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Summary

The world today is warming at a faster rate than at any point in recorded history due to increased
greenhouse gas emissions from human activities. As the climate changes, organisms are
searching for new habitats, adapting to existing conditions, or in more dire cases, dying.
Together, the world’s marine, freshwater, and terrestrial ecosystems cradle an abundance of life,
provide essential services to humans, hold cultural and spiritual significance, and naturally
mitigate the effects of climate change through carbon sequestration, yet are degrading. To assist
the Farallon Islands National Wildlife Refuge to effectively manage natural resources and protect
biodiversity, this climate change assessment presents scientific information on observed climate
trends, ecological changes and impacts, projected climate trends, future risks, and carbon
solutions. In the region of the Farallon Islands, sea levels have risen approximately 23
centimeters (NOAA 2023a) and ocean waters have increased in acidity by about 60% since the
19th century (Osborne et al. 2020). Sea surface temperatures in California have increased by 1.2
± 0.1°C between 1916 to 2018 due to climate change, exacerbating ocean deoxygenation while
increasing the demand for oxygen among marine organisms (Rasmussen et al. 2020, IPCC
2021). Anomalously high sea surface temperatures have fueled marine heatwaves, which have
doubled globally between 1982 to 2016 (Frölicher et al. 2018) and fueled harmful algal blooms
off the coast of California (Gentemann et al. 2017). As global mean air temperatures have
increased by 1.1 ± 0.1°C between the period of 1850-1900 to 2011-2020 (IPCC 2021), drought
events across the southwestern United States have become more intense (Trenberth 2011,
Williams et al. 2022). At the same time, rising temperatures are in part driving stronger tropical
cyclones in the Pacific Ocean (Graham and Diaz 2001, IPCC 2021). In the future, this could
wash away coastal habitat in the Farallon Islands that species of pinnipeds and seabirds depend
on to breed and forage (Graham and Diaz 2001, Allen et al. 2011, Funayama et al. 2013).
Hosting the largest breeding colony of seabirds in the continental United States, the Farallon
Islands are experiencing declines in the abundance of Cassin’s auklets, pigeon guillemots,
common murres, and Brandt’s cormorants due to altered food web dynamics that climate change
might be influencing (Johns and Warzybok 2019, Elliott et al. 2015). If greenhouse gas emissions
continue unabated, increases in sea surface temperature and upwelling intensity in the California
Current ecosystem may cause a substantial decline in the population growth rate of Cassin’s
auklet, placing the species at risk of extinction (Wolf et al. 2010). While climate change is
directly and indirectly transforming the Farallon Islands, placing flora and fauna in peril,
protecting the blue carbon ecosystems in this refuge may help to mitigate greenhouse gas
emissions. As a sanctuary for kelp and home to eelgrass and salt marsh grasses, plants in the
Farallon Islands can sequester carbon for thousands of years, thus conserving this region may
provide co-benefits for wildlife and humans (Duarte 2017, Krause-Jensen and Duarte 2016).
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Introduction

The nature and pace of anthropogenic activities have caused significant greenhouse gas
emissions globally, with many downstream consequences to humans. Driven primarily by the
burning of fossil fuels in the energy, industry, transportation, and agriculture sectors, greenhouse
gas concentrations are at their highest levels in two million years, resulting in a planet that is
approximately 1.1°C warmer than it was in the late 1800s (IPCC 2021). Climate change has
caused adverse impacts and losses in marine, freshwater, and terrestrial ecosystems, as well as
disproportionately altered the livelihoods and vulnerability to future risks of the world’s most
marginalized populations (IPCC 2022a). Living in an interconnected system where the
atmosphere flows into rivers with no demarcation, changes in one area can influence fluxes
elsewhere, no impact siloed from another. Global warming is thus shifting atmospheric and
ocean circulation patterns, acidifying and deoxygenating oceans, and causing fundamental
ecological changes in the most remote regions on Earth (IPCC 2022a).

Preserving the world’s protected areas helps to mitigate the effects of climate change, yet these
areas are facing conditions that are unprecedented over millennia (IPCC 2022a). Protected areas
were originally conceived to safeguard pristine environments, and later used as a tool to conserve
biodiversity and maintain populations of endangered species. Today, these areas are increasingly
being recognized for their ability to sequester and store large amounts of atmospheric carbon
dioxide (CO2) – a potent greenhouse gas – and as natural buffers to protect species and
ecological processes from the most severe impacts of climate change (IPCC 2022a). By
providing safe refugia for species and supplying key ecosystem services to support human health
and well-being, protected areas offer a means to achieve biodiversity and climate change goals
simultaneously.

The objective of this report is to assist the Farallon Islands National Wildlife Refuge to
effectively manage and conserve its biodiversity and natural resources under climate change. As
the refuge is jointly managed by Point Blue Conservation Science and the U.S. Fish and Wildlife
Service (USFWS), this report presents research and surveys conducted by the two entities, along
with an assessment of published scientific research on observed impacts of climate change in the
Farallon Islands. It culminates in a synthesis of the future risks to the Farallon Islands under
various climate change emissions scenarios, assessing blue carbon solutions to sequester CO2

from the atmosphere that can be combined with concerted global action to assuage the effects of
climate change.

Location Description

Located approximately 48 kilometers off the coast of San Francisco in the Pacific Ocean, the
Farallon Islands are a group of rocky islands totaling about 0.85 square kilometers that host
globally significant wildlife populations. Beyond harboring the largest seabird nesting colony
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south of Alaska and the largest colony of western gulls in the world, the Farallon Islands and
surrounding waters provide feeding and breeding grounds to an amalgam of marine mammals
including humpback whales and elephant seals, over a quarter-million seabirds, and hundreds of
invertebrate species (USFWS 2023). The Farallon Islands ecosystem supports at least 25
endangered or threatened species and is a place where thousands of endangered California brown
pelicans flock to and threatened Steller's sea lions migrate to (USFWS 2023).

In 1909, several of the islands were designated as the Farallon Refuge by President Theodore
Roosevelt to protect seabirds and marine mammals, a designation that now includes all of the
islands and has benefitted additional species including native salamanders, insects, and plants.
Owing to the bountiful marine life found in the surrounding waters of the islands, the Greater
Farallones were later designated as a National Marine Sanctuary, receiving federal-level
conservation protected by the National Oceanic and Atmospheric Administration (NOAA).

While the islands are not open to the public and only accessed by a small number of biologists
due to sensitivity of wildlife, they are nonetheless affected by anthropogenic activities. Over the
past five decades, USFWS, Point Blue Conservation Science, and their partners have worked to
restore both the damaged ecosystem and historical abundance of wildlife that existed prior to
human exploitation and disturbance.

Observed Climate Trends

Changes detected and attributed to anthropogenic climate change

Sea Surface Temperature Comprising over 70% of the Earth’s surface, oceans play an
essential role in regulating the global climate system by absorbing and redistributing heat
and CO2. As atmospheric greenhouse gas levels continue rising, the world’s oceans are
absorbing the excess heat caused by emissions, making them warmer and transforming
global and regional climate feedbacks. Between 1971 to 2018, oceans absorbed over 90%
of the excess heat of climate change (IPCC 2021). As a result, climate change has
increased global sea surface temperature by 0.9 ± 0.1°C from 1900 to 2020 (IPCC 2021,
Kennedy et al. 2019, Gleckler et al. 2012) (Figure 1).

According to daily temperature measurements taken from the Scripps Institution of
Oceanography Pier located in Southern California, climate change has increased sea
surface temperature by 1.2 ± 0.1°C between 1916 to 2018 (Rasmussen et al. 2020, IPCC
2021). This time series represents the longest continuous record of temperature in the
Pacific Rim (Rasmussen et al. 2020).

Marine Heatwaves Between 1982 to 2016, marine heatwaves – periods of
anomalously high sea surface temperature at a particular location that last for at least 5
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days – doubled globally (Frölicher et al. 2018). Compared to the pre-industrial climate,
the duration and intensity of marine heatwaves have increased 20-fold in the historical
period (1982-2017) (Laufkoetter et al. 2020) (Figure 2). The occurrence of a multiyear
persistent 2019-2021 marine heatwave is attributable more to anthropogenic than natural
forcings, with event-attribution results revealing that greenhouse gas forcing is necessary
for these events to occur (less than 1% occurrence probability under no-greenhouse gas
effect) (Barkhordarian et al. 2022).

Ocean Acidification As the world’s oceans continue to take up CO2 from
human-caused emissions, ocean acidification is increasing globally (IPCC 2021). The
surface ocean has absorbed a quarter of all anthropogenic CO2 emissions largely due to
physical-chemical processes (McKinley et al. 2016, Friedlingstein et al. 2020). In the
Pacific Ocean, climate change has acidified waters up to 40% between 1750 to 2014
(Carter et al. 2019, IPCC 2021). California waters have increased in acidity by about 60%
since 1895 (Osborne et al. 2020), experiencing conditions that impair biological
functioning for up to 55% of the year (Gruber et al. 2012).

Ocean Deoxygenation Ocean oxygen decline is driven by changes in ocean ventilation
and solubility, and it occurs when oxygen consumption (e.g. from respiration) is greater
than oxygen replenishment (from photosynthesis, ventilation, and mixing) (Helm et al.
2011). Climate change has reduced ocean oxygen levels by 2 ± 1% globally between
1960 to 2010 (Schmidtko et al. 2017, IPCC 2021). Ocean warming driven substantially
by anthropogenic forcing contributes to about 15% of the dissolved oxygen decrease in
the world’s oceans by reducing oxygen solubility (IPCC 2021). Oxygen decline is also
driven by reduced ventilation of deeper water from enhanced upper-ocean stratification
(Long et al. 2016). From 1998 to 2013, dissolved oxygen decreased by 40% in the
Central California Current region system (Ren et al. 2018).

Air Temperature Global mean surface temperature has increased by 1.1 ± 0.1°C
between the period of 1850-1900 to 2011-2020 (IPCC 2021) (Figure 3). Human activities
are responsible for over 99% of the increased heat of climate change that has occurred
from 1850 to 2019 (IPCC 2021). In the region of the Farallon Islands, the air and sea
surface temperature anomaly in 2022 was 0.24°C with respect to the 1991-2020 average
(NOAA 2023b) (Figure 4). Temperature anomalies peaked in 2015 reaching 1.39°C
above the 1991-2020 average (NOAA 2023b) (Figure 4).

Precipitation Climate change is altering patterns of precipitation as global warming
strengthens evaporation and surface drying, thereby increasing the intensity and duration
of drought (Trenberth 2011). For every 1°C increase in temperature, the water holding
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capacity of air increases by about 7%, leading to more intense precipitation events due to
increased water vapor in the atmosphere (Trenberth 2011). In the North Pacific Ocean,
extreme cyclones have increased in frequency and intensity since 1950, attributable in
part to increases in sea surface temperature (Graham and Diaz 2001). From 1901 to 2019,
precipitation in the region of the Farallon Islands increased by between 0-10 mm yr-1per
decade (IPCC 2021). Models of observed precipitation for the period from 1980 to 2019
reveal a decrease in precipitation in the region by between 0-25 mm yr-1per decade
(IPCC 2021)

Drought Extreme dry conditions in part attributable to anthropogenic climate change
have caused a drought in the southwestern United States since 2000 that is the most
severe drought since the 1500s (Williams et al. 2022). California experienced the most
severe drought period on record between 2012 to 2016, coinciding with the lowest
12-month precipitation totals and hottest annual average temperatures in the period
2012-2014 (Diffenbaugh et al. 2015). By the end of the 2021 water year
(October-September), drought conditions in California were comparable to the
2012-2016 drought (OEHHA 2022). Increasing temperatures driven by human activities
can greatly amplify evaporation, culminating in more intense droughts (Dai 2013, Dai et
al. 2004).

Changes consistent with, but not formally attributed to anthropogenic climate
change

Fog Fog (formally defined as a cloud whose base touches the ground) and low clouds
strongly affect the water, energy, and nutrient flux of coastal ecosystems (Torregrosa et al.
2016). Fog and low clouds of marine origin are the most common cloud type occurring
during California’s hot and dry Mediterranean climate summers (Torregrosa et al. 2016).
Coastal fog over the ocean forms as a result of temperature differences between air and
water (Weathers et al. 2020). Analyses of summer fog frequency in the redwood region
along the Pacific coast of California revealed a 33% reduction in fog frequency since the
early 20th century (Johnstone and Dawson 2010). A decline in fog is consistent with
anthropogenic climate change as summer fog in northern California is significantly
connected to sea surface temperature anomalies over the Pacific Ocean where fog
enhancement is positively correlated with cool ocean conditions (Johnstone and Dawson
2010). In addition, coastal fog in northern California is associated with
upwelling-favorable conditions over the California Current (Johnstone and Dawson
2010).
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El Niño-Southern Oscillation The El Niño-Southern Oscillation (ENSO) is a
recurring natural climate cycle observed across the tropical Pacific. Every two to seven
years, the pattern shifts back and forth between El Niño and La Niña, warm and cool
periods that affect ocean surface temperature and both wind and rainfall patterns across
the tropics.

Past El Niño events have brought dramatic and widespread changes to the physical,
chemical, and biological state of the California Current System (Jacox et al. 2016). The
2015-2016 El Niño is considered one of the strongest on record, comparable to earlier
events in the late 1900s that caused significant floods, droughts, wildfires, and coral
bleaching events. According to the Niño 3.4 Index, the warmest tropical Pacific sea
surface temperature anomalies on record occurred in November 2015 (Jacox et al. 2016)
(Figure 5). While stronger and more frequent ENSO events over the past 20-30 years
have been associated with temperature changes, large variations in the ENSO system may
be due to the nature of the climate system rather than human-caused climate change
(IPCC 2021).

Observed Ecological Changes and Impacts

Changes detected and attributed to anthropogenic climate change

Sea Level Rise Global mean sea level has increased at a faster rate in the 20th century 
compared to any previous century over the past three millennia (IPCC 2021). From 1901 
to 2018, global mean sea level rose by 0.20 meters mainly due to ocean thermal 
expansion and mass loss from glaciers and ice sheets (IPCC 2021). At the tidal gauge in 
San Francisco, sea level has risen by about 33 centimeters since 1854 (NOAA 2023a, 
NOAA 2020) (Figure 6). Anthropogenic forcing is the dominant cause of global mean 
sea level increase since 1970, though regional anomalies may be due to a combination of 
anthropogenic greenhouse gas emissions and internal variability (IPCC 2021).

Intertidal Habitat and Species Ocean acidification is slowing growth rates, 
decreasing fitness, or causing mortality among organisms with calcium carbonate shells 
and stony skeletons, altering ecosystem dynamics (Kroeker et al. 2013). In some areas in 
the Farallon Islands, ocean acidification has already reached a level high enough to 
impair the growth of shell-forming animals (Chan et al. 2017). Many intertidal species 
such as barnacles, mussels, and calcium carbonate-forming algae have been negatively 
affected (NOAA 2020).

Corals Globally, increased greenhouse gas emissions have threatened coral reef 
ecosystems through thermal stress, ocean acidity, and declining carbonate ion
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concentrations (Hoegh-Guldberg 2011). Observed impacts include increased mass coral
bleaching, declining calcification rates, and other physiological and ecological effects
that are not yet well understood (Hoegh-Guldberg 2011). At least two episodes of coral
bleaching have been documented in the gulf of California, which are attributable to
climate change and strongly associated with ENSO events (Hoegh-Guldberg et al. 2007,
Baker et al. 2008, Paez-Osuna et al. 2016). No corals have been recorded in the Farallon
Islands Wildlife Refuge, although coral species may exist in offshore waters.

Changes consistent with, but not formally attributed to anthropogenic climate
change

Pinnipeds As amphibious animals, pinnipeds (seals and sea lions) face unique
challenges because they haul out on land and ice but forage at sea for most of the year
(Allen et al. 2011). Sea level rise of more than 20 centimeters over the past century in
California coupled with storm surge may be altering pinniped habitat in the Farallon
Islands and along the coast by inundating low-lying areas and eroding shorelines (Allen
et al. 2011). It is possible that more intense storms due to climate change may be washing
away the sandy beaches and rocky material that seals use to access breeding sites in the
Farallon Islands, coinciding in time with decreases in breeding populations over the past
25 years (Duncan 2019). Past El Niño events have resulted in a decline in pinniped
productivity and survival in California due to reduced prey availability and storm-driven
tidal inundation (Trillmich and Ono 1991, Sydeman and Allen 1999). Therefore, the
changes in breeding populations are due more to the natural El Niño inter-decadal
variability than to anthropogenic climate change.

Cetaceans Marine mammal stranding records may be used as bioindicators of prevailing
environmental conditions due to animals’ sensitivity to changes in oceanographic and
climatic patterns (Moore 2008). An analysis of stranding records from 2000 to 2019 in
the Pacific Northwest revealed that strandings of harbor porpoises, gray whales,
humpback whales, Dall’s porpoises, and striped dolphins are correlated with
environmental variables including sea surface temperature, chlorophyll concentration (as
a proxy for primary production), and the Pacific Decadal Oscillation (Warlick et al.
2022). While cetacean strandings may be caused by a combination of both natural and
anthropogenic factors, anomalous temperature events due to climate change may affect
cold-water species in the Pacific Ocean including harbor and Dall’s porpoise by shifting
their ranges (MacLeod 2009, Warlick et al. 2022). Cetaceans that remain in warming
waters due to reduced ability to shift their distribution may experience adverse outcomes
such as changes in prey availability or increased exposure to anthropogenic contaminants
that may impair fecundity and survival (Cavole et al. 2016). Blue whales that feed off of
the California coast have begun arriving at their feeding grounds over one month earlier
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in 2018 and 2017 compared to 1988 and 2008, respectively, due to increasing sea surface
temperatures that influence species phenology (van Weelden et al. 2021). These changes
may be consistent with, but have not been robustly attributed to anthropogenic climate
change.

Seabirds The multi-year persistent 2019-2021 marine heatwave caused by climate
change resulted in low breeding success for most species in the region, less than
favorable foraging conditions for seabirds, and delayed reproductive timing for all
species (Johns and Warzybok 2019, Barkhordarian et al. 2022). Substantial declines in
the number of breeding birds was found for Cassin’s auklets, pigeon guillemots, and
common murres (Johns and Warzybok 2019). From 2015 to 2017 in Southeast Farallon
Island, 25% more western gull foraging trips visited land than in previous years, which
coincided with high compression of coastally upwelled waters (Cimino et al. 2022).
Southeast Farallon Island’s population of Brandt’s cormorant has declined since the
1970s and experienced anomalously low breeding productivity in recent years due to
shifts in prey community structure (Elliott et al. 2015). These changes are not formally
attributed to anthropogenic climate change but rather associated with changes in ocean
conditions and overexploitation of prey species (i.e. rockfish), which are driven by
human activities (Elliott et al. 2015).

Intertidal Habitat and Species Data collected over an 18-year period (1993-2011) on
the South Farallon Islands revealed a gradual decline in overall mussel and algal
abundance and an increase in bare substrate cover and crustose algal cover (Roletto et al.
2014). The causes of the long-term declines remain unknown, though sea surface
temperatures are known to affect the composition and abundance of intertidal species,
larval distribution, predation, grazing, and vulnerability to disease (Roletto et al. 2014).
Increased trampling from pinnipeds and waste from wildlife may also explain some of
the decline (Roletto et al. 2014).

Harmful Algal Blooms During the 2014-2016 marine heatwave known as “The Blob,”
water temperatures off of Southern California reached a maximum sea surface
temperature anomaly of 6.2°C, pushing species to move north, fueling harmful algal
blooms, and causing declines in subtidal kelp beds (Sanford et al. 2019, Gentemann et al.
2017). The Blob caused mass mortalities of seabirds and marine mammals, as well as
changes in primary productivity, fish spawning, larval abundance, and marine wildlife
health (Cavole et al. 2016, Bond et al. 2015, Di Lorenzo and Mantua 2016). This
anomalous warm water event also caused reductions in phytoplankton availability which,
combined with elevated sea surface temperatures, resulted in significant changes in
zooplankton and marine invertebrate abundance and diversity in California (Cavole et al.
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2016, Peterson et al. 2017). Toxic blooms of diatoms due to elevated sea surface
temperatures produce the neurotoxin domoic acid, which has been associated with sea
lion strandings along the northern California coast (Bargu et al. 2010).

Marine Food Web Dynamics Large-scale climate processes including the natural
ENSO pattern have profound effects on the food webs of the California Current
ecosystems (Hickey and Banas 2003, Chavez et al. 2003). Decreased upwelling and
warming water associated with anthropogenic forcings observed in the California Current
after the 1970s resulted in declines in primary productivity, zooplankton, pelagic fish, and
seabirds (Warlick et al. 2022). In the Gulf of the Farallones region, predator productivity
and population variation is indirectly affected by seasonal variation in upwelling through
intermediate trophic levels (Thompson et al. 2012). Food web indicators and path
analysis from 1997 to 2006 revealed that Cassin’s auklet phenology (timing of
egg-laying) was indirectly affected by winter and summer upwelling through zooplankton
and chlorophyll-a, and reproductive success was directly affected by winter upwelling
(Thompson et al. 2012). Common murre phenology was indirectly affected by winter
upwelling through zooplankton, and reproductive success was directly affected by winter
upwelling (Thompson et al. 2012). Humpback whale abundance in the region of the
Farallon Islands was indirectly affected by summer upwelling through forage fish and
directly affected by winter upwelling (Thompson et al. 2012).

Invasive Species Southeast Farallon Island is characterized by a high percentage of
non-native (80%) and invasive (25%) plant species (Hawk 2015). Factors that may affect
island invasibility include anthropogenic history, disturbance, environmental
heterogeneity, community structure, species traits (invasiveness), and stress (Hawk
2015). Elimination of native endemic plants by human settlers in prior centuries may
have contributed to the lack of diversity in native plant communities on Southeast
Farallon Island, suggesting a high susceptibility to invasion by non-native plants amid
climate change (Hawk 2015).

Extinctions Extinctions have occurred at higher rates in recent centuries due to an
amalgam of anthropogenic causes including climate change (Groom et al. 2006).
Zooplankton abundance has declined by 80% off the California coast, attributed in part to
increasing sea surface temperatures (Roemmich and McGowan 1995). As a major food
source for oceanic wildlife, the zooplankton decline has caused cascading effects for
species in the Farallon Islands. The Cassin’s auklet colony in Southeast Farallon Island
preys directly on zooplankton and species that eat zooplankton, and has declined
substantially off the central California coast since 1987 (Oedekoven et al. 2001). The
common murre, whose major breeding population off the California coast is located in
the Farallon Islands, has experienced more moderate declines, underscoring the
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individualistic responses of species to climate change impacts due to differences in life
histories, foraging behavior, and habitat preferences (Groom et al. 2006, Oedekoven et al.
2001).

Projected Climate Trends

Sea Surface Temperature Future global mean sea surface temperature for the period
1995-2014 to 2081-2100 is projected to increase by 0.86°C under SSP1-2.6 (temperature
increase stabilized at around 1.8°C by the end of the century) and 2.89°C under SSP5-8.5
(worst case scenario; average temperature increase by 4.4°C by the end of the century)
(IPCC 2021). In the California Current region, sea surface temperatures are projected to
increase by about 0.3°C per decade during the period of 1976 to 2099 (Alexander et al.
2018) (Figure 7). While nearshore waters have cooled slightly due to upwelling of cold
deep water, they are also projected to become warmer in the coming decades (Xiu et al.
2018).

Marine Heatwaves On a global scale, the frequency of marine heatwaves is projected
to increase this century (Frölicher et al. 2018). For a 2°C increase in global warming, the
number of marine heatwave days is projected to increase an average by a factor of 16
(Frölicher et al. 2018). However, a 3.5°C increase in temperature by the end of this
century could cause the probability of marine heat waves to increase by a factor of 41
(Frölicher et al. 2018). The biggest changes are projected to occur in the western tropical
Pacific and Arctic Oceans (Frölicher et al. 2018).

Ocean Acidification Under a low emission scenario (RCP2.6), global mean surface
ocean pH is projected to decrease by –0.14 ± 0.001 from 1870-1899 to 2080-2099 (IPCC
2021, Bopp et al. 2013, Hurd et al. 2018). Under a high emissions scenario over the same
time period, global mean surface ocean pH is projected to decrease by –0.38 ± 0.005,
with substantial regional variability (IPCC 2021, Bopp et al. 2013, Hurd et al. 2018). By
the end of this century, open-ocean surface pH is projected to decline from the current
average of 8.1 to an average of 7.8 (USGCRP 2017) (Figure 8). Projections in the
California Current system indicate a 0.2-unit drop in pH during the summer upwelling
season from 2013 to 2063 (Marshall et al. 2017).

Upwelled water that is more acidic than surface water is accelerating acidification in the
region of the Farallon Islands, which may become a more imminent threat as upwelling
intensity is projected to increase in the coming century (García-Reyes and Largier 2010).

Ocean Deoxygenation Under SSP5-8.5, the global mean change (2080-2099 mean
values relative to 1870-1899) in subsurface (100-600 meters) oxygen concentration is
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projected to be -13.27 ± 5.28 mmol m−3 (Kwiatkowski et al. 2020). Under SSP1-2.6, the 
corresponding change is projected to be -6.36 ± 2.92 mmol m−3 (Kwiatkowski et al. 
2020). While global mean subsurface deoxygenation is projected under all SSP scenarios, 
there is substantial variability in projections at regional scales as many oxygen drivers are 
local, influenced by bathymetry, winds, circulation, and freshwater and nutrient inputs
(Kwiatkowski et al. 2020). The largest declines in oxygen are projected at higher latitudes 
and in the North Pacific Ocean due to increased warming, decreased ventilation, 
changing productivity, and remineralization patterns (Kwiatkowski et al. 2020, Cocco et 
al. 2013). Variation in trade winds in the eastern Pacific Ocean surrounding the Farallon 
Islands affects nutrient inputs, resulting in centennial periods of oxygen decline or 
increase that do not necessarily follow patterns of global oxygen decline (Deutsch et al. 
2014). In the California Current ecosystem, a projected 5% decline in source water 
oxygen could expand hypoxic area in the region by 12.5% in winter and 22.5% in 
summer (Dussin et al. 2019).

Air Temperature Under SSP5-8.5, the 20-year average of the global mean surface air 
temperature would increase by 1.5°C in 2021-2040 relative to the average in 1850-1900 
(IPCC 2021). Compared to the period from 1995-2014, the global mean surface air 
temperature averaged over 2081-2100 could increase by 0.2°C–1.0°C in the
low-emissions scenario (SSP1-1.9) and by 2.4°C–4.8°C in the high-emissions scenario 
(SSP5-8.5) (IPCC 2021). In the region of the Farallon Islands, under SSP5-8.5, mean 
temperature is projected to increase by approximately 4.5°C relative to 1850-1900 (IPCC 
2023).

Precipitation In the region of the Farallon Islands, under SSP5-8.5, total precipitation is 
projected to increase by approximately 5% relative to 1850-1900, though there is low 
model agreement (IPCC 2023). Changes to atmospheric circulation are projected to push 
storms in the region of the Farallon Islands further north, reducing the number of intense 
storms (Wang et al. 2017). While the frequency of storms is projected to decrease, the 
strength of each event is projected to increase (USGCRP 2018, Knutson et al. 2019). 
Furthermore, years characterized by many extreme storms are projected to become more 
common (Dettinger 2011). Altered patterns of precipitation are projected to exacerbate 
sea level rise as strong waves produced by intense storms could cause coastal erosion
(Erikson et al. 2015).

In the Sierras, snowpack has declined in recent decades, and by 2050 areas historically 
dominated by snow may receive only rain (Sun et al. 2019). The frequency and intensity 
of extreme rain and dry events is projected to increase, along with more rapid transitions 
between wet and dry years (Swain et al. 2018). The increase in extreme wet and dry
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events and the shift from snowpack to rain may alter the timing and intensity of runoff
and sediment into waters surrounding the Farallon Islands (NOAA 2020). The winter and
spring seasons are projected to experience a shorter, more intense period of river flow and
freshwater discharge, altering coastal stratification and mixing, as well as the seasonal
timing of the transport of organisms to the waters surrounding the Farallon Islands
(NOAA 2020).

Drought Anthropogenic emissions of greenhouse gases have increased the probability
of drought in California by increasing the probability that warm conditions co-occur with
precipitation deficits (Diffenbaugh et al. 2015). Evapotranspiration is projected to
increase 13-18% by late this century (2070-2099) due to warmer temperatures, with
increasing evapotranspiration linked to drought in California (McEvoy et al. 2020). The
occurrence of extreme droughts in California is projected to increase 3-15 times by late
this century based on the Standardized Precipitation Evapotranspiration Index (McEvoy
et al. 2020). Extreme three-year droughts based on precipitation minus evapotranspiration
are also projected to increase in frequency in the future (McEvoy et al. 2020).

Fog No published projections of fog under climate change exist for the region of the
Farallon Islands. Reductions in fog are projected for both an increase in air temperature
and a decrease in the concentration of aerosol particles (Klemm and Lin 2016). A
temperature increase of 0.1°C has about the same effect on fog as reducing aerosol
concentrations by 10%, though further research is needed to accurately project changes in
fog (Klemm and Lin 2016). Both climate change and improvements in air quality
contribute to reductions in fog (Klemm and Lin 2016).

El Niño-Southern Oscillation Analysis of climate models reveal there is no robust
consensus on changes in the amplitude of ENSO sea surface temperature variability
(IPCC 2021). ENSO precipitation variability is projected to intensify in response to
climate change during the current century under all SSP scenarios (IPCC 2021). While
models indicate that the total number of El Niño events might slightly decrease, the
number of extreme events could increase (Cai et al. 2014). Furthermore, extreme El Niño
events are projected to double from once every 20 years to once every 10 years amid
climate change (Cai et al. 2014). This projected increase in stronger El Niño occurrences
would bring more severe weather events to the Farallon Islands.

Future Risks to Ecosystems

Sea Level Rise Global mean sea level is projected to rise between 0.40 (RCP2.6) and
0.81 (RCP8.5) meters by 2100 relative to 1995-2014 (IPCC 2021). Warming produced by
climate model simulations reveal that sea level rise along the California coast and
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estuaries could substantially exceed the rate experienced during modern human
development (Cayan et al. 2008). Sea level rise projections for San Francisco indicate a
median increase of 74 centimeters (RCP4.5) to 137 centimeters (RCP8.5) by 2100
relative to 2000 (Pierce et al. 2018) (Figure 9). If sea levels rise by up to 0.5 meters, 5%
of the Farallon Islands could become permanently inundated, washing away areas that are
essential for seabirds and marine mammals (Largier et al. 2010). Under a medium-high
greenhouse gas emissions scenario (in which no additional actions are taken to curb
emissions), coastal flooding and erosion caused by sea level rise along California’s coast
is projected to increase areas situated in the coastal floodplain from 1,200 square
kilometers (under year-2000 conditions) to 1,500 square kilometers (by year 2100)
(Heberger et al. 2011).

Pinnipeds In Point Reyes National Seashore along the coast of northern California, a
future sea level rise of 0.5, 1.0, or 1.4 meters in 2050, 2081, and 2099, respectively,
would largely inundate most of the current and potential haul-out sites for northern
elephant seals by 2050 (Funayama et al. 2013). In the Farallon Islands, sea level rise and
coastal erosion may inundate critical pupping and haul-out habitats for northern elephant
seals and Steller’s sea lions. Climate change altered physical and geomorphic processes
including more frequent and intense waves, extreme erosion, increased tidal influence,
and severe storms may affect habitat suitability (Funayama et al. 2013). Protection from
disturbance and safety from storms and waves will shape future pinniped distributions
amid climate change (Funayama et al. 2013).

Cetaceans Rising sea surface temperatures and reducing sea ice extent may alter the
distribution, habitat, migration, and interspecific interactions of cetaceans over the next
century van (Weelden et al. 2021). Species have shifted to higher latitudes and altered the
timing of their migrations, which have unknown effects that may increase risks of
extinction (van Weelden et al. 2012).

Seabirds Increasing sea level and coastal erosion in the Farallon Islands may negatively
affect the nesting habitats of birds in the Farallon Islands such as American bitterns and
threatened western snowy plovers (Largier et al. 2010, NOAA 2020). Species distribution
models for western gulls demonstrate less sensitivity to ocean variability compared to
other seabird species in the Farallon Islands because they are generalist foragers
(McGowan et al. 2013). Common murres may be especially vulnerable to the effects of
climate change due to their use of nearshore foraging habitats that are susceptible to sea
level rise and coastal erosion (McGowan et al. 2013). By 2030, warmer ocean waters
may fall below the range of natural variability in oxygen, altering the habitat of species
including rockfish in the Farallon Islands that the common murre and Brandt’s cormorant
feed on (Hamilton et al. 2017).
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Corals Climate change of 1.5°C could bleach 70-90% of coral reef area globally (IPCC
2018). Under the highest anthropogenic carbon dioxide emissions scenario, ocean
acidification could cause net dissolving of coral reefs globally before the end of this
century (IPCC 2022a, IPCC 2021, Cornwall et al. 2021, Eyre et al. 2018, Langdon et al.
2018).

Intertidal Habitat and Species Projected increases in the intensity of storms and
waves may reduce the ability of intertidal species to stay attached to their substrate
(NOAA 2020). Rising sea levels and coastal erosion in the Farallon Islands will inundate
rocky intertidal habitats and may also increase the exposure of intertidal organisms
including mussels, oysters, and algae to predators such as sea stars (NOAA 2020). Ocean
acidification may cause reduced larval survival of the Dungeness crab in the Farallon
Islands (Bednaršek et al. 2020). Increasing temperatures will push species to move
further north or to deeper areas to meet their physiological needs and niche requirements,
which could cause population declines (Hobday et al. 2016). For intertidal species, higher
air temperatures may limit their ability to move higher in the intertidal zone, constricting
their realized niche (NOAA 2020).

Harmful Algal BloomsWarming waters may fuel more frequent and intense harmful
algal blooms (Cavole et al. 2016, Gobler et al. 2017). Blooms produce toxins that can
harm wildlife, resulting in mass mortalities of animals such as sea lions, whales, and
seabirds that could be more severe than those observed during The Blob (McCabe et al.
2016). More frequent harmful algal blooms and anomalous temperature events similar to
the Blob may result in extirpations (Cavole et al. 2016).

Invasive Species Through higher CO2 efficiency and increased warmth, humidity, and
disturbance, climate change change favors invasive alien species, posing a high risk to
one-sixth of global land under high emissions (Early et al. 2016, Liu et al. 2017,
Davidson et al. 2011, Hellman et al. 2008). Island ecosystems are particularly vulnerable
to invasive species under climate change due to native evolutionary isolation, low native
diversity, and small native populations (Moser et al. 2018, Russell et al. 2017, Harter et
al. 2015).

Extinctions The future global extinction risk from climate change is projected to
increase and accelerate as global temperatures rise (Urban 2015). For a 2°C
post-industrial rise in temperature, global extinction risks increase from 2.8% at present
to 5.2% (Urban 2015). If no action is taken to curb greenhouse gas emissions (RCP8.5),
climate change threatens one in six species globally (16%) (Urban 2015). Climate change
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at high emissions could cause the extinction of one-third of marine species, largely
avoidable if humans cut carbon pollution to limit heating to 2°C (Penn and Deutsch
2022). Under future climate projections for sea surface temperature (approximate 2°C
increase in sea surface temperature year-round) and upwelling intensity in the California
Current ecosystem, the population growth rate of the Cassin’s auklet at the Farallon
Islands is projected to decline 11-45% by the end of the century (Wolf et al. 2010). Such
a decrease due to continued anthropogenic emissions of greenhouse gases would lead to
rapid population extirpation and may place this species on a trajectory toward extinction
(Wolf et al. 2010).

Blue Carbon Solutions

Warming sea surface temperatures, marine heatwaves, ocean acidification, and deoxygenation –
threats to the diverse ecosystems in and around the Farallon Islands – can be traced to unfettered
carbon emissions. Vegetation naturally removes carbon from the atmosphere through carbon
sequestration, which refers to the storage of carbon-containing molecules for over 100 years
(Hurd et al. 2022). In the terrestrial world, trees sequester carbon in woody biomass, effectively
reducing the magnitude of climate change. In the marine environment, seaweeds and other plants
provide an analogous role, underscoring the need to protect marine areas and the treasure trove
of life they hold.

In the waters surrounding the Farallon Islands, eelgrass and salt marsh grassess sequester carbon,
which becomes buried in the soil for hundreds or thousands of years once these plants die
(Duarte 2017). Globally, blue carbon ecosystems could sequester 73 to 866 million tons of
carbon per year (Duarte 2017), compared to the annual emissions of California of 100 million
tons of carbon per year (California Air Resources Board 2019). The Farallon Islands is also a
sanctuary for kelp, which can store carbon for thousands or millions of years (Krause-Jensen and
Duarte 2016). Globally, kelp and other macroalgae could sequester 200 million tons of carbon
annually, which is over 35 times the annual emissions of San Francisco (Krause-Jensen and
Duarte 2016, San Francisco Department of Environment 2018). The Greater Farallones Kelp
Restoration Project jointly created by NOAA’s Greater Farallones National Marine Sanctuary
and the Greater Farallones Association seeks to restore lost kelp forest habitat along northern
California’s coastline and enhance ecosystem resilience to future climate risks. Over the past
decade, kelp forests in northern California have declined by over 90% due to natural processes
and anthropogenic climate change (Greater Farallones Association 2023). In particular, stronger
El Nino events, marine heatwaves (the Blob), and altered marine food web dynamics due to
warmer sea surface temperatures have created conditions that limit essential nutrients for kelp
growth (Greater Farallones Association 2023).
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In addition to the diverse plant species in the Farallon Islands that have been identified as sources
of blue carbon, marine animals play a role in carbon storage and sequestration. Whales that
forage near the Farallon Islands directly store carbon in their biomass and sequester carbon in the
deep sea through sinking carcasses (Pearson et al. 2023). Whale excreta may fuel phytoplankton
growth and capture atmospheric CO2, which may be the greatest potential for whale-carbon
sequestration (Pearson et al. 2023). While the role of marine fauna in carbon sequestration is still
an emerging field of research, recovery of whale and other marine animal populations through
reduced anthropogenic impacts may contribute to CO2 removal (Pearson et al. 2023).

Concerted global action to reduce emissions from human activities can protect the Farallon
Islands and the blue carbon ecosystems in this region, contributing to climate change mitigation.
Without global efforts to reduce anthropogenic emissions, blue carbon ecosystems could become
further degraded, resulting in the release of stored carbon (Pendleton et al. 2012). Limiting
temperature increase to 1.5-2°C is attainable through collective action by governments,
companies, and individuals using existing technologies and behaviors (IPCC 2022b). If this
target is achieved, the Farallon Islands ecosystem would benefit from improved ecosystem health
that is necessary to preserve the world’s biodiversity.
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Figure 1.Monthly global average sea surface temperature anomalies (°C) 1850–2018 relative to
the bias-adjusted 1961–1990 climatology. The gray line shows the unadjusted data; the black line
is the median of the adjusted data. The blue shading represents the 95% range of the ensemble
(Kennedy et al. 2019; additional formatting by Patrick Gonzalez).
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Figure 2. Characteristics of marine heatwaves between 2011-2017. The maps show the duration
(upper map), peak temperature anomaly (middle map), and the cumulative intensity (lower map)
of the seven prominent recent heatwaves analyzed in this study (Laufkoetter et al. 2020).
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Figure 3. Global surface temperature trends. Spatially resolved trends (°C per decade) for
HadCRUTv5 over (upper map) 1900–1980, and (lower map) 1981–2020. ‘×’ marks denote
non-significant trends (IPCC 2021).
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Figure 4. Time series of temperature anomalies in the Farallon Islands with respect to 1991-2020
average (NOAA 2023b).
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Figure 5. Two-year progression of Niño 3.4 Index for each El Niño since 1950. The circles
indicate peak amplitude for each event. The dashed lines mark thresholds used to define El Niño
and La Niña events (Jacox et al. 2016).
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Figure 6. Relative sea level trend in San Francisco, California is 1.97 millimeters/year with a
95% confidence interval of +/- 0.18 mm/year based on monthly mean sea level data from
1897 to 2021 (NOAA 2023a).
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Figure 7. Sea surface temperature trends in large marine ecosystems around the global (3
corresponds to the California Current region). Colors denote the Community Model
Intercomparison Project Phase 5 (CMIP5) ensemble mean area-averaged sea surface temperature
trends (°C decade–1) during 1976–2099. All trends are significant at the 95% level using a
Mann-Kendall test (Alexander et al. 2018).
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Figure 8. Projected change in sea surface pH in 2090–2099 relative to 1990–1999 under the
higher scenario (RCP8.5), based on the Community Earth System Models–Large Ensemble
Experiments CMIP5 (USGCRP 2017 adapted from Bopp et al. 2013).
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Figure 9. Sea level rise projections for San Francisco for each decade over the 21st century
under RCP 4.5 (light blue) and RCP 8.5 (dark blue). The red and pink lines and symbols
represent the results from Rising Seas using RCP 2.6 (pink) and RCP 8.5 (red) as well as H++
(large green dot). NRC is represented by the black dots and grey lines. Each decade’s estimate is
shown as a range from 5th to 95th with circles representing the 50%tile and crosses representing
the 99.9th percentile (Pierce et al. 2018).
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