessment Methods and Application 

 

Defining Terms 

Exposure: A measure of how much of a change in climate or climate-driven factors a resource is 
likely to experience (Glick et al. 2011). 

Sensitivity: A measure of whether and how a resource is likely to be affected by a given change 
in climate or factors driven by climate (Glick et al. 2011). 

Adaptive Capacity: The ability of a resource to accommodate or cope with climate change 
impacts with minimal disruption (Glick et al. 2011). 

Vulnerability: A function of the sensitivity of a particular resource to climate changes, its 
exposure to those changes, and its capacity to adapt to those changes (IPCC 2007). 

 

Vulnerability Assessment Model 

The vulnerability assessment model applied in this process was developed by EcoAdapt 
(EcoAdapt 2014a; EcoAdapt 2014b; Kershner 2014; Hutto et al. 2015; Gregg 2018),13 and 
includes evaluations of relative vulnerability by local and regional stakeholders who have 
detailed knowledge about and/or expertise in the ecology, management, and threats to focal 
habitats, species groups, individual species, and the ecosystem services that these resources 
provide. Stakeholders evaluated vulnerability for each resource by discussing and answering a 
series of questions for sensitivity and adaptive capacity. Exposure was evaluated by EcoAdapt 
using projected future climate changes from the scientific literature. Each vulnerability 
component (i.e., sensitivity, adaptive capacity, and exposure) was divided into specific 
elements. For example, habitats included three elements for assessing sensitivity and six 
elements for adaptive capacity. Elements for each vulnerability component are described in 
more detail below.  
 
In-person workshops were held in Eureka, Redding, and Upper Lake between May and October 
2017. Participants self-selected habitat and species group/species breakout groups and 
evaluated the vulnerability of each resource. Participants were first asked to describe the 
habitat and/or to list the species to be considered in the evaluation of an overarching species 
group. Due to limitations in workshop time and participant expertise, multiple resources were 
not assessed during these engagements. Evaluations for remaining habitats, species groups, 
and species were completed by contacting resource experts.14 

 
13 Sensitivity and adaptive capacity elements were informed by Lawler 2010, Glick et al. 2011, and Manomet 
Center for Conservation Sciences 2012. 
14 Resources evaluated by experts included: coastal bluff/scrub habitats, coastal conifer hardwood forest, true fir 
forest, lakes/ponds, freshwater marshes, vernal pools, seeps/springs, native insect pollinators, native ungulates, 
salamanders, frogs, native mussels, marbled murrelet, and northwestern pond turtle. 
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Stakeholders assigned one of five rankings (High, Moderate-High, Moderate, Low-Moderate, or 
Low) for sensitivity and adaptive capacity. EcoAdapt assigned rankings for projected future 
climate exposure. Rankings for each component were then converted into scores (High-5, 
Moderate-High-4, Moderate-3, Low-Moderate-2, or Low-1), and the scores were averaged 
(mean) to generate an overall score. For example, scores for each element of habitat sensitivity 
were averaged to generate an overall habitat sensitivity score. Scores for exposure were 
weighted less than scores for sensitivity and adaptive capacity because the uncertainty about 
the magnitude and rate of future change is greater. Sensitivity, adaptive capacity, and exposure 
scores were combined into an overall vulnerability score calculated as: 
 
 Vulnerability = [(Climate Exposure*0.5) x Sensitivity] - Adaptive Capacity 
 
Elements for each component of vulnerability were also assigned one of three confidence 
rankings (High, Moderate, or Low). Confidence rankings were converted into scores (High-3, 
Moderate-2, or Low-1) and the scores averaged (mean) to generate an overall confidence 
score. These approximate confidence levels were based on the Manomet Center for 
Conservation Sciences (2012) 3-category scale, which collapsed the 5-category scale developed 
by Moss and Schneider (2000) for the IPCC Third Assessment Report. The vulnerability 
assessment model applied here assesses the confidence associated with individual element 
rankings and, from these rankings, estimates the overall level of confidence for each 
component of vulnerability and then for overall vulnerability. 
 
Stakeholders and decision-makers can consider the rankings and scores presented as measures 
of relative vulnerability and confidence to compare the level of vulnerability among the focal 
resources evaluated in this project. Elements that received lower confidence rankings indicate 
knowledge gaps that applied scientific research could help address. 
 

Vulnerability Assessment Model Elements 

Sensitivity & Exposure (Applies to Habitats, Species Groups, Species) 

• Climate and Climate-Driven Factors: e.g., air temperature, precipitation, freshwater 
temperature, soil moisture, snowpack, extreme events: drought, altered streamflows, 
etc. 

• Disturbance Regimes: e.g., wildfire, flooding, drought, insect and disease outbreaks, 
wind 

• Future Climate Exposure: e.g., consideration of projected future climate changes (e.g., 
temperature and precipitation) as well as climate-driven changes (e.g., altered fire 
regimes, altered water flow regimes, shifts in vegetation types) 

• Stressors Not Related to Climate: e.g., tectonic and volcanic events; residential or 
commercial development; agriculture and/or aquaculture; roads, highways, trails; dams 
and water diversions; invasive and other problematic species; livestock grazing; fire 
suppression; timber harvest; mining; etc. 
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Sensitivity & Exposure (Applies to Species Groups and Species) 

• Dependencies: e.g., dependencies on sensitive habitats, specific prey or forage species, 
and the timing of the appearance of these prey and forage species (concern for 
mismatch) 

Sensitivity & Exposure (Applies to Species ONLY) 

• Life History: e.g., species reproductive strategy, average length of time to reproductive 
maturity 

 

Adaptive Capacity (Applies to Habitats, Species Groups, Species) 

• Extent, Integrity, and Continuity/Connectivity: e.g., resources that are widespread vs. 
limited, structural and functional integrity (e.g., degraded or pristine) of a habitat or 
health and functional integrity of species (e.g., endangered), isolated vs. continuous 
distribution 

• Landscape Permeability: e.g., barriers to dispersal and/or continuity (e.g., land-use 
conversion, energy production, roads, timber harvest, etc.) 

• Resistance and Recovery: e.g., resistance refers to the stasis of a resource in the face of 
change, recovery refers to the ability to “bounce back” more quickly from the impact of 
stressors once they occur  

• Management Potential: e.g., ability to alter the adaptive capacity and resilience of a 
resource to climatic and non-climate stressors (societal value, ability to alleviate 
impacts, capacity to cope with impacts) 

• Ecosystem Services: e.g., provisioning, regulating, supporting, and/or cultural services 
that a resource produces for human well-being 

 

Adaptive Capacity (Applies to Habitats ONLY) 

• Habitat Diversity: e.g., diversity of physical/topographical characteristics, component 
native species and functional groups 

•  

Adaptive Capacity (Applies to Species Groups, Species) 

• Dispersal Ability: i.e., ability of a species to shift its distribution across the landscape as 
the climate changes 

• Intraspecific/Life History Diversity: e.g., life history diversity, genetic diversity, 
phenotypic and behavioral plasticity 
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