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Introduction 

This summary of climate and climate-driven trends in northern California is a product of the 
Forest Service’s Pacific Southwest Region Ecology Program. This document synthesizes and 
summarizes current trends and projected future trends related to climate change on the 
Mendocino National Forest and surrounding lands in northern California. This analysis is 
primarily based on local weather station data, PRISM data, and published literature; in some 
instances, important and credible findings from unpublished studies are also included. The 
summary begins with local and regional trends in temperature and precipitation, then examines 
how these trends are affecting hydrology, fire, vegetation, and wildlife in the study area. A 
summary of projected future trends in climate and climate-affected resources is also provided. 
This document provides information of fundamental importance for National Forest management 
and planning in the face of global change. This summary represents an update of our original 
climate trend summary for 2010. Further updates are planned at approximately 5-year intervals. 

Local and regional trends over the last century linked to climate change 

The temperature and precipitation data presented in this section are derived from five weather 
stations in the vicinity of the Mendocino National Forest (WRCC 2015). We evaluated weather 
records for trends in annual mean temperature, annual mean minimum temperature, annual mean 
maximum temperature, total annual precipitation, interannual variability in precipitation, and 
total annual snowfall. Weather stations were selected for inclusion based on their location 
relative to the Mendocino National Forest and the length and completeness of their records. For 
details on weather stations selected and station data analysis, see Appendix A. It is important to 
note that all of these weather stations are found outside of and below the MNF. A number of the 
stations do not include data from the last 10-15 years either; many of the stations are no longer 
being regularly maintained. Our analysis is supplemented with historic trends in temperature and 
precipitation derived using  spatial data from the PRISM climate dataset (Daly et al. 1994) and 
compiled by Rapacciuolo et al. (2014) (Figures 1 & 4). 

Temperature and Precipitation 

Temperature 

California is currently (2012-2014) experiencing the hottest and driest period in its recorded 
climate history (i.e., since 1895) (Mann and Gleick 2015). The magnitude and direction of 
temperature change are variable across the state and depend on the time series in question. For 
example, there was an order of magnitude increase in warming between 1970-2006 when 
compared to 1918-2006, indicating accelerated warming in the last 35 years in California 
(Cordero et al. 2011). A straightforward and recent summary of these trends is presented in 
Rapacciuolo et al. (2014) and broken down by ecoregion. The authors report an average 
statewide temperature increase of 0.81° F (0.45° C) between historic (1900-1939) and modern 
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(1970-2009) times. The Northwestern California ecoregion, which includes the Mendocino 
National Forest, shows an increase in mean (0.32° F, 0.18° C) and minimum (0.85° F, 0.47° C) 
temperature and a decrease in maximum (-0.41° F, -0.23° C) temperature over this same time 
period (Rapacciuolo et al. 2014). 

While average annual temperatures at the Covelo, Stony Gorge Reservoir, and East Park 
Reservoir have remained relatively constant, both the Covelo and East Park Reservoir stations 
show significant increases in mean minimum (i.e. nighttime) temperatures of 1-2 degrees 
Fahrenheit (0.6-1.1° C) (Table 1, Figure 2; values from regression equation) (WRCC 2015). The 
East Park Reservoir station also shows a statistically significant decrease in mean maximum (i.e. 
daytime high) temperature of about 1.5 degrees Fahrenheit (0.8° C) (Table 1, Figure 2). For two 
of the five stations with available temperature data, temperature increases were greatest in 
minimum mean (nighttime) temperature when compared to mean and maximum mean (daytime) 
temperatures, a finding consistent across California (Cordero et al. 2011, LaDochy et al. 2007) 
and the globe (Vose et al. 2005). Significant increases in nighttime temperatures have also been 
observed at several stations on the Klamath, Shasta-Trinity, and Six Rivers National Forests. 

The occurrence of nighttime freezing temperatures has significantly decreased at one of the 
stations (Table 1, Figure 3). For example, at the beginning of the Covelo data record three to four 
months per year could be expected to have average nighttime temperatures that fall below 
freezing. Today the average is one to two months, and the trend is strongly downward.  

 

Figure 1. Spatial representation of differences in A) annual mean, B) annual minimum and C) annual maximum 
temperature (°C) between historic (1900-1930) and modern times (1970-2009). Black circles represent the vicinity of the 
MNF. Figures from Rapacciuolo et al. 2014. 
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Table 1. Direction, magnitude and statistical significance of climatic shifts at five weather stations in the area of the 
Mendocino National Forest. Numerical values indicate the difference between the expected values for the earliest and 
most recent years of the given time frame, as calculated from linear regression equations. Direction and magnitude of 
shifts are only shown for cases where rates of change are statistically greater or less than zero (P < 0.05). Statically 
significance indicated as follows: ‘ns’ not significant; ‘*’ P < 0.05; ‘**’ P < 0.01; ‘***’ P < 0.001. Results for precipitation 
are organized by water-year while those for temperature are organized by calendar-year. 

 Covelo Stonyford Paskenta Stony Gorge 
Reservoir 

East Park 
Reservoir 

Elevation 1430 ft 1170 ft 750 ft 800 ft 1210 ft 
Temperature  
Mean ( °F) ns Incomplete data Incomplete data ns ns 
Max. (°F) ns Incomplete data Incomplete data ns -1.5** 
Min. (°F) +1.6* Incomplete data Incomplete data ns +1.5*** 
Freezing (mo/yr) -1.1* Incomplete data Incomplete data ns ns 
 
Precipitation  

Total (in.) ns ns ns ns +9.5** 
Coefficient of variation ns +43.1** +20.6* ns +37.7*** 
Snowfall (in) -7.2* ns -3.2* -4.3** ns 
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Figure 2. Annual mean, mean maximum, and mean minimum temperatures at 
three weather stations. Linear regression equations, coefficients of 
determinations, and statistical significance shown for significant regressions 
only. No transformations were employed. Data from WRCC 2015. 
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Figure 3. Number of months in which the average temperature remained below 
freezing for three weather stations. Linear regression equations, coefficients of 
determination and statistical significance shown for significant regressions 
only. No transformations were employed. Data from WRCC 2015.
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Precipitation 

Since 2012, California has experienced a record setting drought that includes the lowest yearly 
precipitation on record (Diffenbaugh et al. 2015). Tree ring data suggest that the 2012-2014 
drought is the most severe in the past 1,200 years (Griffin and Anchukaitis 2014). While the 
precipitation deficits beginning in 2012 are not unprecedented in the paleoclimate, when coupled 
with rising temperatures the current drought stands out as the most severe since perhaps the 9th 
century (Griffin and Anchukaitis 2014). Despite the current drought conditions, climate data 
analyzed by Rapacciuolo et al. (2014) suggesting long-term slight to moderate increases in 
precipitation in the vicinity of the MNF (Figure 4) is supported by precipitation trends from the 
five weather stations surrounding the MNF (Table 1).  

Total annual precipitation is (statistically) steady over the period of record for four of the five 
stations, increasing marginally at Stony Gorge Reservoir, moderately at both Paskenta and 
Stonyford Ranger Stations, and significantly at East Park Reservoir weather station (Table 1, 
Figure 5). There is very high interannual variability in all five precipitation records, such that the 
value predicted by the regression line in each figure is rarely representative of the actual annual 
mean. The increase in annual precipitation at the East Park Reservoir station is being driven by 
moderately significant increases in precipitation in all seasons except summer (June-July-
August) over the period of record from 1927-2002. There were no other significant increases in 
precipitation by season from any station, and the distribution of precipitation across the year has 
remained similar through the record.  

The 5-yr coefficient of variation of annual precipitation is increasing over time at all stations 
(Table 1, Figure 6). An increasing coefficient of variation in annual precipitation demonstrates 
that year-to-year variability in precipitation has increased, while a steady coefficient of variation 
denotes that year-to-year variability remains relatively stable. Increases in interannual variability 
have important implications for ecosystem, water, and fire management.  

While most of the weather stations do not receive substantial amounts of snow, all stations show 
declining trends in annual snowfall, three of which are statistically significant (Covelo, Paskenta, 
and Stony Gorge) (Table 1, Figure 7).  
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Figure 4. Spatial representation of difference in total annual precipitation 
between historic (1900-1930) and modern times (1970-2009). Figures from Rapacciuolo et al. 2014. 
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Figure 5. Annual precipitation at five stations. A significant increase in 
precipitation was noted only at the East Park Reservoir station. No 
transformations were employed. Data from WRCC 2015. 
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Figure 6. 5 year coefficients of variation in annual precipitation for five 
weather stations. Regression equations, coefficients of determination, and 
statistical significance shown for significant regressions only, indicating an 
increase in variability of precipitation over time. No transformations were 
employed. Data from WRCC 2015.  
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Figure 7. Annual snowfall for five weather stations. Linear regression 
equations, coefficients of determination and statistical significance shown for 
significant regressions. No transformations were employed. Data from WRCC 
2015.



Mendocino National Forest Climate Trend Assessment 

 

15 

 

Hydrology 

Across the western United States, widespread changes in surface hydrology have been observed 
since the mid-1900s. These shifts include: decreased snowpack (particularly at low elevation 
sites; Mote et al. 2005, Barnett et al. 2008, Grundstein and Mote 2010); earlier snow melt and 
spring runoff (by 0.3 to 1.7 days per decade; Stewart et al. 2005, Hamlet et al. 2007, Maurer 
2007, Barnett et al. 2008); decline in total runoff occurring in the spring (Moser et al. 2009); 
rising river temperatures (Kaushal et al. 2010), and increased variability in streamflow (Pagano 
and Garen 2005). Analyses of hydrometeorological data from the lower Klamath Basin show a 
decrease in the percentage of precipitation falling as snow and accelerated snowpack melt, 
resulting in earlier peak runoff and lower base flows (Hamlet et al. 2005; Mote et al. 2005; 
Regonda et al. 2005; Stewart et al. 2005; Mote 2006; Van Kirk and Naman 2008). Long term 
shifts in the timing of streamflow have been observed for snowmelt dominated basins since the 
late 1940’s, resulting from early snow melt (Mote 2003, Hamlet et al. 2005, Mote et al. 2005, 
Regonda et al. 2005, Stewart et al. 2005). Moser et al. (2009) found that over the past 100 years, 
the fraction of annual runoff that occurs during April–July has decreased by 23% in the 
Sacramento River basin and by 19% in the San Joaquin River basin in California. During this 
same time snow pack accumulation has decreased (Mote et al. 2005). Knowles et al. 2006 found 
that shifts in precipitation from rain to snow have occurred since the middle of the last century. 
Trends in April 1 snow water equivalent (SWE) appear to be driven by temperature, which is 
mostly a function of elevation and latitude (Knowles and Cayan 2004; Mote 2006), and 
secondarily by precipitation (Hamlet et al. 2005; Mote et al. 2005; Stewart et al. 2005).  

Stream gauge data and climate stations in northwestern California show that summer low flows 
have decreased and summer stream temperatures have increased in many of northern California’s 
coastal rivers over the last century (Bauer et al. 2015, Madej 2011). In an analysis of gauge data 
from 21 river gaging stations in an area that covers portions of the Mendocino, Shasta Trinity, 
Klamath, and Six Rivers National Forests, 10 of the gauges showed an overall decrease in seven-
day low flow (Bauer et al. 2015, Madej 2011). Stream gauge data from the Columbia River 
Basin in the Pacific Northwest showed a 16% decline in spring flow volume, a 5.7 day 
advancement of spring flow onset, and a 5-38% decline in low flow volume over the last century 
(Dittmer 2013). However, shifts in precipitation and temperature have in some instances lead to 
increases in rain on snow events, which can increase flooding. For example, the highest flow 
recorded at Paskenta (Thomes Creek Watershed, MNF) occurred in 1964 after warm rains fell on 
fresh snowpack (Gauthier 2014). 

In addition to temporal hydrological shifts, California has also exhibited one of the greatest 
increases in variability in streamflow in the western U.S. since the 1980s (Pagano and Garen 
2005). Hydrologic extremes, droughts and floods, are predicted to intensify under climate change 
(IPCC 2014) and these trends are already apparent in the western US (Hayhoe et al. 2004, Kadir 
et al. 2013). This increased variability in high and low flows, coupled with high year-to-year 
persistence (i.e. the probability that a wet year is followed by another wet year or a dry year by a 
dry year), has resulted in extended and extreme dry and wet spells that are particularly 
challenging for management of urban infrastructure and other services (Pagano and Garen 2005). 
The timing and duration of significant pulses in discharge are particularly important in river 
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ecosystems such as the Eel River Basin of Northern California, where native biota are adapted to 
Mediterranean seasonality of flows (Kupferberg et al. 2012, Power et al. 2015, in press). 
Increased variability in precipitation, correlated with an increase in land-use activities, has also 
lead to increased frequency of debris slides in the Thomes Creek watershed (MNF) over the last 
half century (Gauthier 2014). 

Fire  

Data on forest fire frequency, size, and total area burned all show strong increases in California 
over the last two to three decades. Westerling et al. (2006) showed that increasing frequencies of 
large fires (>1000 acres) across the western United States since the 1980’s were strongly linked 
to increasing temperatures and earlier spring snowmelt. Northern California forests have had 
substantially increased wildfire activity, with most wildfires occurring in years with early springs 
(Westerling et al. 2006). This increase is likely attributable to both climate and land-use effects. 
Large percentage changes in moisture deficits in Northern California forests, according to 
Westerling et al. (2006), were strongly associated with advances in the timing of spring, but this 
area also includes substantial forested area where forest densification after fire exclusion, timber 
harvesting, and mining activities have led to increased forest densities and fire risks (McKelvey 
et al. 1996, Gruell 2001). 

Much of northern California north of the Tehachapi Mountains has missed multiple fire cycles 
owing to fire suppression, with low- and mid-elevation vegetation types such as oak woodlands, 
yellow pine, and mixed-conifer forests missing the most fire cycles (Safford and Van de Water 
2014). More than 85 percent of Forest Service lands in NW California are burning either less 
frequently or much less frequently currently than under the pre-Euro-American settlement fire 
regime, as compared with 67 percent of Forest Service and National Park Service lands in the 
Sierra Nevada and 19 percent in southern California (Safford and Van de Water 2014). 

Miller et al. (2012) found no temporal trend in the annual proportion of fire area burning at high-
severity within fires >400 ha occurring on the four National Forests of NW California during the 
period 1987-2008. However, mean and maximum fire size and total annual area burned all 
increased over the period from 1910 to 2008 and regional fire rotation fell to 95 years by 2008. 
During 1987-2008, Miller et al. (2012) found that the percentage of high-severity fire in conifer-
dominated forests of smaller average diameter and lower percent cover was generally higher than 
in forests of larger diameter and higher cover. For areas that burned more than once during this 
period, severity (a measure of the effect of fire on vegetation) in conifer and hardwood forests 
was higher the second time burned versus the first time burned, regardless of tree density and 
size class. Closed forests of medium and large diameter trees that had previously burned between 
1921 and 1986 burned at slightly lower severities than similar forests that had last burned before 
1921. Miller et al. (2012) also found that years with larger fires and greatest area burned were 
produced by region-wide lightning events, and characterized by less winter and spring 
precipitation than in years dominated by smaller human ignited fires, but that the percentage of 
high-severity fire was generally less in region-wide lightning events. 
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Vegetation  

Mediterranean climate regions like California exhibit high levels of plant richness and endemism 
and are also among those most sensitive to climate and land-use change (Cowling et al. 1996, 
Underwood et al. 2009). Where it is able, the distribution of vegetation in California is expected 
to move upslope and poleward in response to climate change (Hayhoe et al. 2004, Loarie et al. 
2008). While such long-term shifts are difficult to observe, observations of short-term shifts in 
response to drought and climate variability can offer us insight into the trends we are likely to 
see under warmer and drier climates. 

Most of the changes in observed in vegetation over the last century can be linked to coupled 
effects of land-use decisions and climate change. For example, fire suppression has been 
practiced as a federal policy since 1935. In addition, many forests were harvested using even-
aged systems early in the 1900s followed by a diverse group of silvicultural operations 
(Laudenslayer and Darr 1990). Fire exclusion has resulted in increased tree densities and a 
reduction in shade intolerant species (Parsons and DeBenedetti 1979; North et al. 2007), 
although the ecological significance of these changes is more important in drier, historically 
pine-dominated forests than in moister, fir-dominated forests. Skinner (1995) found that forest 
openings decreased and distances between openings increased from 1944 to 1985 in portions of 
the Dillon, Clear, and Swillup Creek watersheds near Happy Camp. Working at Whiskeytown 
National Recreation Area, just north of the MNF, Leonzo and Keyes (2010) documented major 
changes over the last ½ century in the structure and composition of “relict” old-growth 
ponderosa pine stands, with young individuals of shade tolerant species like Douglas-fir, white 
fir and tan oak comprising 10 times higher stem densities than the once dominant pine. 

Van Mantgem et al. (2009) documented widespread increases in tree mortality in old-growth 
forests across the west, including northern California. Their plots had not experienced increases 
in density or basal area during the 15-40 year period between first and last census. The highest 
mortality rates were documented in the Sierra Nevada, and in middle elevation forests (3300-
6700 feet). Higher elevation forests (>6700 feet) showed the lowest mortality rates. Van 
Mantgem et al. (2009) ascribed the mortality patterns they analyzed to regional climate warming 
and associated drought stress. 

Evidence suggests that old-growth forests can be susceptible to a wide range of stressors, 
including the disruption of historical disturbance regimes such as fire (Agee 1993), invasive 
species and pathogens (McDonald and Hoff 2001, Rizzo and Garbelotto 2003), and increasing 
temperatures (van Mantgem et al. 2009, Allen et al. 2010, Peng et al. 2011, Williams et al. 
2012). Recent work by Van Mantgem and Sarr (2015) in diverse old-growth forests across a 
broad range of climates in the Klamath region further demonstrates the high correlation between 
forest structure and diversity with climate, as well as the complexity inherent in predicting future 
forest conditions in this region. 

Wildlife  

Changes in climate may have both direct (e.g. thermal stress) and indirect (e.g. changes in 
species interactions and habitat) effects on wildlife distributions and abundances (Martin 2007, 
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Rubidge et al. 2011). Direct effects of climate warming are predicted to force species upslope 
and northward, while indirect effects leave a more complex signature. Studies in other parts of 
California suggest that wildlife are already moving in response to changing climates in order to 
maintain environmental associations to which they are adapted (small mammals: Moritz et al. 
2008, Rubidge et al. 2011; butterflies: Forister et al. 2010; birds: Tingley et al. 2009). Species 
with a high degree of habitat specialization and/or a smaller natural thermal range are more 
sensitive to climate change than other species and may be under more pressure to move as 
climates warm (Jiguet et al. 2006, Gardali et al. 2012).  

Indirect climate change impacts on wildlife over the last century have included changes to 
species habitats, as well as to patterns in disturbances, parasitism, and disease. Halofsky et al. 
(2011) ranked habitat specialists like the Northern Spotted Owl and American marten, and 
species like Clark’s Nutcracker that inhabit sensitive habitat, as highly vulnerable to climate 
change. Declines in Marbled Murrelet populations early this century may be partially attributable 
to loss of nesting habitat to increasing disturbances like fire (Miller et al. 2012). In other areas in 
the Western US, decreasing songbird diversity and abundance has been indirectly attributed to 
decreasing snowfall patterns (Martin & Maron 2012). Low rates of snowfall allow for increased 
over-winter herbivory by ungulates like elk, thus decreasing growth and abundance of some tree 
species, in turn decreasing associated songbird abundances (Martin 2007; Martin & Maron 2012; 
Brodie et al. 2012). Increased water temperatures promote populations of parasites like 
copepods, which negatively affect the fitness of fish and amphibian species (Kupferberg et al. 
2009). Species like the protected Foothill Yellow-legged frog (Rana boylii) have been shown 
suffer higher outbreaks of copepod parasites with increased water temperatures and drought 
induced decreases in water flows in Northern California (Kupferberg et al. 2009). 

Another indirect impact of climate change on wildlife populations is the loss of synchrony 
between reproductive or migratory phenology and resource availability (MacMynowski and Root 
2007, Seavy et al. 2009). Breeding dates of birds like tree swallows have advanced during the 
last century (in the tree swallow case, they now occur up to 9 days earlier; Dunn and Winkler 
1999) which may lead to a mismatch in timing of egg laying relative to availability of food. 
Shifted flowering, fruiting, and seeding times may affect species that rely on these services. 
Timing of the migration of California overwintering songbirds like Swainson’s Thrush, Warbling 
Vireo, and Wilson’s Warbler among others has also advanced significantly since 1969 
(MacMynowski and Root 2007). Asynchrony with animal and insect pollinators may also 
become a significant problem for California plant species (Memmott et al. 2007). 

Future projections  

Temperature and Precipitation 

As of today, no published climate change or vegetation change modeling has been carried out for 
the Mendocino National Forest. Indeed, few future-climate modeling efforts have treated areas as 
restricted as the State of California. The principal limiting factor is the spatial scale of the 
General Circulation Models (GCMs) that are used to simulate future climate scenarios. Most 
GCMs produce raster outputs with pixels that are 10,000’s of km2 in area. To be used at finer 
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scales, these outputs must be downscaled using a series of algorithms and assumptions (Thrasher 
et al. 2013), adding uncertainty to already uncertain data. These finer-scale secondary products 
currently provide the most credible sources we have for estimating potential outcomes of long-
term climate change for California. Another complication is the extent to which GCMs disagree 
with respect to the probable outcomes of climate change. For example, a comparison of 21 
published GCM outputs that included California found that estimates of future precipitation 
ranged from a 26% increase per 1º C increase in temperature to an 8% decrease (Gutowski et al. 
2000, Hakkarinen and Smith 2003).  

Hayhoe et al. (2004) used two contrasting GCM’s (much warmer and drier vs somewhat warmer 
and drier) under low and high greenhouse gas emissions scenarios to make projections of climate 
change impact for California over the next century. By 2100, under all GCM-emissions 
scenarios, April 1 snowfall was down by -22% to -93% in the 6,700-10,000 feet elevation belt 
and the date of peak snowmelt was projected to occur from 3 to 24 days earlier in the season. 
Average temperatures were projected to increase by 2 to 4° F in the winter and 4 to 8° F in the 
sumner. 

GCM projections of precipitation over California tend to disagree on the sign of change (e.g. Das 
et al. 2013, Neelin et al. 2013, Berg et al. 2015) and projected trends throughout the 21st century 
are generally insignificant (Berg and Hall 2015). Despite global projections for increases in 
precipitation extremes  (Kharin et al. 2013; Kharin et al. 2007; Sun et al. 2007), Cayan et al. 
(2008) found only modest increases in the number and magnitude of large precipitation events in 
California. However, Berg and Hall’s (2015) analysis of 34 global climate models projects 
increases in the frequency of interannual precipitation extremes over California, with extremely 
dry wet seasons becoming roughly 1.5-2 times more common and wet extremes generally 
tripling in frequency by the end of the century. The north and south coasts of California are also 
projected to experience the largest increase in humid nighttime heat wave events (Gershunov and 
Guirguis 2012). 

Hydrology 

Although climate models diverge with respect to future trends in precipitation over NW 
California, there is widespread agreement that the trend toward lower SWE and earlier snowmelt 
will continue (Leung and Wigmosta, 1999; McCabe and Wolock, 1999; Miller et al. 2003; 
Snyder et al. 2004; Barnett et al. 2005; Zhu et al. 2005; Vicuna et al. 2007; Van Kirk and Naman 
2008). In basins without winter snow accumulation, such as the Eel River basin, base flow is 
relatively insensitive to increasing temperature (Miller et al. 2003). If precipitation does increase, 
streamflow volumes during high flow events could greatly increase. Flood potential in California 
rivers that are fed principally by snowmelt (i.e., higher elevation streams) was predicted to 
increase under all scenarios of climate change, principally due to earlier dates of peak daily flows 
and the increase in the proportion of precipitation falling as rain (Miller et al. 2003). Under 
continued snowpack loss, Knowles and Cayan (2002) project that spring and early summer flows 
on the upper Sacramento River may decrease by as much as 30% by 2060, and that annual flow 
volume could drop by 20% by 2090; more snow-dominated river basins may see much greater 
changes. Because of the relatively low mountain elevations in NW California, stream flow in 
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most rivers is more sensitive to changes in precipitation than changes in temperature, as 
snowpack input to flow is relatively low (Miller et al. 2003). 

A downscaling of three climate models (CSIRO, MIROC, and Hadley) for the Rogue River 
Basin in southwest Oregon and the Klamath River Basin led to the following general future 
projections for hydrology in NW California and SW Oregon (Doppelt et al. 2008, Barr et al. 
2010): Total precipitation may remain roughly similar to historical levels, but may shift in 
seasonality to fall predominantly in mid-winter months. Rising temperatures will increase the 
percentage of precipitation falling as rain and decrease snowpack considerably, particularly at 
lower elevations. The area is likely to experience more severe storm events, variable weather, 
higher and flashier winter and spring runoff events, and increased flooding. Both wet and dry 
cycles are also likely to last longer and be more extreme, leading to periods of deeper drought as 
well as periods of more extensive flooding.  

While hydrological changes in snow-dominated areas like the Sierra Nevada will mainly depend 
on shifts in precipitation patterns, vegetation shifts may play a more central role in changes to 
hydrology in lower elevation, shrub-dominated systems (Tague et al. 2009). Hydrology in semi-
arid Mediterranean type ecosystems is largely dependent on climate-vegetation-soil-water 
interactions, which can vary strongly with temperature and CO2 levels (Tague et al. 2009). 
Increased temperatures alone will likely reduce net primary productivity (NPP) in Mediterranean 
ecosystems (Penuelas et al. 2007). This reduction in NPP would lead to reduced water use, 
potentially leading to a moderate increase in summer streamflow (Tague et al. 2009). However, 
when modeled with the increase in CO2 levels that are driving climate change, impacts of CO2 
will lead to higher biomass and NPP in chaparral ecosystems, and thus higher water 
consumption, probably far outweighing the losses due to temperature (Tague et al. 2009). 
Frequency of low streamflow years is projected to be considerably higher with greater levels of 
atmospheric CO2, and NPP is projected to more variable from year to year (Tague et al. 2009). 
Additionally, rainfall is predicted to occur in higher concentrations in fewer events leading to 
higher variability and unreliability in meteoric, stream and ground water in a region already 
subject to the most variable precipitation regime in North America (Dettinger et al. 2011). 
Warming temperatures are also expected to extend the period of summer drought, and decrease 
flows in the dry months (Reba et al. 2011).  

Using the Basin Characterization Model (BCM), a regional water balance model, Thorne et al. 
(2015) assessed the responses of snowpack, climatic water deficit (CWD), recharge, and runoff 
to changing climate across 5135 watersheds comprising California. Under both the GFDL and 
PCM projections, CWD increases by one to two standard deviations in almost all watersheds in 
northwestern California. Snowpack, runoff, and recharge all continue to decrease and are 
amplified under future projections throughout northwestern California. Watersheds west of 
Mount Shasta, where relatively little change has occurred historically, are predicted to 
experience high levels of change under both future projections. 

Increased water demand, extended drought periods, and high precipitation variability are likely 
to increase ecosystem vulnerability in a changing climate. 
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Fire 

The combination of warmer climate with higher CO2 fertilization will likely cause more frequent 
and more extensive fires throughout western North America (Price and Rind 1994, Flannigan et 
al. 2000); fire responds rapidly to changes in climate and will likely overshadow the direct 
effects of climate change on tree species distributions and migrations (Flannigan et al. 2000, 
Dale et al. 2001). A temporal pattern of climate-driven increases in fire activity is already 
apparent in the western United States (Westerling et al. 2006), and modeling studies specific to 
California expect increased fire activity to persist and possibly accelerate under most future 
climate scenarios, due to increased growth of fuels under higher CO2 (and in some cases 
precipitation), decreased fuel moistures from warmer dry season temperatures, and possibly 
increased thundercell activity (Price and Rind 1994, Miller and Urban 1999, Lenihan et al. 2003, 
Westerling and Bryant 2006). In the Pacific Northwest, longer, hotter, and drier fire seasons are 
projected under future climate change scenarios, and the area burned by wildfires is projected to 
increase as a result (Wimberly and Liu 2014). Temperature has been shown to strongly influence 
fire frequency and area burned, and increased temperatures will lead to increased fire frequency 
and size (Pausas 2004, Spracklen et al. 2009, Guyette et al 2012). Westerling and Bryant (2008) 
predict a 10-35% increase in large fire risk by midcentury in California and Nevada, and 
Westerling et al. (2011) projected increases in burned area of up to 4+ times the current levels in 
Mendocino area shrublands and forestlands by the end of the century (Figure 8). 

The MC1 runs reported in Barr et al. (2010) project increases in annual fire area in the Klamath 
River Basin of 11-22% by 2100, resulting in as many as 330,000 acres (134,000 ha) burned in an 
average year. Increased frequencies and/or intensities of fire in coniferous forest in California 
will almost certainly drive changes in tree species composition (Lenihan et al. 2003), and will 
likely reduce the size and extent of late-successional refugia (USFS and BLM 1994, McKenzie 
et al. 2004). Thus, if fire becomes more active under future climates, there may be significant 
repercussions for old growth forest and old growth-dependent flora and fauna.  

Fire regimes are driven principally by the effects of weather/climate and fuel type and 
availability (Agee 1993, Bond and van Wilgen 1996). Eighty years of effective fire suppression 
in the American West have led to fuel-rich conditions that are conducive to intense forest fires 
that remove significant amounts of biomass (McKelvey et al. 1996, Arno and Fiedler 2005, 
Miller et al. 2009), and most future climate modeling predicts climatic conditions that will likely 
exacerbate these conditions. Basing their analysis on two GCMs under the conditions of doubled 
atmospheric CO2 and increased annual precipitation, Flannigan et al. (2000) predicted that mean 
fire severity in California (measured by difficulty of control) would increase by about 10% 
averaged across the state. Vegetation growth models that incorporate rising atmospheric CO2 
show an expansion of woody vegetation on many western landscapes (Lenihan et al. 2003, 2008, 
Hayhoe et al. 2004), which could feedback into increased fuel biomass and connectivity and 
more intense (and thus more severe) fires. Use of paleoecological analogies also suggests that 
parts of the Pacific Northwest (including northern California) could experience more severe fire 
conditions under warmer, more CO2-rich climates (Whitlock et al., 2003). Fire frequency and 
severity (or size) are usually assumed to be inversely related (Pickett and White 1985), and a 
number of researchers have demonstrated this relationship for California forests (e.g. Swetnam 
1993, Miller and Urban 1999), but if fuels grow more rapidly and dry more rapidly – as is 
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predicted under many future climate scenarios – then both severity and frequency may increase. 
In this scenario, profound vegetation type conversion is all but inevitable.  

Davis and Michaelsen (1995) predict a 17% decrease in the fire return interval for central coastal 
California (Gabet and Dunne 2003). Grassland fuels are flashier than shrubland fuels, making 
both ignition and rapid spread more likely in grasslands. Thus if conversion of shrublands to 
grasslands continues as predicted (see vegetation section), we may expect larger, more frequent 
fires in drier, non-forested portions of the Mendocino National Forest (Minnich and Dezzani 
1998).  

Climate change may also impose greater constraints on the use of prescribed fire, including both 
planned ignitions and managed wildfires (Wimberly and Liu 2014). Prescribed burning is a 
critical component of fuel treatments and landscape restoration in drier forests of the Klamath 
Mountain region and has proven more effective than thinning alone at reducing the severity of 
large fires (Agee and Skinner 2005, Raymond and Peterson 2005, Wimberly et al. 2009, Prichard 
et al. 2010, Prichard and Kennedy 2012). Prescribed burning must be conducted during suitable 
burn windows, which are highly weather dependent, in order to allow for appropriate fire 
behavior and effects (Quinn-Davidson and Varner 2012, Ryan et al. 2013). The ecological 
responses of plants, wildlife, and soils to prescribed burning can vary with the season of burning 
(Knapp et al. 2009). Changes in climate that extend the length of the fire season could either 
increase or decrease the time during which there is suitable weather for prescribed burning. 

 

Figure 8. Proportional change in projected mean annual area burned for the 2050-2099 period relative to the mean 
annual area burned for the reference period (1950-1999) for three climate change scenarios. “1” = unchanged; “2” = 2x 
the reference condition, etc. A represents the NCAR PCM1 climate scenarios (warmer and slightly drier than today): B = 
CNRM CM3 scenario (drier and much warmer than today); C = GFDL CM2.1 scenario (much warmer and much drier 
than today). MNF area is circled. Figure from Westerling et al. (2011).  
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Vegetation 

Lenihan et al. (2003, 2008) used a dynamic ecosystem model (“MC1”) which estimates the 
distribution and the productivity of terrestrial ecosystems such as forests, grasslands, and deserts 
across a grid of 100 km2 (38.6 mi2) cells. To date, this is the highest resolution at which a model 
of this kind has been applied in California, but it is not of high enough resolution to be applied to 
the Mendocino National Forest as a unit. Based on their modeling results, Lenihan et al. (2003, 
2008) projected significant declines in conifer-dominated forests and their subsequent 
replacement by hardwood-dominated forests along the Northern California Coast Range under 
all future climate scenarios (Figure 9). In the drier Interior Northern California Coast Range, they 
projected declines in shrubland and oak woodlands and an increase in grassland due to higher 
fire frequencies; hardwood-dominated forests also increase in area (Figure 9). Hayhoe et al. 
(2005) also used the MC1 ecosystem model to predict vegetation and ecosystem changes under a 
number of different future greenhouse gas emissions scenarios. Their results were qualitatively 
similar to the Lenihan et al. (2003, 2008) results. 

Barr et al. (2010) report on a set of MC1 runs under three GCMs for the Klamath River Basin but 
do not provide quantitative outputs. In general, by 2100 the upper basin (Oregon) is projected to 
support primarily grassland in place of the sagebrush and juniper ecosystems that currently 
dominate the area. In the lower basin (California), conditions suitable for hardwood forests 
(oaks, tan oak, madrone, etc.) are projected to expand while those suitable for conifer-dominated 
forests are projected to contract. 

Loarie et al. (2008) projected that 2/3 of California’s native flora will experience >80% reduction 
in range size by 2100. Endemic plant species that specialize in uncommon or sparsely distributed 
habitat (e.g. serpentine soils, montane meadows) will have difficulty responding to changing 
climatic conditions by migrating (Conlisk et al. 2013). Such narrowly distributed species are also 
at high risk due to disturbances like fires or floods that may extirpate entire populations. 
Conversely, areas resistant to change, such as north facing slopes or areas with deep, well-
watered soils, may provide potential refugia (Olson et al. 2012, van Mantgem and Sarr 2015). 
Topographic microclimates play an important role in species distributions (Randin et al. 2009, 
Scherrer and Körner 2011, Lenoir et al. 2013). In the Klamath region, if warming climatic trends 
are accompanied by drying during the growing season, mesic topographic microclimates are 
likely to become increasingly important microrefugia (Dobrowski 2010, Copeland and Harrison 
2015
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Figure 9. MC1 outputs for the Northern California Coast Ranges and Northern California Interior Coast Ranges 
Ecological Sections, current vs. future projections of vegetation extent. These Ecological Sections cover all of the 
Mendocino National Forest and some surrounding areas. The GFDL-B1 scenario = moderately drier than today, with a 
moderate temperature increase (<5.5°F); PCM-A2 = similar ppt. to today, with <5.5° increase; GFDL-A2 = much drier 
than today and much warmer (>7.2° higher). For the NorCal Coast Range Section notable decreases in conifer-dominated 
forest are projected, with major increases in hardwood-dominated forests. Decreases in shrubland and increases in 
grassland are projected for the Interior Coast Ranges Section, primarily due to higher fire frequency. From Lenihan et 
al. (2008). 
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Wildlife 

Significant changes in California’s terrestrial fauna and flora are projected over the next century 
due to climate change effects on temperature, precipitation, and resulting habitat distributions. 
Stralberg et al. (2009) developed current and future species distribution models for 60 bird 
species and found that novel avian assemblages with no modern analogue could occupy over half 
of California by the end of this century. This implies a dramatic reshuffling of avian 
communities and altered patterns of species interactions. A total of 128 out of 358 (36%) of 
California’s bird species of “special concern” (rare, threatened, endangered, or experiencing 
significant decline; Shuford and Gardali 2008) were ranked as vulnerable to climate change, 
including the Swainson’s hawk, Western Grebe, Swainson’s Thrush, and Vaux’s Swift (Gardali 
et al. 2012). Based on bioclimatic models, Lawler et al. (2009a, b) projected high vulnerability of 
California’s amphibian fauna (>50% change in species) and moderate vulnerability of 
California’s mammalian fauna (10-40% change) under a high greenhouse gas emissions scenario 
by the end of the century.  

Direct and indirect effects will continue to impacts wildlife species in the future, likely at an 
accelerating pace. Lawler et al (2012) investigated the possible effects of climate change on 
selected species of the genus Martes and found that macroclimate conditions closely correlated 
with Pacific fisher (Martes pennanti) presence in California were likely to change greatly over 
the next century, resulting in a possibly pronounced loss of suitable habitat. Their results 
suggested that martens and fishers will be highly sensitive to climate change. A more recent 
analysis of climate impacts on fisher and marten habitat in the Sierra Nevada found that 
predicted marten distribution shifted to higher elevations, became more fragmented, and 
decreased in area by 40−85% (depending on GCM scenario; Spencer et al. 2015). On the other 
hand, predicted changes in fisher distribution were highly variable and inconsistent, showing 
some increases and some decreases in extent, suggesting high uncertainty in climate change 
effects on fishers (Spencer et al. 2015). Population growth in Northern Spotted Owls is positively 
associated with wet, cool summer conditions, likely an effect of prey availability, but climate 
models predict warmer, drier summers which will likely negatively impact spotted owl 
populations (Glenn et al. 2010).  

Those aquatic species with a competitive advantage in colder waters will also likely suffer losses 
due to both thermal stress and increased competition as water temperatures rise (Rahel et al. 
2008; Kennedy et al. 2009). Salmonids may be particularly sensitive to warming water 
temperatures (ISAB 2007). Power et al. (2015) suggested that two likely future scenarios (drier 
winters followed by drier summers; or wetter winters followed by drier summers) may trigger 
cyanobacteria blooms, harmful to salmonids and other fish. According to Power et al. (2005), “If 
dry winters are followed by dry summers, salmonids will be heat-stressed as well as hungry. The 
worst case appears to be if scouring winter flows release algal blooms, but abrupt decreases in 
summer baseflows cause these to rot in the channel as pools warm and stagnate.” For aquatic 
species like the Steelhead, decreases in August streamflow likely to be caused by increased CO2 
levels associated with climate change could have negative implications for habitat suitability and 
availability (Tague et al. 2009). Increased summer temperatures, and resulting declines in growth 
and productivity, are likely to further stress steelhead and rainbow trout populations like those in 
the low-order streams in the South Fork Trinity River basin (McCarthy et al. 2009). O’Neal 
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(2002) suggested that by 2090, 25 to 41% of currently suitable California streams may be too 
warm to support trout. 

Changing disturbance regimes associated with climate change will also continue to impact 
wildlife species in complex ways in the future. Species that require older, denser, and more 
structurally complex forest conditions, like Pacific Fisher and the Northern Spotted Owl, will 
likely be negatively impacted by changes in fire regimes associated with climate change 
(Scheller et al. 2011). Lawler et al. (2012) noted that fisher habitat is driven to a great extent by 
local vegetation features and the authors examined stand-level implications of fire under a series 
of future fire scenarios, since fire occurrence and behavior, largely driven by climate/weather, 
have substantial effects on local vegetation. They recommended protecting fisher habitat through 
targeted forest-fuel treatment, and applying more liberal fire-management policies to naturally 
ignited fires during moderate weather conditions. Sensitive benthic invertebrate populations may 
also be reduced by increases in large and severe wildfires that are likely to be associated with 
climate warming (Oliver et al. 2012). Larger effects will likely be observed in small, first-order 
streams (Oliver et al. 2012).  

As the loss of synchrony between reproductive or migratory phenology and resource availability 
becomes more pronounced, for species like bats that have specialized diets and carefully 
balanced energy budgets (e.g. Pallid and Townsend’s big-eared bats on the Mendocino), a shift 
in the timing of invertebrate prey availability could result in reduced survival or fecundity 
(Halofsky et al. 2011). 

Loarie et al. (2008) identified the coastal mountains of Northwest California as an important 
climate change refugium, defined as an area projected to sustain species with otherwise shrinking 
ranges. Authors like Loarie et al. and Lawler et al. recommend novel adaptive management 
approaches and large-scale planning efforts that promote landscape/regional habitat connectivity. 
Loarie et al. (2008) also recommended consideration of human-assisted dispersal of California’s 
flora and prioritization of climate change refugia for conservation and restoration. 
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Appendix A. Weather Station Information 
Weather stations were selected for inclusion based on their location relative to the Mendocino 
National Forest (MNF) and the length and completeness of their records. It is important to note 
that all of these weather stations are found outside of and below the MNF. Temperature and 
precipitation data collection periods ranged from 57 to 91 years (with between 2 and 18 years of 
missing data). See Table A1 for station locations, the data range and completeness of 
meteorological data.  

We evaluated weather records for trends in annual mean temperature, annual mean minimum 
temperature, annual mean maximum temperature, total annual precipitation, interannual 
precipitation variability, and total annual snowfall. Temperature values for individual calendar 
years (i.e., January–December) were calculated by first taking the average value across all days 
within each constituent month, and then averaging across the monthly averages. Individual years 
were excluded from temperature trend analyses if more than two months, or two consecutive 
months lacked temperature data for more than 15 days. Precipitation totals were calculated for 
water-years (i.e., July–June) because water-year precipitation totals are i) more clearly linked to 
the availability of water for natural ecosystems and human populations during the annual 
summer droughts, and ii) of greater importance for understanding flood risks to low-lying areas. 
Individual years were withheld from trend analyses if any non-summer month (i.e., September–
May) lacked precipitation data for more than five days. Interannual variability in precipitation 
totals was calculated as the coefficient of variation using a five-year moving window. Annual 
snowfall totals were calculated by water-year. The presence, direction, and magnitude of climatic 
trends were assessed through simple linear regressions using ordinary least squares estimation 
procedures. Trend analyses were performed using only data from stations and time periods for 
which climate data were more that 70% complete. 

Table A1. Weather Station Summary Information 

Station Elev. 
(Feet) Latitude Longitude 

Proximity 
to National 
Forest 

Data range 
Years of 
excluded data 
(Temp/Ppt) 

Covelo 1430 39° 47' N 123° 15' W 7 miles W 

1936-2010 (temp) 
1936-2009 (precip) 
1947-2010 (snowfall) 
 

12/18 

Stonyford 1170 39° 23’ 
N 122° 33’ W 1.5 miles 

E 

1939-2004 (precip) 
1944-2008 (snowfall) 
 

na/15 

Paskenta 0760 39° 53’ 
N 122° 32' W 6 miles E 

1940-2000 (precip) 
1944-2001 (snowfall) 
 

na/14 

Stony Gorge 0800 39° 35' N 122° 32' W 4 miles E 

1927-2014 (temp) 
1927-2013 (precip) 
1945-2010 (snowfall) 
 

2/6 

East Park 
Reservoir 1210 39° 22' N 122° 31' W 3 miles E 

1911-2002 (temp) 
1927-2001 (precip) 
1945-2003 (snowfall) 

3/9 
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	Introduction
	This summary of climate and climate-driven trends in northern California is a product of the Forest Service’s Pacific Southwest Region Ecology Program. This document synthesizes and summarizes current trends and projected future trends related to climate change on the Mendocino National Forest and surrounding lands in northern California. This analysis is primarily based on local weather station data, PRISM data, and published literature; in some instances, important and credible findings from unpublished studies are also included. The summary begins with local and regional trends in temperature and precipitation, then examines how these trends are affecting hydrology, fire, vegetation, and wildlife in the study area. A summary of projected future trends in climate and climate-affected resources is also provided. This document provides information of fundamental importance for National Forest management and planning in the face of global change. This summary represents an update of our original climate trend summary for 2010. Further updates are planned at approximately 5-year intervals.
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	The temperature and precipitation data presented in this section are derived from five weather stations in the vicinity of the Mendocino National Forest (WRCC 2015). We evaluated weather records for trends in annual mean temperature, annual mean minimum temperature, annual mean maximum temperature, total annual precipitation, interannual variability in precipitation, and total annual snowfall. Weather stations were selected for inclusion based on their location relative to the Mendocino National Forest and the length and completeness of their records. For details on weather stations selected and station data analysis, see Appendix A. It is important to note that all of these weather stations are found outside of and below the MNF. A number of the stations do not include data from the last 10-15 years either; many of the stations are no longer being regularly maintained. Our analysis is supplemented with historic trends in temperature and precipitation derived using  spatial data from the PRISM climate dataset (Daly et al. 1994) and compiled by Rapacciuolo et al. (2014) (Figures 1 & 4).
	California is currently (2012-2014) experiencing the hottest and driest period in its recorded climate history (i.e., since 1895) (Mann and Gleick 2015). The magnitude and direction of temperature change are variable across the state and depend on the time series in question. For example, there was an order of magnitude increase in warming between 1970-2006 when compared to 1918-2006, indicating accelerated warming in the last 35 years in California (Cordero et al. 2011). A straightforward and recent summary of these trends is presented in Rapacciuolo et al. (2014) and broken down by ecoregion. The authors report an average statewide temperature increase of 0.81° F (0.45° C) between historic (1900-1939) and modern (1970-2009) times. The Northwestern California ecoregion, which includes the Mendocino National Forest, shows an increase in mean (0.32° F, 0.18° C) and minimum (0.85° F, 0.47° C) temperature and a decrease in maximum (-0.41° F, -0.23° C) temperature over this same time period (Rapacciuolo et al. 2014).
	While average annual temperatures at the Covelo, Stony Gorge Reservoir, and East Park Reservoir have remained relatively constant, both the Covelo and East Park Reservoir stations show significant increases in mean minimum (i.e. nighttime) temperatures of 1-2 degrees Fahrenheit (0.6-1.1° C) (Table 1, Figure 2; values from regression equation) (WRCC 2015). The East Park Reservoir station also shows a statistically significant decrease in mean maximum (i.e. daytime high) temperature of about 1.5 degrees Fahrenheit (0.8° C) (Table 1, Figure 2). For two of the five stations with available temperature data, temperature increases were greatest in minimum mean (nighttime) temperature when compared to mean and maximum mean (daytime) temperatures, a finding consistent across California (Cordero et al. 2011, LaDochy et al. 2007) and the globe (Vose et al. 2005). Significant increases in nighttime temperatures have also been observed at several stations on the Klamath, Shasta-Trinity, and Six Rivers National Forests.
	The occurrence of nighttime freezing temperatures has significantly decreased at one of the stations (Table 1, Figure 3). For example, at the beginning of the Covelo data record three to four months per year could be expected to have average nighttime temperatures that fall below freezing. Today the average is one to two months, and the trend is strongly downward. 
	/
	Figure 1. Spatial representation of differences in A) annual mean, B) annual minimum and C) annual maximum temperature (°C) between historic (1900-1930) and modern times (1970-2009). Black circles represent the vicinity of the MNF. Figures from Rapacciuolo et al. 2014.
	Table 1. Direction, magnitude and statistical significance of climatic shifts at five weather stations in the area of the Mendocino National Forest. Numerical values indicate the difference between the expected values for the earliest and most recent years of the given time frame, as calculated from linear regression equations. Direction and magnitude of shifts are only shown for cases where rates of change are statistically greater or less than zero (P < 0.05). Statically significance indicated as follows: ‘ns’ not significant; ‘*’ P < 0.05; ‘**’ P < 0.01; ‘***’ P < 0.001. Results for precipitation are organized by water-year while those for temperature are organized by calendar-year.
	East Park Reservoir
	Stony Gorge Reservoir
	Paskenta
	Stonyford
	Covelo
	1210 ft
	800 ft
	750 ft
	1170 ft
	1430 ft
	Elevation
	Temperature
	Mean ( °F)
	ns
	ns
	Incomplete data
	Incomplete data
	ns
	Max. (°F)
	-1.5**
	ns
	Incomplete data
	Incomplete data
	ns
	Min. (°F)
	+1.5***
	ns
	Incomplete data
	Incomplete data
	+1.6*
	Freezing (mo/yr)
	ns
	ns
	Incomplete data
	Incomplete data
	-1.1*
	Precipitation
	+9.5**
	ns
	ns
	ns
	ns
	Total (in.)
	+37.7***
	ns
	+20.6*
	+43.1**
	ns
	Coefficient of variation
	ns
	-4.3**
	-3.2*
	ns
	-7.2*
	Snowfall (in)
	/ /
	/Figure 2. Annual mean, mean maximum, and mean minimum temperatures at three weather stations. Linear regression equations, coefficients of determinations, and statistical significance shown for significant regressions only. No transformations were employed. Data from WRCC 2015.
	///Figure 3. Number of months in which the average temperature remained below freezing for three weather stations. Linear regression equations, coefficients of determination and statistical significance shown for significant regressions only. No transformations were employed. Data from WRCC 2015.
	Since 2012, California has experienced a record setting drought that includes the lowest yearly precipitation on record (Diffenbaugh et al. 2015). Tree ring data suggest that the 2012-2014 drought is the most severe in the past 1,200 years (Griffin and Anchukaitis 2014). While the precipitation deficits beginning in 2012 are not unprecedented in the paleoclimate, when coupled with rising temperatures the current drought stands out as the most severe since perhaps the 9th century (Griffin and Anchukaitis 2014). Despite the current drought conditions, climate data analyzed by Rapacciuolo et al. (2014) suggesting long-term slight to moderate increases in precipitation in the vicinity of the MNF (Figure 4) is supported by precipitation trends from the five weather stations surrounding the MNF (Table 1). 
	Total annual precipitation is (statistically) steady over the period of record for four of the five stations, increasing marginally at Stony Gorge Reservoir, moderately at both Paskenta and Stonyford Ranger Stations, and significantly at East Park Reservoir weather station (Table 1, Figure 5). There is very high interannual variability in all five precipitation records, such that the value predicted by the regression line in each figure is rarely representative of the actual annual mean. The increase in annual precipitation at the East Park Reservoir station is being driven by moderately significant increases in precipitation in all seasons except summer (June-July-August) over the period of record from 1927-2002. There were no other significant increases in precipitation by season from any station, and the distribution of precipitation across the year has remained similar through the record. 
	The 5-yr coefficient of variation of annual precipitation is increasing over time at all stations (Table 1, Figure 6). An increasing coefficient of variation in annual precipitation demonstrates that year-to-year variability in precipitation has increased, while a steady coefficient of variation denotes that year-to-year variability remains relatively stable. Increases in interannual variability have important implications for ecosystem, water, and fire management. 
	While most of the weather stations do not receive substantial amounts of snow, all stations show declining trends in annual snowfall, three of which are statistically significant (Covelo, Paskenta, and Stony Gorge) (Table 1, Figure 7). 
	/Figure 4. Spatial representation of difference in total annual precipitation between historic (1900-1930) and modern times (1970-2009). Figures from Rapacciuolo et al. 2014.
	////
	/
	Figure 5. Annual precipitation at five stations. A significant increase in precipitation was noted only at the East Park Reservoir station. No transformations were employed. Data from WRCC 2015. 
	////
	/
	Figure 6. 5 year coefficients of variation in annual precipitation for five weather stations. Regression equations, coefficients of determination, and statistical significance shown for significant regressions only, indicating an increase in variability of precipitation over time. No transformations were employed. Data from WRCC 2015. 
	////
	/
	Figure 7. Annual snowfall for five weather stations. Linear regression equations, coefficients of determination and statistical significance shown for significant regressions. No transformations were employed. Data from WRCC 2015.
	Across the western United States, widespread changes in surface hydrology have been observed since the mid-1900s. These shifts include: decreased snowpack (particularly at low elevation sites; Mote et al. 2005, Barnett et al. 2008, Grundstein and Mote 2010); earlier snow melt and spring runoff (by 0.3 to 1.7 days per decade; Stewart et al. 2005, Hamlet et al. 2007, Maurer 2007, Barnett et al. 2008); decline in total runoff occurring in the spring (Moser et al. 2009); rising river temperatures (Kaushal et al. 2010), and increased variability in streamflow (Pagano and Garen 2005). Analyses of hydrometeorological data from the lower Klamath Basin show a decrease in the percentage of precipitation falling as snow and accelerated snowpack melt, resulting in earlier peak runoff and lower base flows (Hamlet et al. 2005; Mote et al. 2005; Regonda et al. 2005; Stewart et al. 2005; Mote 2006; Van Kirk and Naman 2008). Long term shifts in the timing of streamflow have been observed for snowmelt dominated basins since the late 1940’s, resulting from early snow melt (Mote 2003, Hamlet et al. 2005, Mote et al. 2005, Regonda et al. 2005, Stewart et al. 2005). Moser et al. (2009) found that over the past 100 years, the fraction of annual runoff that occurs during April–July has decreased by 23% in the Sacramento River basin and by 19% in the San Joaquin River basin in California. During this same time snow pack accumulation has decreased (Mote et al. 2005). Knowles et al. 2006 found that shifts in precipitation from rain to snow have occurred since the middle of the last century. Trends in April 1 snow water equivalent (SWE) appear to be driven by temperature, which is mostly a function of elevation and latitude (Knowles and Cayan 2004; Mote 2006), and secondarily by precipitation (Hamlet et al. 2005; Mote et al. 2005; Stewart et al. 2005). 
	Stream gauge data and climate stations in northwestern California show that summer low flows have decreased and summer stream temperatures have increased in many of northern California’s coastal rivers over the last century (Bauer et al. 2015, Madej 2011). In an analysis of gauge data from 21 river gaging stations in an area that covers portions of the Mendocino, Shasta Trinity, Klamath, and Six Rivers National Forests, 10 of the gauges showed an overall decrease in seven-day low flow (Bauer et al. 2015, Madej 2011). Stream gauge data from the Columbia River Basin in the Pacific Northwest showed a 16% decline in spring flow volume, a 5.7 day advancement of spring flow onset, and a 5-38% decline in low flow volume over the last century (Dittmer 2013). However, shifts in precipitation and temperature have in some instances lead to increases in rain on snow events, which can increase flooding. For example, the highest flow recorded at Paskenta (Thomes Creek Watershed, MNF) occurred in 1964 after warm rains fell on fresh snowpack (Gauthier 2014).
	In addition to temporal hydrological shifts, California has also exhibited one of the greatest increases in variability in streamflow in the western U.S. since the 1980s (Pagano and Garen 2005). Hydrologic extremes, droughts and floods, are predicted to intensify under climate change (IPCC 2014) and these trends are already apparent in the western US (Hayhoe et al. 2004, Kadir et al. 2013). This increased variability in high and low flows, coupled with high year-to-year persistence (i.e. the probability that a wet year is followed by another wet year or a dry year by a dry year), has resulted in extended and extreme dry and wet spells that are particularly challenging for management of urban infrastructure and other services (Pagano and Garen 2005). The timing and duration of significant pulses in discharge are particularly important in river ecosystems such as the Eel River Basin of Northern California, where native biota are adapted to Mediterranean seasonality of flows (Kupferberg et al. 2012, Power et al. 2015, in press). Increased variability in precipitation, correlated with an increase in land-use activities, has also lead to increased frequency of debris slides in the Thomes Creek watershed (MNF) over the last half century (Gauthier 2014).
	Data on forest fire frequency, size, and total area burned all show strong increases in California over the last two to three decades. Westerling et al. (2006) showed that increasing frequencies of large fires (>1000 acres) across the western United States since the 1980’s were strongly linked to increasing temperatures and earlier spring snowmelt. Northern California forests have had substantially increased wildfire activity, with most wildfires occurring in years with early springs (Westerling et al. 2006). This increase is likely attributable to both climate and land-use effects. Large percentage changes in moisture deficits in Northern California forests, according to Westerling et al. (2006), were strongly associated with advances in the timing of spring, but this area also includes substantial forested area where forest densification after fire exclusion, timber harvesting, and mining activities have led to increased forest densities and fire risks (McKelvey et al. 1996, Gruell 2001).
	Much of northern California north of the Tehachapi Mountains has missed multiple fire cycles owing to fire suppression, with low- and mid-elevation vegetation types such as oak woodlands, yellow pine, and mixed-conifer forests missing the most fire cycles (Safford and Van de Water 2014). More than 85 percent of Forest Service lands in NW California are burning either less frequently or much less frequently currently than under the pre-Euro-American settlement fire regime, as compared with 67 percent of Forest Service and National Park Service lands in the Sierra Nevada and 19 percent in southern California (Safford and Van de Water 2014).
	Miller et al. (2012) found no temporal trend in the annual proportion of fire area burning at high-severity within fires >400 ha occurring on the four National Forests of NW California during the period 1987-2008. However, mean and maximum fire size and total annual area burned all increased over the period from 1910 to 2008 and regional fire rotation fell to 95 years by 2008. During 1987-2008, Miller et al. (2012) found that the percentage of high-severity fire in conifer-dominated forests of smaller average diameter and lower percent cover was generally higher than in forests of larger diameter and higher cover. For areas that burned more than once during this period, severity (a measure of the effect of fire on vegetation) in conifer and hardwood forests was higher the second time burned versus the first time burned, regardless of tree density and size class. Closed forests of medium and large diameter trees that had previously burned between 1921 and 1986 burned at slightly lower severities than similar forests that had last burned before 1921. Miller et al. (2012) also found that years with larger fires and greatest area burned were produced by region-wide lightning events, and characterized by less winter and spring precipitation than in years dominated by smaller human ignited fires, but that the percentage of high-severity fire was generally less in region-wide lightning events.
	Mediterranean climate regions like California exhibit high levels of plant richness and endemism and are also among those most sensitive to climate and land-use change (Cowling et al. 1996, Underwood et al. 2009). Where it is able, the distribution of vegetation in California is expected to move upslope and poleward in response to climate change (Hayhoe et al. 2004, Loarie et al. 2008). While such long-term shifts are difficult to observe, observations of short-term shifts in response to drought and climate variability can offer us insight into the trends we are likely to see under warmer and drier climates.
	Most of the changes in observed in vegetation over the last century can be linked to coupled effects of land-use decisions and climate change. For example, fire suppression has been practiced as a federal policy since 1935. In addition, many forests were harvested using even-aged systems early in the 1900s followed by a diverse group of silvicultural operations (Laudenslayer and Darr 1990). Fire exclusion has resulted in increased tree densities and a reduction in shade intolerant species (Parsons and DeBenedetti 1979; North et al. 2007), although the ecological significance of these changes is more important in drier, historically pine-dominated forests than in moister, fir-dominated forests. Skinner (1995) found that forest openings decreased and distances between openings increased from 1944 to 1985 in portions of the Dillon, Clear, and Swillup Creek watersheds near Happy Camp. Working at Whiskeytown National Recreation Area, just north of the MNF, Leonzo and Keyes (2010) documented major changes over the last ½ century in the structure and composition of “relict” old-growth ponderosa pine stands, with young individuals of shade tolerant species like Douglas-fir, white fir and tan oak comprising 10 times higher stem densities than the once dominant pine.
	Van Mantgem et al. (2009) documented widespread increases in tree mortality in old-growth forests across the west, including northern California. Their plots had not experienced increases in density or basal area during the 15-40 year period between first and last census. The highest mortality rates were documented in the Sierra Nevada, and in middle elevation forests (3300-6700 feet). Higher elevation forests (>6700 feet) showed the lowest mortality rates. Van Mantgem et al. (2009) ascribed the mortality patterns they analyzed to regional climate warming and associated drought stress.
	Evidence suggests that old-growth forests can be susceptible to a wide range of stressors, including the disruption of historical disturbance regimes such as fire (Agee 1993), invasive species and pathogens (McDonald and Hoff 2001, Rizzo and Garbelotto 2003), and increasing temperatures (van Mantgem et al. 2009, Allen et al. 2010, Peng et al. 2011, Williams et al. 2012). Recent work by Van Mantgem and Sarr (2015) in diverse old-growth forests across a broad range of climates in the Klamath region further demonstrates the high correlation between forest structure and diversity with climate, as well as the complexity inherent in predicting future forest conditions in this region.
	Changes in climate may have both direct (e.g. thermal stress) and indirect (e.g. changes in species interactions and habitat) effects on wildlife distributions and abundances (Martin 2007, Rubidge et al. 2011). Direct effects of climate warming are predicted to force species upslope and northward, while indirect effects leave a more complex signature. Studies in other parts of California suggest that wildlife are already moving in response to changing climates in order to maintain environmental associations to which they are adapted (small mammals: Moritz et al. 2008, Rubidge et al. 2011; butterflies: Forister et al. 2010; birds: Tingley et al. 2009). Species with a high degree of habitat specialization and/or a smaller natural thermal range are more sensitive to climate change than other species and may be under more pressure to move as climates warm (Jiguet et al. 2006, Gardali et al. 2012). 
	Indirect climate change impacts on wildlife over the last century have included changes to species habitats, as well as to patterns in disturbances, parasitism, and disease. Halofsky et al. (2011) ranked habitat specialists like the Northern Spotted Owl and American marten, and species like Clark’s Nutcracker that inhabit sensitive habitat, as highly vulnerable to climate change. Declines in Marbled Murrelet populations early this century may be partially attributable to loss of nesting habitat to increasing disturbances like fire (Miller et al. 2012). In other areas in the Western US, decreasing songbird diversity and abundance has been indirectly attributed to decreasing snowfall patterns (Martin & Maron 2012). Low rates of snowfall allow for increased over-winter herbivory by ungulates like elk, thus decreasing growth and abundance of some tree species, in turn decreasing associated songbird abundances (Martin 2007; Martin & Maron 2012; Brodie et al. 2012). Increased water temperatures promote populations of parasites like copepods, which negatively affect the fitness of fish and amphibian species (Kupferberg et al. 2009). Species like the protected Foothill Yellow-legged frog (Rana boylii) have been shown suffer higher outbreaks of copepod parasites with increased water temperatures and drought induced decreases in water flows in Northern California (Kupferberg et al. 2009).
	Another indirect impact of climate change on wildlife populations is the loss of synchrony between reproductive or migratory phenology and resource availability (MacMynowski and Root 2007, Seavy et al. 2009). Breeding dates of birds like tree swallows have advanced during the last century (in the tree swallow case, they now occur up to 9 days earlier; Dunn and Winkler 1999) which may lead to a mismatch in timing of egg laying relative to availability of food. Shifted flowering, fruiting, and seeding times may affect species that rely on these services. Timing of the migration of California overwintering songbirds like Swainson’s Thrush, Warbling Vireo, and Wilson’s Warbler among others has also advanced significantly since 1969 (MacMynowski and Root 2007). Asynchrony with animal and insect pollinators may also become a significant problem for California plant species (Memmott et al. 2007).
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	As of today, no published climate change or vegetation change modeling has been carried out for the Mendocino National Forest. Indeed, few future-climate modeling efforts have treated areas as restricted as the State of California. The principal limiting factor is the spatial scale of the General Circulation Models (GCMs) that are used to simulate future climate scenarios. Most GCMs produce raster outputs with pixels that are 10,000’s of km2 in area. To be used at finer scales, these outputs must be downscaled using a series of algorithms and assumptions (Thrasher et al. 2013), adding uncertainty to already uncertain data. These finer-scale secondary products currently provide the most credible sources we have for estimating potential outcomes of long-term climate change for California. Another complication is the extent to which GCMs disagree with respect to the probable outcomes of climate change. For example, a comparison of 21 published GCM outputs that included California found that estimates of future precipitation ranged from a 26% increase per 1º C increase in temperature to an 8% decrease (Gutowski et al. 2000, Hakkarinen and Smith 2003). 
	Hayhoe et al. (2004) used two contrasting GCM’s (much warmer and drier vs somewhat warmer and drier) under low and high greenhouse gas emissions scenarios to make projections of climate change impact for California over the next century. By 2100, under all GCM-emissions scenarios, April 1 snowfall was down by -22% to -93% in the 6,700-10,000 feet elevation belt and the date of peak snowmelt was projected to occur from 3 to 24 days earlier in the season. Average temperatures were projected to increase by 2 to 4° F in the winter and 4 to 8° F in the sumner.
	GCM projections of precipitation over California tend to disagree on the sign of change (e.g. Das et al. 2013, Neelin et al. 2013, Berg et al. 2015) and projected trends throughout the 21st century are generally insignificant (Berg and Hall 2015). Despite global projections for increases in precipitation extremes  (Kharin et al. 2013; Kharin et al. 2007; Sun et al. 2007), Cayan et al. (2008) found only modest increases in the number and magnitude of large precipitation events in California. However, Berg and Hall’s (2015) analysis of 34 global climate models projects increases in the frequency of interannual precipitation extremes over California, with extremely dry wet seasons becoming roughly 1.5-2 times more common and wet extremes generally tripling in frequency by the end of the century. The north and south coasts of California are also projected to experience the largest increase in humid nighttime heat wave events (Gershunov and Guirguis 2012).
	Although climate models diverge with respect to future trends in precipitation over NW California, there is widespread agreement that the trend toward lower SWE and earlier snowmelt will continue (Leung and Wigmosta, 1999; McCabe and Wolock, 1999; Miller et al. 2003; Snyder et al. 2004; Barnett et al. 2005; Zhu et al. 2005; Vicuna et al. 2007; Van Kirk and Naman 2008). In basins without winter snow accumulation, such as the Eel River basin, base flow is relatively insensitive to increasing temperature (Miller et al. 2003). If precipitation does increase, streamflow volumes during high flow events could greatly increase. Flood potential in California rivers that are fed principally by snowmelt (i.e., higher elevation streams) was predicted to increase under all scenarios of climate change, principally due to earlier dates of peak daily flows and the increase in the proportion of precipitation falling as rain (Miller et al. 2003). Under continued snowpack loss, Knowles and Cayan (2002) project that spring and early summer flows on the upper Sacramento River may decrease by as much as 30% by 2060, and that annual flow volume could drop by 20% by 2090; more snow-dominated river basins may see much greater changes. Because of the relatively low mountain elevations in NW California, stream flow in most rivers is more sensitive to changes in precipitation than changes in temperature, as snowpack input to flow is relatively low (Miller et al. 2003).
	A downscaling of three climate models (CSIRO, MIROC, and Hadley) for the Rogue River Basin in southwest Oregon and the Klamath River Basin led to the following general future projections for hydrology in NW California and SW Oregon (Doppelt et al. 2008, Barr et al. 2010): Total precipitation may remain roughly similar to historical levels, but may shift in seasonality to fall predominantly in mid-winter months. Rising temperatures will increase the percentage of precipitation falling as rain and decrease snowpack considerably, particularly at lower elevations. The area is likely to experience more severe storm events, variable weather, higher and flashier winter and spring runoff events, and increased flooding. Both wet and dry cycles are also likely to last longer and be more extreme, leading to periods of deeper drought as well as periods of more extensive flooding. 
	While hydrological changes in snow-dominated areas like the Sierra Nevada will mainly depend on shifts in precipitation patterns, vegetation shifts may play a more central role in changes to hydrology in lower elevation, shrub-dominated systems (Tague et al. 2009). Hydrology in semi-arid Mediterranean type ecosystems is largely dependent on climate-vegetation-soil-water interactions, which can vary strongly with temperature and CO2 levels (Tague et al. 2009). Increased temperatures alone will likely reduce net primary productivity (NPP) in Mediterranean ecosystems (Penuelas et al. 2007). This reduction in NPP would lead to reduced water use, potentially leading to a moderate increase in summer streamflow (Tague et al. 2009). However, when modeled with the increase in CO2 levels that are driving climate change, impacts of CO2 will lead to higher biomass and NPP in chaparral ecosystems, and thus higher water consumption, probably far outweighing the losses due to temperature (Tague et al. 2009). Frequency of low streamflow years is projected to be considerably higher with greater levels of atmospheric CO2, and NPP is projected to more variable from year to year (Tague et al. 2009). Additionally, rainfall is predicted to occur in higher concentrations in fewer events leading to higher variability and unreliability in meteoric, stream and ground water in a region already subject to the most variable precipitation regime in North America (Dettinger et al. 2011). Warming temperatures are also expected to extend the period of summer drought, and decrease flows in the dry months (Reba et al. 2011). 
	Using the Basin Characterization Model (BCM), a regional water balance model, Thorne et al. (2015) assessed the responses of snowpack, climatic water deficit (CWD), recharge, and runoff to changing climate across 5135 watersheds comprising California. Under both the GFDL and PCM projections, CWD increases by one to two standard deviations in almost all watersheds in northwestern California. Snowpack, runoff, and recharge all continue to decrease and are amplified under future projections throughout northwestern California. Watersheds west of Mount Shasta, where relatively little change has occurred historically, are predicted to experience high levels of change under both future projections.
	Increased water demand, extended drought periods, and high precipitation variability are likely to increase ecosystem vulnerability in a changing climate.
	The combination of warmer climate with higher CO2 fertilization will likely cause more frequent and more extensive fires throughout western North America (Price and Rind 1994, Flannigan et al. 2000); fire responds rapidly to changes in climate and will likely overshadow the direct effects of climate change on tree species distributions and migrations (Flannigan et al. 2000, Dale et al. 2001). A temporal pattern of climate-driven increases in fire activity is already apparent in the western United States (Westerling et al. 2006), and modeling studies specific to California expect increased fire activity to persist and possibly accelerate under most future climate scenarios, due to increased growth of fuels under higher CO2 (and in some cases precipitation), decreased fuel moistures from warmer dry season temperatures, and possibly increased thundercell activity (Price and Rind 1994, Miller and Urban 1999, Lenihan et al. 2003, Westerling and Bryant 2006). In the Pacific Northwest, longer, hotter, and drier fire seasons are projected under future climate change scenarios, and the area burned by wildfires is projected to increase as a result (Wimberly and Liu 2014). Temperature has been shown to strongly influence fire frequency and area burned, and increased temperatures will lead to increased fire frequency and size (Pausas 2004, Spracklen et al. 2009, Guyette et al 2012). Westerling and Bryant (2008) predict a 10-35% increase in large fire risk by midcentury in California and Nevada, and Westerling et al. (2011) projected increases in burned area of up to 4+ times the current levels in Mendocino area shrublands and forestlands by the end of the century (Figure 8).
	The MC1 runs reported in Barr et al. (2010) project increases in annual fire area in the Klamath River Basin of 11-22% by 2100, resulting in as many as 330,000 acres (134,000 ha) burned in an average year. Increased frequencies and/or intensities of fire in coniferous forest in California will almost certainly drive changes in tree species composition (Lenihan et al. 2003), and will likely reduce the size and extent of late-successional refugia (USFS and BLM 1994, McKenzie et al. 2004). Thus, if fire becomes more active under future climates, there may be significant repercussions for old growth forest and old growth-dependent flora and fauna. 
	Fire regimes are driven principally by the effects of weather/climate and fuel type and availability (Agee 1993, Bond and van Wilgen 1996). Eighty years of effective fire suppression in the American West have led to fuel-rich conditions that are conducive to intense forest fires that remove significant amounts of biomass (McKelvey et al. 1996, Arno and Fiedler 2005, Miller et al. 2009), and most future climate modeling predicts climatic conditions that will likely exacerbate these conditions. Basing their analysis on two GCMs under the conditions of doubled atmospheric CO2 and increased annual precipitation, Flannigan et al. (2000) predicted that mean fire severity in California (measured by difficulty of control) would increase by about 10% averaged across the state. Vegetation growth models that incorporate rising atmospheric CO2 show an expansion of woody vegetation on many western landscapes (Lenihan et al. 2003, 2008, Hayhoe et al. 2004), which could feedback into increased fuel biomass and connectivity and more intense (and thus more severe) fires. Use of paleoecological analogies also suggests that parts of the Pacific Northwest (including northern California) could experience more severe fire conditions under warmer, more CO2-rich climates (Whitlock et al., 2003). Fire frequency and severity (or size) are usually assumed to be inversely related (Pickett and White 1985), and a number of researchers have demonstrated this relationship for California forests (e.g. Swetnam 1993, Miller and Urban 1999), but if fuels grow more rapidly and dry more rapidly – as is predicted under many future climate scenarios – then both severity and frequency may increase. In this scenario, profound vegetation type conversion is all but inevitable. 
	Davis and Michaelsen (1995) predict a 17% decrease in the fire return interval for central coastal California (Gabet and Dunne 2003). Grassland fuels are flashier than shrubland fuels, making both ignition and rapid spread more likely in grasslands. Thus if conversion of shrublands to grasslands continues as predicted (see vegetation section), we may expect larger, more frequent fires in drier, non-forested portions of the Mendocino National Forest (Minnich and Dezzani 1998). 
	Climate change may also impose greater constraints on the use of prescribed fire, including both planned ignitions and managed wildfires (Wimberly and Liu 2014). Prescribed burning is a critical component of fuel treatments and landscape restoration in drier forests of the Klamath Mountain region and has proven more effective than thinning alone at reducing the severity of large fires (Agee and Skinner 2005, Raymond and Peterson 2005, Wimberly et al. 2009, Prichard et al. 2010, Prichard and Kennedy 2012). Prescribed burning must be conducted during suitable burn windows, which are highly weather dependent, in order to allow for appropriate fire behavior and effects (Quinn-Davidson and Varner 2012, Ryan et al. 2013). The ecological responses of plants, wildlife, and soils to prescribed burning can vary with the season of burning (Knapp et al. 2009). Changes in climate that extend the length of the fire season could either increase or decrease the time during which there is suitable weather for prescribed burning.
	/
	Figure 8. Proportional change in projected mean annual area burned for the 2050-2099 period relative to the mean annual area burned for the reference period (1950-1999) for three climate change scenarios. “1” = unchanged; “2” = 2x the reference condition, etc. A represents the NCAR PCM1 climate scenarios (warmer and slightly drier than today): B = CNRM CM3 scenario (drier and much warmer than today); C = GFDL CM2.1 scenario (much warmer and much drier than today). MNF area is circled. Figure from Westerling et al. (2011). 
	Lenihan et al. (2003, 2008) used a dynamic ecosystem model (“MC1”) which estimates the distribution and the productivity of terrestrial ecosystems such as forests, grasslands, and deserts across a grid of 100 km2 (38.6 mi2) cells. To date, this is the highest resolution at which a model of this kind has been applied in California, but it is not of high enough resolution to be applied to the Mendocino National Forest as a unit. Based on their modeling results, Lenihan et al. (2003, 2008) projected significant declines in conifer-dominated forests and their subsequent replacement by hardwood-dominated forests along the Northern California Coast Range under all future climate scenarios (Figure 9). In the drier Interior Northern California Coast Range, they projected declines in shrubland and oak woodlands and an increase in grassland due to higher fire frequencies; hardwood-dominated forests also increase in area (Figure 9). Hayhoe et al. (2005) also used the MC1 ecosystem model to predict vegetation and ecosystem changes under a number of different future greenhouse gas emissions scenarios. Their results were qualitatively similar to the Lenihan et al. (2003, 2008) results.
	Barr et al. (2010) report on a set of MC1 runs under three GCMs for the Klamath River Basin but do not provide quantitative outputs. In general, by 2100 the upper basin (Oregon) is projected to support primarily grassland in place of the sagebrush and juniper ecosystems that currently dominate the area. In the lower basin (California), conditions suitable for hardwood forests (oaks, tan oak, madrone, etc.) are projected to expand while those suitable for conifer-dominated forests are projected to contract.
	Loarie et al. (2008) projected that 2/3 of California’s native flora will experience >80% reduction in range size by 2100. Endemic plant species that specialize in uncommon or sparsely distributed habitat (e.g. serpentine soils, montane meadows) will have difficulty responding to changing climatic conditions by migrating (Conlisk et al. 2013). Such narrowly distributed species are also at high risk due to disturbances like fires or floods that may extirpate entire populations. Conversely, areas resistant to change, such as north facing slopes or areas with deep, well-watered soils, may provide potential refugia (Olson et al. 2012, van Mantgem and Sarr 2015). Topographic microclimates play an important role in species distributions (Randin et al. 2009, Scherrer and Körner 2011, Lenoir et al. 2013). In the Klamath region, if warming climatic trends are accompanied by drying during the growing season, mesic topographic microclimates are likely to become increasingly important microrefugia (Dobrowski 2010, Copeland and Harrison 2015
	//
	Figure 9. MC1 outputs for the Northern California Coast Ranges and Northern California Interior Coast Ranges Ecological Sections, current vs. future projections of vegetation extent. These Ecological Sections cover all of the Mendocino National Forest and some surrounding areas. The GFDL-B1 scenario = moderately drier than today, with a moderate temperature increase (<5.5°F); PCM-A2 = similar ppt. to today, with <5.5° increase; GFDL-A2 = much drier than today and much warmer (>7.2° higher). For the NorCal Coast Range Section notable decreases in conifer-dominated forest are projected, with major increases in hardwood-dominated forests. Decreases in shrubland and increases in grassland are projected for the Interior Coast Ranges Section, primarily due to higher fire frequency. From Lenihan et al. (2008).
	Significant changes in California’s terrestrial fauna and flora are projected over the next century due to climate change effects on temperature, precipitation, and resulting habitat distributions. Stralberg et al. (2009) developed current and future species distribution models for 60 bird species and found that novel avian assemblages with no modern analogue could occupy over half of California by the end of this century. This implies a dramatic reshuffling of avian communities and altered patterns of species interactions. A total of 128 out of 358 (36%) of California’s bird species of “special concern” (rare, threatened, endangered, or experiencing significant decline; Shuford and Gardali 2008) were ranked as vulnerable to climate change, including the Swainson’s hawk, Western Grebe, Swainson’s Thrush, and Vaux’s Swift (Gardali et al. 2012). Based on bioclimatic models, Lawler et al. (2009a, b) projected high vulnerability of California’s amphibian fauna (>50% change in species) and moderate vulnerability of California’s mammalian fauna (10-40% change) under a high greenhouse gas emissions scenario by the end of the century. 
	Direct and indirect effects will continue to impacts wildlife species in the future, likely at an accelerating pace. Lawler et al (2012) investigated the possible effects of climate change on selected species of the genus Martes and found that macroclimate conditions closely correlated with Pacific fisher (Martes pennanti) presence in California were likely to change greatly over the next century, resulting in a possibly pronounced loss of suitable habitat. Their results suggested that martens and fishers will be highly sensitive to climate change. A more recent analysis of climate impacts on fisher and marten habitat in the Sierra Nevada found that predicted marten distribution shifted to higher elevations, became more fragmented, and decreased in area by 40−85% (depending on GCM scenario; Spencer et al. 2015). On the other hand, predicted changes in fisher distribution were highly variable and inconsistent, showing some increases and some decreases in extent, suggesting high uncertainty in climate change effects on fishers (Spencer et al. 2015). Population growth in Northern Spotted Owls is positively associated with wet, cool summer conditions, likely an effect of prey availability, but climate models predict warmer, drier summers which will likely negatively impact spotted owl populations (Glenn et al. 2010). 
	Those aquatic species with a competitive advantage in colder waters will also likely suffer losses due to both thermal stress and increased competition as water temperatures rise (Rahel et al. 2008; Kennedy et al. 2009). Salmonids may be particularly sensitive to warming water temperatures (ISAB 2007). Power et al. (2015) suggested that two likely future scenarios (drier winters followed by drier summers; or wetter winters followed by drier summers) may trigger cyanobacteria blooms, harmful to salmonids and other fish. According to Power et al. (2005), “If dry winters are followed by dry summers, salmonids will be heat-stressed as well as hungry. The worst case appears to be if scouring winter flows release algal blooms, but abrupt decreases in summer baseflows cause these to rot in the channel as pools warm and stagnate.” For aquatic species like the Steelhead, decreases in August streamflow likely to be caused by increased CO2 levels associated with climate change could have negative implications for habitat suitability and availability (Tague et al. 2009). Increased summer temperatures, and resulting declines in growth and productivity, are likely to further stress steelhead and rainbow trout populations like those in the low-order streams in the South Fork Trinity River basin (McCarthy et al. 2009). O’Neal (2002) suggested that by 2090, 25 to 41% of currently suitable California streams may be too warm to support trout.
	Changing disturbance regimes associated with climate change will also continue to impact wildlife species in complex ways in the future. Species that require older, denser, and more structurally complex forest conditions, like Pacific Fisher and the Northern Spotted Owl, will likely be negatively impacted by changes in fire regimes associated with climate change (Scheller et al. 2011). Lawler et al. (2012) noted that fisher habitat is driven to a great extent by local vegetation features and the authors examined stand-level implications of fire under a series of future fire scenarios, since fire occurrence and behavior, largely driven by climate/weather, have substantial effects on local vegetation. They recommended protecting fisher habitat through targeted forest-fuel treatment, and applying more liberal fire-management policies to naturally ignited fires during moderate weather conditions. Sensitive benthic invertebrate populations may also be reduced by increases in large and severe wildfires that are likely to be associated with climate warming (Oliver et al. 2012). Larger effects will likely be observed in small, first-order streams (Oliver et al. 2012). 
	As the loss of synchrony between reproductive or migratory phenology and resource availability becomes more pronounced, for species like bats that have specialized diets and carefully balanced energy budgets (e.g. Pallid and Townsend’s big-eared bats on the Mendocino), a shift in the timing of invertebrate prey availability could result in reduced survival or fecundity (Halofsky et al. 2011).
	Loarie et al. (2008) identified the coastal mountains of Northwest California as an important climate change refugium, defined as an area projected to sustain species with otherwise shrinking ranges. Authors like Loarie et al. and Lawler et al. recommend novel adaptive management approaches and large-scale planning efforts that promote landscape/regional habitat connectivity. Loarie et al. (2008) also recommended consideration of human-assisted dispersal of California’s flora and prioritization of climate change refugia for conservation and restoration.
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	Appendix A. Weather Station Information
	Weather stations were selected for inclusion based on their location relative to the Mendocino National Forest (MNF) and the length and completeness of their records. It is important to note that all of these weather stations are found outside of and below the MNF. Temperature and precipitation data collection periods ranged from 57 to 91 years (with between 2 and 18 years of missing data). See Table A1 for station locations, the data range and completeness of meteorological data. 
	We evaluated weather records for trends in annual mean temperature, annual mean minimum temperature, annual mean maximum temperature, total annual precipitation, interannual precipitation variability, and total annual snowfall. Temperature values for individual calendar years (i.e., January–December) were calculated by first taking the average value across all days within each constituent month, and then averaging across the monthly averages. Individual years were excluded from temperature trend analyses if more than two months, or two consecutive months lacked temperature data for more than 15 days. Precipitation totals were calculated for water-years (i.e., July–June) because water-year precipitation totals are i) more clearly linked to the availability of water for natural ecosystems and human populations during the annual summer droughts, and ii) of greater importance for understanding flood risks to low-lying areas. Individual years were withheld from trend analyses if any non-summer month (i.e., September–May) lacked precipitation data for more than five days. Interannual variability in precipitation totals was calculated as the coefficient of variation using a five-year moving window. Annual snowfall totals were calculated by water-year. The presence, direction, and magnitude of climatic trends were assessed through simple linear regressions using ordinary least squares estimation procedures. Trend analyses were performed using only data from stations and time periods for which climate data were more that 70% complete.
	Table A1. Weather Station Summary Information
	Years of excluded data (Temp/Ppt)
	Proximity to National Forest
	Elev.
	Data range
	Longitude
	Latitude
	Station
	(Feet)
	1936-2010 (temp)
	1936-2009 (precip)
	12/18
	7 miles W
	123° 15' W
	39° 47' N
	1430
	Covelo
	1947-2010 (snowfall)
	1939-2004 (precip)
	1.5 miles E
	39° 23’ N
	na/15
	1944-2008 (snowfall)
	122° 33’ W
	1170
	Stonyford
	1940-2000 (precip)
	39° 53’ N
	na/14
	1944-2001 (snowfall)
	6 miles E
	122° 32' W
	0760
	Paskenta
	1927-2014 (temp)
	1927-2013 (precip)
	2/6
	4 miles E
	122° 32' W
	39° 35' N
	0800
	Stony Gorge
	1945-2010 (snowfall)
	1911-2002 (temp)
	East Park Reservoir
	3/9
	1927-2001 (precip)
	3 miles E
	122° 31' W
	39° 22' N
	1210
	1945-2003 (snowfall)

