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PREFACE 

The California Energy Commission’s Public Interest Energy Research (PIER) Program supports 
public interest energy research and development that will help improve the quality of life in 
California by bringing environmentally safe, affordable, and reliable energy services and 
products to the marketplace. 

The PIER Program conducts public interest research, development, and demonstration (RD&D) 
projects to benefit California. The PIER Program strives to conduct the most promising public 
interest energy research by partnering with RD&D entities, including individuals, businesses, 
utilities, and public or private research institutions. 

PIER funding efforts are focused on the following RD&D program areas: 

• Buildings End-Use Energy Efficiency 

• Energy Innovations Small Grants 

• Energy-Related Environmental Research 

• Energy Systems Integration 

• Environmentally Preferred Advanced Generation 

• Industrial/Agricultural/Water End-Use Energy Efficiency 

• Renewable Energy Technologies 

• Transportation 

In 2003, the California Energy Commission’s PIER Program established the California Climate 
Change Center to document climate change research relevant to the states. This center is a 
virtual organization with core research activities at Scripps Institution of Oceanography and the 
University of California, Berkeley, complemented by efforts at other research institutions.  

For more information on the PIER Program, please visit the Energy Commission’s 
website http://www.energy.ca.gov/research/index.html or contract the Energy Commission at 
(916) 327-1551. 
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ABSTRACT 

The San Francisco Bay Area contains a rich array of plant and animal biodiversity and an 
extensive open space network, embedded within a major metropolitan area. Terrestrial habitats 
in the San Francisco Bay Area support a wide range of ecosystem services, including carbon 
storage, forage production, enhanced water supply and quality, crop pollination, and outdoor 
recreation. The distribution of habitats and plant and animal species is strongly influenced by 
spatial variation in climate, and is thus expected to change in response to changes in regional 
and global climate. Current research suggests that most vegetation types will shift toward the 
coast, especially under scenarios with warmer and drier conditions; range contractions and 
reduced diversity are projected for California endemic plants in the Bay Area. Bird communities 
are projected to undergo significant reorganization, leading to altered interactions and 
community structure. Improved modeling at fine spatial scales represents an important priority 
to reduce uncertainty in these projections. 

Climate change is expected to strongly affect ecosystem services. Carbon storage in soils and 
vegetation could contribute to California’s carbon emissions reduction strategy, but current 
models project reduced carbon storage in trees due to climate change. Altered agricultural 
management strategies, including conversion to perennial crops, have the potential to increase 
soil carbon storage. Climate change impacts on vegetation, hydrology and habitat integrity may 
negatively affect fire regimes, forage production, water supplies, crop pollination services, and 
outdoor recreation and quality of life in the San Francisco Bay Area, but few specific projections 
are available.  

Strategic conservation planning in the Bay Area is under way to enhance biodiversity 
conservation through continued open space acquisition. Conservation of heterogeneous 
landscapes will provide resilience in the face of climate change. Improved understanding of 
projected climate change impacts on natural habitats will contribute to the development of 
regional adaptation strategies. 

 

Keywords: biodiversity, vegetation, ecosystem services, San Francisco Bay Area, climate change 
adaptation, protected areas, spatial heterogeneity 

 

 

 

 
Please use the following citation for this paper: 

Ackerly, David D., Rebecca A. Ryals, Will K. Cornwell, Scott R. Loarie, Sam Veloz, Kelley D. 
Higgason, Whendee L. Silver, and Todd E. Dawson. 2012. Potential Impacts of Climate 
Change on Biodiversity and Ecosystem Services in the San Francisco Bay Area. 
California Energy Commission. Publication number: CEC-500-2012-037. 

iii 



TABLE OF CONTENTS 

Acknowledgements ................................................................................................................................... i 

PREFACE ................................................................................................................................................... ii 

ABSTRACT .............................................................................................................................................. iii 

TABLE OF CONTENTS ......................................................................................................................... iv 

Section 1: Introduction ............................................................................................................................. 1 

1.1 Climate and Biodiversity in the Bay Area .................................................................................... 1 

1.2 Climate Change Projections for the Bay Area .............................................................................. 8 

Section 2: Projected Impacts of Climate Change on Biodiversity ................................................... 9 

2.1 Distribution of Major Vegetation Types and Terrestrial Habitats ............................................ 9 

2.2 Distribution and Diversity of the Endemic Flora ...................................................................... 12 

2.3 Wildfire and Vegetation Distributions ........................................................................................ 13 

2.4 Invasive Plants ................................................................................................................................ 15 

2.5 Terrestrial Animals ........................................................................................................................ 15 

2.6 Velocity of Climate Change .......................................................................................................... 16 

2.7 Interactions with Drought, Disease, and Herbivory ................................................................. 20 

2.8 Estuarine and Intertidal Habitats................................................................................................. 20 

2.9 Coast and Nearshore Habitats ..................................................................................................... 21 

Section 3: Climate Change Impacts on Ecosystem Services............................................................ 23 

3.1 Carbon Storage in Soils and Vegetation ..................................................................................... 23 

3.2 Forage Production .......................................................................................................................... 25 

3.3 Water Supply and Quality, and Flood Control .......................................................................... 26 

3.4 Pollination Services ........................................................................................................................ 28 

3.5 Outdoor Recreation and Quality of Life ..................................................................................... 29 

Section 4: Conservation Strategies and Climate Adaptation .......................................................... 30 

4.1 Open Space Preservation .............................................................................................................. 30 

4.2 Restoration Ecology and Ecosystem Management ................................................................... 32 

Section 5: Conclusions ........................................................................................................................... 33 

References................................................................................................................................................. 34 

 

iv 



v 

LIST OF FIGURES 
Figure 1. Vegetation Map for the San Francisco Bay Area, Illustrating the High Degree of 
Habitat Heterogeneity and Proximity of Urban Areas and Open Space ........................................... 4 

Figure 2. Landscapes and Distinctive Plants and Animals of the San Francisco Bay Area. 
(A) Coastal grasslands and Douglas fir forests in Mt. Tamalpais State Park above Stinson Beach. 
(B) Grasslands, oak woodlands and chaparral, looking NW from Mt. Diablo State Park; fog over 
the bay and delta in background. (C) Northernmost stand of Coulter pine, Pinus coulteri, at 
Black Diamond State Park, with the Delta in the distance. (D) Sonoma Co. endemic Lasthenia 
burkei (all yellow) and Layia platyglossa (white tipped petals), Santa Rosa. (E) Bay checkerspot 
butterfly, Euphydryas editha bayensis. (F) California Clapper Rail, Rallus longirostris obsoletus. ....... 5 

Figure 3. (A) Redwood Grove, Big Basin State Park. (B) Redwood Distribution in Bay Area. ..... 11 

Figure 4. Observed Fire Perimeters from 1950 to 2006 in the Bay Area, and Modeled Probability 
of Fire Based on Underlying Climate Gradients (color legend) ........................................................ 14 

Figure 5. Velocity of Change for Mean Annual Temperature in the San Francisco Bay Area, 
Based on Ensemble Projections from 16 Climate Models for the A1b Emissions Scenario. 
Velocity of change is calculated as the rate of change per time divided by the spatial gradient of 
change, and ranges from approximately 0.01 km/yr (dark blue) to 5 km/yr (red). ...................... 17 

Figure 6. Variability of Summer Temperatures for Protected Areas of the San Francisco Bay 
Area. (a) Temperature heterogeneity across each reserve area, calculated as Rao’s entropy, S, a 
measure of the spread of values across the range of temperatures. (b) Residual values of S after 
regression on reserve size. (c) Difference between the minimum summer temperature in the 
future observed across each reserve (A1b, warmer-drier scenario, 2070-2099) and the maximum 
temperature in the present, as a function of spatial heterogeneity in temperature. Positive values 
indicate no overlap between current and future temperatures across a reserve. Insets illustrate 
temperature distributions for two reserves. ......................................................................................... 19 

Figure 7. Preliminary mapping of the relative value of ecosystem services in the San Francisco 
Bay Area. ................................................................................................................................................... 31 

 

 



Section 1: Introduction 
The San Francisco Bay Area (SFBA) is recognized as a hotspot of biodiversity within California 
and at a national scale (Myers et al. 2000). This diversity is supported by sharp climate 
gradients, rugged topography, and heterogeneous soils. Natural ecosystems in the SFBA also 
represent valuable “natural capital” for the region, providing a wide range of ecosystem 
services, including improved water quality and supply, carbon sequestration, pollination 
services, outdoor recreation, and enhanced quality of life for a large urban and suburban 
population. 

The objective of this paper is to summarize the current state of research on the potential impacts 
of anthropogenic climate change on SFBA biodiversity and ecosystem services. Studies 
addressing climate change include observational, experimental, and modeling approaches. 
Variability of natural ecosystems across spatial gradients provides important insights into how 
natural ecosystems respond to climate, and may respond to climate change given enough time 
to equilibrate. Historical data can provide evidence of response to past climate change, though 
these changes have rarely if ever proceeded as rapidly as those forecast in the next 100 years.  

This paper focuses on terrestrial habitats, with brief discussions of intertidal wetlands and 
coastal and nearshore environments. In terrestrial systems, the impacts of rising temperature 
and changing precipitation patterns have received the most attention, along with nitrogen 
deposition, direct and indirect effects of elevated carbon dioxide (CO2), and changing fog cover. 
In estuarine and intertidal areas, sea level rise is the most important direct impact (see 
accompanying paper by Heberger et al. (2012) addressing impacts of sea level rise on coastal 
infrastructure). Climate change impacts on freshwater fish are addressed in the accompanying 
paper by Moyle et al. (2012). The aquatic ecosystems of San Francisco Bay are not addressed in 
the current SFBA vulnerability analysis, and merit attention in future analyses. 

1.1 Climate and Biodiversity in the Bay Area 
Plant and animal diversity and distributions in the SFBA are strongly influenced by climate 
gradients. The most important of these are the coastal-inland gradient in temperature (including 
fog frequency and the inland penetration of the marine layer around San Francisco Bay), 
elevational gradients on local mountain ranges, and distinct rain shadows on the eastern slopes 
of the Inner and Outer Coast Ranges. A recent high-resolution map of SFBA vegetation 
distinguishes more than 25 major native vegetation types,1 from interior grasslands to coastal 
redwoods (Figure 1). The distribution of major vegetation types is strongly influenced by the 
climate gradients identified above, as well as local topographic effects due to solar radiation 
(south vs. north-facing slopes), cold air drainages, wind on exposed ridges, and a complex 
mosaic of different soil types. The upwelling of cold waters along the coast supports highly 
productive marine ecosystems, and these resources contribute to terrestrial diversity as well 
(especially birds). 

 The SFBA sits near the center of the California Floristic Province, defined by the distinctive 
Mediterranean-type climate and running from southern Oregon in the north to Baja California 
                                                      

1 Bay Area Open Space Council (2012) The Conservation Lands Network, http://www.bayarealands.org/ 
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in the south, and east to the Sierra Nevada. The floristic province contains more than 5000 
native plant taxa, of which almost half are unique (endemic) and found nowhere else (Hickman 
1993). The Bay Area alone has about 3000 native plant taxa, and over 50 locally endemic species 
or subspecies (Figure 2). Endemics include the unusual western leatherwood (Dirca occidentalis), 
a number of manzanitas (Arctostaphylos spp.), and a variety of flowering forbs. Two plants that 
were thought to be extinct in the wild were recently rediscovered: the Presidio manzanita 
(Arctostaphylos franciscana), found growing in a clump of eucalypts in the San Francisco Presidio, 
and the Mt. Diablo buckwheat (Eriogonum truncatum). 
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Figure 1. Vegetation Map for the San Francisco Bay Area, Illustrating the High Degree of Habitat 

Heterogeneity and Proximity of Urban Areas and Open Space 

Source: Map courtesy of Bay Area Open Space Council 
2012. http://www.bayarealands.org/gis/download/Vegetation_032411.pdf  
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Figure 2. Landscapes and Distinctive Plants and Animals of the San Francisco Bay Area. 

(A) Coastal grasslands and Douglas fir forests in Mt. Tamalpais State Park above Stinson Beach. 
(B) Grasslands, oak woodlands and chaparral, looking NW from Mt. Diablo State Park; fog over 

the bay and delta in background. (C) Northernmost stand of Coulter pine, Pinus coulteri, at Black 
Diamond State Park, with the Delta in the distance. (D) Sonoma Co. endemic Lasthenia burkei (all 

yellow) and Layia platyglossa (white tipped petals), Santa Rosa. (E) Bay checkerspot butterfly, 
Euphydryas editha bayensis. (F) California Clapper Rail, Rallus longirostris obsoletus. 

Photo credits: A–D, D. D. Ackerly; E, S. B. Weiss; F, K. Navarre.  
 

 5

D 



The SFBA supports a remarkable diversity of terrestrial animals. These include large mammals 
such as mountain lion (Puma concolor), black bear (Ursus americanus), and Tule elk (Cervus 
candensis nannodes), as well as less charismatic, but regionally noteworthy, taxa such as the 
endangered Salt Marsh Harvest Mouse (Reithrodontomys raviventris) and the unique Point Reyes 
mountain beaver (Aplodontia rufa phaea). San Francisco Bay itself, as the largest estuary on the 
West Coast, supports large numbers of migratory and wintering shorebirds and waterfowl, and 
the largest populations of the endangered Clapper Rail (Rallus longirostris obsoletus) and 
threatened Black Rail (Laterallus jamaicensis) in the west. The SFBA also supports three unusual 
state-listed subspecies of Song Sparrows (Melospiza melodia). The Bay Area’s old-growth 
redwoods support the southernmost populations of the endangered Marbled Murrelet 
(Brachyramphus marmoratus, in Big Basin) and Northern Spotted Owls (Strix occidentalis caurina, 
in Marin County). The SFBA is also an important hotspot of amphibian diversity, including 
threatened Yellow-Legged frogs (Rana boylii) and California Tiger salamanders (Ambystoma 
californiense). Several amphibian lineages exhibit hotspots of genetic diversity in the Coast 
Range south of San Francisco Bay, reflecting patterns of evolutionary diversification and the 
influence of the region’s complex geological history (Martínez-Solano et al. 2007; Kuchta et al. 
2009).  

Over the past half-million years, climatic fluctuations from colder and drier glacial eras to 
warmer, wetter interglacials (which we are in now) have had profound effects on Bay Area 
plants and animals. A pollen diagram from Clear Lake (Lake County) shows a rapid transition 
from cedar- and pine-dominated vegetation to oak between 17,000 and 15,000 years ago (Adam 
1988), similar to the pace of transition observed in many other parts of North America and 
Europe at the end of the last ice age. During glacial periods, when sea level was lowered by up 
to 120 meters (m), the coastline in the Bay Area moved westward to just beyond the current 
Farallon Islands. At these times, San Francisco Bay was a large, interior valley, presumably 
supporting extensive grasslands and forest, with a wide riparian corridor along the Pleistocene 
San Francisco River. When sea level rose, the estuaries of the bay would have been repopulated 
by aquatic life and wetland vegetation. This process of emptying and refilling portions of the 
bay has apparently occurred more than 40 times during the past 250,000 years, most recently 
filling just 8000 years ago (Sloan 2006). When the bay is full, it has created a barrier to dispersal 
and gene flow for many terrestrial taxa, evidenced by phylogeographic breaks in population 
genetic data (e.g., Dirca occidentalis; Graves and Schrader 2008). These patterns demonstrate the 
importance of relatively rapid climate-driven transitions in plant and animal life over periods of 
thousands to tens of thousands of years, similar to those observed throughout the Northern 
Hemisphere over this time period (Graham 1999). 

Roughly 13,000 years ago (if not before), Native Americans arrived in coastal California. Native 
Americans profoundly altered the California landscape by harvesting and hunting, and 
extensive burning of pastures (Broughton 2004; Anderson 2006; Minnich 2008). Burning may 
have stimulated germination and regrowth of edible forbs, and also increased deer forage. 
Presumably many such fires would have spread into adjacent shrublands and woodlands, 
potentially affecting vegetation distributions throughout coastal California. Recent research 
suggests that the open pastures of coastal California were originally dominated by flowering 
forbs, with a less important contribution of native bunchgrasses than has long been assumed 
(Minnich 2008). The arrival of the Spanish brought intensive cattle grazing to California, and the 
introduction of European alien plants, many of which rapidly invaded native vegetation. Most 
important, European annual grasses replaced the native grasses and forbs of California’s 
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pastures and open oak woodlands. The legendary “golden hills” of modern California are the 
dry stems of the short-lived annuals, and these fast-growing plants take up water rapidly in 
spring, resulting in drier summer soils (Chiariello 1989). More than 500 alien plant species are 
now established out of cultivation in California with ranges including the Bay Area. Invasives 
that profoundly influence local communities include ice plant (Carpobrotus edulis), yellow star 
thistle (Centaurea solstitialis), true thistles (Circium spp.), scotch broom (Cytisus scoparius), gorse 
(Ulex spp.), and eucalypts (Eucalyptus spp.). Native Americans and Europeans had profound 
impacts on animal populations as well, through habitat transformation and direct effects of 
hunting (e.g., Broughton 2004). 

With the gold rush and the ensuing rapid development of California (which has continued 
unabated to the present day), the Bay Area was rapidly transformed by logging for timber, 
bark, and charcoal, the growth of the wine industry and other types of agriculture, and most 
important, by population growth and urbanization. As in other coastal zones, development has 
been concentrated around the coastline and the Bay, leading to large-scale transformation of 
estuaries and salt marshes. At the same time, San Francisco served as the heart of California’s 
conservation movement, through its intimate role in conservation battles in the Sierra Nevada 
and early efforts in local land conservation. Big Basin Redwoods State Park (Santa Cruz County) 
became the first State Park in 1902. Portions of Mt. Tamalpais, Mt. Diablo, the East Bay hills and 
other parcels were acquired for conservation prior to 1950, though formal protection came later 
in many cases. Large watersheds were set aside surrounding local reservoirs, some storing 
Sierra Nevada water in transit to the cities, such as Crystal Springs (San Mateo County) and 
Calaveras Reservoir (Santa Clara County). Development battles in Marin and Sonoma Counties 
in the 1960s and 1970s led to the creation of numerous smaller parks and the preservation of 
extensive open space and agricultural land (Griffin 1998). These efforts culminated in the 
creation of Point Reyes National Seashore, one of the largest parks in close proximity to a major 
metropolitan area in the United States. In addition, the military kept large expanses off limits to 
development, from the Presidio through the Marin Headlands, and much of this land has now 
been converted to open space for public recreation.  

As a result of these efforts, and many others by local, state, and federal agencies, as well as non-
governmental organizations and private landowners, approximately 25 percent of the Bay 
Area’s 4 million acres are set aside in protected open space, either in fee title or under 
conservation easements (Bay Area Open Space Council 2011). Another 25 percent are 
urbanized, and approximately 50 percent are in working landscapes or natural vegetation that 
lacks formal protection. The mild climate and the accessible open spaces of the Bay Area are 
vital to the quality of life and the recreational activities of the region, representing a valuable 
component of the area’s natural capital that is supported by native (and in some cases alien) 
biodiversity. The San Francisco Bay Area, together with Cape Town, South Africa, probably 
represent the greatest concentrations in the world of native biodiversity in such close proximity 
to major metropolitan areas. 

This brief history of the transformations of land use and biodiversity in the Bay Area provides a 
context to consider potential climate change impacts and climate adaptation strategies. 
Ecological communities are highly dynamic, and can be altered and transformed by changing 
climate, wildfire, biological invasions, and human impacts. It is very difficult to identify the 
“natural” state of the Bay Area’s ecosystems prior to European arrival, and even more so prior 
to Native American impacts. In the face of profound changes in climate, the primary challenge 
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in the Bay Area will be to manage for continued ecological change that fosters biodiversity 
conservation and ecosystem services.  

1.2 Climate Change Projections for the Bay Area 
Climate change projections for the Bay Area are available from many different modeling efforts, 
including high-resolution Regional Climate Models (RCM; e.g., Snyder and Sloan 2005) and 
spatially downscaled output from General Circulation Models (GCM; e.g., Hayhoe et al. 2004; 
Maurer et al. 2007). As part of the California Energy Commission’s vulnerability analysis, 
Cayan et al. (2012) summarized output from six GCMs and two emissions scenarios, at a scale 
of 12 kilometers (km), over the Bay Area. Depending on the climate model and emissions 
scenario, mean annual temperatures for the region are projected to increase between 2°C and 
6°C (3.6°F and 10.8°F) by the final decades of the twenty-first century, with greater warming in 
summer (Cayan et al. 2012). Warming will be somewhat stronger in interior regions than in 
coastal regions, exacerbating the existing spatial temperature gradient. Areas around the Bay 
that have experienced annual frosts in the past are projected to be frost free in at least some 
years (Ackerly 2012). The winter rainfall regime will be maintained, with high interannual 
variability in total precipitation; most simulations project a slight drying trend over the course 
of the century, but there is high variability among models. Sea level rise is expected to reach 55 
to 130 centimeters (cm) (22 to 51 inches) above current levels by the end of the century. 

Climate change projections obtained from GCMs are based on coarse spatial grids, often at 2° 
latitude and longitude, while those from RCMs are at finer scales (e.g., 40 km for Snyder and 
Sloan 2005). For many biological applications, finer spatial resolution is needed through 
downscaling of future projections onto high-resolution historical climate surfaces (e.g., 1 km 
PRISM2 climatologies). Recently, Flint and Flint (2012) have developed an intensive 
downscaling methodology, with a focus on landscape hydrology, to obtain spatial surfaces for 
current and future climates at a 270 m scale, and these are being employed in a new generation 
of biological impact studies (e.g., Micheli et al. 2010). Methods for spatial downscaling are the 
subject of considerable debate. While the details are beyond the scope of this paper, readers 
should be aware that studies of biological impacts (including those summarized in this paper) 
may use different climate change projections and different downscaling methods, rendering 
direct comparisons difficult.  

Discussions of climate change projections and impacts are based on a range of scenarios for 
future greenhouse gas emissions and global socio-economic development considered in the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC 2007). The 
most frequently discussed scenarios include B1, based on significant reductions in greenhouse 
gas emissions during this century, and the A2 or even higher A1FI scenarios, with continuing 
rapid increases in emissions (Solomon et al. 2007). It is important to recognize that in the past 
decade, the observed trajectories of greenhouse gas emissions have exceeded the highest 
emissions scenarios considered by the IPCC (Raupach et al. 2007), so “worst-case” outcomes 
may be increasingly likely. The Fifth Assessment Report of the IPCC is expected in 2013 and 
2014, and will provide updated emissions scenarios and climate projections that will become the 
basis for future research and decision making. 

                                                      
2 Parameter-elevation Regressions on Independent Slopes Model 
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Section 2: Projected Impacts of Climate Change on 
Biodiversity 
2.1 Distribution of Major Vegetation Types and Terrestrial Habitats 
In general, Bay Area vegetation consists of coniferous forests (redwood and Douglas fir) in the 
coolest and wettest environments (including areas of high fog influence); oak and other 
evergreen woodlands on deep soils and areas of high rainfall; shrublands on hotter and drier 
sites, especially steep slopes with thin soils; and grasslands scattered across the region under a 
wide range of climate conditions. The influence of maximum summer temperatures versus 
minimum winter temperatures on these distributions is not well understood. This is important 
because these two factors are negatively correlated in space (warmer winters and cooler 
summers near the coast), and both winter and summer temperatures will rise with future 
climate change. Soil moisture availability plays a critical role in vegetation distributions; 
increased temperatures will cause enhanced evapotranspiration and overall trends toward 
reduced soil moisture, even for future climate scenarios with increased precipitation (see 
Micheli et al. 2010). 

Several modeling studies have projected impacts of climate change on California vegetation, 
including the Bay Area (Lenihan et al. 2003; Stralberg et al. 2009; Shaw et al. 2009). These 
models, and other work currently under way, generally forecast a reduction in the extent of 
coniferous and evergreen broadleaf forests and increases in oak woodlands, shrublands, or 
grasslands. One exception to this general pattern is a forecast for increased forest in the North 
Bay for future climate scenarios that predict increased precipitation (Lenihan et al. 2003). While 
a detailed discussion of modeling methods is beyond the scope of this paper, it is important to 
note the assumptions and approaches used to generate forecasts for future species and 
vegetation type distributions. For vegetation distributions, two approaches have been used in 
studies covering the Bay Area.  

Lenihan and colleagues (2003; Shaw et al. 2009) have used the MC1 dynamic vegetation model, 
which incorporates both mechanistic and statistical approaches to model the productivity, 
growth, and susceptibility to fire for major vegetation types: evergreen conifer forest, mixed 
evergreen forest, mixed evergreen woodland, grassland, and shrubland. Early work was run on 
100 square kilometer (km2) pixels (Lenihan et al. 2003), while current studies (unpublished) are 
being run at 0.64 km2 and will provide a much finer resolution of potential vegetation 
distributions. The major advantages of the approach in the MC1 model is the basis in 
physiological and biogeochemical mechanisms, while the most significant disadvantage is the 
coarse resolution of vegetation types, limiting the ability to draw broader inferences about 
biodiversity impacts.  

The second class of models, used for vegetation and species modeling, is based on statistical 
modeling of the associations among vegetation types and climate variables, and projection of 
these models into the future. A wide variety of statistical methods have been introduced for this 
problem, varying in the type of input data that is needed and the underlying statistical methods 
(see Elith et al. 2006; Elith and Leathwick 2009). Stralberg et al. (2009) used the “random forests” 
algorithm to project shifts in dominant plant communities, providing the vegetation base layer 
for their modeling of bird communities. Random forests is an extension of classification tree 
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methods that find the optimal series of bifurcations in predictor variables (e.g., climate, soils) to 
classify the observations in the dependent variable (vegetation types). A strength of 
classification trees is their ability to handle arbitrary interactions and nonlinear patterns, though 
this also can be a drawback as the resulting models can have many parameters and may not be 
easy to interpret. More recently, Cornwell et al. (2012) have adapted the method of multinomial 
logistic regression for predictive vegetation modeling. This approach is unique in 
simultaneously modeling the entire suite of vegetation types as a vector of relative probabilities 
for each site in the landscape. However, it is also difficult in this case to extract easily-
interpretable parameters that can be related to underlying mechanisms for individual 
vegetation types.  

A key limitation shared by all models of community and vegetation type distributions is the 
assumption that the currently observed types will persist into the future (Ferrier and Guisan 
2006). Models of existing vegetation types do not allow for non-analog communities composed 
of new combinations of existing taxa, or for novel types invading from outside the study 
domain. This problem can be addressed in part through models of individual species responses 
(see below). All modeling studies are also limited in their ability to make projections under 
novel climates, i.e., future climate conditions that fall entirely outside the range of conditions 
that occur within the modeling domain in the present day. And finally, a critical assumption of 
the models is that current distributions are in equilibrium with recent historical climate, and 
that future vegetation distributions will equilibrate immediately to future climate change. Rapid 
climate change may cause transient effects that are not captured in equilibrium models, and 
vegetation responses to twenty-first century climate change depend on dispersal rates, biotic 
interactions, and successional dynamics, and may continue for hundreds or thousands of years. 

Based on the different modeling studies, potential impacts can be examined for vegetation types 
of special interest. Oak woodlands provide critical habitat for wildlife and are a distinctive 
feature of the SFBA landscape, but current research does not provide a clear consensus on 
potential climate change impacts. There are six oak species that form the dominant vegetation in 
different parts of the SFBA—coast live oak (Quercus agrifolia), interior live oak (Quercus 
wislizenii), blue oak (Quercus douglasii), canyon live oak (Quercus chrysolepis), valley oak (Quercus 
lobata), and black oak (Quercus kelloggii). Kueppers et al. (2005) modeled the responses of 
Quercus lobata and Quercus douglasii using a 4 km spatial grid and projections from a regional 
climate model. Their model suggested that suitability for both species is declining in the SFBA, 
especially on the eastern edge for currently suitable habitat for each species (where current 
summer temperatures are highest). Finer-grain models are less pessimistic for oak forest 
(modeling all oak forest as one entity at an 800 m grid resolution; Stralberg et al. 2009), with 
decline in the East Bay partially offset by invasion of more mesic sites in the North Bay. 
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Figure 3. (A) Redwood Grove, Big Basin State Park. (B) Redwood Distribution in Bay Area.  

Source: Photo D. D. Ackerly. Map courtesy of Save the Redwoods League. 
 

The fate of redwood forests is also of special concern, both for their contribution to ecosystem 
services and their iconic identity as the world’s tallest tree (Figure 3). There has been a great 
deal of recent physiological and ecological study on the species and its environment (Burgess 
and Dawson 2004; Corbin et al. 2005; Burgess et al. 2006; Fischer et al. 2008; Simonin et al. 2009; 
Mullin et al. 2009). However, there is not currently a consensus about the fate of the species in 
the Bay Area as it relates to climate change. In large part this is because the interception of fog is 
well known to be a crucial resource for the species (Ingraham and Matthews 1995; Dawson 
1998; Burgess and Dawson 2004; Simonin et al. 2009; Limm et al. 2009; Ewing et al. 2009), and 
the future frequency of fog is unknown. The record from airports since 1951 indicates a trend 
toward less fog (33 percent less today than in 1951; Johnstone and Dawson 2010), and a greater 
decline is inferred from temperature records since 1900.  

In their analyses of hourly coastal versus inland temperature data from over 100 weather 
stations, Johnstone and Dawson (2010) also show that that the coast has been warming faster 
than the inland for the past 60 years. This leads to a lower coastal-inland temperature difference 
that is likely to be the reason advection fog has also declined (the coastal-to-inland “pull” has 
lessened). In contrast to this result, temperature observations from coastal weather stations in 
Los Angeles and San Francisco during 1970 to 2005 suggest cooler summer temperatures 
(Lebassi et al. 2009), and modeling efforts based on these temperature records suggest the 
potential for increasing upwelling, which may lead to more frequent summer fog (Snyder et al. 
2003). Clearly, refinements to modeling fog are needed. A climate envelope modeling approach 
that did not include fog explicitly suggested marked declines of redwood forest in the Bay Area 

 11 



(Stralberg et al. 2009), and such declines would presumably be exacerbated if there was a 
continued decline in fog cover as well. 

The distribution and climate impacts on Bay Area annual grassland represent a special problem. 
European settlers brought a large number of exotic species to California, many of which became 
naturalized or invasive, creating the modern annual grassland vegetation. Most of the 
problematic species were introduced in the nineteenth century, and by the 1860s–1880s, most 
grasslands were dominated by exotic annual grasses (Minnich 2008). At present, grasslands are 
not confined to a particular climate-topographic niche within the Bay Area. Rather, a nexus of 
climate, topography, and land use determines whether a given plot of land is grassland or 
woody vegetation. Detailed local studies suggest that both herbivory (by black-tailed deer 
[Odocoileus hemionus] and cattle) and the drawdown of water in the shallow soil layers by the 
fast-growing grasses is important in preventing invasion by woody plants (Davis and Mooney 
1985). The MC1 model suggests that grasslands will expand on the eastern edge of the SFBA 
due to increased summer temperatures (Shaw et al. 2009). Against this general trend, it is 
expected that there will be highly local effects of land use and herbivory on the future of 
individual parcels.  

2.2 Distribution and Diversity of the Endemic Flora 
Loarie et al. (2008) modeled the impact of future climate change (through 2070–2099) on the 
distribution of California’s endemic plants. Their study, like that of Kueppers et al. (2005, 
discussed above), modeled individual taxa and thus does not make any assumptions about the 
stability or distribution of vegetation types. Loarie et al. employed the popular Maxent 
modeling algorithm (Phillips et al. 2006), which is particularly effective when dealing with 
sparse, presence-only observational data available from field observations and museum or 
herbarium specimen data (Elith et al. 2006).  

This study explored two emission scenarios. The first is the higher SRES A1FI scenario, with 
global CO2 emissions reaching almost four times present-day levels by 2100. The second 
emissions scenario, SRES B1, is lower, with CO2 emissions rising slightly by mid-century before 
dropping to below present-day levels by the end of century. They also explored results from 
two global climate models with higher and lower sensitivities to atmospheric greenhouse gas 
levels. The U.K. Meteorological Centre’s Hadley Centre Coupled Model version 3 (HadCM3) 
model is moderately sensitive to increases in emissions, while the U.S. Department of 
Energy/National Center for Atmospheric Research (U.S. DOE/NCAR) Parallel Climate Model 
(PCM) is less sensitive (see Hayhoe et al. 2004). Herbarium records and historic climate surfaces 
were used to derive niche models for plant distributions as functions of climate. These models 
were projected into future climate scenarios under two contrasting plant dispersal scenarios. 
For this paper, the results of the study were reanalyzed to obtain projections for the SFBA.  

Under the most severe scenarios considered in the study, Loarie et al. (2008) estimated up to 
53 percent of the California endemics currently found in the Bay Area are projected to disappear 
from the region. While the magnitude of species losses depends on emissions scenario and 
model sensitivity, the patterns of projected species losses were relatively consistent. Losses were 
projected to be more severe in California’s interior than along the coast. This is due to greater 
warming in the interior of California and a larger disruption to the Mediterranean cool wet 
winters relative to warm dry summers. These projections, however, assume the persistence of 
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the moderating influence of fog along the coast in future climate scenarios (see Section 2.1 
above). 

It is also important to consider species currently not present in the Bay Area that could move 
into this region as climate changes. Loarie et al. (2008) found that the Bay Area has the potential 
to serve as an important future climatic refuge for endemic plants currently found outside the 
region, provided they can keep pace with climate change. They estimated that under the most 
severe scenarios they considered (SRES A1FI and HadCM3), and assuming unlimited dispersal 
ability, one-third of California Floristic Province endemics found in the Bay Area by the end of 
the century would be climatic refugees from elsewhere in California. However, the models 
consistently projected that more endemic plants would be lost than gained. As a result endemic 
diversity would decrease in all scenarios, but particularly in those scenarios in which dispersal 
ability was limited. Likewise, the range sizes of endemic plants currently in the Bay Area are 
projected to decrease, on average. Under severe climate change scenarios, Loarie et al. (2008) 
projected that up to 66 percent of the California Floristic Province’s endemic flora will 
experience severe reductions of more than 80 percent in range size. For the subset of endemic 
plants currently present in the Bay Area, up to 53 percent are projected to experience severe 
reductions in range size. 

The studies of vegetation and plant species distributions summarized here are based entirely on 
correlative modeling of current distributions in relation to underlying climate maps. There 
remains a wide gap in understanding to link these modeling approaches to mechanistic or 
empirical studies based on physiological, behavioral, and demographic responses at the 
individual and population level. Experimental studies of grasslands (summarized below) have 
examined responses to multiple global change factors, and often found unexpected interactions 
and responses that demand novel explanations (e.g., Shaw et al. 2002; Suttle et al. 2007).  

There is a critical need for the SFBA, and for California in general, to develop experimental and 
mechanistic studies coupled to large-scale modeling, both to test some of the predictions 
emerging from the models and to provide improved mechanistic understanding to refine model 
predictions. For example, current models do not incorporate direct effects of elevated CO2 levels 
in the atmosphere, in part because there is no spatial variation in CO2 concentrations that can be 
used to parameterize its effects. Elevated CO2 is known to enhance water-use efficiency in many 
plants, as the higher external concentration of CO2 allows plants to reduce stomatal 
conductance and reduce water loss, while maintaining photosynthesis and growth. Elevated 
CO2 may also increase or decrease freezing tolerance in plants, depending on the species. In a 
study of Yucca brevifolia (Joshua Tree) in southern California, Dole et al. (2003) found that 
increases in freezing tolerance due to elevated CO2, documented in experimental studies, could 
lead to an expansion of its future range; whereas, the effects of climate alone would lead to a 
decrease. Many more such studies are needed, as well as advances in modeling methods, to 
better integrate mechanistic and correlative approaches to project climate change impacts. 

2.3 Wildfire and Vegetation Distributions 
Current and future fire regimes will play a critical role in the distribution and dynamics of 
native plant and animal taxa in the face of changing climate. The disturbance created by fire 
could serve as a key trigger that facilitates climate-driven transitions among vegetation types, 
though fires may also allow for rapid colonization by invasive species. Impacts of climate 
change on fire regimes are complex, depending on interactions among primary productivity 
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(i.e., fuel), vegetation types, and fire conditions (increased temperature and decreased relative 
humidity). For California as a whole, Lenihan et al. (2008) forecast modest increases in annual 
area burned, including increases in the SFBA, based on the fire module of the MC1 vegetation 
model. Westerling et al. (2009), modeling at a fairly coarse scale, forecast moderate declines in 
area burned over the coming century for the Bay Area under current vegetation distributions. 
However, if vegetation migrates in response to climate, moderate increases are forecast. 
Krawchuk and Moritz (2012; also see Parisien and Moritz 2009) have developed higher-
resolution predictive models of fire regimes based on climatic factors, analogous to the methods 
used for species distribution modeling (Figure 4). Work is under way to generate high-
resolution predictions for the Bay Area, and to couple fire and vegetation modeling, and these 
will be of great value for future conservation and development planning efforts. 

 

 
Figure 4. Observed Fire Perimeters from 1950 to 2008 in the Bay Area, and Modeled Probability  

of Fire Based on Underlying Climate Gradients (color legend)  

Source: Courtesy of Meg Krawchuk and Max Moritz, UC Berkeley. 
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2.4 Invasive Plants 
In this paper we have not analyzed or evaluated the role of invasive species under changing 
climates, or how climate change may favor or disfavor particular invasives. Modeling efforts to 
project climate change impacts on invasives are under way by the California Invasive Plant 
Council, to better inform management efforts to stop invasive plant spread.3 Enhanced 
monitoring of invasives is also getting under way with the Bay Area Early Detection Network 
(Bay Area Early Detection Network 2011). Climate change is likely to favor the expansion of 
many invasive species. Invasives are by their nature species with a high capacity for rapid 
population growth and spatial range expansion. Disturbances, whether natural or 
anthropogenic, facilitate establishment and expansion of invasives by removing, at least 
temporarily, dominant native vegetation. The vegetation transitions modeled in response to 
climate change may be triggered locally by fire, disease, or severe drought or other abiotic 
stress. Any of these events, by removing existing vegetation, create opportunities for spread of 
invasives. Continued efforts to monitor and control the spread of invasive plants take on 
increased importance in the face of changing climates. 

2.5 Terrestrial Animals 
All animal species occupy a restricted range of characteristic habitats, so the projections 
discussed above for vegetation have wide-ranging implications for animals in any community. 
The habitat relationships of California wildlife provide the basis for modeling distributions of 
terrestrial vertebrates (Mayer and Laudenslayer 1988), and offer an important link between 
projected shifts in vegetation and their potential impacts on wildlife. In the SFBA, sea level rise 
and marsh inundation present threats to wetland animals (such as the endangered rail and 
sparrows mentioned above); decline of redwoods and other old-growth conifer forests threaten 
the region’s marbled murrelets and spotted owls. However, few studies have examined 
potential climate change impacts on animal taxa in the SFBA. 

Long-term studies of populations of the federally threatened Bay checkerspot butterfly 
(Euphydryas editha bayensis) at Stanford’s Jasper Ridge Biological Preserve and other locations in 
the SFBA have served as a model for understanding effects of climate and topography on 
butterfly population dynamics. Checkerspot populations are very sensitive to the timing of 
larval emergence relative to the flowering time of their native food plants, and larval growth is 
also closely tied to thermal effects of topographic variation at very small spatial scales (Weiss et 
al. 1988; Weiss and Weiss 1998). Two of the Jasper Ridge study populations of Bay checkerspots 
went extinct in 1992 and 1998, and a demographic model strongly suggested that extinction was 
hastened by an increase in the variability in annual precipitation starting in the 1970s 
(McLaughlin et al. 2002). The later population to go extinct occupied a smaller area, but one 
with greater topographic heterogeneity, which buffered the impacts of precipitation by 
providing a greater range of microclimates. The increase in precipitation variability is consistent 
with projected effects of anthropogenic climate change, though it is not possible to attribute 
these individual extinction events to anthropogenic impacts at this point.  

Forecasts of bird communities for the SFBA show a strong likelihood of species turnover 
through time as the climate changes (Stralberg et al. 2009). Many of the projected bird 
                                                      
3 CalWeedMapper, http://calweedmapper.calflora.org/, California Invasive Plant Council 
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communities across the state have no current analog, suggesting species interactions and 
community dynamics will be difficult to predict based on current studies of extant 
communities. For the SFBA, projected species turnover (Bray-Curtis dissimilarity between 
present and future for each pixel) is strongly dependent on changes in precipitation under 
different GCMs (which serve as boundary conditions for the regional climate model used in this 
study). Species change is forecast to be greater using the Geophysical Fluid Dynamics 
Laboratory (GFDL) CM2.1 model, a warmer, drier future, compared to the NCAR Community 
Climate System Model (CCSM3.0), a warmer wetter future (Figure 3 in Stralberg et al. 2009). 
This is partially due to the forecast for Bay Area vegetation, as a much greater change from 
forest to shrubland is forecast when using the drier GCM.  

We are not aware of any studies on potential climate change impacts on individual species or 
communities of terrestrial mammals in the Bay Area. The impacts of fragmentation on 
movement and connectivity among patches of core habitat have been addressed in several 
studies (Hilty et al. 2006; Merenlender et al. 2009). Currently, a Bay Area Wildlands 
Connectivity project is under way, and CalTrans/California Department of Fish and Game have 
recently completed the California Essential Habitat Connectivity Project, identifying important 
wildlife corridors connecting core wildland areas (Spencer et al. 2010). In the Bay Area, the 
linkages identified include the Inner Coast Range and the Gavilan Range, the Mt. Hamilton and 
Mt. Diablo Ranges, the Sonoma Mountains and Mayacamas Range, and others. Finer-scale work 
is also under way in the North Bay to prioritize corridors among large core areas of natural 
habitat (Merenlender et al. 2010), and to identify which corridors may provide the greatest 
advantage for future resilience of the lands network to expected climate change (A. 
Merenlender et al., unpubl.). 

2.6 Velocity of Climate Change 
The studies above highlight the importance of dispersal and migration as primary responses to 
changing climates, both at local and regional scales. The potential for species to move into the 
SFBA from outside, and to move among sites within the region, depends on whether species 
can keep pace with the speed with which particular climate conditions shift across the 
landscape. Spatial heterogeneity generated by topography and climate gradients is critical in 
this respect, and has been studied in detail for California and in recent studies of the SFBA.  
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Figure 5. Velocity of Change for Mean Annual Temperature in the San Francisco Bay Area, Based 

on Ensemble Projections from 16 Climate Models for the A1b Emissions Scenario. Velocity of 
change is calculated as the rate of change per time divided by the spatial gradient of change, and 

ranges from approximately 0.01 km/yr (dark blue) to 5 km/yr (red).  

Source: Redrawn from Loarie et al. 2009.  
 

Loarie et al. (2009) estimated the velocity in kilometers per year (km yr-1) for temperature 
isotherms moving across the landscape under future climate scenarios as the ratio of the rate of 
temperature increase (ºC yr-1) in the twenty-first century relative to the steepness of spatial 
gradients (ºC km-1) derived from historical climatologies. They found that under the  
moderate SRES A1B emission scenario, the global average speed of temperature movement in 
this century will be 0.42 km yr-1. The edges of species ranges must therefore move at this rate to 
keep pace, if the species are closely tied and in equilibrium with temperature conditions. In the 
Bay Area, the velocity of temperature shifts is smaller (0.26 km yr-1) due to relatively complex 
topography and steep climatic gradients along the coast (Figure 5). This result is consistent with 
lower speeds required in mountainous areas across the globe.  

Loarie et al. (2009) also estimated the residence time during which present-day climates will 
persist within protected areas as the ratio of the linear dimension of protected areas (kilometers) 
to the velocity of climate change (kilometers per year). Only 8 percent of the world’s protected 
areas are projected to exhibit overlap between current climates and end-of-century climates. 
This is due to relatively small sizes of most protected areas (on the order of one kilometer), high 
temporal gradients of climate change, and low spatial gradients. In the Bay Area, there are 
almost 500 contiguous protected areas of 100 hectares (ha) or more. Climatic heterogeneity, 
quantified based on the gradient of summer temperatures, is greater in large reserves, as 
expected, and also in reserves near the coast due to the steep coastal climate gradient (Ackerly 
et al. 2010). However, in a comparison of the current climate with an end-of-century projection 
based on the A1b scenario, only 8 of the protected areas have a sufficiently broad range of 
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temperatures to maintain any overlap between the warmest sites in the present and the coolest 
sites in the future (Figure 6). In a similar analysis for all protected areas in California, only the 
largest reserves (>5000 ha), especially those spanning large elevational gradients of 1000 m or 
more, exhibit substantial overlap between historical and future climate, under A2 scenarios 
with rapid change (Ackerly 2012). Outside of protected areas, habitat fragmentation is expected 
to further decrease the ability for species to keep pace with climate change. Dispersal is 
expected to be even more limited for California’s many edaphic (soil) endemics such as those 
found only on serpentine soils (e.g., Streptanthus niger, endemic to Marin County) or in vernal 
pools (e.g., Limnanthes vinculans and Lasthenia burkei, both endemic to Sonoma County). 

It is critical to consider the role of spatial grain and fine-scale topographic effects in analyses of 
landscape heterogeneity. The results presented above are based on the 800 m PRISM climate 
surface, which captures the regional gradients of coastal-inland climate and overall elevational 
gradients of the Coast Ranges. At a finer scale, local topography (e.g., north versus south-facing 
slopes) affects solar radiation, surface temperature, and water balance, and cold-air drainages 
lead to local inversions of the elevational temperature gradient. The effect of cold-air drainages 
can increase the range of temperatures in a local landscape by ± 7°C–8°C (±13°F–14°F), relative 
to the values captured at the 800 m spatial scale (Van de Ven and Weiss, unpublished, cited in 
Ackerly et al. 2010). Recent advances in spatial downscaling of climate surfaces provide 
temperature and water deficit estimates at a 270 m scale (Flint and Flint 2012), and these data 
are currently being used for higher-resolution studies of climate change impacts for the 
California Energy Commission vulnerability analysis. 
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Figure 6. Variability of Summer Temperatures for Protected Areas of the San Francisco Bay Area. 

(a) Temperature heterogeneity across each reserve area, calculated as Rao’s entropy, S, a 
measure of the spread of values across the range of temperatures. (b) Residual values of S after 

regression on reserve size. (c) Difference between the minimum summer temperature in the future 
observed across each reserve (A1b, warmer-drier scenario, 2070-2099) and the maximum 

temperature in the present, as a function of spatial heterogeneity in temperature. Positive values 
indicate no overlap between current and future temperatures across a reserve. Insets illustrate 

temperature distributions for two reserves.  

Source: Reprinted with permission from Ackerly et al. 2010, Diversity and Distributions.  
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2.7 Interactions with Drought, Disease, and Herbivory 
Other abiotic and biotic factors, such as disease, herbivory, drought, and extreme climate 
events, have important impacts on vegetation and biodiversity. The impacts of biotic factors 
may be enhanced under a changing climate, and the frequency and intensity of drought and 
extreme climatic events is forecast to increase. 

In the SFBA, sudden oak death (SOD, caused by the introduced pathogen Phytophthora 
ramorum) has spread rapidly in the past ten years, and caused widespread mortality of sensitive 
tree species, especially tanoak (Notholithocarpus densifolorus). In redwood forests, the dying 
tanoak may be replaced by redwood regeneration, reducing the species and structural diversity 
of the forests (Ramage and O’Hara 2010). In the short term, the increased fuel load from dead 
tanoak and other species may increase fire intensity and spread, and this could exacerbate 
climate change impacts on fire in coming decades. Sudden oak death spread and distribution 
are influenced in part by climate (e.g., Meentemeyer et al. 2004), so climate change may 
precipitate further disease spread. 

In recent years, major episodes of tree mortality associated with drought and/or heat stress 
have now been observed on every continent (Allen et al. 2010). The best known in the western 
United States are the deaths of pinyon pines in Arizona and New Mexico, and bark beetle 
outbreaks in Rocky Mountain pine forests. Causes of death, from the proximate level for 
individual trees, as well as a broader ecological perspective, are not always straightforward. 
Drought stress, and reductions in carbon stores, make trees more susceptible to outbreaks of 
herbivores and disease (McDowell et al. 2008). Dead trees also create elevated fire risks. In 
California, projected changes in precipitation vary widely; however, models of soil water deficit 
suggest that dry season water availability will decline due to increased evapotranspiration in a 
warmer world, even if precipitation increases (see Micheli et al. 2010). Potential impacts on 
woody plants of the SFBA are unknown at this point. 

2.8 Estuarine and Intertidal Habitats 
Following European settlement in the San Francisco Bay Area, land use conversion primarily 
for agriculture and urbanization resulted in a 90 percent reduction of wetlands in the estuary 
(San Francisco Estuary Project 1991). Levee construction during the twentieth century resulted 
in the additional loss of wetlands, with an estimated 4-8 percent of original wetland area 
remaining (Atwater and Hedel 1976) prior to the implementation of restoration activities during 
the last several decades. Restoration activities have successfully restored approximately 
8,281 ha, or 3.8 percent of the original wetland area, with an additional 5,854 and 10,869 ha of 
restoration projects currently in process or planned, respectively 
(see www.californiawetlands.net/). The remaining tidal marsh habitat in the estuary represents 
the largest extent of tidal marsh in the western United States and provides habitat for federally 
listed species such as the salt marsh harvest mouse (Reithrodontomys raviventris raviventris), 
California clapper rail (Rallus longirostris) and California black rail (Laterallus jamaicensis). 
Additionally, invertebrates present in intertidal mudflats provide important foraging resources 
for shorebirds and the estuary serves as a critical stopover for migratory waterfowl on the 
Pacific Flyway. Sea-level rise could influence the quality, quantity, and accessibility of avian 
foraging resources within the estuary resulting in a change in carrying capacity of the system.  
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Tidal marshes within the San Francisco Bay Estuary are extremely sensitive to sea level rise, 
with marshes either eroding or accreting depending on the frequency and duration of 
inundation, the amount of suspended sediments available, and the accumulation of organic 
material from vegetation. Recent modeling has shown that tidal marshes in the estuary could be 
maintained in the San Francisco Bay if there is an adequate supply of sediments, even under 
high rates of sea level rise (Stralberg et al. 2011). However, recent studies document a sharp 
decline in suspended sediment concentrations in the Bay over the past two decades 
(Schoellhamer 2011), and if these trends continue high- and mid-marsh habitat could decrease 
by over 90 percent under high rates of sea level rise over the next century.  

The projected decline in high- and mid-marsh habitat may have important consequences for 
tidal marsh biodiversity. The high-marsh zone is rich in plant species, relative to mid- and low-
marsh, and hosts several endangered plant species, including salty bird's-beak (Chloropyron 
molle subsp. molle). The California state-listed black rail and the federally endangered clapper rail 
are both associated with high-marsh vegetation (Conway and Sulzman 2007; Stralberg et al. 
2010). Both species use the high-marsh habitat for refuge; black rails face lower predation rates 
in areas containing high-marsh habitat, and the black rail and clapper rail use high-marsh 
habitat to escape high tides (Shellhammer 1989; Foin et al. 1997). Three endemic subspecies of 
tidal marsh song sparrow (Melospiza melodia) (Chan and Spautz 2008; Spautz and Nur 2008a; 
Spautz and Nur 2008b) and the endemic salt marsh yellowthroat (Geothlypis trichas sinuosa) 
(Gardali and Evens 2008) all primarily use mid-marsh habitat for breeding, as it contains the 
majority of vegetation within the tidal marsh. These species are projected to experience 
population declines under most scenarios with high rates of sea level rise (Veloz et al. 2011) 
where high- and mid-marsh habitat are also projected to decline (Stralberg et al. 2011).  

2.9 Coast and Nearshore Habitats 
Physical changes to coast and nearshore marine environments include sea level rise, coastal 
erosion and flooding, changes in precipitation, land runoff, ocean-atmosphere circulation, and 
ocean water properties. These changes in turn will lead to biotic responses within ocean 
ecosystems, including changes in physiology, phenology, and population connectivity, as well 
as species range shifts. These changes were outlined in the Climate Change Impacts Report 
(Largier et al. 2010) that identifies and synthesizes potential climate change impacts to habitats 
and biological communities along the north-central California coast, and the main points from 
the Executive Summary are included here. More detailed discussion of marine habitats, and of 
the San Francisco Bay estuary, is beyond the scope of this paper (see, for example, Cloern et al. 
2011). 

Sea level rise will exacerbate coastal flooding, shoreline erosion, saltwater intrusion into 
groundwater aquifers, and inundation of wetlands and estuaries, as well as threaten cultural 
and historic resources and infrastructure. Coastal erosion will increase as a result of rising sea 
level, intense precipitation and runoff, and increased extreme wave and storm conditions. 
Coastal habitats will be affected directly by habitat loss through erosion, or indirectly via 
human responses such as coastal armoring (e.g., construction of sea walls), beach nourishment 
(importing sand), or planned retreat (moving infrastructure inland from the coast). Changes in 
runoff will lead to increased flooding of coastal lowlands, erosion of estuarine habitats, 
increased delivery of watershed material to the ocean, expanded plume areas of freshwater -
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ocean mixing, and increased near shore stratification of the water column, which can lead to 
lower biological productivity in nearshore waters. 

Surface ocean temperatures have increased offshore of the north-central California continental 
shelf. This increase in temperature has significant effects on water column structure (i.e., 
stratification), sea level rise, and ocean circulation patterns. Continental shelf waters over the 
same region have cooled over the last 30 years (by as much as 1°C [1.8°F] in some locations) due 
to stronger and/or more persistent upwelling during spring, summer, and fall. The strength 
and variability of upwelling winds affect the amount of primary production available, and the 
amount delivered to coastal ecosystems rather than offshore ecosystems. Natural climate 
fluctuations in association with El Niño and other Pacific Basin-scale phenomena will lead to 
more extreme conditions. The increased concentration of CO2 in the ocean will lead to ocean 
acidification and will result in decreased shell growth in key invertebrate species.  

Physical changes influence a variety of critical biotic processes, such as metabolic rates, 
planktonic transport, prey availability, and/or predation rates. The response of a single species 
to climate change depends not only on environmental changes, but also upon how other 
interacting species will respond to this change. A northward range expansion of organisms is 
anticipated, owing to warming of ocean waters, although non-uniform changes in ocean 
temperature at multiple spatial scales will complicate expectations. Changes in the timing of the 
spring transition or the seasonal peak in upwelling could have significant population-level 
impacts for many species. The availability of prey species for fish, seabirds, and marine 
mammals may be negatively affected by changes in upwelling and ocean acidification. 

Productivity in open-ocean pelagic habitats is controlled through a delicate balance between 
wind-driven upwelling and stratification of the water column due to surface warming. 
Increasing surface temperatures will reduce vertical mixing and cause shifts in the 
phytoplankton community. In near-shore habitats, organisms are susceptible to ocean 
acidification, changes in upwelling and water stratification that affect nutrient delivery, 
increases in wave heights that affect sediment redistribution, and sea level rise that decreases 
light availability to macroalgae. In rocky intertidal habitats in particular, increases in average 
water and air temperature and the occurrence of extreme conditions can result in mass 
mortality of intertidal organisms.  

Estuary habitats along the coastline may be most affected by changes in the timing and 
persistence of seasonal mouth closure and the intensity and timing of seasonal runoff, as well as 
the continued rise in sea level. Sediment delivery and availability will strongly influence the 
ability of estuaries to adjust to rising sea level and maintain intertidal estuarine habitat. Impacts 
on the San Francisco Bay estuary will depend on interactions of water management and climate 
on freshwater flows and sediment loads from the Delta, together with rising sea levels entering 
at the Golden Gate, and a long and heavily developed shoreline.  

Multiple stressors may interact to produce unexpectedly severe impacts on biodiversity and 
ecosystem health. Additional stressors within the region include pollution, invasive species, 
fishing, disease, habitat modification, wildlife disturbance, and development of infrastructure 
along the coast and at sea.  
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Section 3: Climate Change Impacts on Ecosystem 
Services  
Ecosystem services are natural environmental processes that supply benefits to society (United 
Nations Environment Programme 2005). Emerging awareness of the importance of ecosystem 
services has stimulated considerable research focusing on economic valuation, social capacity, 
and scientific characterization of ecosystem services in recent years (Vihervaara et al. 2010). 
Climate change impacts are thought to affect the supply and distribution of benefits from some 
ecosystem services (Schroter et al. 2005). Uncertainties associated with future climate scenarios 
pose challenges in planning for biodiversity conservation and predicting impacts of changes to 
ecosystem services on society (Balmford and Bond 2005).  

This section focuses on five ecosystem services that are important to the SFBA: carbon storage, 
forage production, water supply and quality, pollination, and outdoor recreation. We review 
existing peer-reviewed literature to provide an assessment of the state of knowledge on the 
biophysical attributes of (and the potential impacts of climate change on) each service in this 
spatially defined region. We focus our discussion here on services provided by terrestrial 
ecosystems. A recent analysis provides an economic valuation of ecosystem services linked to 
San Francisco Bay, including fishing, shipping, recreation, and scenic amenities (Battelle 
Memorial Institute 2008). In discussions of ecosystem services in particular, future analyses 
should examine the region as a whole, integrating the services supported by terrestrial, 
freshwater, estuarine, and marine ecosystems. 

3.1 Carbon Storage in Soils and Vegetation  
Soils and vegetation are important global reservoirs of carbon, storing approximately 2000 and 
710 gigatons (Gt) of carbon (C), respectively (Janzen 2004). Locally, these reservoirs are an 
important component of California’s strategy for achieving the statewide goal of reducing 
greenhouse gas emissions through C sequestration. Terrestrial C sequestration is defined as the 
net removal of CO2 from the atmosphere into long-lived stocks of carbon, including 
aboveground biomass, belowground biomass, or organic and inorganic C in soils. Net 
sequestration can be achieved through increased C inputs into ecosystems, decreased outputs, 
and/or increasing the turnover times in C stocks.  

While highly urbanized, the SFBA consists of diverse ecosystems, including coastal redwood 
forests, oak savannahs, and agricultural croplands, as described above. Agriculturally, the 
region is home to specialized crops, organic production, locally important farmland, vineyards, 
and market-niche range products (Hart 2003; Huntsinger et al. 2010). Farmland (not including 
urban farms) occurs on 591,167 acres (or 13 percent of the Bay Area total land area; California 
Dept. of Conservation 2009). Half of agricultural land use area in the Bay Area is considered 
unique or locally important. Grazing land use occurs on 1,745,237 acres (or 40 percent of the Bay 
Area total land area; California Dept. of Conservation 2009). There is potential for these 
managed systems to gain more C through grazing management, pasture improvement, no-till 
agriculture, and conversion to perennial crops (Conant et al. 2001; Kroodsma and Field 2006). 
Freshwater and tidal wetlands are also critically important in terms of carbon sequestration and 
could play a role in greenhouse gas emissions mitigation in California (see Trulio et al. 2007).  
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The SFBA, especially Marin, Sonoma, and Santa Cruz Counties, is also home to substantial 
redwood forest ecosystems (Figure 3). The amount of C stored as aboveground woody biomass, 
root biomass, and soil organic C in coastal redwood ecosystems is currently unknown, though 
quantification efforts are under way. Some estimates suggest that living aboveground biomass 
in coastal redwoods contains five times more C than any other forest on the planet (Sillett et al. 
2010; Sillett, unpublished). There are few data, however, about redwood’s capacity for storing C 
belowground. Recently it has been shown that fine roots of old-growth redwood stands and 
their associated soil C stocks are similar to other vegetation types (McFarlane et al. 2010). 
This suggests that the vast majority of the C sequestered belowground by coast redwoods 
resides in coarse root biomass. This question merits further research. 

Terrestrial ecosystems in the SFBA could sequester a significant amount of C by increasing the 
amount of C stored in soil and vegetation through management. For example, the Marin 
Carbon Project is focusing its efforts on identifying opportunities to increase C storage in 
rangelands in Bay Area. However, the quantity stored is highly dependent on future changes to 
temperature and precipitation. Carbon source-sink relationships in Mediterranean climates are 
driven largely by patterns in the timing and quantity of precipitation. Precipitation changes are 
more uncertain than temperature changes in most climate models. Shaw et al. (2009) assessed 
future changes in C storage in living trees in California using different climate models in 
combination with future greenhouse gas emissions scenarios. Using the warmer, wetter climate 
model (PCM 1), tree biomass across the state decreased by 9 percent by the end of the century 
relative to the business-as-usual baseline scenario. In contrast, the hotter, drier climate models 
(GFDL and CCSM 3) resulted in a 26 percent decrease by the end of the century relative to the 
baseline. Additionally, the amount of aboveground biomass C consumed by fires is projected to 
rise in all combinations of climate change and emissions scenarios. Thus, climate change may 
lead to a decline in the natural ability of forests in the SFBA to store carbon.  

Coastal redwoods are buffered by fog water contributions from summer drought characteristic 
of the Bay Area’s Mediterranean climate. Although total fog water inputs are small, they are 
important for ecosystem functions by providing water and nutrients in water-limiting times, 
thereby supporting redwood growth and maintenance (Oberlander 1956; Weathers 1995). A 
study of redwood forests in Sonoma County found evidence of greater production with 
increasing fog water contributions (Ewing et al. 2009). As previously mentioned, fog frequency 
has declined 33 percent since the early twentieth century, leading to increasing summer 
drought stress (Johnstone and Dawson 2010). Long-term reductions in fog are expected to 
decrease C storage in redwoods and other coastal endemic species (Biondi et al. 1997; Williams 
et al. 2008).  

Annual grassland ecosystems provide important opportunities for experimental studies of 
global change, though their productivity and carbon storage potential is low at a landscape 
scale. The Jasper Ridge Biological Preserve at Stanford University has been the site of a long-
term study of multifactorial effects of temperature, nutrients, precipitation, and elevated CO2. 
The direct and interactive effects of elevated CO2 are of particular interest, as these can only be 
addressed using experimental approaches. Initial experiments found that elevated CO2 leads to 
reduced stomatal conductance and higher water use efficiency of the annual grasses, which can 
increase soil moisture and favor late-season annuals and perennial forbs (Chiariello and Field 
1996). In the first several years of the multi-factorial experiment, elevated CO2 also suppressed 
the stimulation of productivity by the other factors (Shaw et al. 2002), though these effects 
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diminished in subsequent years (Dukes et al. 2005). This and other global change experiments 
repeatedly point to the complexity of interactions among environmental factors and different 
species within the communities, and caution against simple forecasts of community and 
ecosystem level responses (Zavaleta et al. 2003; Suttle et al. 2007). 

3.2 Forage Production 
Forage production in grasslands and oak savannahs plays a vital role in the livestock industry 
in California (see accompanying paper by Chaplin-Kramer 2012). Thirty-four million of the 
state’s 57 million acres of rangeland are grazed (Stewart et al. 2003). Production of forage for 
grazing is economically important in the SFBA as well. A majority of the 40 percent of land in 
the SFBA that is used for grazing is privately held (Figure 2 in California Dept. of Conservation 
2009). The Bay Area is home to traditional and niche ranching markets that depend on high 
quality and quantity of forage production (e.g., Strauss Family Creamery, Clover Organic 
Farms, Marin Sun Farms, Clark Summit Farms, Gospel Flat Farm). The area of rangeland in the 
Bay Area has been steadily declining at an average rate of 4,716 acres lost per year since 1984, 
primarily due to land use conversion to urban and other build environments (California Dept. 
of Conservation 2009; Huntsinger et al. 2010). 

Rangelands provide additional services beyond being a source of forage for grazing that are not 
explicitly considered in this paper. For example, rangelands may buffer urban growth, preserve 
open spaces at a low cost, and diminish fire hazards to adjacent suburban areas (Stewart et al. 
2003). Rangelands also provide a number of cultural and lifestyle amenities to land owners and 
the public, such as natural beauty, recreation, and rural lifestyle benefits (Huntsinger et al. 2010). 
Additionally, rangelands are linked to biodiversity through grazing management, which can 
reduce diversity of invasive species (Stohlgren et al. 1999; Marty 2005), and maintain or increase 
grass and forb species richness (Collins et al. 1998; Hayes and Holl 2003; Kohyani et al. 2008).   

Non-native annual grasses and forbs dominate forage vegetation in the SFBA. Productivity of 
forage is highly spatially and temporally variable, and can be explained largely by a 
combination of site-specific conditions and precipitation patterns. Forage production tends to 
increase with increasing precipitation in annual grasslands, similar to perennial grasslands (Sala 
et al. 1988; McCulley et al. 2005; Chou et al. 2008). The magnitude of forage produced in an 
annual grassland or oak savannah in a given year is extremely sensitive to timing and 
magnitude of rainfall and the previous year’s production (Hedrick 1948; Heady 1956; Heady 
1965; Bartolome et al. 1980; Chou et al. 2008).  

Climate change impacts, particularly shifting precipitation regimes, are expected to affect the 
long-term trends in forage production, plant community composition, and wildfire impacts. 
However, the extent to which climate change will alter forage production and the associated 
impacts on the rangeland economy in the SFBA is uncertain. At the statewide level, Shaw et al. 
(2009) modeled a 14 to 58 percent decline in forage production, resulting in a decline of cattle 
ranching profits by $22 to $92 million per year. An analysis by the California Forest and 
Rangeland Assessment (Caluza et al. 2010) found that rangelands in the SFBA bioregion face 
significant threat from wildfires. Climate change may exacerbate loss of forage due to wildfires. 

The ability of a rancher to adapt to the risks of climate change depends on available financial 
resources, flexibility of management approaches, and on the predictability of changes in forage 
production or extreme climatic conditions like drought. Decreases in forage production in the 
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short-term may lead to an increase in the cost of ranching due to rising needs for supplemental 
feed and due to increased opportunity costs from unpredictability of stocking levels. In the 
long-term, decreased forage production may make rangeland management economically and 
ecologically unsustainable or significantly change the type of end products from rangeland 
systems. 

3.3 Water Supply and Quality, and Flood Control 
The hydrologic cycle is a multifaceted ecosystem service that plays critical roles in the physical, 
chemical, and biological processes of the Earth. Ecosystems control the characteristics of 
freshwater resources by regulating the partitioning of precipitation into evaporative, recharge, 
and runoff processes (Vorosmarty et al. 2005). The capacity of ecosystems to sustain an 
adequate quantity and quality of freshwater is a service invaluable to nutrient dynamics, 
human well-being, and many threatened and endangered species. See accompanying paper  
by Sicke et al. (2012) for additional analysis of climate change impacts on water supplies in 
the SFBA. 

Water quality is strongly influenced by landform and land use at multiple spatial and temporal 
scales (Allan 2004). Land use activities can degrade water quality, destroy wetland and riparian 
habitat, and alter species composition and diversity (Lotze et al. 2006). The effects of human 
impacts on aquatic ecosystem services may deepen with climate change, particularly due to 
predicted consequences of climate change on terrestrial ecosystems, such as shifts in riparian 
and wetland vegetation and changes to the hydrologic cycle (Meyer et al. 1999). Thus, 
catchment-wide approaches to protecting watershed landscapes are important for maintaining 
or restoring aquatic ecosystem services (Richards et al. 1996). For example, preservation of 
agricultural lands under “best management practices” is correlated to high levels of stream 
macroinvertebrate diversity, indicating high levels of water quality (Moore and Palmer 2005). 

The SFBA is a model for catchment-scale approaches to protecting water resources through land 
preservation and conservation. Some of the largest open space reserves in the region were set 
aside explicitly for watershed protection, including San Francisco Watershed Lands (> 8000 ha), 
the Marin Municipal District Watershed (7300 ha), and the Los Vaqueros Watershed (6500 ha). 
In the case of Marin County, the reliance on a local, but limited, water supply played a critical 
role in political decisions to limit development, making the county an early leader in open space 
preservation (Griffin 1998). Some watersheds, such as the San Francisco Watershed Lands 
around the Crystal Springs, Calaveras, and San Antonio reservoirs, are closed to recreational 
use, which almost certainly enhances their role in biodiversity conservation. Many other 
organizations participate in watershed land preservation, including land trusts, irrigation 
districts, county conservation districts, farm and agricultural bureaus. Programs (e.g., 
Integrated Hardwood Range Management Program) provide outreach and education to land 
owners regarding the best management practices to maintain or enhance water quality. 
However, assessing the contribution of particular parcels or conservation strategies to water 
quality and other ecosystem services is difficult, due to the variability in the properties, 
organizations, and institutions involved (Merenlender et al. 2004).  

Tidal marshes in the SFBA provide a suite of important local ecosystem services, including 
flood control, runoff filtration, mitigating heat extremes, carbon sequestration, healthy fisheries, 
and outdoor recreation opportunities. A major climate change threat to tidal marsh ecosystems 
is sea level rise (see above). The future extent and type of tidal marsh habitat is highly 
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dependent on the relative rates of sea level rise and suspended sediment concentrations. 
Regions with high suspended sediment concentrations, such as marshes in the Petaluma River 
and South Bay, may be more resilient to sea level rise; whereas, other tidal marsh habitat may 
have insufficient sediment supply to keep pace with sea level rise. Efforts are under way to 
model climate change impacts on SFBA tidal marsh habitat (Stralberg et al. 2011).  

Infrastructure delivers water to the water districts in the SFBA sourced from the Sacramento-
San Joaquin Bay Delta (Delta), its major tributaries (the Sacramento, San Joaquin, and 
Mokelumne Rivers), the Hetch Hetchy Reservoir, and the Russian River (to Sonoma County). 
More than half of Californians rely on water from the Delta to some extent. The Delta supplies 
an estimated 100 to 160 gallons per person per day to the Bay Area (Salah-Mars and McCann 
2008). Approximately 35 percent of the 33 million acre-feet of water that pass through the Delta 
annually is consumed (Isenberg et al. 2008). Key consumptive uses of water provided by the 
Delta are for drinking, domestic use, and agriculture. Water is confined to 10 percent of the total 
area by a series of vulnerable 100-year-old levees. These water supply services are maintained 
by preventing and limiting the degradation of water quality from agriculture and urban 
ecosystems, regulating the supply of water for consumptive uses, and by maintaining and 
restoring the region’s freshwater and estuarine wetlands. Briefly, climate change will shift the 
distribution and flows of supply services as water becomes generally less available. As Delta 
water becomes more saline due to sea level rise, importing water to agricultural areas in the 
SFBA becomes more expensive. Water recycling and desalination have the potential to 
ameliorate climate change impacts on water supply to the SFBA.  

In addition to these consumptive uses, water in the Delta also provides habitat for biodiversity, 
outdoor recreation services, and agricultural production. Of the 837,594 acres of land in the 
Delta, 557,896 acres (66 percent) are used for agricultural production (Isenberg et al. 2008). The 
Delta also provides habitat to 500 species of fish and wildlife; 105 of these species are 
designated by state and federal agencies as threatened or endangered (California Department of 
Water Resources 2009). The accompanying paper by Moyle et al. (2012) addresses impacts of 
climate change on freshwater fishes.  

The provision of water from the Delta faces a number of serious threats, such as encroaching 
urbanization, seismic activity, flooding, and invasive species. Climate change is also identified 
as a major direct driver of the changes to the provision of freshwater resources (Nelson 2005). 
Climate change-induced periods of drought or longer dry seasons in the region will exacerbate 
problems in meeting demand for water by reducing the supply of water from precipitation 
(Stewart et al. 2003). The ultimate source of water in the Delta is from the Sierra Nevada 
snowpack, which is predicted to decrease substantially (Wallis et al. 2008). Climate change may 
also increase the risk of flooding, levee failure, and infrastructure damage in the Delta. These 
impacts may be a result of altered river flows on daily and seasonal timescales, rising sea level, 
changes in wind speeds, and accelerated subsidence (Salah-Mars and McCann 2008).  

The Delta and other SFBA wetlands also buffer urban areas from flooding, but these areas are 
vulnerable to climate change. In a statewide analysis, Heberger et al. (2009) estimate that only 
55 percent of surrounding habitat would be viable for wetland migration to survive a 1.4 m 
(4.6 ft) rise in sea level. They also estimate that this projected sea level rise would put 
approximately $100 billion worth of assets at risk, about two-thirds of which are concentrated in 
the SFBA (Heberger et al. 2011). 
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 Sea level has risen nearly 20 cm over the past century. Climate models project an average 
increase of sea level by 100 to 140 cm by the end of the century, risking flooding and inundation 
of salt water into the estuarine system, but projections range from 10 to 200 cm (Cayan et al. 
2006; Pfeffer et al. 2008; Cayan et al. 2009; Heberger et al. 2009). The frequency of extreme sea 
levels events is projected to occur as a result of episodic events superimposed on higher 
baseline sea level and potentially more frequent or severe winter storms (Cayan et al. 2008). The 
United States Geological Survey projects that a 1 m rise in sea level will inundate an additional 
209,920 acres of the Delta (Isenberg et al. 2008). In addition to posing a threat to the quality and 
supply of water from the Delta, sea level rise also threatens coastal populations. In the Bay 
Area, 110,00 residents of San Mateo county and 66,000 residents of Alameda County are most at 
risk. Infrastructure, including the San Francisco and Oakland airports, wastewater treatment 
plants, and hazardous waste treatment plants are at risk of coastal flooding in the Bay Area. 
Some of the most serious impacts may result from extreme sea level rise events associated with 
high tides, storm surges, and freshwater floods from headwaters in combination with sea level 
rise (Cayan et al. 2008). 

3.4 Pollination Services 
Bees and other pollinators in natural ecosystems provide a critical service to local food 
producers and to native flora in the SFBA. Though highly urbanized, the SFBA is considered an 
insect biodiversity hotspot (Connor et al. 2002). Pollination by native, unmanaged bee 
populations enhances production of a number of crops in California, including watermelon 
(Kremen et al. 2004) and tomatoes (Greenleaf and Kremen 2006). Organic agriculture in the 
SFBA relies in part on native bees and other non-colony forming insect pollinators for crop 
production. The capacity for pollinators to provide this service depends largely on 
plant/pollinator interactions, which can be altered spatially by landscape patchiness and 
temporally by phenological changes (Memmott et al. 2007).  

In general, scientific understanding of the effects of climate change on mutualistic plant-
pollinator interactions is limited (Visser and Both 2005), as empirical research in this area is 
sparse (Kremen et al. 2007). One major pathway for climate change to affect pollination services 
is by altering the phenology of both plants and pollinators. Global observations indicate that 
many plant species have responded to increasing temperatures and changes to other 
environmental cues (e.g., precipitation, snowmelt, soil humidity) by flowering earlier in the last 
20 to 50 years (Fitter and Fitter 2002); insect-pollinated plants generally react more strongly to 
increased warming than do wind-pollinated plants (Miller-Rushing et al. 2007). Likewise, the 
date of first emergence of butterflies, bees, and other insect pollinators is strongly correlated 
with temperature and topographic effects on energy balance (Gordo and Sanz 2006, Weiss and 
Weiss 1998, Weiss et al. 1988). Future phenological responses of plants and pollinators to 
climate change may be nonlinear, and depend on the interaction of temperature and other 
environmental cues. Depending on these interactions, changes in plant and pollinator 
phenology due to climate change may act in concert or vary across species (Hegland et al. 2009).  

It is, so far, unclear how climate change will impact pollinators native to this area, and how that 
disruption will affect agricultural production in the SFBA. Managed bees in the United States 
are at risk of Colony Collapse Disorder (CCD), a phenomenon observed since 2006 and defined 
by large-scale unexplained losses of managed honey bees (Apis mellifera). Descriptive 
epidemiological case studies indicate that CCD is contagious or caused by exposure to common 
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risks factors, but cannot be explained by a single causal agent. Colony Collapse Disorder is 
thought to have multiple causes and may involve an interaction between several stress factors. 
There is no evidence yet of climate change playing a direct or strongly indirect role in the cause 
or spread of CCD.  

3.5 Outdoor Recreation and Quality of Life  
Outdoor recreation is a critical cultural service provided by natural and semi-natural landscapes 
in the SFBA. In the SFBA, large metropolitan areas are intermixed and surrounded by an 
abundance of undeveloped land. These breathtaking landscapes, diverse vegetation and 
wildlife communities, and easy access supply a constant flow of outdoor recreational activities, 
such as hiking, biking, wildlife viewing, camping, and water sports, for local residents and 
visitors alike. Although difficult to quantify in economic terms, quality of life benefits generated 
from access to outdoor recreation in the SFBA represent an important ecosystem service. Direct 
and indirect economic benefits include jobs in the outdoor recreation sector and indirect 
benefits to local communities. Outdoor recreation in California contributes approximately 
$46 billion annually to the state’s economy and supports 408,000 jobs (Outdoor Industry 
Foundation 2006). Indirect and induced economic impacts on local communities lead to 
$28.1 billion annually in retail sales and services statewide (Outdoor Industry Foundation 2006). 
Regional, state, and national parks in the SFBA provide a direct economic benefit by generating 
state revenue and creating jobs. Secondary economic impacts of outdoor recreation services 
included indirect and induced business activities associated with recreation tourism. 

Napa Valley vineyards attract 4.7 million visitors annually, of which 53.6 percent are from the 
Bay Area (Cai and Ismail 2006). The total economic impact from this industry is about 
$1.3 billion per year, supporting $500 million in local wages and salaries. Thus, potential climate 
change impacts to wine grapes and vineyard management are economically important. Wine 
grapes are highly sensitive to temperature and other climate conditions, and phenological data 
from 1937 to the present have been used as an indicator of temperature in climate change 
research (Chuine et al. 2004; Rosenzweig et al. 2007). Observed increases in nighttime and 
spring temperatures in the latter half of the twentieth century along coastal California led to 
higher-quality wines and larger grape yields in the Napa and Sonoma valleys. An average 
annual temperature increase of 1.13°C (2.0°F) has resulted in an advanced start to the growing 
season by 18-24 days in the region (Nemani et al. 2001). Earlier and unhindered phenological 
events (bud break, flowering, fruit set, veraison, harvest, and leaf fall) due to warmer spring 
temperatures are likely to increase yields and produce higher-quality harvests (Nemani et al. 
2001). A recent review of climate change impacts to grape quality highlights potential 
challenges, such as increased sugar concentrations, lower acidities, and modified aroma 
compounds (de Orduña 2010). 

In addition to the economic benefits of recreation services provided by natural and semi-natural 
environments in SFBA, open spaces supply quality-of-life benefits to the region’s residents. The 
availability of outdoor activities and viewsheds attract businesses and enhance local 
communities. Environmental degradation to public lands in SFBA damages the economically 
significant recreation services and the quality-of-life benefits to local residents. Potential risks 
from climate change to outdoor recreational activities include altered vegetation or animal 
communities, changes in water availability, and extreme climatic events. 
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Section 4: Conservation Strategies and Climate 
Adaptation 
Research and implementation of conservation strategies that could reduce climate change 
impacts on biodiversity are receiving considerable attention in California and worldwide. The 
Biodiversity and Habitat chapter of the California Climate Adaptation Strategy (California 
Natural Resources Agency 2009) emphasizes the importance of creating a large-scale and 
connected network of protected areas, restoring and enhancing ecosystem function in the face of 
changing conditions, and re-evaluation and adjustment of management priorities and strategies 
to incorporate climate change. Here, we briefly address current work in the SFBA, especially in 
strategic planning of open space preservation, as well as general challenges facing restoration 
ecology and management of wild plants and animals. Our aim is primarily to review existing 
resources and highlight key issues, not to advocate or rigorously evaluate specific adaptation 
strategies. 

4.1 Open Space Preservation 
The network of open space preserves together with the matrix of working landscapes across the 
Bay Area provides the foundation for the conservation of biodiversity and enhanced ecosystem 
services in the face of twenty-first century climate change. Over the past four years, the Bay 
Area Open Space Council has developed the Upland Habitat Goals Project, a long-term strategic 
plan for open space acquisition in the Bay Area (Bay Area Open Space Council 2011). Upland 
Habitat Goals divides the SFBA into 34 ecoregions mapped around major watersheds and 
mountain ranges, and uses the framework of coarse-filter and fine-filter conservation targets to 
prioritize regions for future conservation that will span the full range of vegetation types across 
the region, as well as species and habitats of special concern. Using the software program 
Marxan, a boundary-length minimization algorithm was used to identify contiguous areas, 
building on the current network. The resulting Conservation Lands Network (CLN) identifies 
acquisition priorities across the region, particularly in the Peninsula Coast Ranges, the Sonoma 
Mountains, the Berryessa-Mount Saint Helena region, and around Mount Hamilton (Bay Area 
Open Space Council 2011). This regional analysis parallels efforts to develop a statewide system 
of large marine and terrestrial reserves spanning all major ecological regions (California Natural 
Resources Agency 2009). The California Department of Fish and Game, through its newly 
created Climate Science and Renewable Energy Branch, is playing an important leadership role 
in the development and implementation of adaptation strategies, and coordination among 
government agencies and stakeholder groups (see CADFG 2011). 

Chan et al. (2006) mapped several ecosystem services for the central California coast, including 
most of the Bay Area, in a preliminary effort to incorporate ecosystem services into a systematic 
conservation-planning analysis (Figure 7). They found that a conservation plan to maximize 
biodiversity conservation captured some of the same areas that would be prioritized for carbon 
storage, flood control, outdoor recreation, and water provision. However, the distribution of 
biodiversity was negatively correlated with areas of forage production and pollination services. 
This approach is valuable to identify both synergistic and conflicting priorities in open space 
conservation, depending on a range of alternative conservation targets. Further applications 
will require higher resolution mapping of ecosystem services, which presents many challenges, 
and this is a topic that merits greatly increased attention. 
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Figure 7. Preliminary Mapping of the Relative Value of Ecosystem Services in the San Francisco 

Bay Area 

Source: Redrawn from Chan et al. 2006, PLoS Biology. 
 

Current work, under way in 2010 and sponsored in part by the California Energy Commission 
vulnerability analysis, is examining how climate change impacts can be incorporated into open 
space acquisition priorities. One of the core concepts guiding this work is the importance of 
spatial heterogeneity for resilience of native communities in the face of climate change (Ackerly 
et al. 2010). Heterogeneous landscapes provide two related, but distinct, benefits. First, as 
discussed above, climate change is expected to cause shifts in the distributions of species and 
major vegetation types. In landscapes with steep climate gradients, the projected range shifts 
occur over shorter distances, and are more likely to be within the dispersal range of the existing 
plants and animals, especially over decadal to century time scales. Second, heterogeneous 
landscapes support greater species and habitat diversity (e.g., Kreft and Jetz 2007 at a global 
scale; local Bay Area studies are under way). This diversity means that source populations of 
native plants and animals that may be favored under future climates often occur in close 
proximity to sites they may be able to colonize in the future.  

Conserving high levels of climatic heterogeneity may be accomplished by priority acquisition of 
large areas, heterogeneous sites (e.g., rugged topography), and improved connectivity among 
existing reserves, especially along steep climate gradients. Connectivity may be accomplished 
by acquisition or other legal protections for essential corridors, or through restoration efforts, 
invasive control, and changes in management of working landscapes that enhance permeability 
for wildlife and support greater native biodiversity (Heller and Zavaleta 2009). All of these 
approaches are the subject of ongoing research, and the SFBA is positioned to be a key testing 
ground for the integration of research and management in relation to connectivity planning and 
climate change (see Section 2.5 above). Various online tools are now available to query and 
integrate spatial data regarding biodiversity, habitat heterogeneity, and related information to 
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inform conservation decision-making (e.g., Department of Fish and Game ACE-II project and 
the Bay Area Open Space Council's Conservation Lands Network Explorer tool). 

4.2 Restoration Ecology and Ecosystem Management 
The history or current status of restoration ecology in the SFBA is beyond the scope of this 
review (see Williams and Faber [2001] for a discussion of restoration in the San Francisco Bay 
estuary). Active management, including restoration, of natural and semi-natural ecosystems 
will continue to be of great importance in this century, particularly in the highly fragmented 
landscape of a major urban area like the SFBA. Restoration of riparian corridors is a high 
priority, as it serves simultaneous objectives of enhancing water quality, restoring critical 
habitat, and providing corridors for wildlife movement through suburban areas, agricultural 
lands, and open space. Seavy et al. (2009) argue that riparian conservation takes on increasing 
importance in the face of climate change, to minimize negative impacts on wildlife and enhance 
habitat heterogeneity and landscape resilience.  

One subject that merits greater attention is the criteria used for selection of source material in 
restoration (see Rice and Emery 2003; Suding 2011). There is a strong tradition in conservation 
and restoration of focusing on local genotypes, both to maintain genetic diversity at a landscape 
scale and to benefit from any local adaptation of populations that have historically occupied a 
site or environmentally similar sites. In the face of rapidly changing conditions, the rationale for 
selecting local genotypes may, in part, be lost. The maintenance of genetic diversity is a priority 
target of conservation efforts, but the presumed greater success of locally adapted genotypes 
may no longer apply and may even reduce the chances of successful establishment of new 
populations. Two alternative strategies present themselves. One is a research intensive 
approach to model future climates and study patterns of adaptive variation across the range of 
a species. This would then allow the selection of optimal genotypes for future conditions, and 
this approach is being actively pursued in agriculture and forestry. In natural ecosystems, an 
alternative strategy is to intentionally plant a high diversity of genotypes collected from diverse 
environments across the range of a species, and allow the most successful genotypes to establish 
through the process of natural selection. This approach may lead to a loss of genetic diversity 
across populations at a landscape scale, but could be highly cost-effective to enhance success of 
restoration projects in the face of uncertain projections of future climate and imperfect 
knowledge of current adaptive variation within species. As species move into new communities 
and regions, either with or without human intervention, the concepts of “local source 
populations” and “native” versus “non-native” species will become increasingly ambiguous 
and will require re-evaluation. 

As a general principle, adaptive management strategies that incorporate new information and 
changing conditions will be critical to ecosystem management. Management actions may be 
intended to: resist climate change, delaying undesired effects; enhance resilience of natural 
systems, such that they can accommodate change and disturbance while maintaining essential 
ecosystems functions; or respond actively to accommodate change by facilitating ecosystem 
responses to changing conditions (CA DFG 2011). In many cases, these actions will require 
realignment of management goals, as it will not be possible to restore systems to historical 
conditions or to manage for the historical range of variability. Management targets in many 
cases will have to be based on the rapidly changing and anticipated future conditions. 
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For example, major disturbances, such as fire, disease, or strong drought, combined with 
changing climate (particularly if a series of hot or dry years follows a disturbance event), could 
trigger critical transitions in which succession follows an alternative trajectory leading to 
establishment of new vegetation types. Restoration of the previously established vegetation 
may be difficult under new climate conditions, or may not succeed in the long run as climate 
changes become progressively more extreme (see Suding 2011). In these circumstances, 
management actions that enhance establishment of new species and vegetation types not 
previously native to a site may be the best choice. Disturbances create opportunities for rapid 
spread and establishment of invasive species, and intensive management may be necessary to 
promote establishment of native plants, whether they are species that previously occupied the 
site or newly establishing populations. 

As discussed above, geographic range shifts are one of the primary responses of plants and 
animals during episodes of climate change. For some species, managed relocation (or assisted 
migration), in which new populations of species are intentionally established beyond the edge 
of the current range, may represent the only viable alternative to conserve wild populations in 
the face of climate change. A vigorous debate is under way among ecologists and conservation 
biologists regarding the necessity and wisdom of managed relocation (Richardson et al. 2009), 
as the track record of ecological surprises following accidental and intentional introduction of 
species outside their native range is cause for considerable concern. Reintroductions of 
endangered butterfly species are under way at several Bay Area sites, but we are not aware at 
this time of any proposals to translocate species from or to the Bay Area in relation to concerns 
over climate change impacts. This subject will require further discussion and analysis in the 
context of the Bay Area and California as a whole. 

Section 5: Conclusions 
The San Francisco Bay Area is a region of high priority for ongoing efforts to conserve native 
biodiversity and maintain high levels of ecosystems services in the face of twenty-first century 
climate change. The challenge in the Bay Area, as elsewhere, will be to manage for continued 
ecological change that fosters biodiversity conservation and ecosystem services. An integrated 
approach that incorporates terrestrial and freshwater ecosystems, the Bay itself, and the 
adjacent coastal and marine environments will be critical. Actions to expand the network of 
protected open space and enhance the biodiversity value of the working landscapes will 
contribute both to biodiversity preservation and the maintenance of ecosystem services in the 
twenty-first century. Conservation of heterogeneous landscapes, and improved connectivity 
among open space areas, is expected to enhance ecological resilience in the face of climate 
change. The array of academic, governmental and non-governmental organizations, combined 
with public support for environmental protection and conservation, make the Bay Area ideally 
suited to pursue innovative climate adaptation strategies, as well as research and monitoring 
efforts, that could set strong precedents in California and beyond. 
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Glossary 
C carbon 
CADFG California Department of Fish and Game 
CCD Colony Collapse Disorder 
CCSM Community Climate System Model (NCAR) 
CLN Conservation Lands Network 
cm centimeters 
CO2 carbon dioxide 
Delta Sacramento-San Joaquin Bay Delta 
GCM General Circulation Models 
GFDL Geophysical Fluid Dynamics Laboratory 
Gt gigatons  
ha hectares 
HadCM3 Hadley Centre Coupled Model version 3  
IPCC Intergovernmental Panel on Climate Change 
km kilometers 
km yr-1 kilometers per year 
km2 square kilometer 
m meters 
NCAR National Center for Atmospheric Research 
PCM Parallel Climate Model 
PCM 1 warmer, wetter parallel climate model 
RCM Regional Climate Models 
SFBA San Francisco Bay Area 
SOD sudden oak death 
SRES Special Report on Emissions Scenarios 
U.S. DOE U.S. Department of Energy 
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