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Sea Level Rise: Intertidal organisms will respond to sea level rise by shifting their distributions
to keep pace with rising sea level. It has been suggested that all but the slowest growing
organisms will be able to keep pace with rising sea level (Harley et al. 2006) but few studies
have thoroughly examined this phenomenon. As in soft sediment systems, the ability of intertidal
organisms to migrate will depend on available upland habitat. If these communities are adjacent
to steep coastal bluffs it is unclear if they will be able to colonize this habitat. Further, increased
erosion and sedimentation may impede their ability to move.
Waves: Greater wave activity (see 3.3.2 Waves) suggests that intertidal and subtidal organisms
may experience greater physical forces. A number of studies indicate that the strength of
organisms does not always scale with their size (Denny et al. 1985; Carrington 1990; Gaylord et
al. 1994; Denny and Kitzes 2005; Gaylord et al. 2008), which can lead to selective removal of
larger organisms, influencing size structure and species interactions that depend on size.
However, the relationship between offshore significant wave height and hydrodynamic force is
not simple. Although local wave height inside the surf zone is a good predictor of wave velocity
and force (Gaylord 1999, 2000), the relationship between offshore Hs and intertidal force cannot
be expressed via a simple linear relationship (Helmuth and Denny 2003). In many cases (89% of
sites examined), elevated offshore wave activity increased force up to a point (Hs > 2-2.5 m),
after which force did not increase with wave height. Since many northern sites on the west coast
of North America already experience wave heights of this magnitude, forces may not increase
with increasing Hs. On the other hand, the remaining 11% of sites examined exhibited a positive
relationship with Hs that did not level off (Helmuth and Denny 2003). At sites such as these,
larger wave forces may accrue, as well as greater wave splash and ensuring modulated
temperatures by means of chronic wetting. Also note that the above percentages reflect at least
in part the spectrum of bathymetries represented in the sites examined, suggesting that a greater
or lesser fraction of shores could be influenced by changes in wave height than implied in the
analysis of Helmuth and Denny (2003).
Population Range Shifts: Forecasting changes in marine communities is limited because of the
large number of complex interactions that can result from climate change (see 4.2 Range Shifts).
Theory predicts that species will shift their ranges towards the poles in response to warming
(Peters and Darling 1985). However this prediction is complicated by the fact that species not
only respond to climate but they also respond to other species (e.g., predators, habitat-forming
flora and fauna). For the purposes of evaluating climate change, it can therefore be useful to
focus on the response of key species that have large roles in structuring marine communities.
These species can form habitat for other organisms (e.g., foundation species such as mussels that
provide structure and refuge for infaunal organisms, or kelp that support populations of many
associated invertebrates). Alternatively, key species can be ones that have a large influence on
populations of other species (consumers such as sea urchins or sea stars).
The vast majority of marine species have planktonic larval stages that may be subject to entirely
different selective pressures than adults on the shore (Strathmann 1987). Correlations between
adult habitat “suitability” and the abundance of adults across the range thus become complex.
Many species exhibit abrupt shifts in density near range edges, raising questions about the
applicability of simplistic climatic envelope models that assume that organisms are most
abundant in the centers of their ranges (Sagarin et al. 2006). In this context, understanding that
range boundaries can potentially be set by circulation patterns per se, rather than by thermal
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constraints or other conditions local to an intertidal habitat may become critically important
(Gaylord and Gaines 2000; see 4.2 Range Shifts).

6.6 Nearshore Subtidal Habitat
The nearshore subtidal environment within the study region
includes sandy continental shelf habitat as well as rocky reefs,
which support kelp forest communities (Fig. 6.9). Primary
climate change drivers of interest for nearshore subtidal habitats
include changes in upwelling, stratification, ocean acidification,
storm activity, and sea level rise.
Upwelling: The direction of change in upwelling for the study
region is uncertain, but either scenario (increases or decreases in
intensity) will affect nutrient delivery to the nearshore subtidal.
Increased nutrient availability in the nearshore may therefore
benefit benthic macroalgae as well as phytoplankton. However, Figure 6.9. Kelp forest community.
Claire Fackler, NOAA/ ONMS.
intensification of upwelling could also alter the strength of
offshore transport, increasing the dispersion of larvae and
spores released in the nearshore subtidal, as well as enhance turbulent mixing, thus disturbing
food particle concentrations critical to larval survival (Bakun 1990; see 4.4 Population
Connectivity).
Stratification and Mixing: Thermoclines have become stronger and deeper in offshore waters in
the study region (Palacios et al. 2004; see 3.3.3 Coastal Upwelling) and a similar increase in
stratification could be expected in sheltered bays (e.g., Monterey Bay; see 6.1 Pelagic Habitat).
In offshore waters, stratification as a consequence of climate change has already been reported to
change zooplankton communities in the California Current (Roemmich and McGowan 1995). In
nearshore regions sheltered from the direct effects of upwelling, an increase in stratification
would reduce nutrient delivery to surface waters and thus to subtidal habitats, as well as decrease
offshore transport of larvae and spores. In Southern California, where stratification is observed
during summer, nitrate availability limits kelp forest productivity (Zimmerman and Kremer
1984; 1986; Zimmerman and Robertson 1985), and if conditions in sheltered northern waters
approached those found further south, it is conceivable that these important ecosystems could be
significantly altered. Further, changes in horizontal mixing and transport is expected to occur
with changes in upwelling and the associated mesoscale (10s-100s km) circulation, such as
recirculation cells in the lee of headlands. Mesoscale features are important corridors between
offshore and nearshore habitats. Climate moderates mesoscale circulation in the California
Current System, thereby affecting nearshore-offshore connections (Keister and Strub 2008).
Ocean Acidification: The northern and central California coast is especially vulnerable to
acidification because of upwelling, which transports acidified waters (under-saturated with
respect to aragonite) from offshore onto the continental shelf, potentially reaching the coastal
shallow subtidal (Feely et al. 2008). The acidified upwelled water may affect calcifying
organisms utilizing the nearshore subtidal habitat (see 3.6.2 Ocean Acidification), although,
unlike the rocky intertdal, few nearshore subtidal habitats in this region are dominated by
calcifying organisms.
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Storm Activity: Increasing significant wave heights will affect sediment redistribution and may
change the coastal topography of the area. Increased storm activity may increase precipitation in
this area, leading to greater freshwater input to the nearshore subtidal, including inputs from the
San Francisco Bay outflow. An increase in terrestrial inputs as well as storm activity will lead to
higher resuspension of sediment resulting in increased turbidity and light attenuation. Increased
turbidity will compromise kelp growth. Increased storm activity may also move nearshore kelp
forests into deeper water (Graham 1997) and create greater intra-annual variability in kelp
productivity and abundance (Graham et al. 1997). Greater turbidity may compromise the growth
and recruitment of some kelp species (e.g., Macrocystis) while promoting others (e.g.,
Nereocystis). For kelp forest communities on rocky reefs (which form a physical habitat for reefassociated species), increased storm activity may also increase dislodgement of kelp holdfasts
resulting in a loss of physical habitat for kelp forest associated species (Seymour et al. 1989;
Graham et al. 1997). Some of these effects may also be modulated by alterations in mean
transport, perhaps tied to alterations in upwelling phenomena, through subtle interactions
between waves and currents (Gaylord et al. 2003). The loss of kelp forests can have further
effects due to their immense importance as subsidizing agents to other communities. Dislodged
kelp biomass serves as a critical food resource both to deep-water ecosystems as well as for
intertidal and (in particular) beach fauna (ZoBell 1971; Harrold et al. 1998; Vetter and Dayton
1999; Colombini and Chelazzi 2003).
Sea Level Rise: Sea level rise will affect kelp forest communities on rocky reefs in the nearshore
subtidal (Graham et al. 2003, 2008). Increased sea level will decrease light availability to sessile
macroalgae and cause a shoreward migration, which will depend on available rocky substrate at
shallower depths. Sea level rise may also change the shape of the coastline and substrate
composition (i.e., rocky vs. sandy shores; Graham 2007), and thus impact the availability and
living conditions of macroalgae and their associated species.

6.7 Estuarine Habitat
The physical structure of estuarine habitat is likely to undergo significant changes in the face of
changing climates. Sea level rise is among the most important climate change factors forcing
changes in the physical structure of estuarine systems in the coming decades. Other factors such
as increasing air and sea surface temperatures and CO2 may interact with sea level rise to
influence the physical environment of these habitats. Climate change is also projected to result
in changes in oceanographic and atmospheric linkages resulting in changes in ocean currents and
storm cycles that will likely influence estuarine geomorphology. Finally, the hydrological cycle,
including rainfall and outflow from rivers into estuaries will also influence the transport and
deposition of sediments with long-term consequences for the physical structure of California
estuaries.

Figure 6.10 Left: Bolinas Lagoon, CA. GFNMS Photo Library. Right: Tomales Bay, CA. Brad
Damitz NOAA/GFNMS.
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Sea Level Rise: Despite the certainty of rising sea levels, much uncertainty surrounds the longterm effects of sea level rise on the physical habitats of estuaries. Many other factors can
potentially interact with climate change to influence the rates at which tidal elevation is altered
and consequently the extent to which estuarine habitat is lost. For instance, increasing
inundation may be offset by increased rates of inorganic sediment deposition (Friedrichs and
Perry 2001). Also, increasing CO2 levels may also result in greater production of C3 plants
thereby increasing rates of organic deposition (Morris et al. 2002; Körner 2006). However, this
increased deposition could, in turn, be offset by increased freshwater intrusion, which can
increase rates of decomposition (Weston et al. 2006). In particular, estuarine habitats more
dependent on organic rather than inorganic deposition may be more subject to the influences of
changes in sea level (Stevenson et al. 1986). Sediment supply remains an important if not
completely understood indicator of wetland and estuary resiliency.
An important factor that will influence estuarine response to sea level rise is the ability of
estuaries to migrate where the upland border abuts roads, levees or other armored structure or by
natural steep slopes or bluffs. This upper border may result in an accelerated loss of habitat as
has been demonstrated for sandy beaches (Fletcher et al. 1997; Dugan et al. 2008). It also may
severely limit the upland migration of estuarine plants and animals as rising sea levels inundate
lower tidal elevations (Dugan et al. 2008). Areas where estuarine upland borders are partly or
entirely surrounded by armored structures or by bluffs and slopes are therefore significantly at
risk of habitat loss.
Coastal lagoon habitat types, such as those occurring in Bolinas Lagoon (Fig. 6.10), have been
modeled in detail (PWA 2006). Each estuarine habitat type will respond differently based on the
overall response of the individual systems. Brackish and salt marsh estuarine habitats are likely
to be exposed to salt water more frequently and at higher elevations. This expansion of subtidal
wetlands will increase the area for wind wave formation potentially accelerating erosion along
the marsh edges. Along estuaries with unarmored barrier spits (e.g., Drakes Estero) overwash
events will be more frequent, depositing sediment on the inland side of the spit. These overwash
deposits generally form small deltas, which over time can result in a “rollover” of the spit, or
landward migration of the entire spit toward the mainland. This “rollover” may reduce the tidal
prism and flushing characteristics of the lagoon and potentially lead to changes in frequency and
duration of breaching events. In estuaries unconstrained by development, infrastructure, and
landscapes, the wetland habitats will likely migrate inland and upward to remain in balance.
However, in locations where development, infrastructure, and landscapes constrain or border
wetlands, intertidal wetlands habitats may be lost as indicated above.
Among the most sensitive species to sea level rise in estuarine habitats are shorebirds, because of
their dependence on exposed intertidal mudflat habitats for foraging. Studies of restoration
planning efforts have shown the importance of tidal elevation for maintaining populations of
foraging shorebirds (Stralberg et al. 2008; Goss-Custard and Stillman 2008). Other studies have
indicated that sea level rise may have negative effects on foraging budgets of individual
shorebirds and influence choice of foraging habitats, such as movement from bays to outer coast
areas (Durell et al. 2006, Goss-Custard and Stillman 2008). Sea level rise is also likely to
strongly influence the plant and animal communities of the nearshore benthos (Scavia et al.
2002).
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Freshwater Input: Estuaries with regular and substantial inputs of freshwater may be influenced
by changes in watershed outflow (Kimmerer 2002). Predictions for much of California suggest
that the amount of water entering estuaries will have increased interannual variation (Cayan
2008). However, equally influenced may be estuaries where the outflow and connection to
coastal marine waters may be seasonal or intermittent (Largier and Taljaard 1991). These ‘barbuilt’ estuaries, which include Estero Americano and Estero de San Antonio in GFNMS, are
strongly influenced by the creation of sandbars that are in turn affected by changes in the
magnitude and variability of runoff (Kensch 1999).
Changing patterns of precipitation and consequently outflow may have significant affects on the
biota of estuaries as well (Kimmerer 2002). Predictions for much of California suggest
increasingly interannual variability in rainfall and outflow patterns (Cayan et al. 2008). Current
predictions suggest that these increasingly variable flows may favor the invasion of coastal
estuaries by invasive species. These changing patterns of outflow will mean that there will also
be increasing changes in the salinity gradient with substantial consequences for estuarine biota.
Increasing storm activity will also potentially alter estuarine geomorphology due to greater
transport of sediments into estuaries from both ocean and watershed sources (Hoyos et al. 2006;
Day et al. 2008). Storm activity will interact with other cyclic phenomena, such as the El NiñoSouthern Oscillation and the Pacific Decadal Oscillation, to influence estuaries in complex ways
(Day et al. 2008).
Temperature: Increasing water and air temperatures are magnified in estuaries relative to the
outer coast and are important drivers of community and ecosystem responses in estuaries.
Increasing water temperatures can result in the range expansion of both native and non-native
species into new areas (Williams and Grosholz 2008), and can have significant demographic
effects as well. For instance, temperature increases have been responsible for the disappearance
of the marine bivalve, Macoma balthica, in Northern Spain. Common in study region mud flats
from San Francisco Bay north, the Baltic clam experienced elevated temperatures in Northern
Spain, (> 300C) increasing metabolic rates and resulting in eventual starvation. M. bathica
disappeared from the northern Spanish coast because of increasing summer maxima during past
decades (Jansen et al. 2007). The impacts of increasing water temperature on intertidal plants
can affect desiccation stress and may interact with nutrient dynamics, tolerance to soil conditions
and recruitment from seed vs. vegetative growth (Levine et al. 1998). Increasing temperatures
may also alter interactions between marine plants and their herbivores (O’Connor 2009). In
addition, increased temperatures may generally put greater stress on plants and animals and
magnify problems with parasites and pathogens. For instance, Poulin and Mouritsen (2006)
found increasing evidence that parasites such as trematodes are extremely sensitive to
temperature increases of less than four degrees Celsius, causing amphipod population crashes.
Relatively small perturbations may translate into large alterations of mud flat communities.
Ocean Acidification: Ocean acidification may adversely affect estuaries because they are subject
to freshwater input that lowers buffering capacity as well as intrusion of upwelled waters from
the adjacent coastal ocean. Increasing atmospheric CO2 will also disproportionately influence C3
plants (Mayor and Hicks 2009). Current studies from experimental CO2 enrichment arrays show
that increasing levels of CO2 can influence the relative above and below ground growth of plants
and favor C3 plants relative to C4 plants. Long-term studies have not found that these effects
continue without the expected effects of nitrogen limitation. In addition, the additional
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production may increase the role of estuarine plants as a carbon sink with implications for the
future carbon budgets (Mayor and Hicks 2009).
Ocean acidification will likely cause serious and unknown effects in mud flat community
structure. Alvarado-Alvarez et al. (1996) found at a pH of < 8.5 the Pismo Clam (Tivela
stultorum) had decreased fertilization and embryo development rates. Similarly, Green et al.
(2004) found that the clam Mercenaria mercenaria showed juvenile shell dissolution leading to
increased mortality at aragonite saturation states of 0.3 ( arag). The authors found that the
removal of the surface layer would expose the reduced organic rich deposits to oxidation
resulting in reduced pH and carbonate undersaturation. Shell dissolution is a recognized source
of mortality for juvenile bivalves and has serious implications as populations can be modified by
thermodynamic conditions encountered by juveniles (Gosselin and Qian 1997). Freshwater
inundation could also lower the pH of estuaries by reducing the buffering capacity of estuaries
with lower salinities, higher organic inflows and more acidic freshwater. These are conditions
found in Tomales Bay (Smith and Hollibaugh 1997; Marshall et al. 2008).
Transport: Finally, climate change is likely to alter linkages between atmospheric and
oceanographic forces resulting in changes in upwelling, coastal advection and variety of
processes influencing the transport of organisms within and between estuaries (Gawarkiewicz et
al. 2007). These changes in coastal ocean transport processes are likely to result in changes in
the frequency or magnitude of delivery of plankton and various larval and adult dispersal stages
among estuaries (Harley et al. 2006). Therefore, the degree of connectivity among populations
and communities, both from a population genetic and a population dynamic perspective, are
likely to be altered with unknown consequences.
Mudflats: Estuarine mud flats, in contrast to
other intertidal soft sediment habitats such as
sandy beaches, cannot develop in the presence
of wave action and need a source of fine grain
sediments (Lenihan and Micheli 2001). Mud
flats are located in partially protected bays,
lagoons and harbors. Examples within the
study region include: Pillar Point Harbor,
Bolinas Lagoon, Esteros Americano and de
San Antonio, Tomales Bay (Fig. 6.11) and
Figure 6.11 Mudflats in Tomales Bay, CA. Dan
Bodega Bay. Mud flats will be threatened by
Howard.
sea level rise, ocean acidification, organic
loading and sea surface temperature change. Low lying muddy shores are most vulnerable to sea
level rise with accompanying stronger tidal currents, wave action and changes in salinity. This
will result in sediment starvation, erosion and the eventual loss of this coastal ecosystem (de la
Vega-Leinert and Nicholls 2008; Lebbe et al. 2008; Callaway et al. 1997). Mud flats with
hypsometric characteristics (an extensive intertidal area and a restricted inlet) will be particularly
sensitive to sea level rise (French 2008). Deteriorating sediment conditions are thought to be
responsible for declining recruitment success in Wadden Sea cockles (Beukema and Dekker
2005). Salt water inundation will cause vegetation changes as more saline water replaces
brackish and fresh water (Callaway et al. 2007). For example, at Pillar Point, this would impact
the upstream brackish water cattail (Typha spp.) and freshwater willow (Salix spp.) marshes.
Page 79

7. Parallel Ecosystem Stressors
Through both land and marine-based activities, there is no area of the ocean that is not affected
by humans. Halpern et al. (2008) estimate that two-fifths of the ocean is affected by multiple
human influences, or “stressors.” Stressors are defined as variables that adversely affect an
organism’s physiology or population performance in a statistically significant way (Vinebrooke
et al. 2004; Barrett et al. 1976; Auerbach 1981). Often time these stressors do not function
independently, but instead interact to produce combined impacts on biodiversity and ecosystem
health (Vinebrooke et al. 2004; Breitburg et al. 1998; Frost et al. 1999; Schindler 2001). Some
examples of interacting ecosystem stressors within the study region include pollutants and
contaminants, invasive species, fishing activities, harmful algal blooms, disease, habitat
modification, wildlife disturbance, and potentially the future development of offshore energy
projects (both conventional sources such as oil and gas, and alternative energy sources such as
wave and tidal energy). Both locally induced stress and climate change stress reduce the
resiliency of ecosystems – the ability of the ecosystem to respond to further change (see box:
Ecosystem Resilience). Thus, in order to assess the possible impacts of climate change on
ecosystems in the study region, the existence (or anticipated development) of parallel stressors
due to local human influences must also be recognized.

7.1 Pollutants and Contaminants
To highlight the influence of pollutants on the study region, the San Francisco Bay Estuary alone
carries a pollution load generated by approximately eight million people living in the San
Francisco Bay Area as well as effluent
from the agricultural Central Valley, via
the Sacramento and San Joaquin rivers.
Contaminants – including agricultural and
livestock waste, wastewater, sewage
outfalls, historic mining and industrial
wastes – can be carried into the study
region via the freshwater outflow from
San Francisco Bay (i.e., the San Francisco
Bay plume; Fig. 7.1). The plume extends
as far as the Farallon Islands and Cordell
Bank after heavy rainfall (unpublished
data); and carries nutrients during spring
and summer that stimulate phytoplankton
growth within the study region.
Figure 7.1: San Francisco Bay plume from space. NASA.
http://www.nasa.gov/mission_pages/station/main/iss004e1028
8_feature_prt.htm.

The study region’s coastal waters,
particularly the estuarine habitats of Bolinas Lagoon, Tomales Bay, Estero Americano and
Estero de San Antonio, are vulnerable to non-point pollution from a variety of sources including
runoff, agriculture, livestock grazing, marinas and boating activities, dumping, historic mining,
and improperly treated effluent from aging and undersized septic systems. Land-use activity and
development are increasing in Dillon Beach and the Bolinas Lagoon area. Tomales Bay, Bolinas
Beach, Muir Beach, and Esteros Americano and San Antonio are listed as impaired under
Section 303(d) of the Clean Water Act because they do not meet water quality standards for
Page 80

Chapter 7

Parallel Ecosystem Stressors

specific pollutants, such as mercury (from past mining), pathogens, sediments or nutrients.
Precipitation intensity is expected to increase with climate change, exacerbating the control of
non-point source pollution.
A major but often overlooked consequence of climate change is the effect on ocean chemistry
beyond the calcium carbonate system (Doney et al. 2009). For example, the release of
methylmercury3 from sediments is favored in conditions of lower salinity, lower pH, anoxia, and
greater temperature (Ullrich et al. 2001). Climate change may therefore increase the
bioavailability of contaminants to marine organisms, which when combined with other climate
change stressors (e.g. temperature extremes), may push organisms past their ecological tipping
point. Changing freshwater runoff schedules combined with increased fire frequency may also
affect the delivery and availability of contaminants to coastal watersheds.
In addition, oil spills can greatly impact marine mammals, seabirds and other natural resources in
and around the study region. All transiting vessels carry crude oil, bunker fuel, and/or other
hazardous material, and therefore potentially pose a risk. Over 6,000 commercial vessels
(excluding domestic fishing craft) enter and exit the San Francisco Bay every year. Just fewer
than 25% of the vessels are tankers of intermediate size and about 5% are large vessels. Other
vessels that transit through the study region include: container ships, bulk carriers, chemical
carriers, military vessels, research vessels, cruise ships, and tugs. Large cargo vessels are of
particular concern because they can carry up to one million gallons of bunker fuel, a heavy,
viscous fuel similar to crude oil (GFNMS Management Plan 2008).

7.2 Invasive Species
Changing climates can influence both the process and the consequences of invasion (Dukes and
Mooney 1999) however, there are few studies of the intersection between climate change and
invasions in marine systems (Occhipinti-Ambrogi 2007). Among the most important aspects of
climate change for marine invasions are increasing sea surface temperatures and changes in wind
driven surface currents. These can potentially alter both the frequency of transport of dispersal
stages of invaders among locations (e.g., invaded and not) influencing the likelihood of spread
and establishment in new locations. Stachowicz et al. (2002) examined long-term data in
recruitment of native and invasive tunicates relative to winter minima and summer maxima in
sea surface temperatures. They found that increasing sea surface temperatures resulted in both
earlier and greater recruitment of invasive species as well as increased growth rates of invasives
relative to natives. They predicted that increasing temperatures will lead to greater success of
invasive species. Changing temperature regimes could also influence human-mediated pathways
including shipping vectors by changing commercial activity or shipping routes due to potentially
extended shipping seasons or new ice-free shipping routes (Hellman et al. 2008). Increasing sea
surface temperatures and changing ocean current systems could increase the degree of habitat
matching between invaded and uninvaded sites, facilitating the spread or establishment of new
invaders (Herborg et al. 2007). Other climate factors such as increasing atmospheric CO2 would
favor C3 over C4 plants, thus potentially affecting competition among marine plants (Craft et.
2009).

3

Methylmercury is a potent neurotoxin that is readily accumulated by aquatic organisms and can be passed onto
humans via consumption of contaminated fish and invertebrates.
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Increasing ocean acidification associated with increasing CO2 (Feely et al. 2008) could influence
species interactions and success of invading species in numerous ways, such as predator-prey
interactions among invasive whelks and native prey. Projected rise in sea levels along the
California coast may shift species interactions, particularly in urbanized estuaries or other
‘armored’ habitats where migration to higher tidal elevations is restricted (Heberger et al. 2009).
Estuaries with reduced tidal exchange (microtidal) experience slower rates of vertical accretion
resulting from the accumulation of organic matter. Therefore, species in these estuaries may be
at greater risk of inundation due to sea level rise than species in estuaries with greater tidal
exchange (mesotidal), where more rapid accumulation of inorganic sediments may be more
likely to compensate for rising sea levels (Stevenson and Kearney 2009). This could favor
introduced species more tolerant of increased tidal inundation relative to natives. Lastly
projected increases in storm intensity and frequency and changes and resulting changes in coastal
geomorphology (Day et al. 2008) could provide more opportunity for spread of opportunistic
coastal invaders. In summary, climate change is likely to interact with coastal invaders in ways
that are likely to increase their impacts, facilitate their spread and necessitate additional
management actions.

7.3 Fishing
The study region currently supports active commercial and recreational fisheries that are
managed by the State of California and the National Marine Fisheries Service, but fishing, when
combined with habitat destruction, poor recruitment, and anomalous oceanographic conditions
can contribute to declines of some marine species (Barnes and Thomas 2005; Ralston 2002).
Impacts on marine ecosystems from fisheries exist in three main areas: 1) overfishing of a
population; 2) physical impacts on habitat due to gear type; and 3) incidental take of non-target
species or “bycatch” (Keller et al. 2008). Although local fisheries are managed for sustainable
yield, if a fishery population is overstressed or overfished, it becomes more susceptible to the
effects of climate change as well as other human induced stressors and the average life span,
reproductive success, and larval quality of a fish population can be reduced. Thus, making it
more vulnerable to both short- and long-term changes in the physical ocean environment. If
exploitation occurs of a single keystone species, an ecosystem can become destabilized, making
it more vulnerable to the effects of climate change (Keller et al. 2008). In addition, lost fishing
gear can become entangled on the seafloor and could lead to damage of sensitive habitats that
provide food and shelter for invertebrates and fishes (Barnes and Thomas 2005). Significant
amounts of derelict fishing gear have been documented in rocky areas of Cordell Bank (ONMS
2009). Also, selected open ocean fisheries have contributed to bycatch of seabirds (Forney et al.
2001), pinnipeds, cetaceans (Read et al. 2006) and sea turtles (Spotila et al. 2000).

7.4 Harmful Algal Blooms
Harmful Algal Blooms (HABs) are now generally recognized as occurring over a wide range of
oligotrophic to hyper-nutrified habitats, and appear to be expanding globally (Anderson et al.
2005; Glibert et al. 2005; Kudela et al. 2005). Unlike many other ecosystems impacted by HABs,
upwelling systems worldwide are dominated by a common set of physical parameters and are
likely to respond similarly to changes in physical forcing, regardless of locale. This forcing
includes drivers on many spatial and temporal scales, particularly El Niño cycles, the Pacific
Decadal Oscillation, and the North Pacific Gyre Oscillation, as well as trends related to global
climate change.
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An example of the response of harmful algae to climate change in the study region may be seen
in the observed increase in dinoflagellates in Monterey Bay over the last decade. Using data from
the Santa Cruz Wharf in Monterey Bay, California, Jester et al. (2009) documented a dramatic
shift in phytoplankton community structure starting in 2004, resulting in an increasing
dominance of dinoflagellates and a corresponding decrease in diatoms. With this shift, Jester et
al. (2009) reported a concomitant increase in HAB problems associated with dinoflagellates
(paralytic shellfish poisoning, diarrhetic shellfish poisoning, red tides, including fish and
shellfish killing red tides). Jessup et al. (2009) also documented, for the first time, a harmful
event linked to what was previously assumed to be a harmless red tide organism. While it is only
suggested that these events may be linked to climate change (as opposed to other oscillations in
the oceanic environment), they provide a glimpse at what a warmer California Current may look
like in terms of harmful algae.
Climate predictions also indicate that the timing and intensity of terrestrial runoff will be
modified, both as a function of precipitation patterns and indirectly by changing the snowpack in
California (Barnett et al. 2008; see 3.2 Precipitation and Land Runoff). These changes will
almost certainly have secondary effects on harmful algae, particularly in estuarine systems.
Recent evidence points to the importance of anthropogenic nutrients on the development and
proliferation of harmful algae in California (Anderson et al. 2008; Kudela et al. 2008). Changes
in the hydrological cycle, as well as long-term trends in coastal (human) populations and nutrient
discharge, could result in dramatic shifts in the timing, intensity, and duration of HAB events,
resulting in both positive and negative changes. For example, a recent study in the western
English Channel linked climate-driven changes in rainfall to a large increase in diatom blooms
and a simultaneous increase in phosphorous limitation by Prorocentrum minimum (a HAB
organism) due to changes in nutrient availability and stratification (Rees et al. 2009).

7.5 Disease
The prevalence of disease in marine ecosystems has been projected to increase in response to a
warming climate (Harvell et al. 2002). These increases have been documented in corals,
seagrasses, oysters, and sea urchins and may act in concert with climate change to reduce the
abundance of marine organisms (Harvell et al. 1999). This is because warming can result in
increased pathogen development and survival rates, as well as favoring transmission and host
susceptibility. One such link has been suggested for black abalone (Haliotis cracherodii) that can
be afflicted with “withering foot syndrome4”. Greater temperatures appear to increase mortality
of abalone infected in lab experiments (Friedman et al. 1997) and in the field (Tissot 1995).
Furthermore, observations suggest that the disease is spreading from parts of southern California
to the north (Raimondi et al. 2002).
In the North Sea, pinniped (seals, walruses, sea lions) populations experienced mass mortalities
caused by a virus linked to increased temperatures and high population densities (Lavigne and
Schmitz 1990). In this case, small increases in air temperature caused the mammals to ‘haul out’
and bask in extremely high densities, resulting in increased contact and facilitating the spread of
the disease. Rising sea level could additionally interact with disease transmission by decreasing
available haul out area and thereby increasing densities for transmission.
4

Withering foot syndrome is caused by a bacterium that infects the gastrointestinal tract of abalone, inhibiting the
production of digestive enzymes (Friedman et al. 2000).
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7.6 Wildlife Disturbance
Halpern et al. (2009) mapped the cumulative impacts of 25 human activities and found that
central California is one of the most heavily impacted areas within the California Current. With
increasing human populations, and more individuals migrating to coastal areas, pressures on
marine resources will intensify (Halpern et al. 2009) and access to nearshore and offshore
environments will become easier. Nature tourism activities, such as wildlife viewing from
aircrafts, boats, kayaks and land (including wildlife photography and videography) will also
continue to increase. These activities have the potential to harm wildlife and disrupt breeding,
feeding, nesting, roosting, young-rearing and mating rituals.
High levels of disturbance, including frequent interruptions of natural behaviors or a single
severe event, can impact wildlife; examples of marine mammal disturbances include mother and
pup separation; stampedes; and disrupted nursing activities (Allen et al. 1984; Becker et al.
2009). Breeding and roosting seabird species, particularly those species that nest or roost on
cliffs or offshore rocks, are highly susceptible to human disturbances (Carter et al. 1998; Carney
and Sydeman 1999). These disturbances can cause nesting seabirds to flee from and abandon
their nests, leaving eggs or chicks exposed to predators, or causing eggs to fall from the nest. In
some cases, disturbances can cause complete breeding failure of a seabird colony, and/or colony
abandonment. These disturbance events can result in a reduction in the long-term health and
survival of affected marine species, and when coupled with changing oceanic conditions and
other human induced stressors, cumulative small impacts can impart large-scale harm.

7.7 Wave and Wind Energy
An emerging issue within the study region is the anticipated development of Wave Energy
Conversion (WEC) devices, as the wave regime north of Point Conception provides an ideal
amount of wave energy for a viable industry (PIER 2007). As the first experimental WEC
devices were deployed only recently (in Europe), the impact of wave energy development on the
study region is uncertain, and it may impose negligible stress on the ecosystem with careful
planning. An outline of possible environmental issues was prepared by Nelson et al. (2008) for
the California Energy Commission. First, there is concern about possible direct impacts due to
construction and maintenance of the devices offshore and associated cables to the shore. Further,
there is concern that intensive use of these devices may change nearshore waves and nearshore
wave-driven processes, resulting in possible changes in beach morphology, estuary mouth
conditions, and the alongshore transport of sediment and other water-borne materials (including
contaminants). Also, for both rocky intertidal and subtidal communities, a reduction in wave
energy could influence species zonation, as well as species distribution and abundance.
Additional effects could be caused by changes in disturbance regimes, sediment deposition, and
flow characteristics of a site (Nelson et al. 2008). It may be possible to address all of these
concerns, but studies of specific WEC plans remain to be done.
The four types of WEC devices that could potentially be used within the study region (point
absorbers, attenuators, overtopping devices, and oscillating water columns), will cause initial
disruptions to the seabed due to drilling and/or anchoring, and the running of transmission cables
to the shoreline. Some of these, such as overtopping devices, also have the potential to result
in entrainment (organisms are drawn in with seawater) or impingement (organisms are collected,
typically on screens) of fish and invertebrates. Construction activities could also decrease
photosynthesis due to increased turbidity, as well as cause vibration and noise impacts.
Page 84

Chapter 7

Parallel Ecosystem Stressors

Additionally, release of contaminants, changes in electromagnetic fields, and the introduction of
hard substrate to soft bottom habitats can all have negative impacts on the nearshore marine
environment (Nelson et al. 2008). However, there may also be positive/synergistic
consequences, for example, the introduction of hard substrate is similar to the creation of an
artificial reef which may provide valuable habitat (although there is the risk that this new habitat
will be colonized by invasive species).
In addition, WEC devices could affect top predators in the marine ecosystem. Seabirds face the
risk of collision with the devices both above and below the water’s surface, as well as
disturbance to breeding colonies, the release of oil or hydraulic fluids, and changes in prey base.
Year-round residents of the study region such as Common Murres, cormorants, and
Marbled Murrelets have the greatest risk of negative impacts. Risks to marine mammals include:
collision with the devices, disruption of migratory pathways, release of oil or hydraulic fluids,
changes in food availability, disruption of sensory systems, and disturbance to haul-out and
rookery sites. Another possible concern is if there were enough large-scale WEC arrays along the
California coast to block the migratory pathway of the entire population of eastern gray whales
(Nelson et al. 2008).
Offshore wind generated electricity poses similar potential threats to marine ecosystems as
WECs during construction, operation, and decommissioning of turbines. For seabirds, the risk of
collision with wind turbine blades is of added concern, and birds may possibly need to exert
more energy to avoid collisions and maintain their navigation while migrating (Minerals
Management Service 2006). At present, there are no plans for developing wind energy in this
region, and it is unlikely given the depth of the continental shelf.
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Ecosystem Resilience
Ecosystem resilience is the extent to which ecosystems can absorb recurrent natural and human
perturbations and continue to regenerate without slowly degrading or unexpectedly flipping into
alternate states (Hughes et al. 2005). Resilience and alternate states are often conceptualized with
a ball model where the “valleys” represent different states and the adjacent “peaks” represent the
activation energy needed to shift the system into an alternate state (Fig. 7.2). Resilient systems
would sit deep within a valley, requiring large forcing to flip to an alternate state.

Figure 7.2. The conceptual "ball and valley" model of alternate stable states. An initial state will remain unless the
"activation energy" required to shift states is reached through a change in the system (e.g., natural disturbance,
removal of key species, disease, etc.). The end state is resilient to reversion to the initial state. Adapted from Folke
et al. (2004).

Common marine examples of regime shifts include kelp forest transitions to urchin barrens and
coral reefs that shift to algae dominated reefs. In these examples, state shifts were likely caused
by the loss of resilience of the initial state by a variety of forces. These forces are natural and
anthropogenic in nature and include: over-exploitation, pollution, natural disturbance, habitat
destruction, and changes in water use (termed “gradual changes”, sensu Folke et al. 2004). It is
not these forces that induce a regime shift, rather it is a trigger, often times a climate event such
as a heat wave or storm. Therefore, measures to prevent regime shifts should focus on managing
these gradual changes in order to maintain ecosystem resiliency in the face of global change
(Folke et al. 2004). As a recent example of the importance of these gradual changes, Russell et
al. (2009), demonstrate the combined effect of ocean acidification and nutrient pollution on the
formation of sub-tidal algal turf in place of understory calcifying algae. The authors point out
that while ocean acidification is beyond the control of managers; nutrient pollution is a stressor
that can be addressed locally, potentially increasing the resiliency of these ecosystems.
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8. Direct Impacts on Humans
In addition to a multitude of impacts on marine ecosystems, there are many effects climate
change will have on human populations living and working along the coast. The focus of this
document is not to provide a socio-economic analysis of impacts to humans from climate
change, yet it is important to note these impacts as part of the larger biophysical system. Human
impacts will lead to adaptive management and planning responses that in turn affect coastal
ecosystems. Issues of particular concern in coastal communities include: water quality; health
consequences of toxic algal blooms; shoreline safety; and economic impacts to natural assets
(such as beaches), physical infrastructure (such as electrical utility facilities), residential and
business infrastructure, and businesses that rely on ocean commodities such as fisheries.

8.1 Water Quality
Water quality within the study region is threatened by a number of factors including oil
pollution, non-point source pollution, urbanization and watershed development. In 2005, it was
estimated that 27 million gallons per day (mgd) of sewage and 406 million tons of sewage sludge
per year was deposited directly into the Pacific Ocean in the San Francisco region (Heal the
Ocean 2005). While the City and County of San Francisco discharges 18 mgd of secondarytreated sewage in deeper waters 3.75 miles offshore, Daly City discharges 6.8 mgd of secondary
treated sewage only 2,500 ft. from shore in 32 ft. of water and Half Moon Bay discharges 22
mgd of secondary treated sewage only 1,900 ft. from shore in 37 ft. of water. In addition, a
number of stormwater outfalls discharge combined effluent treated stormwater and treated
sanitary flow directly onto beaches in San Francisco, resulting in periodic beach closures. As
ocean temperature rises, the nutrient inputs from wastewater discharge to the ocean, may
contribute to increased toxic algal blooms and poorer beach water quality. Flood waters from
increasingly intense storms and early snowpack melt will carry a greater load of nutrients and
contaminants into the Pacific Ocean.
Wastewater treatment and discharge infrastructure, as well as septic systems along the coastline
will also be impacted by rising sea level, with deleterious effects on water quality within the
study region. Combined (stormwater and sewage) wastewater transport facilities in Daly City
(Vista Grande canal and tunnel) and in San Francisco (Westside transport/storage box under the
Great Highway along Ocean Beach) would be impacted as sea level rise interferes with discharge
from outfalls along the coast, or if increased storm intensity, storm surge and/or wave run-up
inundate these storage and transport facilities beyond capacity. The Westside transport under the
Great Highway, while buried 50 feet, is not reinforced to withstand coastal erosion and is only
partially protected by existing seawalls (not designed to accommodate 1.4 m of sea level rise)
seaward of the transport box. The Daly City outfall at Fort Funston is currently being redesigned where it has been exposed as a result of severe bluff erosion (2 ft yr-1 over 50 years in
the Merced formation). Twenty-two wastewater treatment facilities inside San Francisco Bay as
well as the Mid-Coastside Sewer Authority treatment plant in Half Moon Bay, have been
identified as vulnerable to sea level rise and could further degrade local waters if not mitigated
(Heberger et al. 2009). Additionally, rising sea level is expected to inundate numerous hazardous
waste sites within San Francisco Bay, and compromise levee systems in the Delta and Central
Valley.
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8.2 Health Consequences of Harmful Algal Blooms
Numerous septic systems exist directly adjacent to the study region at Stinson Beach, Seadrift
Lagoon, and Tomales Bay and along the San Mateo and Sonoma County coastlines. Septic
systems in sand substrates adjacent to beaches may add nutrients (particularly nitrogen and
phosphorous) that can trigger harmful algal blooms (HABs) via submarine discharge of nutrientenriched groundwater into the surf zone (de Sieyes et al. 2008). Other septic systems exist
adjacent to creeks that drain to Tomales Bay or the ocean, or on bluff tops where seeps discharge
onto Sanctuary beaches (for example at Muir Beach). Harmful algal blooms are increasing in
frequency, intensity and duration in all aquatic environments on a global scale.
While only a small component of the phytoplankton community consists of harmful species,
there are a number that produce poisoning syndromes in California. These include the
following: diatoms from the genus Pseudo-nitzschia, which cause amnesic shellfish poisoning
and have resulted in beach closures in California; dinoflagellates from the genus Alexandrium
that constitute “red tides” and cause paralytic shellfish poisoning, resulting in closures to the
shellfish industry in both California and in the Pacific Northwest; and species of cyanobacteria
(blue green algae including Anabaena and Microcystis) found in fresh, brackish and marine
waters that cause cyanobacterial poisoning. Blue green algae (BGA) blooms occur regularly in
Rodeo Lagoon, and in coastal rivers in northern California where numerous dog deaths have
been attributed to toxins associated with cyanobacteria (Humboldt County Department of Health
and Human Services, 2006). BGA blooms usually occur in eutrophic waters associated with
high nutrient loads (especially phosphorous) from agricultural or urban runoff, or failing sewage
disposal systems. Future climate change scenarios all favor harmful BGA blooms in eutrophic
waters (Pearl and Huisman, 2009). Humans and other animals are exposed to HAB toxins from
eating contaminated fish or shellfish, drinking contaminated water, inhaling aerosolized
contaminants (which can lead to respiratory illness5) during water-related activities, or by
contacting contaminated water.

8.3 Shoreline Safety
Public safety along the outer coast will be impacted both by accelerated coastal cliff and bluff
erosion, as well as by increased magnitude and frequency of winter storms with large waves,
dangerous currents and increased water levels. The projected trends of increased storm energy
are likely to result in more powerful rip currents as higher water levels set up stronger offshore
flows. The increased overall wave energy may result in deeper, better defined, more stable and
powerful rip currents (P. Barnard, personal communication), all of which can lead to increased
drownings.
Every year hundreds of rescues occur when visitors, dogs and even horses get too close to the
edge of coastal bluffs, or when people attempt to climb up and down steep cliffs. These
accidents endanger or result in the death of visitors, but also endanger the rescuers. Helicopter
rescues are often the only safe means of evacuating or recovering the victims; and may occur in
sensitive resource locations. Bluff and cliff edges are attractive to visitors enjoying the scenery
along the coast. Trails, roads and overlooks are often designed to provide these vistas. Coastal
erosion is already reclaiming popular trails and roads in areas like Devil’s Slide, Fort Funston
5

Algal blooms have been documented in Florida to result in respiratory illness from breathing toxins at the seashore
(Moore, 2008).
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and the Marin Headlands. Maintenance is challenging or impossible resulting in closure and/or
relocation of roads and trails. These trends, and associated exposure of visitors to dangerous
conditions, are likely to increase greatly over the next century with projected climate change.

8.4 Economic Impacts
The north-central coast of California6 thrives with abundant and diverse wildlife and natural
beauty as well as important and diverse cities, towns, industrial communities and other built
environments. As scientists release climate change impact scenarios for this region, it becomes
possible to identify where losses might be greatest and to plan mitigation strategies.
With a total population of 2,576,559 in the six coastal counties within the study region, and
population densities ranging from 24.6 people/square mile in Mendocino County to more than
17,000 people/sq. mile in San Francisco County (Kildow et al. 2008), this unique area has a high
percentage of population and structures at risk from a 100-year flood with a 1.4 meter sea level
rise along the Pacific Coast (Heberger et al. 2009).7 This section provides an overview for shortand long-term economic impacts that will affect those who live and work along the north central
coast. While there are several types of potential costs that will be incurred from climate change
impacts to this area, this section focuses on the current values of what could be at risk, and the
implicit replacement values for these assets should they be lost.8
Three types of economic values can be estimated that relate to projected climate change impacts
along California's north central coast: 1) natural assets not traded in the market place, such as
beaches, estuaries, watersheds, natural harbors, and designated state parks; 2) large and essential
physical infrastructure such as electrical utility facilities, waste disposal and waste treatment
plants, water delivery systems, refineries, and transportation infrastructure, such as airports,
seaports, railroads, surface highways and streets, and telecommunications facilities; and 3)
business, industrial and residential structures, the taxes they generate, and their human
dimensions of jobs, wages, and business productivity that generate local, state and federal
revenues. In this third category, the fishing industry—commercial and recreational—and the
tourism industry are particularly tied to the local economies of the region. For San Francisco
County, the transportation sector also is very important.
8.4.1 Natural Assets
Beaches are one of California’s most valuable assets (Pendleton and Kildow 2006). While it is
difficult to put a dollar value on the beaches for the north-central California coast, it is safe to say
that inundation and erosion of popular beaches could remove millions of dollars of annual local
and visitor revenue. Millions of dollars already have been spent on estuary restoration in San
Francisco Bay to enhance biodiversity and fisheries, improve water quality, and provide buffers
for storms. The added value of expensive residential and commercial shorefront developments to
some of these areas and the benefits derived from estuaries could be significantly lost with rising
sea levels as there is no place for an estuary to move other than upland toward developments.
6

This report considers the counties of Santa Cruz, San Mateo, San Francisco, Sonoma, Marin and Mendocino.
Included is the west shoreline of San Francisco Bay. Reference is also made to the eastern shore of San Francisco
Bay, where several large ports are sited. Additional data is available for this area.
7
Similar population densities are located along the east shore of San Francisco Bay.
8
Other potential costs include costs of mitigation to prevent damage or harm to assets, and costs of investments that
are needed for the future to adapt to new conditions caused by climate change, which are not covered in this paper.
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8.4.2 Physical Infrastructure
As a result of climate change, large, essential parts of public infrastructure will either need to be
relocated over time or armored and protected. These decisions will depend on important costbenefit assessments of the best way to sustain their functions despite changes in water levels and
climate. Costs of relocation need to be weighed against costs of retrofitting to strengthen
resiliency and/or armoring of these structures. According to Heberger et al. (2009), the capacities
of vulnerable power plants along the entire California coast range from very small plants to
plants generating more than 2,000 megawatts. The majority of these plants are located in
Southern California and around San Francisco Bay. The authors conclude the power plants and
sewage treatment facilities in this region that are subject to high-risk warrant immediate
consideration.
In addition, Heberger et al. (2009) estimate that along the Pacific coast, 52 miles of roads and
highways in Marin County, 50 miles in San Francisco County, and 105 miles in San Mateo
County, are vulnerable to erosion and flood from a 1.4 m rise in sea level (combined with a year
2000 100 year flood elevation). The San Francisco and Oakland airport runways would lie
below the projected 1.4 m sea level rise by 2100. Sea level rise could directly affect shipping
and port facilities and operations at the Port of Oakland with serious impacts to the Bay Area
economy. Bridge clearances may be reduced, limiting the size of ships able to pass or restricting
movement to low tides and rail and road corridors to and from the port may be flooded. Ship
channel dredging and dredge spoil disposal will likely increase, at increased cost, as more intense
storms convey greater volumes of sediment into San Francisco Bay.
Structural coastal protection measures including beach nourishment, jetties and groins, seawalls,
bulkheads and revetments, breakwaters, dikes and levees and their effectiveness could also be
impacted as sea level rises. Impacts may include: flanked or overtopped groins; fixed shoreline
positioning due to coastal armoring, that could result in the drowning of adjacent beaches and
loss of recreation opportunities; a reduction in the ability of breakwaters to reduce wave heights
and littoral drift; and a reduction in the stability of dikes and levees. Many of these types of
structures exist within or adjacent to the study region, such as in Bodega Bay, Bolinas Lagoon,
Ocean Beach in San Francisco, and Pacifica. Experimental beach nourishment is currently
ongoing at Ocean Beach (Barnard et al. 2009). An inventory in 1998 determined that 2% of the
Marin coastline, 17% of the San Francisco shoreline and 11% of the San Mateo coastline was
armored (Griggs 1998). Heberger et al (2009) also estimates that approximately 4,000 property
parcels in Marin, San Francisco and San Mateo are located within the projected erosion hazard
and 1.4 m sea level rise zone. Many of these would be completely lost to accelerated coastal
erosion.
8.4.3 Business and Residential Infrastructure
In 2007, the six counties within the study region provided 1,330,964 jobs (8.7% of the state),
paid $85.9 billion in wages (11.2% of the state), and generated over $225.9 billion in direct
productivity for California (Kildow et al. 2008). Business and residential structures and their
contents that lie in the path of rising seas pose complex economic considerations (Heberger et al.
2009) including: 1) potential costs of repair and replacement of damaged and destroyed buildings
must rely on non-uniform data on real estate sales estimates and taxes; 2) the cost of damage to
building contents can only be estimated from insurance estimates; 3) loss of inventories can only
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be estimated from insurance losses and lost productivity; and 4) potential loss of
jobs/employment are mostly uninsured losses and have large ripple effects.
The leisure and hospitality (or tourism) industry in the six counties was worth approximately
$7.8 billion in 2007, producing more than $4 billion in wages and almost 165,033 jobs. The
same year, the transportation and utilities sector was a $25 billion industry with $10 billion in
wages and 217,000 jobs in these counties (not counting seaport revenues from the three largest
ports in the Bay Area, Richmond, Oakland and San Francisco). Financial activities, including
real estate, accounted for $86 billion with $14 billion in wages and 100,000 jobs (Kildow et al.
2008).
8.4.4 Tourism and Fisheries
Tourism is a large part of the local economy within the study region with activities including
beachgoing, coastal hiking, kayaking, boating, fishing, whale watching, birding, and tidepooling.
Curtis et al. (2009) compare the tourism industry to that of the agriculture and transportation
industries, as it too is a “highly climate-sensitive economic sector,” stating that tourists base their
travel decisions on their perception of weather conditions and climate. Changes to the food web,
as well as increased coastal fog and storminess can have a large effect on the local tourism
industry. One survey performed in North Carolina, found that beachgoers were actually more
influenced by factors such as wind and cloud cover as opposed to heat (Curtis et al. 2009).
Business such as recreational fishing and whale watching operations could be negatively
impacted by both changes to the food web and increased fog and storminess. It is known that
climate variability and changing weather patterns over the short term have an effect on tourism.
What is not well understood yet is how long term changes in climate will affect the overall
sustainability of tourism business operations (Curtis et al. 2009).
The fishing industry is critically important in some coastal communities within the study region.
Both recreational and commercial fishing bring important revenues that sustain communities that
are less economically diversified than those in urban areas. Changing climatic variables could
affect the catch significantly. San Francisco, one of the larger fishing harbors in the state, landed
fish valued at $21,727,957 in 2006 – 18% of the total landed value of fish caught in California
that year (Kildow et al. 2008).
Ocean acidification could negatively affect the shellfish industry and result in economic impacts
to individuals such as oyster growers and crab fishermen. Cooley and Doney (2009) estimate that
potential losses to the U.S. shellfish industry due to ocean acidification could reach $860
million/year. Depending on the extent of the local economy or fisheries dependent on shellfish,
the losses to local regions could be enormous. As stated by Cooley and Doney (2009),
“Expanding job losses and indirect economic costs will follow harvest decreases as ocean
acidification broadly damages marine habitats and alters marine resource availability. Losses
will harm many regions already possessing little economic resilience.” However, according to
this report, the Pacific Region will suffer less loss than other U.S. coastal regions, so counties
within the study region will experience loss, but possibly to a lesser degree than other areas.
Salmon are especially vulnerable to changes in conditions throughout coastal and ocean
ecosystems. Climate-induced effects on watersheds, rivers, estuaries, and ocean ecosystems may
already be affecting salmon species, particularly in stream systems with already low populations.
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Both commercial and recreational salmon fisheries have suffered as a result of recent fishing
closures along the central California coast. Coho salmon have suffered two years in a row as a
result of winter drought, and some year classes are particularly threatened in Redwood and Pine
Gulch in Olema and Lagunitas Creeks in Marin County.
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9. Conclusion
It is clear that the marine environment within the study region will evolve as global climate
changes. These environmental changes impact marine populations and coastal ocean
ecosystems, as well as ocean-human interactions, presenting challenges for management of the
Gulf of Farallones and Cordell Bank National Marine Sanctuaries. While there are early
observations of change in the study region (e.g., rising sea level in San Francisco Bay) and
models of physical processes, we are far from any true predictive capability – and it is unlikely
that we will ever be able to fully predict future states of a system as complex as the coastal
ecosystem within the study region. Yet, we have to understand the range of potential impacts and
be prepared to take action by adaptively managing how humans interact with this remarkably
productive natural system – seeking to optimize the benefits of change while mitigating the
negative impacts. The present state of our knowledge is briefly reviewed in this report and
science-based expectations and concerns are outlined. We give primary attention to (i) changes
that are thought to occur, and (ii) changes that will have high impact if they occur.
The outline and logic of the report is to work from global-scale changes in the atmosphere-ocean
system to regional and local changes in habitat and ecological communities within the study
region (Point Arena to Año Nuevo). Systemic global change is carefully outlined in the 2007
IPCC Assessment Report and serves as a starting point for identifying and understanding largescale changes that could influence the study region. In short, the atmosphere is warming due to a
dramatic increase in greenhouse gases over the last century. While the ocean buffers change in
the atmosphere, there are now clear indications of changes in the ocean, including warming and
CO2 enrichment – providing multiple mechanisms by which coastal ocean regions can be
impacted. The study region is subject to changes in physical and chemical forcing as a result of
these global changes and the ultimate impact on the regional ecosystem will be due to an
interaction of multiple forcing mechanisms and the diverse biological responses of specific
populations and communities. Changes are anticipated in atmospheric conditions (e.g., wind,
cloud, fog), ocean circulation and water properties (e.g., temperature, pH), sea level, ocean
waves, and land runoff. In turn, changes in these forcing factors will lead to changes in coastal
upwelling, stratification, and plankton dispersal patterns. Biological systems will be impacted
through changes to the quality of ocean habitat (e.g., changes in temperature, pH, dissolved
oxygen, nutrient availability and wave exposure), the timing of seasonal cycles (e.g., upwelling,
runoff, fog and waves), and the connectivity within and between populations. Habitat response
scenarios are described for offshore pelagic, offshore benthic, island, sandy beach, rocky
intertidal, nearshore subtidal, and estuarine habitats.
In parallel with climate-related changes, there are a myriad of other causes of environmental
change due to human activity at the local scale (e.g., pollution, fishing, invasive species,
disease). These are briefly reviewed in this report, as these are stressors that can be managed and
mitigated to allow for an ecosystem resilient enough to adapt to climate change as it happens. If
populations and communities can adapt, then the changing climate is not necessarily entirely
bad. To be able to adapt, persist, and remain vital, these marine populations and communities
will need resiliency, which can be improved through a reduction in the manageable local
stressors. In the end, a societal effort now will be well placed, as it is humans that will benefit
significantly from an ocean environment that can continue to provide the goods and services that
have underwritten coastal society for millennia.
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9.1 Priority Issues
It is expected that the most severe ecological changes will be associated with changes in the
following parameters – for each the likelihood of change is high and the impact of change is also
high (i.e., these are the highest risk phenomena):





Upwelling
Ocean temperature
Sea level
Ocean pH

Upwelling appears to be increasing in this region, due to a more rapid increase in land
temperature than ocean temperature and an associated increase in the summer atmospheric
pressure gradients that drive the strong northerly winds off northern and central California. Both
model and data analyses support this assertion. Further, given that this region is characterized by
upwelling processes and populations, the impact of any change in upwelling (and thus nutrient
delivery) will ripple through the whole ecosystem.
In contrast to cooler waters over the shelf, surface waters are warming outside of the active
upwelling zones – which means both offshore waters and nearshore waters in bays and estuaries
are warming. In addition to direct thermal effects on organism physiology, warmer surface
waters result in enhanced stratification being observed offshore (and in sheltered bays) and a
reduction in the vertical mixing that underpins offshore primary production.
The primary cause of sea level rise is the global increase in ocean temperatures. In addition to
being well documented in IPCC assessments, data at the mouth of San Francisco Bay show a 20
cm rise in sea level over the last century. Sea level rise directly affects intertidal communities in
estuaries as well as on rocky and sandy shorelines, but it also increases the damage associated
with storm wave events, which heavily impact human activities and shoreline ecosystems.
Finally, the acidification of ocean waters has recently been called “the other CO2 problem” in
recognition of the immensity of this threat. Alone, acidification may seriously alter coastal
ecosystems as we know them. Decreasing pH (increasing acidity) will preclude many organisms
from forming calcium carbonate structures, like shells and exoskeletons. Deep upwelled waters
are more acidic than most of the surface ocean and this region is thus threatened by the double
effect of increased dissolved CO2 in the ocean plus increased upwelling in this region. It is quite
possible that the “saturation horizon” will shoal to depths where it can significantly impact the
marine ecosystem, which is predominantly near-surface, making this region uninhabitable for
numerous key invertebrate populations.
Although we highlight these parameters, it is important to realize that we may yet be surprised
and find that changes in other parameters like fog and cloud cover, or dissolved oxygen, or
dispersal patterns, or trophic landscape connectivity plays a critical role in the trajectory of
ecosystem change. Clearly, in understanding a changing system, one has to reduce the
complexity of analysis and focus on the high-risk phenomena (but one cannot completely ignore
other phenomena).
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9.2 Working Group Recommendations
The question that now arises is, “what should we do?” Based on the immensity of ocean systems
(even small coastal ones), and aware of the uncertainty in anticipating how global changes will
downscale to regional and local change, the working group recommends that GFNMS and
CBNMS pursue five lines of action. Each of these lines of action will require an allocation of
resources, and enhanced collaboration with other agencies and non-governmental organizations.
 Educate society – inform people to allow for optimum decisions.
Use the opportunities inherent in the National Marine Sanctuary System to educate both local
residents and federal/state/local decisions makers. Education is not intended to prescribe
options, but to provide people with the insight that will optimize difficult decisions, including
use of public funds and regulation of activities in developing a strategy for minimizing
disruptions to ecosystems and socio-economic systems due to climate change.
o Promoting stewardship, including citizen science and monitoring
o Outreach through exhibits & lectures
o Outreach through web sites and portals
 Put ecosystems in context – link greenhouse gas emissions with marine ecosystem health.
The IPCC has made it clear that observed changes in global climate are due to a buildup in
greenhouse gases (GHG). Further, there is a long-term commitment to climate change due to
the delay between increases in GHG concentration and responses in atmosphere and ocean
conditions. Our actions now can have significant benefits in mitigating climate change
impacts on human society and ecosystems decades from now.
o Work to understand and elucidate links between global climate assessments and
threats to local ecosystems
o Work with partners regionally and globally to address the increase in greenhouse gas
concentrations
o Educate public on the link between greenhouse gas emissions and marine ecosystem
health
 Anticipate change – obtain best available information on changing and future conditions.
The primary antidote to uncertainty in predictions of the future is to improve certainty in the
assessment and understanding of present conditions. The most critical action is to know how
the environment and ecosystems are changing, and to know how these changes relate to
global climate change (as opposed to other local drivers of environmental change). Available
information and modeling may not be perfect, but it can be much improved with strategic
investment in monitoring and assessment. Given that sanctuaries are seen as sentinel sites,
this is where GFNMS and CBNMS can play a leadership role in collaboration and
community building with other federal, state, and local agencies, academia, and regional
groups.
o Identify priority concerns and develop expectations of change in order to direct
monitoring efforts and to identify early opportunities for reducing ecosystem risk
o Monitor the environment. Through collaboration with other groups, develop a set of
strategic monitoring activities that can reasonably track the pulse of the environment.
This would include fixed stations, boat-based surveys and remote sensing (e.g.,
satellites and HF radar) to monitor water properties, currents and plankton.
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o Monitor populations. Through collaboration with state/federal/non-governmental
resource agencies and research groups, develop annual assessments of changes in
fish, bird and mammal population. In addition, develop collaborative assessments of
habitat-defining populations such as krill and macrophytes (e.g., kelp & seagrass).
o Regular assessment. Building on updated global and eastern Pacific regional
assessments of climate change, develop a regular assessment of changing conditions
and anticipated future change for the study region that can resolve interannual and
interdecadal changes. These assessments will include data on environment and
ecosystem conditions in addition to the results of down-scaling models. The initial
assessment should include a schematic view of the ecosystem components and
processes.
o Capture an up-to-date understanding of environment and ecosystem in a model that
can be used to anticipate possible future changes.
o Pursue funding and collaboration to develop this program.
 Mitigate impacts on the ecosystem – reduce manageable stressors that compromise system
resiliency.
While climate change cannot be diverted in the short-term, we can mitigate the impact on
local ecosystems by enhancing the resiliency of coastal ecosystems to handle this
environmental change. Resiliency suggests a complex system that can adapt to change –
typical attributes of such a system include being modular and heterogeneous, and having
tight feedback loops and redundancy. This system understanding is developing rapidly
through the promotion of ecosystem-based management (EBM). The sanctuaries are
important players in developing EBM for this region and can play an increased leadership
role if supported in this.
o Develop an assessment of ecological goods and services in this region.
o Develop an assessment of stressors that are constraining the “breathing room” of
these coastal ecosystems.
o Identify strategic opportunities to reduce manageable stressors and motivate this
action in terms of the reduced risk of losing critical ecological goods and services.
o Work with regional partners to develop EBM for this region.
 Adapt to change – create policies and management strategies that are flexible to future
changes.
As we identify future problems, we need to adapt management to minimize future impacts.
For example, within sanctuary jurisdiction, policies such as a preference for removal of
shoreline armoring could be developed to help nearshore and estuarine habitats adapt to sea
level rise. Further, partnerships with state and local government and non-governmental
groups should be strengthened even more to ensure that appropriate mitigative and adaptive
legislation, regulations and strategies are maximized among the relevant groups.
Action amongst government agencies, non-profit organizations, academia, businesses, and
individuals is necessary now to ensure viable ocean ecosystems in the future. This action will
require an allocation of resources and funding to engage partners. This document serves as a
baseline for understanding relevant climate change impacts to habitats and biological communities
within the study region. Sanctuary management will use this information to begin identifying
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priority management actions that will be taken over the next 10 years to address the impacts of
climate change along the north-central California coast.

Page 97

References
Abe, R. 2008. Temporal and spatial analysis of Lagunitas Creek estuary. UC Davis, Bodega Marine Laboratory
undergraduate report, 17pp.
Abraham, C.L. and W.J. Sydeman. 2004. Ocean climate, euphausiids and auklet nesting: interannual trends and
variation in phenology, diet and growth of a planktivorous seabird. Marine Ecology Progress Series 274:235‐
250.
Adams, P.N., D.L. Imnan, N.E. Graham. 2008. Southern California deep-water wave climate: Characterization and
application to coastal processes. Journal of Coastal Research 24:1022-1035.
Ainley, D.G., W.J. Sydeman, R.H. Parrish and W.H. Lenarz. 1993. Oceanic factors influences distribution of young
rockfish (Sebastes) in central California: a predator’s perspective. California Cooperative Fisheries Investigations
Report 34:133-139.
Ainley, D.G., W.J. Sydeman and J. Norton. 1995. Upper trophic level predators indicate interannual negative and
positive anomalies in the California Current food web. Marine Ecology Progress Series 118:69-79.
Ainley, D.G., L.B. Spear, C.T. Tynan, J.A. Barth, S.D. Pierce, R.G. Ford and T.J. Cowles. 2005. Physical and
biological variables affecting seabird distributions during the upwelling season of the northern California
Current. Deep-Sea Research II 52:123-143.
Allan, J. and P. Komar. 2000. Spatial and temporal variations in the wave climate of the North Pacific. Report to the
Oregon Department of Land Conservation and Development, Salem, Oregon. 45 pp.
Allan, J. and P. Komar. 2006. Climate controls on US west coast erosion processes. Journal of Coastal Research
22:511-529.
Allen, S. G., D.G. Ainley, G.W. Page and C.A. Ribic. 1984: The Effect of Disturbance on Harbor Seal Haul out
Patterns at Bolinas Lagoon, California. Fishery Bulletin 82:493-500.
Alvarado-Alvarez, R. M.C. Gould and J.L. Stephano. 1996. Spawning, in vitro maturation, and changes in oocyte
electrophysiology induced by serotonin in Tivela stultorum. Biological Bulletin 190:322-328.
Anderson, D.M, G.C. Pitcher and M. Estrada. 2005. The comparative "systems" approach to HAB research.
Oceanography 18:148-157.
Anderson, D., J. Burkholder, W. Cochlan, P. Glibert, C. Gobler, C. Heil, R. Kudela, M. Parsons, J. Rensell, D.
Townsend, V. Trainer, and G. Vargo. 2008. Harmful algal blooms and eutrophication: Examples and linkages
from selected coastal regions of the United States. Harmful Algae 8: 39-53.
Angliss, R. P., and R. B. Outlaw. 2008. NOAA Marine Mammal Stock Assessment, Stellar Sea Lion.
http://www.nmfs.noaa.gov/pr/sars/species.htm#pinnipeds
Auad, G., A. Miller, and E. Di Lorenzo. 2006. Long-term forecast of oceanic conditions in California and their
biological implication. Journal of Geophysical Research 111, C09008, doi:10.1029/2005JC003219.
Auerbach, S. I. 1981. Ecosystem response to stress: a review of concepts and approaches. In: Barrett, G. W. and
Rosenberg, R. (eds), Stress effects on natural ecosystems. John Wiley and Sons Ltd, pp. 29-41.
Bakun, A. 1990. Global climate change and intensi cation of coastal ocean upwelling. Science 247:198-201.
Barber, R.T and F.P. Chavez. 1983. Biological Consequences of El-Niño. Science 222:1203-1210.
Barnard, P.L., L.H. Erikson and J.E. Hansen. 2009. Monitoring and modeling shoreline response due to shoreface
nourishment on a high-energy coast. Journal of Coastal Research, Special Issue 56.
Barnard, P. 2009. Predicting Coastal Storm Impacts for National Parks. Presentation at 2009 George Wright
Society Biennial Conference on Parks, Protected Areas, and Cultural Sites, Portland Oregon, March 2-9, 2009
Barnes, P.W. and J.P. Thomas, editors. 2005. Benthic habitats and the effects of fishing. American Fisheries
Society, Symposium 41, Bethesda, Maryland.
Barrett, G. W., G.M. Van Dyne and E.P. Odum. 1976. Stress ecology. BioScience 26:192-194.
Barnett T.P., D.W. Pierce, H.G. Hidalgo, C. Bonfils, B.D. Santer, T. Das, G. Bala, A.W. Wood, T. Nozawa A. A.
Mirin, D. R. Cayan and M. D. Dettinger. 2008. Human-induced changes in the hydrology of the western United
States. Science 319:1080-1083.
Barry, J.P., C.H. Baxter, R.D. Sagarin and S.E. Gilman. 1995. Climate-related, long-term faunal changes in a
California rocky intertidal community. Science 267:672-675.
Barth, J. A., B. A. Menge, J. Lubchenco, F. Chan, J. M. Bane, A. R. Kirincich, M. A. McManus, K. J. Nielsen, S. D.
Pierce, and L. Washburn. 2007. Delayed upwelling alters nearshore coastal ocean ecosystems in the northern
California current. Proceedings of the National Academy of Sciences 104:3719-3724.
Beardall, J., S. Beer and J.A. Raven. 1998. Biodiversity of marine plants in an era of climate change: some
predictions on the basis of physiological performance. Botanica Marina 41:113-123.

Page 98

Beaugrand, G., P.C. Reid, F. Ibanez, J.A. Lindlay, and M. Edwards. 2002. Reorganization of North Atlantic copepod
diversity and climate. Science 296:1692‐1694.
Becker, B.H., D. T. Press and S.G. Allen. 2009. Modeling the effects of El Niño, density-dependence, and
disturbance on harbor seal (Phoca vitulina) counts in Drakes Estero, California: 1997-2007. Marine Mammal
Science 25: 1-18.
Behrenfeld, M. J., R.T. O’Malley, D.A. Siegel, C. R. McClain, J.L. Sarmiento, G.C. Feldman, A.J. Milligan, P.G.
Falkowski, R.M. Letelier and E.S. Boss. 2006. Climate-driven trends in contemporary ocean productivity.
Nature 444:752-755.
Behrens, D.K., F.A. Bombardelli, J.L. Largier, and E. Twohy. 2008. Characterization of time and spatial scales of a
migrating rivermouth. Geophysical Research Letters 36:L09402.
Bell, R.E. 2008. The role of subglacial water in ice-sheet mass balance. Nature Geoscience 1:297-304.
Berelson, W.M. 1991. The flushing of two deep-sea basins, southern California borderland, Limnol. Oceanogr.
36:1150-1166.
Bertram, D.F., D.L. Mackas, and S.M. McKinnell. 2001. The seasonal cycle revisited: Interannual variation and
ecosystem consequences. Progress in Oceanography 49:283‐207.
Beukema, J. J. and R. Dekker. 2005. Decline of recruitment success in cockles and other bivalves in the Wadden
sea: possible role of climate change, predation on postlarvae and fisheries. Marine Ecology Progress Series 287:
149-167.
Bindoff, N.L., J. Willebrand, V. Artale, A, Cazenave, J. Gregory, S. Gulev, K. Hanawa, C. Le Quéré, S. Levitus, Y.
Nojiri, C.K. Shum, L.D. Talley and A. Unnikrishnan, 2007: Observations: Oceanic Climate Change and Sea
Level. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z.
Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA. 996 pp.
Bird, E.C.F. 2000. Coastal Geomorphology: an Introduction. John Wiley, Chichester, UK.
Blanchette, C.A., C.M. Miner, P.T. Raimondi, D. Lohse, K.E.K. Heady, B.R. Broitman. 2008. Biogeographical
patterns of rocky intertidal communities along the Pacific coast of North America. Journal of Biogeography
35:1593-1607.
Bograd, S.J., F.B. Schwing, C.G. Castro, and D.A. Timothy. 2002. Bottom water renewal in the Santa Barbara
Basin. Journal of Geophysical Research 107 (C12): 3216, doi:10.1029/2001JC001291.
Bograd, S., C. Castro, E. Di Lorenzo, D. Palacios, H. Bailey, W. Gilly and F. Chavez. 2008. Oxygen declines and
the shoaling of the hypoxic boundary in the California current. Geophysical Research Letters 35:L12607, doi:
10.1029/2008GL034185.
Bograd, S.J., I. Schroeder, N. Sarkar, X. Qiu, W.J. Sydeman, F.B. Schwing. 2009. Phenology of coastal upwelling
in the California Current. Geophysical Research Letters 36.
Bond, N.A., J.E. Overland, M. Spillane, and P. Stabeno. 2003. Recent shifts in the state of the North Pacific.
Geophysical Research Letters 30:2183‐2186.
Botsford L.W., C.A. Lawrence, E.P. Dever, A. Hastings and J.L. Largier. 2003. Wind strength and biological
productivity in upwelling systems: an idealized study. Fisheries Oceanography 12:245-259.
Botsford L.W., C.A. Lawrence, E.P. Dever, A. Hastings and J.L. Largier. 2006. Effects of variable winds on
biological productivity on continental shelves in coastal upwelling systems. Deep-Sea Research II, 53:31163140.
Boyer, T.P., J.I. Antonov, S. Levitus, and R. Locarnini, 2005: Linear trends of salinity for the world ocean, 19551998. Geophysical Research Letters, 32:L01604, doi:1029/2004GL021791.
Braby, C. E. and G. N. Somero. 2006. Following the heart: temperature and salinity effects on heart rate in native
and invasive species of blue mussels (genus Mytilus). Journal of Experimental Biology. 209: 2554-2566.
Bradshaw, W. E. and C. M. Holzapfel. 2006. Climate change - Evolutionary response to rapid climate change.
Science 312:1477-1478.
Breitburg, D. L., J.W. Baxter, C.A. Hatfield, R.W. Howarth, C.G. Jones, G.M. Lovett and C. Wigand. 1998.
Understanding effects of multiple stressors: ideas and challenges. In: Pace, M. L. and Groffman, P. M. (eds),
Successes, limitations, and frontiers in ecosystem science. Springer pp. 416-431.
Brinton, E and A., Townsend. 2003. Decadal variability in abundances of the dominant euphausiid species in the
southern sectors of the California Current. Deep Sea Research II 50:2449‐2472.
Brodeur, R. D. and M. Terazaki. 1999. Springtime abundance of chaetognaths in the shelf region of the northern
Gulf of Alaska, with observations on the vertical distribution and feeding of Sagitta elegans. Fisheries
Oceanography 8:93-103.

Page 99

Broecker, W. 1997. Thermohaline circulation, the Achilles heel of our climate system: will manmade CO2 upset the
current balance? Science 278:1582-1588.
Broitman, B.R., C.A. Blanchette, B.A. Menge, J. Lubchenco, C. Krenz, M. Foley, P.T. Raimondi, D. Lohse, and
S.D. Gaines. 2008. Spatial and temporal patterns of invertebrate recruitment along the west coast of the United
States. Ecological Monographs 78:403-421.
Bromirski, P. D., R. E. Flick, and D. R. Cayan. 2003. Storminess variability along the California coast: 1858-2000.
Journal of Climate 16:982-993.
Bromirski, P.D., D.R. Cayan, and R.E. Flick. 2005. Wave spectral energy variability in the northeast Pacific. Journal
of Geophysical Research 110:C03005.
Brown, A.C., and A. McLachlan. 2002. Sandy shore ecosystems and the threats facing them: some predictions for
the year 2025. Environmental Conservation 29:62-77.
Brown, J.H., J.F. Gillooly, A.P. Allen, V.M. Savage, and G.B. West. 2004. Toward a metabolic theory of ecology.
Ecology 85:1771‐1789.
Caldeira, K. and M. E. Wickett. 2003. Anthropogenic carbon and ocean pH. Nature 425:365.
California Energy Commission. 2006. Our Changing Climate: Assessing the Risks to California. CEC-500-2006077, 16pp.
California MLPA Masterplan Sciences Advisory Team, California Marine Life Protection Act Initiative. 2008.
Methods used to evaluate draft MPA proposals in the North Central Coast Study Region (Draft).
Callaway, R.M. and C.S. Sabraw. 1994. Effects of variable precipitation on the structure and diversity of a
California salt marsh community. Journal of Vegetation Science 5:433-438.
Callaway, J.C., V.T. Parker, M.C. Vasey and L.M. Schile. 2007. Emerging issues for the restoration of tidal marsh
ecosystems in the context of predicted climate change. Madrono. 54: 234-248.
Carney, K.M., and W.J. Sydeman. 1999. A review of human disturbance effects on nesting colonial waterbirds.
Waterbirds 22:68-79.
Carretta, J.V., K.A. Forney, M.S. Lowry, J. Barlow, J. Baker, D. Johnston, B. Hanson, R.L. Brownell Jr.,
J. Robbins, D.K. Mattila, K. Ralls, M.M. Muto, D. Lynch, and L. Carswell. 2009. U.S. Pacific marine mammal
stock assessments: 2009. NOAA-TM-NMFS-SWFSC-453.
Carter, H.R., P.J. Capitolo, W.R. McIver and G.J. McChesney. 1998. Seabird population data and human
disturbance of seabird colonies in South-Central California, 1979-1995. Unpublished report, U.S. Geological
Survey, Biological Resources Division, Western Ecological Research Center, Dixon, California; and Humboldt
State University, Department of Wildlife, Arcata, California.
Cayan, D.R., S.A. Kamerdiener, M.D. Dettinger, J.M. Caprio, and D.H. Peterson. 2001. Changes in the Onset of
Spring in the Western United States, Bulletin of the American Meteorological Society, 82:399-415.
Cayan, D. R., E. P. Maurer, M. D. Dettinger, M. Tyree and K. Hayhoe. 2008. Climate change scenarios for the
California region. Climatic Change 87:S21-S42.
Cayan, D., M. Tyree, M. Dettinger, H. Hidalgo, T. Das, E. Maurer, P. Bromirski, N. Graham, and R. Flick. 2008.
Climate Change Scenarios and Sea Level Rise Estimates for California 2008 Climate Change Scenarios
Assessment. California Energy Commission, Public Interest Energy Research Program.
Chan, F., J.A. Barth, J. Lubchenco, A. Kirinich, H. Weeks, W.T. Peterson and B.A. Menge. 2008. Emergence of
anoxia in the California Current large marine ecosystem. Science 319, 920.
Chavez, F.B., J. Ryan, S.E. LLucha-Cota, M. Niquen C. 2003. From Anchovies to Sardines and Back: Multidecadal
Change in the Paci c Ocean. Science, Vol. 299. p.217-221. January 10, 2003.
Chhak, K, and E. Di Lorenzo. 2007. Decadal variations in the California Current Upwelling Cells. Geophys. Res.
Lett. Vol. 34, doi:10.1029/2007GL030203.
Childress, J.J. and B.A. Seibel. 1998. Life at stable low oxygen levels: Adaptations of animals to oceanic oxygen
minimum layers, J. Exp. Biol., 201, 1223-1232.
Chelton D.B., P.A. Bernal, and J.A. McGowan. 1982. Large-Scale Interannual Physical and Biological Interaction in
the California Current. Journal of Marine Research 40:1095-1125.
Church, J. A., and N. J. White. 2006. A 20th century acceleration in global sea-level rise. Geophys. Res. Lett., 33,
L01602, doi:10.1029/2005GL024826and Jason-1).
Clark, J.R. 1996. Coastal Zone Management Handbook. CRC Press, Boca Raton, FL.
Clark, P.U., N.G. Pisias, T.F. Stocker, and A.J. Weaver. 2002. The role of thermohaline circulation in abrupt climate
change. Nature 415:863-869.
Colombini, I and L Chelazzi. 2003. Influence of marine allochthonous input on sandy beach communities.
Oceanography and Marine Biology 41:115-159.
Conservation Working Group, Channel Islands National Marine Sanctuary Advisory Council. 2008. Ocean
Acidification and the Channel Islands National Marine Sanctuary: Cause, effect and response. Prepared by the

Page 100

Environmental Defense Center, Santa Barbara, California. 42 pgs.
Cooley, S.R. and S.C. Doney. 2009. Anticipating ocean acidification’s economic consequences for commercial
fisheries. Environmental Research Letters. 4:024007.
Connolly, S.R. and J. Roughgarden. 1998. A range extension for the volcano barnacle, Tetraclita rubescens.
California Fish and Game 84:182-183.
Cowen, R.K., G. Gawariewicz, J. Pineda, S.R. Thorrold, and F.E. Werner. 2007. Population connectivity in marine
systems an overview. Oceanography 20:14-21.
Craft, C., J. Clough, J. Ehman, S. Joye, R. Park, S. Pennings, H. Guo, and M. Machmuller. 2009. Forecasting the
effects of accelerated sea-level rise on tidal marsh ecosystem services. Front. Ecol. Environ. 7:73–78.
Curtis, S., J. Arrigo, P. Long, and R. Covington. 2009. Climate, Weather and Tourism: Bridging Science and
Practice. Center for Sustainable Tourism, Division of Research and Graduate Studies, East Carolina University.
Cury, P. and Roy, C. 1989. Optimal environmental window and pelagic fish recruitment success in upwelling areas.
Canadian Journal of Fisheries and Aquatic Sciences 46:670-680.
Dahlhoff, E. P. Stillman, J. H. and B. A. Menge. 2002. Physiological community ecology: variation in metabolic
activity of ecologically important rocky intertidal invertebrates along environmental gradients. Integ. and Comp.
Biol. 42: 862 – 871.
Davis, A.J., L.S. Jenkinson, J.H. Lawton, B. Shorrocks and S. Wood. 1998. Making mistakes when predicting shifts
in species range in reponse to global warming. Nature 391:783-786.
Day, J. W., Christian, R. R., Boesch, D. M., Yanez-Arancibia, A., Morris, J., Twilley, R. R., Naylor, L., Schaffner,
L., and C. Stevenson. 2008. Consequences of climate change on the ecogeomorphology of coastal wetlands.
Estuaries and Coasts 31: 477-491.
Day, J.W., R.R. Christian, D.M. Boesch, A. Yáñez-Arancibia, J. Morris, R.R. Twilley, L. Naylor, L. Schaffner and
C. Stevenson. 2008. Consequences of climate change on the ecogeomorphology
de la Vega-Leinert, A. C. and R. J. Nicholls. 2008. Potential of sea level rise for Great Britain. Journal of Coastal
Research 24: 342-357.
de Sieyes, N.R., K.M. Yamahara, B.A. Layton, E.H. Joyce, and A.B. Boehm. 2008. Submarine discharge of
nutrient-enriched fresh groundwater at Stinson Beach, California is enhanced during neap tides. Limnology and
Oceanography 53(4): 1434-1445.
Defeo, O.A. McLachlan, D. Schoeman, T. Schlacher, J. Dugan, A. Jones, M. Lastra, F. Scapini. Threats to sandy
beach ecosystems: a review. Estuar. Coastl. Shelf Sci. 81:1-12.
Denny, M. W. and R. T. Paine. 1998. Celestial mechanics, sea-level changes, and intertidal ecology. Biological
Bulletin 194:108-115.
Denny M.D. and D. Wethey. 2003. Physical Processes that Generate Patterns in Marine Communities. In Marine
Community Ecology. Bertness, M.D., S.D. Gaines, and M.E. Hay (Eds.). Sinauer Associates, Sunderland MA.
p.3-37.
Deutsch, C., S. Emerson, and L. Thompson. 2005, Fingerprints of climate change in North Pacific oxygen, Geophys.
Res. Lett., 32, doi:10.1029/2005GL023190.
Dettinger, M. D. and D. R. Cayan. 1995. Large-Scale Atmospheric Forcing of Recent Trends toward Early
Snowmelt Runoff in California. Journal of Climate 8(3): 606–623.
Di Lorenzo, E., A.J. Miller, N. Schneider, and J.C. McWilliams. 2005. The Warming of the California Current
System: Dynamics and Ecosystem Implications. J. Physical Oceanography, Vol. 35, p.336-362.
Di Lorenzo, E., N. Schneider, K.M. Cobb, K. Chhak, P.J.S. Franks, A.J. Miller, J.C. McWilliams, S.J. Bograd, H.
Arango, E. Curchister, T.M. Powell and P. Rivere. 2008. North Pacific Gyre Oscillation links ocean climate and
ecosystem change. Geophysical Research Letters, 35:L08607, doi: 10.1029/2007GL032838.
Di Lorenzo, E., J. Fiechter, N. Schneider, A. Bracco, A.J. Miller, P.J.S. Franks, S.J. Bograd, A.M. Moore, A.C.
Thomas, W. Crawford, A. Peña and A.J. Hermann. 2009. Geophysical Research Letters 36:L14601.
Diaz, R.J., and R. Rosenberg (1995), Marine benthic hypoxia: A review of its ecological effects and the behavioral
responses of benthic macrofauna, Oceanogr. Mar. Biol. Ann. Rev., 33, 245-303.
Diffenbaugh, N. S., M. A. Snyder, and L. C. Sloan. 2004. Could CO2-induced land-cover feedbacks alter near-shore
upwelling regimes?, Proc. Natl. Acad. Sci. U. S. A., 101(1), 27– 32.
Doney, S. C. and D. S. Schimel. 2007. Carbon and climate system coupling on timescales from the Precambrian to
the Anthropocene. Annual Review of Environmental Resources 32:31-66.
Doney, S. C., V. J. Fabry, R. A. Feely, and J. A. Kleypas. 2009. Ocean acidification: The other CO 2 problem.
Annual Review of Marine Science 1:169-192.
Donnelly, J. P. and M. D. Bertness. 2001. Rapid shoreward encroachment of salt marsh cordgrass in response to
accelerated sea-level rise. Proceedings of the National Academy of Sciences 98: 14218–14223.

Page 101

Dorman, C.E. and C.D. Winant. 1995. Buoy observations of the atmosphere along the west coast of the United
States, 1981-1990. J. Geophysical Res., 100. No. C8, p.16,029-16,044. August 15, 1995.
Drake BG, MA Gonzalez-Meler, and SP Long. 1997. More efficient plants: A consequence of rising atmospheric
CO2? Annual Review of Plant Physiology and Plant Molecular Biology 48:609-639.
Dukes, J.S. and H.A. Mooney. 1999. Does global change increase the success of biological invaders? Trends in
Ecology and Evolution 14:135-139.
Dugan, J.E. 1999. Utilization of sandy beaches by shorebirds: relationships to population characteristics of
macrofauna prey species and beach morphodynamics. Final Study Report to Minerals Management Service and
the UC Coastal Marine Institute. OCS Study MMS 99-069.
Dugan, J.E., D.M. Hubbard, M. McCrary, and M. Pierson 2003. The response of macrofauna communities and
shorebirds to macrophyte wrack subsidies on exposed beaches of southern California. Estuarine, Coastal and
Shelf Science 58S:133-148.
Dugan, J. E., D.M. Hubbard, and A. Wenner. 2004. Factors affecting sandy beach use by shorebirds in the Santa
Maria Basin and vicinity. Draft Final Report to Minerals Management Service. OCS Study MMS 2004-012.
Dugan, J.E., D.M. Hubbard, I. F. Rodil, D. L. Revell and S. Schroeter. 2008. Ecological effects of coastal armoring
on sandy beaches. Marine Ecology 29: 160-170.
Durell, S. E. A., R. A. Stillman, R. W. G. Caldow, S. McGrorty, A. D. West, and J. Humphreys. 2006. Biological
Conservation 131: 459-473.
Department of Water Resources (DWR). 2006. Progress on Incorporating Climate Change into Planning and
Management of California’s Water Resources. Technical Memorandum Report. Sacramento, California.
http://baydeltaoffice.water.ca.gov/climatechange/reports.cfm
Elsner, J.B., J.P. Kossin and T.H. Jagger. 2008. The increasing intensity of the strongest tropical cyclones. Nature
455:92-95.
Enfield, D.B. and A.M. Mestas-Nunez. 1999. Multiscale variabilities in global sea surface temperatures and their
relationships with tropospheric climate patterns. Journal of Climate v. 12, p. 2719-2733.
Fabry, V. J., B. A. Seibel, R. A. Feely, and J. C. Orr. 2008. Impacts of ocean acidification on marine fauna and
ecosystem processes. ICES Journal of Marine Science 65:414-432.
Feagin, R.A., D.J. Sherman, and W.E. Grant. 2005. Coastal erosion, global sea-level rise, and the loss of sand dune
plant habitats. Frontiers in Ecology and the Environment 7:359-364
Feely, R. A., C. L. Sabine, K. Lee, W. Berelson, J. Kleypas, V. J. Fabry, and F. J. Millero. 2004. Impact of
anthropogenic CO2 on the CaCO3 system in the oceans. Science 305:362-66.
Feely, R.A., C.L. Sabine, J.M. Hernandez-Ayon, D. Ianson, and B. Hales. 2008. Evidence for upwelling of corrosive
"acidified" seawater onto the continental shelf. Science 320, 1490 DOI: 10.1126/science.1155676.
Fields, P.A., J.B. Graham, R.H. Rosenblatt, G.N. Somero. 1999. Effects of expected global climate change on
marine faunas. Trends in Ecology and Evolution 8:361-367.
FitzGerald, D. M., M. S. Fenster, B. A. Argow, and I. V. Buynevich. 2008. Coastal impacts due to sea-level rise. The
Annual Review of Earth and Planetary Sciences 36:601–647.
Fletcher, C. H., R. A. Mullane, B. M. Richmond. 1997. Beach loss along armored shorelines on Oahu, Hawaiian
Islands. Journal of Coastal Research 13: 209-215
Flick, R.E. 1998. Comparison of California tides, storm surges, and mean sea level during the El Niño winters of
1982-83 and 1997-98. Shore and Beach. 66(3)7-11.
Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Elmqvist, L. Gunderson, and C.S. Holling. 2004. Regime shifts,
resilience, and biodiversity in ecosystem management. Annual Review of Ecology, Evolution, and Systematics.
35:557-581.
Forney, K.A., S.R. Benson, G.A. Cameron. 2001. Central California gillnet effort and bycatch of sensitive species,
1990-1998. In: E.F. Melvin and J.K. Parrish (eds.) Seabird bycatch: trends, roadblocks, and solutions. University
of Alaska Sea Grant, Fairbanks, Alaska. pp 141-160.
French, J. R. 2008. Hydrodynamic modeling of estuarine flood defense realignment as an adaptive management
response to sea level rise. Journal of Coastal Research 24: 1-12.
Friedman, C.S., M. Thomson, C. Chun, P.L. Haaker and R.P. Hedrick. 1997. Withering syndrome of the black
abalone, Haliotis cracherodii (Leach): Water temperature, food availability, and parasite as possible causes.
Journal of Shellfish Research 16:403-411.
Frost, T. M., Carpenter, S. R., Ives, A. R. et al. 1995. Species compensation and complementarity in ecosystem
function. In: Jones, C. G. and Lawton, J. H. (eds), Linking species and ecosystems. Chapman & Hall, pp. 224 239.
Friedrichs, C. T., and J. E. Perry. 2001. Tidal salt marsh morphodynamics: A synthesis. Journal of Coastal
Research, Special Issue 27: 7–37.

Page 102

Gaines, S. D. and M. W. Denny. 1993. The Largest, Smallest, Highest, Lowest, Longest, and Shortest - Extremes in
Ecology. Ecology 74:1677-1692.
GAO-07-863. 2007. Climate Change: Agencies Should Develop Guidance for Addressing the Effects on Land and
Water Resources. Available at: http://www.gao.gov/new.items/d07863.pdf
Garcia-Reyes, M. and J. Largier. 2010. Observations of increased wind-driven coastal upwelling off central
California. Journal of Geophysical Research. DOI:10.1029 (in press).
Gawarkiewicz, G., S. Monismith, J. Largier. 2007. Observing Larval Transport Processes Affecting Population
Connectivity Progress and Challenges. Oceanography 20 Sp. Iss. 40-53.
Gaylord, B. 1999. Detailing agents of physical disturbance: Wave-induced velocities and accelerations on a rocky
shore. Journal of Experimental Marine Biology and Ecology 239: 85-124.
Gaylord, B. 2000. Biological implications of surf-zone flow complexity. Limnology and Oceanography 45: 174188.
Gaylord, B. and S.D. Gaines. 2000. Temperature or transport? Range limits in marine species mediated solely by
flow. American Naturalist 155: 769-789.
Gaylord, B., M.W. Denny, M.A.R. Koehl. 2003. Modulation of wave forces on kelp canopies by alongshore
currents. Limnology and Oceanography 48:860-871.
Gazeau, F., C. Quiblier, J.M. Jansen, J. Gattuso, J.J. Middelburg and C.H.R. Heip. 2007. Impact of elevated CO2 on
shellfish calcification. Geophysical Research Letters 34:L07603.
Gille S.T. 2002. Warming of the Southern Ocean since the 1950’s. Science 295:1275-1277.
Gilly, W., U. Markaida, C. Baxter, B. Block, A. Boustany, L. Zeidberg, K. Reisenbichler, B. Robison, G. Bazzino,
and C. Salinas. 2006. Vertical and horizontal migrations by the jumbo squid Dosidicus gigas revealed by
electronic tagging, Marine Ecology Progress Series 324:1-17.
Gilman, S. E., D. S. Wethey, and B. Helmuth. 2006. Variation in the sensitivity of organismal body temperature to
climate change over local and geographic scales. Proceedings of the National Academy of Sciences 103:95609565.
Gleick, Peter H. (Lead Author). 2000. Water: The Potential Consequences of Climate Variability and Change for the
Water Resources of the United States, The Report of the Water Sector Assessment Team of the National
Assessment of the Potential Consequences of Climate Variability and Change, U.S. Global Change Research
Program, Pacific Institute for Studies in Development, Environment, and Security, pp.60-61.
Glibert, P.M., D.M. Anderson, P. Gentien, E. Graneli and K.G. Sellner. 2005. The global, complex phenomena of harmful
algal blooms. Oceanography 18(2):136-147.
Gomez-Valdez, J. and G. Jeronimo. 2009. Upper mixed layer temperature and salinity variability in the tropical
boundary of the California Current, 1997-2007. Journal of Geophysical Research –Oceans, v. 114, C03012.
Goss-Custard, J. D. and R. A. Stillman. 2008. Individual-based models and the management of shorebird
populations. Natural Resource Modeling 21: 3-71.
Gosselin, J. M. and P. Qian. 1997. Juvenile mortality in benthic marine invertebrates. Mar. Ecol. Prog. Ser. 146:
265-282.
Graham, M.H. 1997. Factors determining the upper limit of giant kelp, Macrocystis pyrifera, along the Monterey
Peninsula, central California, USA. Journal of Experimental Marine Biology and Ecology 218:127-149
Graham, M.H. 2007. Sea-level change, effects on coastlines. Denny, M.W. and SD Gaines (eds), Encyclopedia of
Tidepools, University of California Press, pp. 497-498.
Graham, M.H., Harrold, C, Lisin, S, Light, K, Watanabe, J, and M.S. Foster. 1997. Population dynamics of
Macrocystis pyrifera along a wave exposure gradient. Marine Ecology Progress Series 148:269-279.
Graham, M.H., P.K. Dayton, and J.M. Erlandson. 2003. Ice-ages and ecological transitions on temperate coasts.
Trends in Ecology and Evolution 18:33-40.
Graham, M.H., B.S. Halpern, M.H. Carr. 2008. Diversity and dynamics of Californian subtidal kelp forests. Pp. 103134 in McClanahan, T.R. and G.R. Branch (eds), Food Webs and the Dynamics of Marine Benthic Ecosystems,
Oxford University Press.
Graham, N.E. and H.F. Diaz. 2001. Evidence for intensification of North Pacific winter cyclones since 1948.
Bulletin of the American Meteorological Society 82:1869-1893.
Grantham, B. A., F. Chan, K. J. Nielsen, D. S. Fox, J. A. Barth, A. Huyer, J. Lubchenco and B. A. Menge. 2004.
Upwelling-driven nearshore hypoxia signals ecosystem and oceanographic changes in the northeast Pacific.
Nature 429: 749-754.
Greaver T.L. and L.S.L. Sternberg. 2007. Fluctuating deposition of ocean water drives plant function on coastal sand
dunes. Global Change Biology 13, 216-223.
Green, M. A. Jones, M. E. Boudreau, C. L. Moore, R. L. and B. A. Westman.2004. Dissolution mortality of juvenile
bivalves in coastal marine deposits. Limnol. and Oceanog 49: 727-734.

Page 103

Griggs G.B., Patsch K.B., Savoy L. 2005. Living with the Changing Coast of California. Berkeley, CA: U.C. Press.p
525.
Griggs, G. 1998. Surfrider Foundation State of Beach web report at: http://www.surfrider.org/stateofthebeach/05sr/state.asp?zone=wc&state=ca&cat=ss
Groisman, P., Knight, R. and T. Karl. 2001. Heavy precipitation and high streamflow in the contiguous United
States: trends in the 20th century. Bulletin of the American Meteorological Society 82: 219-246.
Guinotte, J.M and V.J. Vabry. 2008. Ocean acidification and its potential effects on marine ecosystems. In: Ostfeld,
R.S., Schlesinger, W.H. (Eds.), The Year in Ecology and Conservation Biology 2008, Annals of the New York
Academy of Sciences, pp. 320–342.
Gulev, S. and V. Grigorieva. 2004. Last century changes in ocean wind wave height from global visual wave data.
Geophysical Research Letters 31:L24302.
Gulev, S. and V. Grigorieva. 2006. Variability of the winter wind waves and swell in the North Atlantic and North
Pacific as revealed by the Voluntary Observing Ship data. Journal of Climate, 19(21), 5667-5685.
Gulf of the Farallones National Marine Sanctuary (GFNMS). 2008. Management Plan.
http://farallones.noaa.gov/manage/plan.html#plan.
Gulland, F.M.D. and A.J. Hall. 2005. The role of infectious diseases in influencing status and trends. In J.
Reynolds III, WF Perrin, RR Reeves, S. Montgomery, and TJ Ragen. Marine Mammal Research: Conservation
beyond Crisis, John Hopkins University Press. Baltimore, MD.
Gulland, F.M.D., M. Haulena, D. Fauquier, G. Langlois, M. Lander, and T. Zabka. 2002. Domoic acid toxicity in
California sea lions (Zalophus californianus): clinical signs, treatment and survival. Veterinary Record 150:475480.
Gutowski, W. J., G. C. Hegerl, G. J. Holland, T. R. Knutson, L. O. Mearns, R. J. Stouffer, P. J. Webster, M. F.
Wehner, and F. W. Zwiers. 2008. Causes of observed changes in extremes and projections of future changes in
Weather and Climate Extremes in a changing climate. Regions of Focus: North America, Hawaii, Caribbean,
and U.S. Pacific Islands. T.R. Karl, G.A. Meehl, C.D. Miller, S.J. Hassol, A.M. Waple, and W.L. Murray (eds.).
Washington, DC.
Habel, J.S. and G.A. Armstrong. 1978. Assessment and Atlas of Shoreline Erosion Along the California Coast.
Sacramento, California: State of California, Department of Navigation and Ocean Development. 277 p.
Hall-Spencer, J. M., R. Rodolfo-Metalpa, S. Martin, E. Ransome, M. Fine, S.M. Turner, S.J. Rowley, D. Tedesco
and M.C. Buia. 2008. Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature 454:
96-99.
Halpern, B.S., S. Walbridge, K.A. Selkoe, C.V. Kappel, F. Micheli, C. D’Agrosa, J.F. Bruno, K.S. Casey, C. Ebert,
H.E. Fox, R. Fujita, D. Heinemann, H.S. Lenihan, E.M.P. Madin, M.T. Perry, E.R. Selig, M. Spalding, R.
Steneck, and R. Watson. 2008. A global map of human impact on marine ecosystems. Science 319:948-952.
Halpern, B. S., C.V. Kappel, K.A. Selkoe, F. Micheli, C.M. Ebert, C. Kontgis, C.M. Crain, R.G. Martone, C.
Shearer, and S.J. Teck. 2009. Mapping cumulative human impacts to California Current marine ecosystems.
Conservation Letters 2(3): 138-148.
Hansen, J. 2007. Climate catastrophe. New Scientist. Vol. 195, Issue 2614. pp. 30-34.
Hansen, J.E. and P.L. Barnard. 2009. The observed relationsip between wave conditions and beach response, Ocean
Beach, San Francisco, CA. Journal of Coastal Research, Special Issue 56.
Hansen L.J. and R.H. Defran. 1990. Comparison of California bottlenose dolphin photoidentification studies. Report
IWC (Special Issue 12).
Hapke, C. and D. Reid. 2007. National Assessment of Shoreline Change Part 4: Historical Coastal Cliff Retreat
along the California Coast. U.S. Geological Survey (USGS) Open File Report 2007-1133.
Hapke, C.J., Reid, D., Richmond, B.M., Ruggiero, P., List, J. 2006. National assessment of shoreline change Part 3:
Historical shoreline change and associated coastal land loss along sandy shorelines of the California Coast. U.S.
Geological Survey Open File Report 2006-1219.
Hare, S.R., and N.J. Mantua. 2000. Empirical evidence of North Pacific regime shifts in 1977 and 1989. Progress in
Oceanography 47:103‐145.
Harington, C.R. 2008. Arctic marine mammals and climate change. Ecological Applications 18:S23-S40.
Harley, C. D. G. 2003. Abiotic stress and herbivory interact to set range limits across a two-dimensional stress
gradient. Ecology 84:1477-1488.
Harley, C. D. G. 2008. Tidal dynamics, topographic orientation, and temperature-mediated mass mortalities on
rocky shores. Marine Ecology-Progress Series 371:37-46.
Harley, C. D. G., A. R. Hughes, K. M. Hultgren, B. G. Miner, C. J. B. Sorte, C. S. Thornber, L. F. Rodriguez, L.
Tomanek, and S. L. Williams. 2006. The impacts of climate change in coastal marine systems. Ecology Letters
9:228-241.

Page 104

Harrold C., K. Light, and S. Lisin. 1998. Organic enrichment of submarine-canyon and continental-shelf benthic
communities by macroalgal drift imported from nearshore kelp forests. Limnology and Oceanography 43:669678.
Harvell, C.D., K. Kim, J.M. Burkholder, R.R. Colwell, P.R. Epstein, D.J. Grimes, E.E. Hofmann, E.K. Lipp,
A.D.M.E. Osterhaus, R.M. Overstreet, J.W. Porter, G.W. Smith and G.R. Vasta. 1999. Emerging marine diseases
– climate links and anthropogenic factors. Science 285:1505-1510.
Harvell, C.D., C.E. Mitchell, J.R. Ward, S. Altizer, A.P. Dobson, R.S. Ostfeld and M.D. Samuel. 2002. Climate
warming and disease risks for terrestrial and marine biota. Science 296:2158-2162.
Heal the Ocean. 2005. Ocean wastewater discharge inventory for the State of California.
Hearn, C. J. and J. L. Largier. 1997. The summer buoyancy dynamics of a shallow Mediterranean estuary and some
effects of changing bathymetry: Tomales bay, California. Estuarine, Coastal and Shelf Science 45:497-506.
Heberger, M., H. Cooley, P. Herrera, P.H. Gleick and E. Moore. 2009. The impacts of sea level rise on the
California coast. Pacific Institute Report CEC-500-2009-024-D.
Hellmann, J. J., J.E. Byers, B.G. Bierwagen and J.S. Dukes. 2008. Five potential consequences of climate change
for invasive species. Cons. Biol. 22: 534–543.
Helmuth, B. and M. W. Denny. 2003. Predicting wave exposure in the rocky intertidal zone: do bigger waves always
lead to larger forces? Limnology and Oceanography 48:1338-1345.
Helmuth, B., C. D. G. Harley, P. M. Halpin, M. O'Donnell, G. E. Hofmann, and C. A. Blanchette. 2002. Climate
change and latitudinal patterns of intertidal thermal stress. Science 298:1015-1017.
Helmuth, B., B.R. Broitman, C.A. Blanchette, S.Gilman, P. Halpin, C.D.G. Harley, M.J. O’Donnell, G.E.Hofmann,
B. Menge and D. Strickland. 2006. Mosaic patterns of thermal stress in the rocky intertidal zone: implications for
climate change. Ecological Monographs 76:461-479.
Herborg, L.M., C.L. Jerde, D.M. Lodge, G.M. Ruiz and H.J. MacIsaac. 2007. Predicting invasion risk using
measures of introduction effort and environmental niche models Ecol. Appl. 17: 663-674.
Hester, K.C., E.T. Peltzer, W.J. Kirkwood, and P.G. Brewer. 2008. Unanticipated consequences of ocean
acidification: A noisier ocean at lower pH. Geophysical Research Letters. 35:L19601.
Hill, D.K. 1995. Pacific warming unsettles ecosystems. Science 267:1911-1912.
Holbrook, S.J., R.J. Schmitt, and J.S. Stephens. 1997. Changes in an assemblage of temperature reef fishes
associated with a c climatic shift. Ecol. Appl. 7:1299-310.
Hooff, R.C. and W.T. Peterson. 2006. Copepod biodiversity as an indicator of changes in ocean and climate
conditions of the northern California Current ecosystem. Limnology and Oceanography 51:2607‐2620.
Hoyos, C., P. Agudelo, P. Webster, and J. Curry. 2006. Deconvolution of the factors contributing to the increase in
global hurricane intensity. Science 312: 94-97. http://www.gao.gov/new.items/d07863.pdf
Hughes, A.R. and J.J. Stachowicz. 2007. Genetic diversity enhances the resistance of a seagrass ecosystem to
disturbance. Proceedings of the National Academy of Science 101:8998-9002.
Hughes, A.R., B.D. Inouye, M.T.J. Johnson, N. Underwood and M. Vellend. 2008. Ecological consequences of
genetic diversity. Ecology Letters 11:609-623.
Hughes, T.P., D.R. Bellwood, C. Folke, R.S. Steneck, and J. Wilson. 2005. New paradigms for supporting the
resilience of marine ecosystems. Trends in Ecology and Evolution. 20:380-386.
Humboldt County Department of Health and Human Services, Division of Environmental Health. 2006. Blue Green
Algae (BGA) – detailed fact sheet. Revised June 2006. 3 pp.
Hyrenbach, K.D. and R.R. Veit. 2003. Ocean warming and seabird assemblages of the California Current System
(1987‐1998): response at multiple temporal scales. Deep Sea Research II 50: 2537‐2565.
Inbar, M., Tamir, M. and L. Wittenberg. 1998. Runoff and erosion processes after a forest fire in Mount Carmel, a
Mediterranean area. Geomorphology 24: 17-33.
International Panel on Climate Change (IPCC). 2007a. Summary for Policymakers. In: Climate Change 2007: The
Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, UK.
International Panel on Climate Change (IPCC). 2007b. Summary for Policymakers. In: Climate Change 2007:
Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Parry M.L., O.F. Canziani, J.P. Palutikof, P.J. van der Linden and
C.E. Hanson (Eds.), Cambridge University Press, Cambridge, UK, 7-22.
International Panel on Climate Change (IPCC). 2007c. Summary for Policymakers. In: Climate Change 2007: The
Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B.
Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA.

Page 105

Ishii, M., M. Kimoto, K. Sakamoto, and S.I. Iwasaki, 2006: Steric sea level changes estimated from historical ocean
subsurface temperature and salinity analyses. J. Oceanogr., 62(2), 155–170.
Jahncke, J., Saenz, B.L., Abraham, C.L., Rintoul, C., Bradley, R.W., and Sydeman, W.J. 2008. Ecosystem responses
to short-term climate variability in the Gulf of the Farallones, California. Progress in Oceanography 77:182-193.
Jansen, J. M. Pronker, A. E. Bonga, S. W. and H. Hummel. 2007. Macoma bathica in Spain, a few decades back in
climate history. J. Exp. Mar. Biol. Ecol. 344: 161 -169.
Jessup, DA, MA Miller, JP Ryan, HM Nevins, HA Kerkering, A Mekebri, DB Crane, TA Johnson and RM Kudela.
2009. Mass stranding of marine birds caused by a surfactant-producing red time. PLoS ONE 4:e4550.
Jester, R., K. Lefebvre, G. Langlois, V. Vigilant, K. Baugh and M.W. Silver. 2009. A shift in the dominant toxinproducing algal species in central California alters phycotoxins in food webs. Harmful Algae 8:291-298.
Johansen, M., Hakonson, T. and D. Breshears. 2001. Post-fire runoff and erosion from rainfall simulation:
contrasting forests with shrublands and grasslands. Hydrological Processes 15: 2953-2965.
Kahru, M., and B. Mitchell. 2008. Ocean color reveals increased blooms in various parts of the world. Eos 89(18), 170-171.
Kahru, M., R. Kudela, M. Manzano-Sarabia, and B.G. Mitchell. 2009. Trends in primary production in the
California Current detected with satellite data. J. Geophys. Res. 114, C02004, doi:10.1029/2008JC004979.
Kamykowski, D. Z., and S. J. Zentara. 1990. Hypoxia in the world ocean as recorded in the historical data set. DeepSea Res., 37: 1861-1874.
Karl T. R., G.A. Meehl, C. D. Miller, S. J. Hassol, A. M. Waple, and W.L. Murray. 2008. Weather and Climate
Extremes in a Changing Climate: Regions of Focus: North America, Hawaii, Caribbean, and U.S. Pacific Island.
Report by the U.S. Climate Change Science Program and the Subcommittee on Global Change Research. 137
pg.
Keeling, R.F., and H.E. Garcia. 2002. The change in oceanic O2 inventory associated with recent global warming,
Proc. Nat. Acad. Sci. 99, 7848-7853.
Kennett, J.P., and B.L. Ingram. 1995. A 20,000-year record of ocean circulation and climate change from the Santa
Barbara Basin, Nature, 377, 510-513.
Keister, J.E., and P.T. Strub. 2008. Spatial and interannual variability in mesoscale circulation in the northern
California Current System. J Geophys Res-Oceans 113.
Keister, J.E., T.B. Morgan, C.A. Morgan, and W.T. Peterson. 2005. Biological indicators of the timing and direction
of warm water advection during the 1997/1998 El Niño off the central Oregon coast. Marine Ecology Progress
Series 295:43‐48.
Keller, B.D., S. Airame, B. Causey, A. Friedlander, D.F. Gleason, R. Grober-Dunsmore, J. Johnson, E. McLeod,
S.L. Miller, R.S. Steneck, and C. Woodley. 2009. Chapter 8: Marine Protection Areas in Preliminary Review of
Adaptation Options for Climate-sensitive Ecosystems and Resources. U.S. Climate Change Science Program.
Final Report, Synthesis and Assessment Product 4.4.
Kench, P. S. 1999. Geomorphology of Australian estuaries: Review and prospect. Australian Journal of Ecology 4:
367-380.
Kildow, J., C. Colgan, and P. Johnston. 2008. National Ocean Economics Program (NOEP) and Bureau of Labor
Statistics. www.oceaneconomics.org
Kim, J., Kim, T., Arritt, R. and N. Miller. 2002. Impacts of increased atmospheric CO2 on the Hydroclimate of the
Western United States. Journal of Climate 15: 1926-1943.
Kimmerer, W. J. 2002. Effects of freshwater flow on abundance of estuarine organisms: physical effects or trophic
linkages? Marine Ecology-Progress Series 243: 39-55.
King, A.W., L. Dilling, G.P. Zimmerman, D.M. Fairman, R.A. Houghton, G. Marland, and A.Z. Rose. 2007.
Chapter 1: What is the Carbon Cycle and Why Care in The First State of the Carbon Cycle Report. U.S. Climate
Change Program.
Kiparsky, M. and P. Gleick. 2005. Climate change and California water resources: a survey and summary of the
literature. California Water Plan Update, 2005. Sacramento, California. 55 pp.
Kitzes, JA and M.W. Denny. 2005. Red algae respond to waves: Morphological and mechanical variation in
Mastocarpus papillatus along a gradient of force. Biological Bulletin 208:114-119.
Kleypas, J.A., R.A. Feely, V.J. Fabry, C. Langdon, C.L. Sabine, and L.L. Robbins. 2006. Impacts of ocean
acidification on coral reefs and other marine calcifiers: A guide for future research, report of a workshop held
18–20 April 2005, St. Petersburg, FL, sponsored by NSF, NOAA, and the US Geological Survey.
Klinger, T. and J. Kershner. 2008. Low pH reduces growth rates in kelp gametophytes. Ocean Sciences Meeting,
presentation.
Knowles, N. and D.R. Cayan. 2002. Potential effects of global warming on the Sacramento/San Joaquin watershed
and the San Francisco estuary. Geophysical Research Letters 29:1891.
Komar, P.D. 1998. 1997-98 El Niño and erosion of the Oregon coast. Shore & Beach 66:33-41.

Page 106

Körner, C. 2006. Plant CO2 responses. New Phytologist 172: 393–411.
Kosro, T. M., W. T. Peterson, B.M. Hickey, R.K. Shearman, and S.D. Price. 2006. Physical versus biological spring
transition: 2005. Geophys. Res. Lett. 33, L22S03, doi:10.1029/2006GL02072.
Kudela, R.T., G. Pitcher, T. Probyn, F. Figueiras, T. Moita and V. Trainer. 2005. Harmful algal blooms in coastal
upwelling systems. Oceanography 18:184-197.
Kudela, R.M., JQ Lane, and WP Cochlan. 2008. The potential role of anthropogenically derived nitrogen in the
growth of harmful algae in California, USA. Harmful Algae 8, 103-110.
Kuffner, I.B., A.J. Andersson, P.L. Jokiel, K.S. Rodgers and F.T. Mackenzie. 2008. Decreased abundance of
crustose coralline algae due to ocean acidification. Nature Geoscience 1:114-117.
Kundzewicz, Z., Mata, L., Arnell N., Döll, P., Kabat, P., Jiménez, B., Miller, K., Oki, T., Sen, Z. and I.
Shiklomanov. 2007. Freshwater resources and their management. Climate Change 2007: Impacts, Adaptation
and Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change, M.L. Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden and C.E. Hanson, Eds.,
Cambridge University Press, Cambridge, UK, 173-210.
Kurihara H., S. Kato, and A. Ishimatsu. 2004. Sub-lethal effects of elevated concentration of CO2 on planktonic
copepods and sea urchins. Journal of Oceanography 60:743-750.
Kurihara H., S. Kato, and A. Ishimatsu. 2007. Effects of increased seawater pCO2 on early development of the
oyster Crassostrea gigas. Aquat. Biol. 1:91–98.
Laidre, K.L., I. Sterling, L.F. Lowry, O. Wiig, M.P. Heide-Jorgensen and S.H. Ferguson. 2008. Quantifying the
sensitivity of Arctic marine mammals to climate-induced habitat change. Ecological Applications
18(Supplement):S97-S125.
Lannig, G. Cherkasov, A. S. and I. M. Sokolova. 2006. Temperature-dependent effects of cadmium on
mitochondrial and whole-organism bioenergetics of oysters (Crassostrea virginica). Mar. Environ. Res.
62(suppl. 1): S79 – S82.
Largier, J. L., A. Ho, and M. M. Sheridan. 2007. Strong summertime stratification and extreme temperatures in
Salmon Creek estuary. Abstract, Annual Meeting of the California Estuarine Research Society, March 18-20,
2007, Bodega Bay, CA.
Largier, J.L., J.T. Hollibaugh and S.V. Smith. 1997. Seasonally hypersaline estuaries in Mediterranean-climate
regions. Estuarine, Coastal and Shelf Science 45:789-797.
Largier, J. L., And S. Taljaard. 1991. The dynamics of tidal intrusion, retention, and removal of seawater in a barbuilt estuary. Estuarine Coastal and Shelf Science 33: 325-338.
Largier, J.L., C.A. Lawrence, M. Roughan, D.M. Kaplan, E.P. Dever, C.E. Dorman, R.M. Kudela, S.M. Bollens,
F.P. Wilkerson, R.C. Dugdale, L.W. Botsford, N. Garfield, B. Kuebel Cervantes and D. Kora in. 2006. WEST:
A northern California study of the role of wind‐driven transport in the productivity of coastal plankton
communities. Deep Sea Research II 53: 2833‐2849.
Lastra, M., H.M. Page, J.E. Dugan, D.M. Hubbard, and I.F. Rodil. 2008. Processing of allochthonous macrophyte
subsidies by sandy beach consumers: estimates of feeding rates and impacts on food resources. Marine Biology
154:163-174.
Lavaniegos, B.E. and M.D. Ohman. 2003. Long‐term trends in pelagic tunicates in the California Current. Deep Sea
Research II.
Lavigne, D.M. and O.J. Schmitz. 1990. Global warming and increasing population densities: a prescription for seal
plagues. Marine Pollution Bulletin 21:280-284.
Le Boeuf, B.J. and D.E. Crocker. 2005. Ocean climate and seal condition. BMC Biology 3:9.
Learmonth, J.A., C.D. Macleod, M.B. Santos, G.L. Pierce, H.Q.P. Crick, and R.A. Robinson. 2006. Potential effects
of climate change on marine mammals. Oceanography and Marine Biology: An Annual Review 44: 431-464.
Lebassi, B., J. Gonzalez, D. Fabris, E. Maurer, N. Miller, C. Milesi, P. Switzer, and R. Bornstein. 2009. Observed
1948-2005 Cooling of summer daytime temperatures in coastal California. Journal of Climate 22:3558-3573.
Lebbe, L. Van Meir, N. and P. Viaene. 2008. Potential implications of sea level rise for Belgium. Journal of Coastal
Research 24: 358-366.
Lee, D.E., N. Nur, and W.J. Sydeman. 2007. Climate and demography of the planktivorous Cassin’s Auklet
Ptychoramphus aleuticus off northern California: implications for population change. Journal of Animal Ecology
76:337-347.
Lehman, P. E. 1994. The birds of Santa Barbara County, California. Department of Ecology, Evolution and Marine
Biology, Museum of Systematics and Ecology, University of California, Santa Barbara, CA.
Lenihan, H.S. and F. Micheli. 2001. Soft-sediment Communities. In: Marine Community Ecology, eds. M.D.
Bertness, S.D. Gaines and M.E. Hay, pp. 253-287. Sinauer Associates, Sunderland, MA.

Page 107

Lettenmaier, D., Wood, E. and J. Wallis. 1994. Hydro-climatological trends in the continental United States, 19481988. Journal of Climatology 7: 586-607.
Levin, L. A. 2003. Oxygen minimum zone benthos: Adaptation and community response to hypoxia. Oceanogr.
Mar. Biol., 41, 1 –45.
Levin, L. A., and T. S. Talley. 2000. Influences of vegetation and abiotic environmental factors on salt marsh
benthos. Pages 661-708 in M. P. Weinsten and D. A. Kreeger, editors. Concepts and Controversies in tidal marsh
ecology. Kluwer Academic, Amsterdam.
Levine, J. M., J. S. Brewer and M. D. Bertness. 1998. Nutrients, competition and plant zonation in a New England
salt marsh. Journal of Ecology 86: 285-292.
Levinton, J. S. 2001. Marine Biology; Function Biodiversity and Ecology. 2nd ed. Oxford University Press. New
York.
Levitus, S., J.I. Antonov, T.P. Boyer, and C. Stephens. 2000. Warming of the world ocean. Science 287:2225‐2229.
Levitus, S., J.I. Antonov, J. Wang, T.L. Delworth, K.W. Dixon, and A.J. Broccoli. 2001. Anthropogenic Warming of
Earth's Climate System. Science 292(5515): 267-270, DOI: 10.1126/science.1058154
Levitus, S., J.I. Antonov, and T.P. Boyer, 2005. Warming of the World Ocean, 1955-2003. Geophysical Research
Letters. 32:L02604, doi:10.1029/2004GL021592.
Logerwell, E.A., B. Lavaniegos, and P.E. Smith. 2001. Spatially-explicit bioenergetics of Pacific sardine in the
Southern California Bight: are mesoscale eddies areas of exceptional prerecruit production? Progress in
Oceanography 49:391-406.
Logerwell, E.A., N. Mantua, P.W. Lawson, R.C. Francis, and V.N. Agostini. 2003. Tracking environmental
processes in the coastal zone for understanding and predicting Oregon coho (Oncorhynchus kisutch) marine
survival. Fish. Oceanogr. 12: 554-568.
Mace, A.J. and S.G. Morgan. 2006. Larval accumulation in the lee of a small headland: implications for the design
of marine reserves. Marine Ecology Progress Series 318:19-29.
Mackas, D.L., R. Goldblatt, and A.G. Lewis. 1998. Interdecadal variation in the developmental timing of
Neocalanus plumchrus populations at Ocean Station P in the subarctic Pacific. Canadian Journal of Fisheries
and Aquatic Sciences 55:1878‐1893.
Mackas, D.L., R.E. Thomas, and M. Galbraith. 2001. Changes in the zooplankton community of the British
Columbia continental margin, 1985‐1999, and their co‐variation with oceanographic conditions. Canadian
Journal of Fisheries and Aquatic Sciences 58: 685‐702.
Mackas, D.L., W.T. Peterson, and J.E. Zamon. 2004. Comparisons of interannual biomass anomalies of zooplankton
communities along the continental margins of British Columbia and Oregon. Deep Sea Research II 51:875‐896.
Mackas, D.L. W.T. Peterson, M.D. Ohman, and B.E. Lavaniegos. 2006. Zooplankton anomalies in the California
Current before and during the warm ocean conditions of 2005. Geophysical Research Letters 33, L22S07.
Mackas, D.L., S.D. Batten, and M. Trudel. 2007. Effects of zooplankton if a warmer ocean: recent evidence from the
Northeast Pacific. Progress in Oceanography 75:223‐252.
Maldini-Feinholz, D. 1996. Northern range extension, abundance, and distribution of pacific coastal bottlenose
dolphins (Tursiops truncatus gilli) in Monterey Cay, California. Graduate Thesis, Moss Landing Marine
Laboratories, San Jose State University.
Mantua, N.J., S.R. Hare. 2002. The Pacific Decadal Oscillation. Journal of Oceanography. 58:35-44.
Mantua, N.J., S.R. Hare, Y. Zhang, J.M. Wallace, and R.C. Francis. 1997. A Pacific interdecadalclimate oscillation
with impacts on salmon production. Bulletin of the American Meteorological Society 78:1069‐1079.
Marshall, D. J. Santos, J. H. Leung, K. M. Y. and W. H. Chak. 2008. Correlations between gastropod shell
dissolution and water chemical properties in a tropical estuary. Marine Environmental Research 66: 422 – 429.
Martin, S. and J.P. Gattuso. 2009. Response of Mediterranean coralline algae to ocean acidification and elevated
temperature. Global Change Biology. 15:2089-2100.
Martin S., R.Rodolfo-Metalpa, E. Ransome, S. Rowley, M. Buia, J. Gattuso and J. Hall-Spencer. 2008. Effects of
naturally acidified seawater on seagrass calcareous epibionts. Biology Letters 4:689-692.
Mayor, J.R. and C.E. Hicks. 2009. Potential impacts of elevated CO2 on plant interactions, sustained growth, and
carbon cycling in salt marsh ecosystems. In: Silliman BR, Grosholz, ED, and Bertness MD (eds). Human
Impacts on Salt Marshes. Berkeley, CA: University of California Press.
McCabe, G. J., M. P. Clark, and M. C. Serreze. 2001. Trends in Northern Hemisphere surface cyclone frequency and
intensity. Journal of Climate 14:2763-2768.
McGowan, J.A., D. Chelton, and A. Conversi. 1996. Plankton patterns, climate, and change in the California
Current. CalCOFI Reports 37:45‐68.
McGowan, J.A., D.R. Cayan, and L.M. Dorman. 1998. Climate‐ocean variability and ecosystem response in the
Northeast Pacific. Science 281:210‐217.

Page 108

McGowan, J.A., S.J. Bograd, R.J. Lynn, and A.J. Miller. 2003. The biological response to the 1977 regime shift in
the California Current. Deep Sea Research II 50:2567‐2582.
McGregor, H.V., M. Dima, H.W. Fisher, and S. Mulitza. (2007) Rapid 20th-Century Increase in Coastal Upwelling.
Northwest Africa. Science Vol. 315. p.637-639. February 2, 2007.
McLachlan, A. and A. C. Brown. 2006. The ecology of sandy shores. Academic Press, Burlington, Massachusetts.
McLachlan, A. and E. Jaramillo, 1995. Zonation on sandy shores. Oceanography and Marine Biology: an Annual
Review 33, 305-335.
McPhaden, M. J., and D. Zhang. 2004. Pacific Ocean circulation rebounds, Geophys. Res. Lett. 31, L18301,
doi:10.1029/2004GL020727.
Meehl, G.A. and H. Teng. 2007. Multi-model changes in El Niño teleconnections over North America in a future
warmer climate. Clim. Dyn. 29:779–790, DOI 10.1007/s00382-007-0268-3.
Meehl, G.A., T.F. Stocker, W.D. Collins, P. Friedlingstein, A. Gaye, J. Gregory, A. Kitoh, R. Knutti, J. Murphy, A.
Noda, S. Raper, I. Watterson, A. Weaver, Z.C. Zhao, J. An-nan, J. Arblaster, C. Bitz, A. le Brocq, P.
Brockmann, L. Buja, G. Clarke, M. Collins, E. Driesschaert, N.A. Diansky, K. Dixon, J.L. Dufresne, J.
Kyurgerov, J. Eby, N. Edwards, S. Emori, P. Forster, R. Furrer, J. Hansen, G. Hegerl, M. Holland, A. Hu, P.
Huybrechts, F. Joos, J. Kettleborough, M. Kimoto, M. Krynytzky, M.F. Loutre, J. Lowe, M. Meinshausen, S.
Muller, S. Nawrath, J. Oerlemans, T. Palmer, A. Payne, G.K. Plattner, J. Raisanen, G.L. Russell, A. Rinke, D.
Salas y Melia, G. Schmidt, B. Schneider, A. Shepherd, D. Stainforth, C. Tebaldi, H. Teng, L. Terray, A.
Sokolov, P. Stott, E.M. Volodin, B. Wang, T.M.L. Wigley, Y. Yu, and S. Yukimoto, 2007: Chapter 10: Global
Climate Projections, in Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M.
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 996 pp.
Meko, D., Therrell, M., Baisan, C. and M. Hughes. 2001. Sacramento River flow reconstructed to AD 869 from tree
rings. Journal of the American Water Resources Association 37(4): 1029-1039.
Mendelssohn, R. and F.B. Schwing. 2002. Common and uncommon trends in SST and wind stress in California and
Peru-Chile current systems. Progress in Oceanography 53. p.141-162.
Mendelssohn, R., F.B. Schwing, and S.J. Bograd. 2003. Spatial structure of subsurface temperature variability in the
California Current, 1950–1993. Journal of Geophysical Research 108 (C3): 3093, doi:10.1029/
2002JC001568.
Menéndez, M., Méndez, F., Losada, I. and N. Graham. 2008. Variability of extreme wave heights in the northeast
Pacific Ocean based on buoy measurements. Geophysical Research Letters 35: 10.1029/2008GL035394.
Menge, B.A., C. Blanchette, P. Raimondi, T. Freidenburg, S. Gaines, J. Lubchenco, D. Lohse, G. Hudson, M. Foley
and J. Pamplin. 2004. Species interaction strength: testing model predictions along an upwelling gradient.
Ecological Monographs 74:663-684.
Menge, B.A., F. Chan and J. Lubchenco. 2008. Response of a rocky intertidal ecosystem engineer and community
dominant to climate change. Ecology Letters 11:151-162.
Michaelidis, B., C. Ouzounis, A. Paleras and H.O. Portner. 2005. Effects of long-term moderate hypercapnia on
acid-base balance and growth rate in marine mussels Mytilus galloprovincialis. Marine Ecology Progress Series
293:109-118.
Michener, W.K., E.R. Blood, K.L. Bildstein, M.M. Brinson and L.R. Gardner. 1997. Climate change, hurricanes and
tropical storms, and rising sea level in coastal wetlands. Ecological Applications 7:770-801.
Miles H, Widdicombe S, Spicer JI, Hall-Spencer J. 2007. Effects of anthropogenic seawater acidification on acidbase balance in the sea urchin Psammechinus miliaris. Mar. Pollut. Bull. 54:89–96
Miller, A. K. and W. J. Sydeman. 2004. Rockfish response to low-frequency ocean climate change as revealed by
the diet of a marine bird over multiple time scales. Marine Ecology Progress Series 281: 207-216.
Miller, C.E. 2004. Biological Oceanography. Blackwell. Oxford.
Miller, A.W., A.C. Reynolds, C. Sobrino, G.F. Riedel. 2009. Shellfish face uncertain future in high CO2 world:
influence of acidification on oyster larvae calcification and growth in estuaries. PLoS ONE 4(5):e5661.
Mills, K. L., W.J. Sydeman, and P.J. Hodum (Eds.). 2005. The California Current Marine Bird Conservation Plan,
v. 1, PRBO Conservation Science.
Minerals Management Service. 2006. Technology White Paper on Wind Energy Potential on the U.S. Outer
Continental Shelf. Renewable Energy and Alternate Use Program, U.S. Department of the Interior
Moore J.D, Robbins T.T. and C.S. Friedman.2000. Withering syndrome in farmed red abalone, Haliotis rufescens;
thermal induction and association with a gastrointestinal Rickettsiales like prokaryote. Journal of Animal Health.
12:26-34.

Page 109

Moore, S.K., V.L. trainer, N.H. Mantua, M.S. Parker, E.A. laws, L.C. Backer and L.E. Fleming. 2008. Impacts of
climate variability and future climate change on harmful algal blooms and human health. Environmental Health
2008, 7(Suppl 2):S4 (12 pp).
Morgan, S.G., J.L. Fisher, A.J. Mace, L. Akins, A.M. Slaughter and S.M. Bollens. 2009. Cross-shelf distributions
and recruitment of crab postlarvae in a region of strong upwelling. Marine Ecology Progress Series 380:173185.
Mote, P.W., A.F. Hamlet, M.P. Clark, D.P. Lettenmaier. 2005. Declining mountain snowpack in western North
America. Bulletin of the American Meteorological Society 86:39-49.
Morris, J. T., P. V. Sundareshwar, C. T. Nietch, B. Kjerfve and D.R. Cahoon. 2002. Response of coastal wetlands to
rising sea level. Ecological Applications. 83:2869–77.
Munday, P.L, D.L. Dixson, J.M. Donelson, G.P. Jones, M.S. Pratchett, G.V. Devitsina, and K.B. Døving. 2009.
Ocean acidification impairs olfactory discrimination and homing ability of a marine fish. Proceedings of the
National Academy of Sciences 106:1848-1852.
Myrick, C.A. and J.J. Cech. 2004. Temperature effects on juvenile anadromous salmonids in California’s central
valley: what don’t we know? Reviews in Fish Biology and Fisheries 14:113-123.
National Oceanic and Atmospheric Administration (NOAA). November 2009.
http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=9414290.
National Atmospheric and Oceanic Administration (NOAA), Earth System Research Laboratory (ESRL). May 2010.
Mauna Loa CO2 annual mean data. Available at: ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_annmean_mlo.txt.
National Oceanic and Atmospheric Administration (NOAA), National Ocean Service (NOS). April 2008.
http://oceanservice.noaa.gov/topics/navops/ports/supp_sanfran_tidegage.html.
National Oceanic and Atmospheric Administration (NOAA), National Ocean Service (NOS). July 2009.
http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=9414290%20San%20Francisco,%20CA
Naylor, L. Schaffner and C. Stevenson. 2008. Consequences of climate change on the ecogeomorphology of coastal
wetlands Estuaries and Coasts 31: 477–491.
Nelson PA, D Behrens, J Castle, G Crawford, RN Gaddam, SC Hackett, J Largier, DP Lohse, KL Mills, PT
Raimondi, M Robart, WJ Sydeman, SA Thompson, S Woo. 2008. Developing Wave Energy In
Coastal California: Potential SocioEconomic And Environmental Effects. California Energy
Commission, PIER Energy-Related Environmental Research Program & California
Ocean Protection Council CEC-500-2008-083.
Neuman, K.K., L.A. Henkel, and G.W. Page. 2008. Shorebird use of sandy beaches in central California. Waterbirds
31:115-121.
Nicholls, R. J. 2004. Coastal flooding and wetland loss in the 21st century: Changes under the SERES climate and
socio-economic scenarios. Global Environmental Change 14: 69–86.
Nicholls, R. J., E. Hoozemans, and M. Marchand. 1999. Increasing flood risk and flood risk due to global sea level
rise: regional and global analyses. Global Environmental Change 9: S69–S88.
NOAA Coastal Services Center, Local Strategies for Addressing Climate Change. 2009.
Noe, G.B. and J.B. Zedler. 2001a. Variable precipitation limits the germination of upper intertidal marsh plants in
southern California. Estuaries 24:30–40
Noe, G.B. and J.B. Zedler. 2001b. Spatio-temporal variation of salt marsh seedling establishment in relation to the
abiotic and biotic environment. Journal of Vegetation Science 12:61–74.
Nordstrom. K.F. 2000. Beaches and dunes of developed coasts, Cambridge University Press, Cambridge, UK.
O’Connor, M. I., J.F. Bruno, S.D. Gaines, B.S. Halpern, S.E. Lester, B.P. Kinlan, J.M. Weiss. 2007. Temperature
control of larval dispersal and the implications for marine ecology, evolution, and conservation. Proceedings of
the National Academy of Sciences 104: 1266-1271.
O’Connor, M. I. 2009. Warming strengthens an herbivore-plant interaction. Ecology 90: 388-398.
O’Donnell, M.J., L.M. Hammond, G.E. Hofmann. 2008. Predicted impact of ocean acidification on a marine
invertebrate: elevated CO2 alters response to thermal stress in sea urchin larvae. Marine Biology 156:439-446.
Occhipinti-Ambrogi, A. 2007. Global change and marine communities: Alien species and climate change. Mar.
Poll. Bull. 55: 342–352.
Office of National Marine Sanctuaries (ONMS). April 2006. http://sanctuaries.noaa.gov/about/faqs/welcome.html.
Office of National Marine Sanctuaries (ONMS). 2009. Cordell Bank National Marine Sanctuary Condition Report
2009. U.S. Department of Commerce, National Oceanic and Atmospheric Administration, Office of National
Marine Sanctuaries, Silver Spring, MD. 58pp.
Oregon Coastal Management Program. 2009. Climate Ready Communities, A Strategy for Adapting to Impacts of
Climate Change on the Oregon Coast, January 2009. 20 pp.

Page 110

Orr, J. C., V. J. Fabry, O. Aumont, L. Bopp, S. C. Doney, R.A. Feely, A. Gnanadesikan, N. Gruber, A. Ishida, F.
Joos, R.M. Key, K. Lindsay, E. Maier-Reimer, R. Matear, P. Monfray, A. Mouchet, R.G. Najjar, G. Plattner,
K.B. Rodgers, C.L. Sabine, J.L. Sarmiento, R. Schlitzer, R.D. Slater, I.J. Totterdell, M. Weirig, Y. Yamanaka
and A. Yool. 2005. Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying
organisms. Nature 437:681-686.
Orth, R.J., T.J. Carruthers, W.C. Dennison, C.M. Duarte, J.W. Fourqurean, K.L. Heck, A.R. Hughes, G.A. Kendrick,
W.J. Kenworthy, S. Olyarnik, F.T. Short, M. Waycott and S.L. Williams. 2006. A global crisis for seagrass
ecosystems. Bioscience 56:987-996.
Paciorek, C.J., J.S. Risbey, V. Ventura, and R.D. Rosen. 2002. Multiple indices of Northern Hemisphere cyclone
activity, Winters 1949-99. Journal of Climate, 15(13), 1573-1590.
Page, G.W., J.S. Warriner, J.C. Warriner, and P.W.C. Paton. 1995. Snowy Plover. Pp. 1-23 in A. Poole and G. Gill,
editors. The Birds of North America, No. 154, The Academy of Natural Sciences, Philadelphia, PA.
Palacios, D.M., S.J. Bograd, R. Mendelssohn, F.B. Schwing. 2004. Long-term and seasonal trends in stratification in
the California Current, 1950-1993. Journal of Geophsical Research 109.
Palacios, S. L., and R. C. Zimmerman. 2007. Response of eelgrass Zostera marina to CO2 enrichment: possible
impacts of climate change and potential for remediation of coastal habitats. Marine Ecology Progress Series 344:
1–13.
Parmesan, C. 1996. Climate and species’ range. Science 382:765-766.
Parmesan, C. 2006. Ecological and evolutionary responses to recent climate change. Annual Review Ecology and
Systematics 37:637669.
Parrish, R.H., F.B. Schwing, and R. Mendelssohn. 2000. Midlatitude wind stress: the energy source for climatic
regimes in the North Pacific Ocean. Fish. Oceanogr. 9: 224-238.
Patsch, K. and G.B. Griggs. 2007. Development of sand budgets for California’s major littoral cells. Report to the
California Coastal Sediment Management Working Group. http://dbw.ca.gov/csmw/csmwhome.htm.
Pearl, H.W. and J. Huisman. 2009. Climate change: a catalyst for global expansion of harmful cyanobacterial
blooms. Environmental Microbiology Reports 1:1 (27-37).
Pendelton, E.A., E.R. Thieler, and S.J. Williams. 2005. Coastal Vulnerability Assessment of Golden Gate National
Recreation Area to Sea-Level Rise. U.S. Department of the Interior, U.S. Geological Survey.
Pendleton, L. and J. Kildow. 2006. The Non-Market Value of California’s Beaches. Shore & Beach v. 74, n. 2,
Spring 2006, pp. 34-37. March 2006.
Pennington, J. T., R. Michisaki, D. Johnston, and F. P. Chavez. 2007. Ocean observing in the Monterey Bay
National Marine Sanctuary: CalCOFI and the MBARI time series. Report by the Monterey Bay Aquarium
Research Institute, produced for the Sanctuary Integrated Monitoring Network (SIMoN), Monterey Bay
Sanctuary Foundation, Monterey Bay National Marine Sanctuary.
Perg, L.A., R.S. Anderson, and R.C. Finkel. 2001. Use of a new 10Be and 26Al inventory method to date marine
terraces, Santa Cruz, California, USA. Geology 29: 879-882.
Perry, A.L., P.J. Low, J.R. Ellis, J.D. Reynolds. 2005. Climate change and distribution shifts in marine fishes.
Science 308:1912-1915.
Peters, R.L. and J.D.S. Darling. 1985. The Greenhouse Effect and Nature Reserves. Bioscience 35:707-717.
Peterson, W. T. and F. B. Schwing. 2003. A new climate regime in northeast Pacific ecosystems. Geophysical
Research Letters 30 (17), 1896, doi:10.1029/2003GL017528, 2003.
Peterson, W. T., J. E. Keister, and L. R. Feinberg. 2002. The effects of the 1997-99 El Niño/La Niña events on
hydrography and zooplankton off the central Oregon coast. Progress in Oceanography 54: 381-398.
Peterson, W.T. and J.E. Keister. 2003. Interannual variability in copepod community structure at a coastal station in
the northern California Current: A multivariate approach. Deep Sea Research II 50:2499‐2517.
Petkewich, R. 2009. Off-Balance Ocean. Science & Technology 87: 56-58.
Pettee, Jessica. 1999. Female Northern Elephant Seal Reproductive Success at Point Reyes National Seashore and
Micro-habitat Features. MSc. San Francisco State University.
PIER. 2007. Summary of PIER Funded Wave Energy Research. California Energy Commission, PIER Program.
CEC-500-2007-083.
Phil William & Associates, Ltd. (PWA). 2006. Bolinas Lagoon Ecosystem Restoration Feasibility Project. Report to
the Marin County Open Space District with funding by California Coastal Conservancy and the U.S. Army
Corps of Engineers.
Phil William & Associates, Ltd (PWA). 2008. Coastal regional sediment management for southern Monterey Bay.
Report prepared for Association of Monterey Bay Area Governments.
http://www.dbw.ca.gov/CSMW/pdf/SMontereyBay_CRSMP_3Nov2008.pdf

Page 111

Phil William & Associates, Ltd (PWA). 2009a . California Coastal Erosion Response to Sea Level Rise – Analysis
and Mapping. Report to the Pacific Institute funded by the California Ocean Protection Council.
http://www.pwa-ltd.com/about/news-CoastalErosion/PWA_OPC_Methods_final.pdf.
Phil William & Associates, Ltd (PWA). 2009b. Carbon Sequestration in Tidal Wetlands, White Paper. Report to the
California Resources Legacy Fund.
Pincebourde, S. E. Sanford and B. Helmuth. 2008. Body temperature during low tide alters the feeding performance
of a top intertidal predator. Limnol. and Oceanogr. 53(4): 1562 – 1573.
Poulin, R. and K. N. Mouritsen. 2006. Climate change, parasitism and the structure of intertidal ecosystems. Journal
of Helminthology 80: 183-191.
Portner, H.O. and R. Knust. 2007. Climate change affects marine fishes through the oxygen limitation of thermal
tolerance. Science 315:95-97.
Portner, H.O. and A.P. Farrell. 2008. Physiology and climate change. Science 322:690-692
Prince, E.D. and C.P. Goodyear. 2006. Hypoxia-based habitat compression of tropical pelagic fishes, Fish.
Oceanogr. 15, 451-464.
Pringle, J.M. 2007. Turbulence avoidance and the wind-driven transport of plankton in the surface Ekman layer.
Continental Shelf Research 27:670-678.
Ragen, T. H. Huntington and G. Hovelsrud. 2008. Conservation of Arctic marine mammals faced with climate
change. Ecological Applications 18(Supplement):S166-S174.
Rahmstorf, S. 2007. A semi-empirical approach to projecting future sea-level rise. Science 315: 368–370.
Raimondi, P. T., C. M. Wilson, R. F. Ambrose, J. M. Engle, and T. E. Minchinton. 2002. Continued declines of
black abalone along the coast of California: are mass mortalities related to El Niño events? Marine EcologyProgress Series 242:143-152.
Ralston, S. 2002. West coast groundfish harvest policy. North American Journal of Fisheries Management 22:249250.
Ramp, S., F. Chavez, L. Breaker, 2009. Sea Level Off California: Rising or Falling? Central and Northern California
Coastal Ocean Observing System (CENCOOS), Integrated Ocean Observing System (IOOS).
http://www.cencoos.org/sections/news/sea_level.shtml
Rasmussen, E.M. and J.M. Wallace. 1983. Meteorological aspects of the El Niño/Southern Oscillation. Science 222:
1195-1202.
Rasse, D. P., G. Peresta, and B. G. Drake. 2005. Seventeen years of elevated CO2 exposure in a Chesapeake Bay
Wetland: sustained but contrasting responses of plant growth and CO2 uptake. Global Change Biology 11: 369–
377.
Raupach, M.R., G. Marland, P. Ciais, C. LeQuere, J.G. Canadell, G. Klepper, and C. Field. 2007. Global and
regional drivers of accelerating CO2 emissions. PNAS 104:10288-10293.
Raven, R. and P.G. Falkowski. 1999. Oceanic sinks for atmospheric CO2. Plant, Cell and Environment 22:741-755.
Read, A.J., P. Drinker, S. Northridge. 2006. Bycatch of marine mammals in U.S. and global fisheries. Conservation
Biology 20(1):163-169.
Rebstock, G.A. 2001. Long‐term stability of species composition of copepods off southern California. Marine
Ecology Progress Series 215:213‐224.
Rebstock, G.A. 2002. Climatic regime shifts and decadal scale variability in calanoid copepod populations off
southern California. Global Change Biology 8:71‐89.
Rees, A.P., S.B. Hope, C.E. Widdicombe, J.L. Dixon, E.M.S. Woodward, and M.F. Fitzsimons. 2009. Alkaline
phosphatase activity in the western English Channel: Elevations induced by high summertime rainfall. Estuarine,
Coastal and Shelf Science 81: 569-574.
Reusch, T. B. H., A. Ehlers, A. Hammerli, and B. Worm. 2005. Ecosystem recovery after climatic extremes
enhanced by genotypic diversity. Proceedings of the National Academy of Sciences 102:2826-2831.
Revell, D.L., J.J. Marra, and G.B. Griggs. 2007. Sandshed Management. Special issue of Journal of Coastal
Research - Proceedings from the International Coastal Symposium 2007, Gold Coast, Australia. SI 50:93-98
Revell, D.L., J.E. Dugan, and D.M. Hubbard. In press. Physical and ecological responses of sandy beaches to the
1997-98 El Niño. Journal of Coastal Research.
Richardson, A.J. 2008. In hot water: zooplankton and climate change. ICES Journal of Marine Science 65:279‐295.
Ritter, M.E. 2006. The Physical Environment: an Introduction to Physical Geography.
http://www.uwsp.edu/geo/faculty/ritter/geog101/textbook/title_page.html.
Roemmich, D., J. McGowan. 1995. Climatic warming and the decline of zooplankton in the California Current.
Science 267: 1324-1326.
Roessig, J. M., C. M. Woodley, J. J. Cech, Jr., and L. J. Hansen. 2004. Effects of global climate change on marine
and estuarine fishes and fisheries. Reviews in Fish Biology and Fisheries 14: 251-275.

Page 112

Rosa, R. and B.A. Seibel. 2008. Synergistic effects of climate-related variables suggest future physiological
impairment in a top oceanic predator. Proceedings of the National Academy of Science 105:20776-20780.
Roughan, M., A.J. Mace, J.L. Largier, S.G. Morgan and J.F. Fisher. 2005. Subsurface recirculation and larval
retention in the lee of a small headland: A variation on the upwelling shadow theme. Journal of Geophysical
Research 110:C10027.
Roy, K., J.W. Valentine, D. Jablonski and S.M. Kidwell. 1996. Scales of climatic variability and time averaging in
Pleistocene biotas: implications for ecology and evolution. Trends in Ecology and Evolution 11:459-463.
Ruggiero, P., P.D. Komar, W.G. McDougal, J.J. Marra and R.A. Beach. 2001. Wave runup, extreme water levels,
and the erosion of properties backing beaches. Journal of Coastal Research 17(2):401-419.
Russell, B.D., J.I. Thompson, L.J. Falkenberg, and S.D. Connell. 2009. Synergistic effects of climate change and
local stressors: CO2 and nutrient-driven change in subtidal rocky habitats. Global Change Biology. 15:21532162.
Sabine, C.L., R.A. Feely, N. Gruber, R.M. Key, K. Lee, J.L. Bullister, R. Wanninkhof, C.S. Wong, D.W.R. Wallace,
B. Tilbrooke, F.J. Millero, T. Peng, A. Kozyr, T. Ono, and A. Rios. 2004. The ocean sink for anthropogenic CO2.
Science 305:367-371.
Sabine, C. L. and R. A. Feely. 2007. The Oceanic Sink for Carbon Dioxide in Greenhouse Gas Sinks. D. Reay, N.
Hewitt, J. Grace, K. Smith, Eds. CABI, Oxfordshire, UK.
Sagarin, R.D., J.P. Barry, S.E. Gilman, C.H. Baxter. 1999. Climate-related change in an intertidal community over
short and long time scales. Ecological Monographs 69:465-490.
Sagarin, R.D., S.D. Gaines, and B. Gaylord. 2006. Moving beyond assumptions to understand abundance
distributions across the ranges of species. Trends in Ecology and Evolution 21:524-530.
Sallenger, A.H., W. Krabill, J. Brock, R. Swift, S. Manzinar, and H.F. Stockdon. 2002. Sea-Cliff erosion as a
function of beach changes and extreme wave run-up during the 1997-98 El Niño. Marine Geology 187:279-297.
Sanford. E. 1999. Regulation of keystone predation by small changes in ocean temperature. Science 283:2095-2097.
Sanford, E. and D.S. Swezey. 2008. Response of predatory snails to a novel prey following the geographic range
expansion of an intertidal barnacle. Journal of Experimental Marine Biology and Ecology 354: 220-230.
Sarmiento, J.L., T.M.C. Hughes, R.J. Stouffer, and S. Manabe. 1998. Simulated response of the ocean carbon cycle
to the anthropogenic climate warming, Nature 393, 245-248.
Scavia, D., J. C. Field, D. F. Boesch, R. W. Buddemeier, V. Burkett, D. R. Cayan, M. Fogarty, M. A. Harwell, R. W.
Howarth, C. Mason, D. J. Reed, T. C. Royer, A. H. Sallenger, and J. G. Titus. 2002. Climate Change Impacts on
U.S. Coastal and Marine Ecosystems. Estuaries April, 25(2): 149–164.
Schiel, D. R., Steinbeck, J. R., and M. S. Foster. 2004. Ten years of induced ocean warming causes comprehensive
changes in marine benthic communities. Ecology 85(7): 1833-1839.
Schindler, D. W. 2001. The cumulative effects of climate warming and other human stresses on Canadian
freshwaters in the new millennium. Can. J. Fish. Aquat. Sci. 58: 18 29.
Schlacher, T.A., J.E. Dugan, D.S. Schoeman, M. Lastra, A. Jones, F. Scapini, A. McLachlan, and O. Defeo. 2007.
Sandy beaches at the brink. Diversity and Distributions 13:556-560.
Scholtz, A., C. Steinback and M. Mertens. 2006. Commercial Fishing grounds and their relative importance off the
Central Coast of California.
Schwing, F. B. and R. Mendelssohn. 1997. Increased coastal upwelling in the California Current System. Journal of
Geophysical Research 102:3421-3438.
Sekula-Wood, E., A. Schnetzer, C.R. Benitez-Nelson, C. Anderson, W.M. Berelson, M.A. Brzezinski, J.M. Burns,
D.A. Caron, I. Cetinic, J.L. Ferry, E. Fitzpatrick, B.H. Jones, P.E. Miller, S.L. Morton, R.A. Schaffner, D.A.
Siegel and R. Thunell. 2009. Rapid downward transport of the neurotoxin domoic acid in coastal waters, Letter
abstract. Nature Geoscience. Published online: 22 March 2009.
Seymour, RJ, MJ Tegner, PK Dayton PE Parnell. 1989. Storm wave induced mortality of giant kelp Macrocystis
pyrifera in southern California USA. Estuarine Coastal and Shelf Science 28:277-292.
Seymour, R. 1998. Effects of El Niños on the West Coast Wave Climate. Journal of the American Shore and Beach
Preservation Association 66(3): 3-6.
Shanks, A.L., J. Largier, L. Brink, J. Brubaker and R. Hoff. 2000. Demonstration of the onshore transport of larval
invertebrates by the shoreward movement of an upwelling front. Limnology and Oceanography 45:230-236.
Shanks, A.L. and R.K. Shearman. 2009. Paradigm lost? Cross-shelf distributions of intertidal invertebrate larvae are
unaffected by upwelling or downwelling. Marine Ecology Progress Series 385:189-204.
Shirayama Y, Thorton H. 2005. Effect of increased atmospheric CO 2 on shallow water marine benthos. J.Geophys.
Res. 110:C09S08
Simmonds, M.P. and S.J. Isaac. 2007. The impacts of climate change on marine mamals: early signs of significant
problems. Orynx 41:19-26.

Page 113

Silva, P.C., R.A. Woodfield, A.N. Cohen, L.H. Harris and J.H.R. Goddard. 2002. First report of the Asian kelp
Undaria pinnatifida in the northeastern Pacific Ocean. Biological Invasions 4:333-338.
Slagel, M. J. and G.B. Griggs. 2008. Cumulative Losses of Sand to the California Coast by Dam Impoundment.
Journal of Coastal Research 24(3)571-584.
Slott, J.M., A.B. Murray, A.D. Ashton, and T.J. Crowley. 2006. Coastline responses to changing storm patterns.
Geophysical Research Letters Vol. 33 L18404.
Smith, S.V. and J.T. Hollibaugh. 1997. Annual cycle of interannual variability of ecosystem metabolism in a
temperate climate embayment. Ecological Monographs 67:509-533.
Snyder, M. A. and L. C. Sloan. 2005. Transient future climate over the western United States using a regional
climate model. Earth Interactions 9:1-21.
Snyder, M., Bell, J., Sloan, L., Duffy, P. and B. Govindasamy. 2002. Climate responses to a doubling of atmospheric
carbon dioxide for a climatically vulnerable region. Geophysical Research Letters 29(11):
10.1029/2001GL014431.
Snyder, M.A., L.C. Sloan, N.S. Diffenbaugh, and J.L. Bell. 2003. Future climate change and upwelling in the
California Current. Geophysical Research Letters 30:1-4.
Solomon, S., G. Plattner, R. Knutti and P. Friedlingstein. 2009. Irreversible climate change due to carbon dioxide
emissions. Proceedings of the National Academy of Sciences 106:1704-1709.
Somero, G. N. 2000. Predicting the effects of global climate change: when (and why) will global warming “hurt”
marine organisms. Address to the Stanford Alumni College. August 5th. Stanford, California.
Somero, G. N. 2005. Linking biogeography to physiology: evolutionary and acclamatory adjustments of thermal
limits. Frontiers in Zoology. 2:1
Sorte, C.J.B. and G.E. Hofmann. 2004. Changes in latitudes, changes in aptitudes: Nucella canaliculata (Mollusca:
Gastropoda) is more stressed at its range edge. Marine Ecology Progress Series 274:263-268.
Spero, H., J., Bijma,, D.W. Lea, E.B., Bemis. 1997. Seawater carbonate chemistry and carbon and oxygen isotopes
during experiments with planktonic foraminifera Orbulina universa and Globigerina bulloides, 1997.
doi:10.1594/PANGAEA.721923.
Spotila, J.R., R.D. Reina, A.C. Steyermark, P.T. Plotkin, and F.V. Paladino. 2000. Pacific leatherback turtles face
extinction. Nature 405:529-530.
Stachowicz, J.J., J.R. Terwin, R.B. Whitlatch and R.W. Osman. 2002. Linking climate change and biological
invasions: ocean warming facilitates non-indigenous species invasion. Proceedings of the National Academy of
Sciences 99: 15497–15500.
Steneck, R.S. 1986. The ecology of coralline algal crusts convergent patterns and adaptive strategies. Annual Review
of Ecology and Systematics 17:273-304.
Stevenson, J. C., L. G. Ward, and M. S. Kearney. 1986. Vertical accretion in marshes with varying rates of sea level
rise. Pages 241–259 in D. Wolf (ed.), Estuarine Variability. New York: Academic Press.
Stevenson, J.C. and M.S. Kearney. 2009. Impacts of global climate change and sea level rise on tidal wetlands. In:
Silliman, B.R., Grosholz, E.D. and Bertness, M.D. (eds). Human Impacts on Salt Marshes. Berkeley, CA:
University of California Press.
Stillman, J. H. and G. N. Somero. 1996. Adaptation to temperature stress and aerial exposure in congeneric species
of intertidal porcelain crabs (genus Petrolisthes): correlation of physiology, biochemistry and morphology with
vertical distribution. The Journal of Experimental Biology 199: 1845 - 1855
Stillman, J.H. and G.N. Somero. 2000. A comparative analysis of the upper thermal tolerance limits of eastern
Pacific porcelain crabs, genus Petrolisthes: Influences of latitude, vertical zonation, acclimation, and phylogeny.
Physiological and Biochemical Zoology 73:200-208.
Storlazzi, C. and G. Griggs. 2000. Influence of El Niño-Southern Oscillation (ENSO) events on the evolution of
Central California's shoreline. GSA Bulletin 112 (2), 236-249.
Stralberg, D., Applegate, D. L., Phillips, S. J., Herzog, M. P., Nur, N. and N. Warnock. 2008. Optimizing wetland
restoration and management for avian communities using a mixed integer programming approach. Biological
Conservation 142: 94-109.
Stramma, L., G.C. Johnson, J. Sprintall, and V. Morholz. 2008. Expanding oxygen minimum zones in the tropical
oceans, Science, 320, 655-658.
Strathmann, RR. 1987. Larval feeding. In Giese, AC, JS Pearse, VB Pearse (Eds.). Reproduction of marine
invertebrates. Palo Alto Blackwell Vol. 9: pp. 465–550.
Sydeman, W.J. and S. Allen. 1999. Pinniped population dynamics in central California: Correlations with sea
surface temperature and upwelling indices. Marine Mammal Science 15(2):446-461.

Page 114

Sydeman, W.J., Bradley, R.W., Warzybok, P., Abraham, C.L., Jahncke, J., Hyrenbach, K.D., Kousky, V., Hipfner,
J.M., and Ohman, M.D. 2006. Planktivorous auklet Ptychoramphus aleuticus responses to ocean climate, 2005:
unusual atmospheric blocking? Geophysical Research Letters 33 L22S09. doi:10.1029/2006GL026736.
Sydeman, W.J., Hester, M.M., Thayer, J.A., Gress, F., Martin, P., and Buffa, J. 2001. Climate change, reproductive
performance and diet composition of marine birds in the southern California Current system, 1969-1997.
Progress in Oceanography 49:309-329.
Sydeman, W.J., K.L. Mills, J.A. Santora, SA Thompson, D.F. Bertram, K.H. Morgan, M.A. Hipfner, B.K. Wells,
and S.G. Wolf. 2009. Seabirds and climate in the California Current – A synthesis of change. California
Cooperative Oceanic Fisheries Investigation Report 50:82-104.
Taylor, A.H., J.I. Allen, and P.A. Clark. 2002. Extraction of a weak climatic signal by an ecosystem. Nature
416:629‐632.
Thayer, J. A. and W. J. Sydeman. 2007. Spatio-temporal variability in prey harvest and reproductive ecology of a
piscivorous seabird, Cerorhinca monocerata, in an upwelling system. Marine Ecology Progress Series 329: 253265.
Thompson, W. F. 1919. The spawning of the grunion (Leuresthes tenuis). California Fish and Game 5:201.
Thornber, C.S., B.P. Kinlan, M.H. Graham and J.J. Stachowicz. 2004. Population ecology of the invasive kelp
Undaria pinnatifida in California: environmental and biological controls on demography. Marine Ecology
Progress Series 268:69-80.
Thornton, E.B., A. Sallenger, J.C. Sesto, L. Egley, T. McGee, and R. Parsons. 2006. Sand mining impacts on longterm dune erosion in southern Monterey Bay. Marine Geology 229:45-58.
Timmerman, A., Oberhuber, J., Bacher, A., Esch, M., Latif, M. and E. Roeckner. 1999. Increased El Niño frequency
in a climate model forced by future greenhouse warming. Nature 398: 694-696.
Tissot, B.N. 1995. Recruitment, growth, and survivorship of black abalone on Santa Cruz Island following mass
mortality. Bulletin Southern California Academy of Sciences 94:179-189.
Tomanek, L. and G.N. Somero. 2000. Time course and magnitude of synthesis of heat shock proteins in congeneric
snails (genus Tegula) from different tidal heights. Physiological and Biochemical Zoology. 73(2): 249 – 256.
Tomanek, L. 2008. The importance of physiological limits in determining biogeographical range shifts due to
climate change: the heat shock response. Physiol. Biochem. Zool. 81(2): 709 – 717.
Tomanek, L. and B. Helmuth. 2002. Physiological ecology of rocky intertidal organisms: a synergy of concepts.
Integ. and Comp. Biol. 42: 771 – 775.
Trenberth, K.E. 1990. Recent observed interdecadal climate changes in the northern-hemisphere. Bulletin of the
American Metereological Society 71:988-993.
Trenberth, K.E. and J.W. Hurrell. 1994. Decadal atmosphere-ocean variations in the Pacific. Climate Dynamics
9:303-319.
Trenberth, K. E., P. D. Jones, P. Ambenje, R. Boariu, D. Easterling, A. Klein Tank, D. Parker, F. Rahimzadeh, J. A.
Renwick, M. Rusticucci, B. Soden, and P. Zhai. 2007. Observations: Surface and Atmospheric Climate Change.
In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change., Cambridge, United Kingdom and New
York, NY, USA.
Trillmich, F. and K. Ono. 1991. Pinnipeds and El Niño: responses to environmental stress. Ecological Studies 88.
Springer-Verlag, Berlin.
Ullrich, S.M., T.W. Tanton and S.A. Abdrashitova. 2001. Mercury in the aquatic environment: A review of factors
affecting methylation. Critical Reviews in Environmental Science and Technology 31:241-292.
van Devender, T.R. and W.G. Spaulding. 1979. Development of vegetation and climate in the southwestern United
States. Science 204:701-710.
Van Dolah, FM. 2005. Effects of harmful algal blooms. In J. Reynolds III, WF Perrin, RR Reeves, S. Montgomery,
and TJ Ragen. Marine Mammal Research: Conservation beyond crisis. John Hopkins University Press,
Baltimore, MD.
Vecchi, G.A. and B.J. Soden. 2007. Global warming and the weakening of the tropical circulation. J. Climate 20:
4316-4340.
Vetter E.W. and P.K. Dayton. 1999. Organic enrichment by macrophyte detritus, and abundance patterns of
megafaunal populations in submarine canyons. Marine Ecology Progress Series 186:137-148.
Veit R.R., P. Pyle, and J.A. McGowan. 1996. Ocean warming and long-term change in pelagic bird abundance
within the California current system. Marine Ecology Progress Series 139:11-18.
Vinebrooke, R.D., K.L. Cottingham, J. Norberg, M. Scheffer, S.I. Dodson, and S.C. Maberly. 2004. Impacts of
multiple stressors on biodiversity and ecosystem functioning: the role of species co-tolerance. OIKOS 104:451457.

Page 115

Wang, X. L. L. and V. R. Swail. 2001. Changes of extreme wave heights in Northern Hemisphere oceans and related
atmospheric circulation regimes. Journal of Climate 14:2204-2221.
Ware, D.W. and R.E. Thompson. 2005. Bottom‐up ecosystem trophic dynamics determine fish production in the
Northeast Pacific. Science 308:1280‐1284.
Warzybok, P and R.W. Bradley. 2008. Population size and reproductive performance of seabirds on Southeast
Farallon Island, 2008. Unpublished Report to U.S. Fish and Wildlife Service. PRBO Conservation Science.
Petaluma.
Wells R.S., L.J. Hansen, A.B. Baldridge, T.P. Dohl, D.L. Kelly, and R.H. Defran. 1990. Northward extension of the
ranges of bottlenose dolphins along the California coast in S. Leatherwood & R.R. Reeves: "The bottlenose
dolphin". Academic Press, San Diego, CA.
Westerling, A. L., H. G. Hidalgo, D. R. Cayan, and T. W. Swetnam. 2006. Warming and earlier spring increases
western U.S. forest wildfire activity. Science 313(5789): 940 – 943 DOI: 10.1126/science.1128834.
Weston, N., B. R. E. Dixon, and S. B. Joye. 2006. Ramifications of salinity intrusion in tidal freshwater sediments:
geochemistry and microbial pathways of organic matter mineralization. J Geophys Res-Biogeosci 111: G0100.
doi:10.1029/2005JG000071.
Wheeler, P.A., A. Huyer, and J. Fleischbein. 2003. Cold halocline, increased nutrients and higher chlorophyll off
Oregon in 2002, Geophys. Res. Lett. 30, 8021, doi:10.1029/2003GL017395.
Whitney, F.A., H.J. Freeland, and M. Robert. 2007. Persistently declining oxygen levels in the interior waters of the
eastern subarctic Pacific, Prog. Oceanogr. 75, 179-199.
Williams, K., K.C. Ewel, R.P. Stumpf, F.E. Putz and T.W. Workman. 1999. Sea-level rise and coastal forest retreat
on the west coast of Florida, USA. Ecology 80:2045-2063.
Williams, S.L. 1995. Surfgrass (Phyllospadix torreyi) reproduction: reproductive phenology, resource allocation,
and male rarity. Ecology 76:1953-1970.
Williams, S.L. 2001. Reduced genetic diversity in eelgrass transplantations affects both population growth and
individual fitness. Ecological Applications 11:1472-1488.
Williams, S.L. and E. D. Grosholz. 2008. The invasive species challenge in estuarine and coastal environments:
Marrying management and science. Estuaries and Coasts 31: 3-20.
Willis, C.M. and G.B. Griggs. 2003. Reductions in Fluvial Sediment Discharge by Coastal Dams in California and
implications for Beach Sustainability. Journal of Geology 111:167-182
Willis, J.K., D. Roemmich, and B. Cornuelle. 2004: Interannual variability in upper-ocean heat content, temperature
and thermosteric expansion on global scales. J. Geophys. Res. 109, C12036, doi:10.1029/2003JC002260.
Winant, C. D., and C. E. Dorman. 1997. Seasonal patterns of surface wind stress and heat flux over the Southern
California Bight. J. Geophys. Res. 102, 5641-5653.
Wingfield, D.K. and C.D. Storlazzi. 2007. Variability in oceanographic and meteorologic forcing along Central
California and its implications on nearshore processes. Journal of Marine Systems v. 68, p. 457-472.
Yen, P.P.W, Sydeman, W.J., Bograd, S.J., and Hyrenbach, K.D. 2006. Spring-time distributions of migratory marine
birds in the southern California Current: oceanic eddy associations and coastal habitat hotspots over 17 years.
Deep Sea Research II 53:399-41.
Zacherl, D., S.D. Gaines, and S.I. Lonhart. 2003. The limits to biogeographical distributions: insights from the
northward range extension of the marine snail, Kelletia kelletii (Forbes, 1852). Journal of Biogeography 30:913924.
Zeebe, R. E. and D. Wolf-Gladrow. 2001. CO2 in Seawater: Equlibrium, Kinetics, Isotopes. Amsterdam: Elsevier
Science, B.V. 346 pp.
Zeidberg, L.D. and B.H. Robison. 2007. Invasive range expansion by the Humboldt squid, Dosidicus gigas, in the
eastern North Pacific. Proceedings of the National Academy of Science 104:12948-12950.
Zimmerman, R.C. and J.N. Kremer. 1984. Episodic nutrient supply to a kelp forest ecosystem in southern California.
Journal of Marine Research 42:591-604.
Zimmerman, R.C. and J.N. Kremer. 1986. In situ growth and chemical composition of the giant kelp, Macrocystis
pyrifera: response to temporal changes in ambient nutrient availability. Marine Ecology Progress Series 27:277285.
Zimmerman, R.C. and D.L. Robertson. 1985. Effects of El Niño on local hydrography and growth of the giant kelp,
Macrocystis pyrifera, at Santa Catalina Island, California. Limnology and Oceanography 30:1298-1302.
ZoBell, C. E. 1971. Drift seaweeds on San Diego county beaches. Beih. Nova Hedwigia 32. 269-314.

Page 116

Appendix 1: Gulf of the Farallones and Cordell Bank
National Marine Sanctuaries
The National Marine Sanctuary System consists of 14 marine protected areas that encompass
more than 150,000 square miles of marine and Great Lakes waters from Washington State to the
Florida Keys, and from Lake Huron to American Samoa. The system includes 13 national marine
sanctuaries and the Papahnaumokukea Marine National Monumen
t (ONMS 2006). The study
region for this document are the waters off north-central
California, from Point Arena to Año Nuevo, within
which Gulf of the Farallones and Cordell Bank national
marine sanctuaries are found. The boundaries of these
sanctuaries are also located within the California
Current ecosystem, one of four major eastern boundary
currents in the world, that stretches along the western
coast of North America from southern Canada to
northern Mexico. Due to a high degree of wind-driven
upwelling, there is a ready supply of nutrients to surface
waters and the California Current ecosystem is one of
the most biologically productive regions in the world.
Designated in 1981, Gulf of the Farallones National
Marine Sanctuary (GFNMS) spans 1,279-square-miles
(966 square nautical miles) just north and west of San
Francisco Bay, and protects open ocean, nearshore tidal
flats, rocky intertidal areas, estuarine wetlands, subtidal
reefs, and coastal beaches within its boundaries. It is a globally significant, extraordinarily
diverse and productive marine ecosystem that supports abundant wildlife and valuable fisheries.
The sanctuary provides breeding and feeding grounds for at least twenty-five endangered or
threatened species; thirty-six marine mammal species, including blue and humpback whales, and
seals; over a quarter-million breeding seabirds; and one of the most significant white shark
populations on the planet. In addition, GFNMS has administrative jurisdiction over the northern
portion of the Monterey Bay National Marine Sanctuary, from the San Mateo/Santa Cruz County
line northward to the existing boundary between the two sanctuaries and maintains offices in
both San Francisco and Half Moon Bay.
Figure 1A: Cordell Bank, Gulf of the
Farallones and northern jurisdictional area
of Monterey Bay National Marine
Sanctuaries. T. Reed (2008).

Cordell Bank National Marine Sanctuary (CBNMS) is comprised of the extremely productive
offshore waters surrounding the Cordell Bank seamount and extending offshore beyond the shelf
edge, to depths of 1000 fathom (1829 m). The southern and eastern boundary of CBNMS is
shared with the Gulf of the Farallones National Marine Sanctuary. Cordell Bank is a 4.5 mile
(7.2 km) by 9.5 mile (15.2 km) rocky undersea feature located 18 miles (29 km) west of the
Point Reyes headlands. It rises abruptly from the soft sediments of the shelf to within 115 feet
(35 m) of the ocean surface. The sanctuary protects a total area of 529 square miles (1369 square
km). Seasonal upwelling drives an annual productivity cycle at Cordell Bank that supports a rich
biological community, including local species as well as migratory sea turtles, fishes, seabirds
and marine mammals that travel thousands of miles to feed around the bank. The combination of
a healthy benthic community on the bank and its close proximity to offshore, open water species
contributes to the unique biological diversity in a relatively confined area around Cordell Bank.
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Glossary
Accretion: the accumulation of sediment, deposited by natural fluid flow processes
Advection: the transport of something (e.g., temperature, moisture) from one region to another
Amplitude: the magnitude of change in a wave; one half the wave height
Anthropogenic: effects, processes or materials derived from human activities
Aragonite: a carbonite mineral; one of the two common (the other is calcite) naturally occurring
polymorphs of calcium carbonate
Biodiversity: the variation of life forms within a given ecosystem, biome, or for the entire Earth
Bottom-up: nutrient supply and productivity and type of primary producers (plants and
phytoplankton) are controling the ecosystem structure
C3 plants: over 95% of earth's plant species; use the enzyme rubisco to make a three-carbon
compound as the first stable product of carbon fixation; flourish in cool, wet, and cloudy
climates, where light levels may be low, because the metabolic pathway is more energy
efficient, and if water is plentiful, the stomata can stay open and let in more carbon
dioxide, however, carbon losses through photorespiration are high
C4 plants: less than 1% of earth's plant species; possess biochemical and anatomical
mechanisms to raise the intercellular carbon dioxide concentration at the site of fixation,
and this reduces, and sometimes eliminates, carbon losses by photorespiration; inhabit
hot, dry evironments, have very high water-use efficiency, so that there can be up to
twice as much photosynthesis per gram of water as in C3 plants, but C4 metabolism is
inefficient in shady or cool environments
Calcite: the most stable polymorph of calcium carbonate
Carbon cycle: The carbon cycle is the biogeochemical cycle by which carbon is continuously
exchanged among Earth’s five major resovoirs of carbon (biosphere, pedosphere,
geosphere, hydrosphere, and atmosphere)
Carbon sink: a natural or manmade reservoir that accumulates and stores some carboncontaining chemical compound for an indefinite period
Climate change: a change in the statistical distribution of weather over periods of time that
range from decades to millions of years; it can be a change in average weather or a
change in the distribution of weater events around an average (i.e., greater or fewer
extreme weather events)
Congener: another organism within the same genus
Conspecific: another organism within the same species
El Niño: a condition of decreased westward winds over the equatorial Pacific. This results in
warm waters in the eastern Pacific that reduce nutrient availability, having significant
consequences for coastal fisheries of western North and South America.
Elevational range: the component of a species range in terms of the elevation or altitude it
occupies
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Extratropical Cyclones: a type of storm system formed in middle or high latitudes, in regions of
large horizontal temperature variations called frontal zones; they present a contrast to the
more violent cyclones or hurricanes of the tropics, which form in regions of relatively
uniform temperatures
Fog: a cloud whose base intersects the ground and restricts visibility below 1 km.
Forcing (climate): altering the global energy balance and “forcing” the climate to change
through mechanisms such as variations in ocean circulation and changes in the
composition of the Earth’s atmosphere, which can occur naturally or be human induced
(i.e., through greenhouse gas emissions).
Frontogenesis: the formation or strengthening of an atmospheric front.
Greenhouse gases: naturally occurring gases in the atmosphere that absorb and emit radiation
within the thermal infrared range to cause the “greenhouse effect”; without them the
Earth would the about 59° F warmer than iat present; the main gases are water vapor,
carbon dioxide, methane, nitrous oxide, and ozone; since the start of the Industrial
Revolution, human activities have increased the levels of greenhouse gases in the
atmosphere.
Groin: a shore-protection structure (built usually to trap littoral drift or retard erosion of the
shore). It is narrow in width (measured parallel to the shore) and its length may extend
seaward from tens to hundreds of meters.
Heat shock protein (HSP): molecular chaperone that modifies the shape and accumulation of
other proteins.
Hyper-nutrified: a body of water containing high levels of nutrients such as nitrogen and
phosphorus.
Insolation: a measure of solar radiation.
Interannual (time scale, variability): Variation that occurs predominantly between years.
Interdecadal (time scale, variability): Variation that occurs predominantly between decades.
Keystone species: a species that has a disproportionate effect on its environment relative to its
biomass; such species affect many other organisms in an ecosystem and help determine
the types oand numbers of various other soecies in a community
La Niña: a condition of unusually cold water temperatures in the tropical eastern Pacific, also
the opposing condition to El Niño.
Littoral cell: a natural system of beach sand, constrained by headlands and submarine canyons
with a variety of sediment sources and sinks that affect the overall sediment budget
Macroalgae: large aquatic photosynthetic plants that can been seen without the aid of a
microscope
Marine layer: an air mass that develops over a body of water and thus takes on the
characteristics of both the moisture and temperature of the water. The air mass is trapped
under a strong temperature inversion. Given that the marine layer is composed of very
moist cool air, it can contain clouds either elevated off the surface, which are called
marine stratus, or clouds intersecting the ground, which can be called sea fog.
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Mesotidal: two to four metres of tidal range; used to classify coasts based solely on tidal range
without regard to any other variable
Microtidal: less than two meters of tidal range; constitute the largest percentage of the world’s
coasts
North Pacific Gyre Oscillation (NPGO): Describes fluctuations in sea surface height and
temperature data across the northeastern Pacific in combination with the PDO; while the
PDO is the dominant signal in physical parameters like temperature and sea level, the
NPGO correlates well with salinity, nutrient concentrations and phytoplankton
chlorophyll, suggesting a closer relationship to nutrient fluxes and ecosystem
productivity
North Pacific High (NPH): a semi-permanent, subtropical area of high pressure in the North
Pacific Ocean; strongest in the Northern Hemisperic summer and displaced towards the
equator during the winter when the Aleutian Low becomes more dominate
Oligotrophic: an ecosystem or environment offering little to sustain life; commonly used to
describe bodies of water or soils with very low nutrient levels
Pacific Decadal Oscillation (PDO): a longer-term fluctuation in ocean climate that changes
state approximately every 20-40 years
Phenology: the study of periodic plant and animal life cycle events and how these are influenced
by seasonal and interannual variations in climate
Population Connectivity: the exchange of individuals between geographically isolated subpopulations through mechanisms such as larval dispersal or migration
Saturation depth (horizon): Surface ocean waters are supersaturated with respect to CaCO3
(calcite or aragonite), which becomes more soluble with decreasing temperature and
increasing pressure (hence depth). A natural boundary, the saturation horizon develops
when the saturation states falls under unity and CaCO3 readily dissolves
(http://www.co2.ulg.ac.be/peace/intro.htm).
Saturation state: the degree to which seawater is saturated with respect to carbonate minerals
(e.g., calcite, aragonite, and high-magnesium calcites).
Significant wave height (Hs): the average height of the one third highest waves.
Stratification: the building up of layers
Stratus: A cloud in the form of a gray layer with a rather uniform base. It seldom produces
precipitation but if it does, it is in the form of drizzle. It is often seen in the summer
months along the California coast. When this cloud comes in contact with the surface it
is called fog.
Stressor: an agent, condition, or other stimulus that causes stress to an organism
Subsidence: a descending motion of air in the atmosphere, usually with the implication that the
condition extends over a broad area.
Thermocline: a thin but distinct layer in a large body of fluid (e.g., water, such as an ocean or
lake, or air, such as an atmosphere), in which temperature changes more rapidly with
depth than it does in the layers above or below; in the ocean, the thermocline may be
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thought of as an invisible blanket which separates the upper mixed layer from the calm
deep water below
Top-down: top predators are controling the structure/population dynamics of the ecosystem
Turbulence: the irregular or chaotic flow of a fluid (e.g., air or water).
Uptake: an act of taking in or absorbing
Upwelling: results from the offshore transport of near-surface water due to alongshore winds
from the north and the influence of the earth’s rotation (known as Ekman transport), this
water is replaced with cold, salty, nutrient-rich water from depths below.
Wind curl (stress): the drag or tangential force per unit area exerted on the surface of the earth
by the adjacent layer of moving air
Wind shear: a change in wind direction and speed between slightly different altitudes, especially
a sudden downdraft
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