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CARBON IN THE ALAMEDA
WATERSHED

Photograph of woodlands in Alameda Watershed by SFEI.
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MANAGING CARBON IN OPEN SPACE TO
OFFSET URBAN EMISSIONS

California’s natural and working lands provide a broad set of functions for
ecosystems and people, such as clean water and food provision, biodiversity
conservation, climate regulation, and economic support for individuals and
communities. Among these functions, carbon storage and sequestration

in soil and vegetation has received increasing attention in the policy and
management spheres, offering a natural climate solution that complements
the deep cuts that are needed in fossil fuel emissions. To meet net zero
greenhouse gas (GHG) emissions targets set by state legislation (AB-1279)
and local climate action plans, decision makers and land managers are
looking to California’s open space—its forests, grasslands, shrublands, and
wetlands—to help reduce GHG emissions and draw down atmospheric
carbon dioxide (CO»).

Given the urgency of climate change, the state of California and many local
agencies have set ambitious timelines for GHG emissions reductions. For
example, the San Francisco Climate Action Plan (City and County of San
Francisco, 2021) calls for net zero emissions by 2040, defined as at least

a 90% reduction in emissions relative to 1990 levels from transportation,
building energy use, industrial processes, and other sources of fossil fuel
emissions. To sequester residual emissions, the plan calls for increased
carbon sequestration on natural and working lands. Offsetting 10% of San
Francisco’s 1990 emissions, or 800,000 metric tons of CO, equivalents
(MT COze) per year, would be comparable to taking 170,000 gas-powered
passenger cars off the road (EPA, 2022). To meet these ambitious targets,
municipalities in the Bay Area may look to large undeveloped public

land holdings for carbon sequestration opportunities to offset residual
urban emissions. To identify and evaluate potential carbon management
opportunities, land managers and policymakers need accurate information
about baseline levels of ecosystem carbon storage, potential carbon
sequestration rates, and other advantages and disadvantages of proposed
carbon management actions.

Numerous strategies—collectively known as carbon farming—have

been proposed for land managers to enhance carbon sequestration on
managed open space. In Mediterranean-type terrestrial ecosystems in the
Bay Area, carbon farming strategies that land managers might consider
include compost application on rangelands, riparian forest restoration,
silvopasture (tree planting in areas with livestock grazing), cattle exclusion
to promote woody vegetation growth, native grassland restoration, and
open space conservation. These strategies vary in terms of the magnitude
of potential GHG benefit, the timing and long-term durability of carbon
sequestration, feasibility in different landscape settings, ecological impacts
relative to other management goals, and other co-benefits and tradeoffs.
Understanding the advantages and disadvantages of each strategy informs
management decisions and can help planners set actionable, realistic
targets for open space carbon management.




HOW CAN THE ALAMEDA WATERSHED
SUPPORT CLIMATE ACTION GOALS?

Encompassing 39,000 acres in the East Bay, the Alameda Watershed
is one of the largest public land holdings in the San Francisco Bay Area.
The site of several water supply reservoirs, the watershed is managed
by the San Francisco Public Utilities Commission (SFPUC) for both water
resources protection as well as biodiversity conservation, fire risk reduction,
and other goals. The landscape is characteristic of the region, with rugged

topography and vegetation dominated by grasslands, shrublands, and oak wood-
land habitats, along with riparian forests and wetlands (Summary Fig. 1). Carbon sequestration
in the watershed’s ecosystems has received increasing attention as a potential nature-based
strategy toward San Francisco’s net zero GHG emissions goal. To support SFPUC managers
in making informed carbon management decisions, this carbon assessment for the Alameda
Watershed offers scientific guidance on the watershed’s current and potential performance
as a natural climate solution. Two main objectives framed this analysis: to quantify existing
carbon stocks in the watershed, and to evaluate opportunities to enhance carbon sequestra-
tion in the watershed'’s vegetation and soil.

Current levels of vegetation and soil carbon storage were estimated watershed-wide using a
variety of data sources and models. Six potential carbon management strategies were then
evaluated to assess potential carbon benefits and summarize co-benefits, tradeoffs, and
other considerations. The analysis approach and management considerations presented in
this study are expected to be applicable to many other open space settings around the Bay
Area and throughout the central California coast.

Photograph of wildflowers, above, courtesy of Brian Sak, SFPUC

Summary Table 1. Carbon storage within Alameda Watershed ecosystem types.

Total ecosystem

Area Vegetation Carbon Soil carbon
carbon
Ecosystem type (acres and percent Storage storage (MT C and percent
of total) (MT C) (MT C) of total)
Grassland 12,744 (38%) 15,400 586,000 602,000 (24%)
Coastal scrub 1,815 (5%) 1,100 116,000 127,000 (5%)

Oak savanna

3,988 (12%)

85,400

539,100

255,000

1,918,000

341,000 (14%)

2,457,000

Notes: For area and total ecosystem carbon, values in parentheses indicate the percentage of the watershed-wide total. Additional land cover types
not evaluated in this assessment include water bodies and developed areas. For vegetation carbon, error values represent spatial variation in per-acre
carbon stocks across 30 m pixels for a given ecosystem type. For soil carbon, error values represent the standard error from the data synthesis.
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Ecosystem type
Grassland -Oak woodland

- Chaparral - Riparian forest
- Coastal scrub E Other

Oak savanna

N 2 miles

Summary Figure 1. Distribution of generalized ecosystem types in
the watershed.

Notes: Ecosystem types were crosswalked from vegetation classes used in Gonzalez
et al. (2015), based on 2010 LANDFIRE Expected Vegetation Type data. Because the
composition of oak savanna is not well captured by the source imagery’s 30 x 30 grid,
vegetation community mapping by Jones and Stokes (2003) was used to define the
extent of oak savanna.




RIPARIAN FOREST OAK WOODLAND

Vegetation carbon = 64.4 + 11.8 MT C/acre Vegetation carbon = 33.5 +£10.8 MT C/acre
Soil carbon = 64.1 + 6.3 MT C/acre Soil carbon = 64.1 + 6.3 MT C/acre
OAK SAVANNA CHAPARRAL

Vlegetation carbon = 21.4 +10.8 MT C/acre Vegetation carbon =13.5 + 3.5 MT C/acre
Soil carbon = 641 + 6.3 MT C/acre Soil carbon = 641 + 6.3 MT C/acre
COASTAL SCRUB GRASSLAND

%

Vegetation carbon = 6.1 + 0.25 MT C/acre Vegetation carbon =1.2 + 0.14 MT C/acre
Soil carbon = 64.1 + 6.3 MT C/acre Soil carbon = 46.5 + 3.9 MT C/acre
LIVE and DEAD
ABOVEGROUND
VEGETATION Summary Figure 2. Per-acre carbon storage by
Alameda Watershed ecosystem types. The size of each
At semi-circle represents the relative amount of carbon
SOIL ORGANIC stored in vegetation and soil pools for each of the Alameda
MATTER Watershed's six major ecosystem types.
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(below) Dropping fire retardant, Alameda watershed, (above) burned hillside, photographs courtesy of SFPUC.
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Looking down at Alameda Creek, photograph by SFEI.

Summary Table 2. Comparison of key considerations across carbon management strategies. For a given consideration,
green indicates strong support for the use of a management strategy, red indicates strong concerns, and orange indicates a

low to moderate degree of support or concern,

Carbon and GHG
benefits

Low to moderate per-acre

Rangeland compost carbon benefits*

High per-acre carbon benefits**

Riparian restoration

Low to moderate per-acre

. carbon benefits**
Silvopasture

Low to moderate per-acre

Cattle exclusion carbon benefits**

Low, uncertain carbon benefits
Grassland restoration

Open space High per-acre carbon benefits

conservation

Co-benefits

Likely benefits: forage pro-
duction, soil quality, soil water
retention

Likely benefits: native biodiver-
sity, soil quality, water quality

Likely benefits: shading, soil
quality

Potential benefit: water quality

Likely benefit: native biodi-
versity

Likely benefits: recreation,
agriculture, native biodiversity,
water quality, soil quality

KEY Support for the use of a given strategy as a natural climate solution

Low benefits or substantial concerns
Moderate benefits or concerns

High benefits or low concerns

XIV - SUMMARY

Tradeoffs

Key concerns: native biodiver-
sity, residual dry matter control,
water quality

Moderate concerns: native
biodiversity (including risk of
pathogen introduction), water
supply, wildfire risk, cattle
water access

Moderate concerns: forage
production, native biodiversity
(including risk of pathogen
introduction), water supply

Key concerns: agriculture, wild-
fire risk, native biodiversity

Moderate concern: risk of
pathogen introduction if
container stock is used

Low concern: opportunities for
alternate land uses

Feasibility

Low to moderate concern:
access to remote or steep sites

Moderate concern: tree
establishment and survival,
fencing maintenance, limited
opportunity space

Moderate concern: tree estab-
lishment and survival

Moderate concern: fencing
maintenance

Key concern: likelihood of
restoration success

No major concerns

*Assumes the material applied is composted green or
animal waste. If biosolids are used, assumes material
is amended to increase C:N ratios and limit N,O

emissions

**Potential increased wildfire risk may decrease sus-
tainability of carbon benefits.



SOME “LOW REGRETS” MANAGEMENT ACTIONS
CAN SEQUESTER CARBON AND BUILD
ECOSYSTEM RESILIENCE

Land managers have a range of tools to increase
carbon storage on natural and working lands,
depending on the landscape setting and
vegetation type. These carbon sequestration
strategies vary considerably in their
feasibility and potential to provide
carbon and GHG benefits. For land
managers focused on supporting
healthy ecosystems, it is critical to
assess whether carbon manage-
ment strategies are aligned with
other management goals such
as biodiversity conservation and
protection of water resources.

A thorough consideration of
co-benefits and tradeoffs is
essential when managing for
multiple ecosystem functions.

This study evaluated six potential
carbon management strategies

in the context of the Alameda
Watershed, including compost
application on rangelands, riparian
forest restoration, silvopasture,
cattle exclusion, native grassland
restoration, and open space conserva-
tion. Summary Table 2 summarizes the
key considerations associated with each
strategy, including carbon and GHG benefits,
co-benefits, tradeoffs, and feasibility.

Given the complexities, uncertainties, and
tradeoffs inherent in decisions around carbon man-
agement, a prudent starting point is to identify “low-re-
grets” management strategies that sequester carbon with
significant co-benefits and relatively few risks or potential negative
impacts. The one strategy with very few risks is open space conservation, while

strategies with minimal risks if applied in approriate settings include riparian restoration,
silvopasture, and native grassland restoration. Cattle exclusion and compost application have
significant potential tradeoffs that need to be carefully evaluated before these strategies are
applied. Implementation of any carbon management strategy should begin with pilot studies
and comprehensive monitoring to assess impacts on carbon and GHG exchanges, water
quality and water budgets, ecosystem development, vegetation community composition, and
other management priorities.

Photograph of Alameda Watershed by SFEI
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RESULTS AT A GLANCE

Protecting existing carbon stocks in forests,
grasslands, and other natural and managed
lands can help limit climate change and maintain
healthy, resilient ecosystems.

* Management activities on these natural and
working lands can tip the balance towards net
carbon sequestration by enhancing carbon
uptake or reducing carbon losses.

e Multi-benefit carbon management in the
Alameda Watershed can set an example for other
public and private lands. i

Ecosystems within the Alameda Watershed
store an estimated 2.5 million metric tons of
carbon (Equivalent to a year’s emissions from
500,000 cars)!

* This watershed'’s riparian forests and oak
woodlands store as much carbon per acre as the
Amazon rainforest.”? Grasslands and shrublands
are less carbon dense, but account for a
substantial percentage of the watershed’s total
carbon due to their large spatial extent.

* 80% of the watershed’s carbon is stored
belowground in soil organic matter.

* The 2020 SCU Lightning Complex fires released
around 8% of the total vegetation carbon in
the Alameda Watershed. As climate change
continues, carbon gains due to vegetation growth
may not be able to keep pace with wildfire-
related losses.
Photographs courtesy of SFPUC

1 EPA, 2022
2 Malhi et al, 2006; Moraes et al., 1995
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* This study evaluated six potential
carbon management strategies:
compost application on rangelands,
riparian forest restoration,
silvopasture, cattle exclusion, native
grassland restoration, and open space
conservation. Of these, open space
conservation was the only strategy
with high carbon benefits and few
risks. All of the other strategies
entail some tradeoffs and feasibility
concerns, but may provide important
co-benefits if implemented
strategically.

e Ifriparian restoration, silvopasture,
and compost amendments were
applied across all available space
in the Alameda Watershed, carbon
sequestration could offset as much
as ~0.4% of San Francisco's 1990
greenhouse gas emissions. This level
of carbon management, however,
could compromise other watershed
functions and would likely encounter
feasibility constraints.

* Large areas of open space are needed
to scale up the benefits of these
carbon management practices. To
support climate targets, decision
makers should look beyond this
watershed’s 39,000 acres for
opportunities to conserve additional
open space and practice multi-

benefit carbon management on

public and private land.







Covering 39,000 acres around the Calaveras and San Antonio Reservoirs, the San
Francisco Public Utilities Commission’s (SFPUC) Alameda Watershed is one of the
largest public land holdings in the San Francisco Bay Area. The Alameda Watershed
landscape is characteristic of the Bay Area’s East Bay hills, combining rugged to-
pography, patchy woodland, open grassland, and scrub-chaparral. Managed by the
SFPUC to maintain a reliable and safe water supply, the protected lands within the
watershed support a range of other ecological and cultural values such as biodiver-
sity conservation and rangeland forage production. Among these values, carbon se-
questration in the watershed’s vegetation and soils has received increasing attention
as a nature-based strategy to mitigate climate change.

The value of natural ecosystems as sinks for atmospheric carbon dioxide (CO,) is
well recognized by scientists, governments, and land managers. Limiting glob-

al temperature increases requires not only reducing greenhouse gas emissions,
but also removing CO, from the atmosphere, a process commonly referred to

as "negative emissions” (Ciais et al., 2013; Gasser et al., 2015; Minx et al., 2018).
Carbon sequestration in natural and working lands—in forests, in croplands, and
in woodlands, grasslands, and shrublands such as those found in the Alameda
Watershed—is one such means of negative emissions (Canadell and Schulze,
2014; Smith, 2016). Through the process of photosynthesis, plants absorb CO,
from the atmosphere and store it in biomass and soils. This carbon resides in the
ecosystem as living plant material, dead biomass, or soil organic matter until it is
released back into the atmosphere through decomposition or fire. In this contin-
ual exchange, ecosystems can act as either sinks or sources for atmospheric car-
bon, depending on the balance between CO, uptake and emissions. Ecosystem
conservation and management activities that enhance carbon uptake or reduce
carbon losses are often referred to as natural climate solutions, as they leverage
natural carbon flows to reduce atmospheric CO,.

Carbon sequestration in natural and working lands is just one of many negative
emissions strategies under development. Many such strategies are based in tech-
nology, including direct air capture (chemically extracting CO, from the air) and bio-
energy with carbon capture and storage (Azar et al., 2010; Realmonte et al., 2019).

In contrast, carbon sequestration in vegetation and soils is a nature-based solution
that can, when implemented in an ecologically appropriate way, provide co-bene-
fits for ecosystems and people (Canadell and Raupach, 2008; Huston and Marland,
2003). Ecosystem carbon management is often well aligned with other land man-
agement approaches aimed at ensuring long term sustainability of productivity,
habitat quality, and other ecological functions (Follett and Reed, 2010; Horner et

al.,, 2010; Lal, 2016). Riparian restoration, for example, can enhance bird biodiversity
while sequestering carbon in vegetation and soils (Dybala et al., 2019); increasing
carbon storage in rangeland and cropland soils can improve nutrient and water re-
tention, increasing soil fertility and buffering productivity against drought (Ryals and
Silver, 2013); and agroforestry practices can provide wildlife habitat, improve water
quality, and increase carbon stocks in agricultural systems (Jose, 2009). In reality,
both technology-based and nature-based negative emissions approaches will likely

INTRODUCTION - 1
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be needed to meet climate change mitigation targets. Within the portfolio of negative emissions
strategies, protecting natural carbon sinks and increasing their capacity to sequester CO, can offer
a range of benefits for ecosystems and people such as habitat conservation, enhanced soil health
and fertility, improved water quality, and climate change resilience.

photograph courtesy of SFPUC.
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In the oak woodlands, shrublands, and grasslands of the Alameda Watershed, potential synergies
exist between carbon sequestration and ongoing management activities such as riparian restoration,
low-impact grazing regimes, fire management, and native species conservation. On the other hand,
land-based carbon management may present tradeoffs in certain circumstances with native biodi-
versity, water resource protection, fire risk management and other SFPUC management goals. Making
informed decisions around ecosystem carbon management requires evaluating not only the potential
magnitude of land-based negative emissions, but also the suite of synergies and tradeoffs. This type of
analysis is timely and pressing. California recently codified the state’s goal of achieving net zero emis-
sions no later than 2045 (AB-1279), and the California Natural Resource Agency is required to set “an
ambitious range of targets for natural carbon sequestration, and for nature-based climate solutions,
that reduce greenhouse gas emissions...to support state goals to achieve carbon neutrality and fos-
ter climate adaptation and resilience” (AB-1757). The California Air Resources Board'’s (CARB) Climate
Change Scoping Plan (CARB, 2022) calls out the importance of local governments in meeting these
goals and urges local jurisdictions to adopt greenhouse gas emissions reduction targets and develop
roadmaps to carbon neutrality. The San Francisco Climate Action Plan (City and County of San Fran-
cisco, 2021) is an example of such a roadmap, which calls for net zero citywide emissions by 2040. This
plan defines net zero emissions as at least a 90% reduction from 1990 levels (8 MMT CO,e/yr), and
calls for nature-based solutions to sequester any residual emissions (up to 800,000 MT COZe/yr). To
implement natural carbon sequestration at scale, the City and County of San Francisco may look to
large public land holdings such as the Alameda Watershed for carbon management opportunities.

Clouds over the Alameda Watershed in spring, photograph courtesy of SFPUC.
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To support SFPUC managers in making informed carbon management decisions, this report offers
scientific guidance on the watershed’s current and potential performance as a natural climate solu-
tion. This assessment was framed by two main objectives: to quantify current carbon stocks in the
Alameda Watershed, and to evaluate opportunities to enhance carbon sequestration in its vegeta-
tion and soils. A central tenet of this analysis is that the value of any management action depends
on the ecological context. Ecologically-thoughtful carbon management activities have the potential
to support healthy and resilient ecosystems. In contrast, poorly considered carbon sequestration
projects can degrade ecosystems or worsen climate-related challenges. For the Alameda Water-
shed, this ecological context is woven throughout the analysis, which addresses interactions be-
tween carbon sequestration, native biodiversity, water quality and availability, wildfire risk, and
forage production on grazed lands.
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A BRIEF CARBON PRIMER

This report is written for a broad and scientifically curious audience. Analytical methods such as
models, data synthesis, and uncertainty analyses are summarized at a high level throughout, with
the goal of making the approach and findings accessible to a non-technical audience. For readers
interested in greater methodological detail, an online technical appendix (https://www.sfei.org/
projects/alameda-watershed-carbon) provides additional information on methods and underly-
ing data sources. The following offers a quick primer on the basic science and terminology used in
this report.

Carbon stocks, carbon sequestration, and carbon sequestration potential

Grasslands, shrublands, forests, and other terrestrial landscapes store carbon in living vegetation,
dead plant matter, and soil organic carbon. The amount of carbon stored in a given system is called
a carbon stock. A carbon stock can be reported as the amount of carbon within a whole system
(e.g., amount of carbon in the Amazon) or as a carbon density (e.g., quantity of carbon per acre).

To represent carbon stocks, this report uses units of metric tons (MT), metric tons of carbon (MT

C) or metric tons of carbon per acre (MT C/acre). The MT, equal to 1,000 kilograms, is a unit com-
monly used for carbon and CO, in the scientific literature and international agreements. For scale,
a moderately sized valley oak contains around 0.5 MT C, and the General Sherman tree in Sequoia
National Park contains an estimated 600 MT C.

These ecological systems are open systems. Carbon continually enters the ecosystem through
photosynthesis and is released back into the atmosphere through decomposition and fire. When
plants add carbon to an ecosystem faster than carbon is released, the ecosystem accumulates car-
bon. This process is carbon sequestration. In this report, carbon sequestration is defined as a rate
of change in a carbon stock, in units of metric tons of carbon per acre per year (MT C/acre-yr) or
metric tons of carbon per year (MT C/yr).

An ecosystem’s carbon stock and carbon sequestration rate are not necessarily related in a
straightforward way. The amount of carbon in a forest, for example, doesn’t determine how fast
that forest is gaining or losing carbon. It could be gaining carbon year to year through tree growth
and soil carbon sequestration, or it could be losing carbon over time due to drought, pathogen
outbreaks, fire, or other sources of tree mortality. Similarly, the present rate of carbon seques-
tration doesn’t determine its carbon sequestration potential, or the amount of carbon that could
theoretically be sequestered under a given management practice. Carbon sequestration poten-
tials can be expressed as metric tons of carbon per year (MT C/yr), metric tons of carbon per acre
per year (MT C/acre-yr), or a cumulative change in carbon storage over time (MT C over a speci-
fied number of years).

Carbon, carbon dioxide and other greenhouse gases

The element carbon is integral to all living things, forming the molecular backbone of living or-
ganisms, dead and decaying organic matter, and fossil fuels. When these materials decompose or
combust, carbon they contain is released to the atmosphere in the form of greenhouse gasses. The
dominant form of carbon exchanged between ecosystems and the atmosphere is CO,, but eco-
systems also release other gasses and aerosols in smaller amounts. These can affect the climate

as well, sometimes with greater potency than CO,. One ton of methane, for example, has 28 times
the greenhouse gas power as a ton of CO, when compared over a 100-year timeline (its 100-year
Global Warming Potential, or GWP; Myhre et al., 2013). (CO2 lasts much longer in the atmosphere

6 + INTRODUCTION
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than methane, so methane’s GWP depends on the time horizon.) Reporting greenhouse gas emis-
sions in units of CO, equivalents (CO_e) accounts for these differences in global warming potential
so that emissions of different greenhouse gasses can be added, subtracted, or compared. When
managing ecosystems in order to promote carbon sequestration, it is important to consider these
other potential influences on the climate. While this report focuses primarily on carbon stocks and
potential carbon sequestration, it also identifies other non-CO, climate effects that should be taken
into consideration.

For any management activity aimed at reducing the concentration of greenhouse gasses in the
atmosphere, it is critical to think carefully about the bounds of the system. For this report, analyses
are specific to the Alameda Watershed, with the potential footprint for management activities de-
fined as the SFPUC land holdings around the Calaveras and San Antonio reservoirs. More broadly,
however, management decisions in the Alameda Watershed may influence greenhouse gas emis-
sions and other ecological effects over much larger geographies. Materials used for management,
for example, may entail life-cycle greenhouse gas emissions prior to their end use, and habitat cor-
ridors may affect wildlife populations more broadly across their range. Where clear information is
available, this report discusses life-cycle greenhouse gas emissions or large-scale ecological effects
associated with potential carbon management approaches. §

Photograph by SFEI.
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Photographs of the Alameda Watershed, courtesy of SFPUC.




In the Alameda Watershed, a combination of ecological and human factors determine the amount
of carbon stored by the landscape and the potential to alter this carbon storage through manage-
ment activities. Ecological factors such as soil texture and mineralogy, vegetation type and produc-
tivity, temperature, and the amount and timing of rainfall influence how carbon moves from the
atmosphere into vegetation, from vegetation into soil, and then back to the atmosphere through
decomposition (Bardgett et al.,, 2013; Chou et al., 2008; Davidson and Janssens, 2006; Sitch et al.,
2003). Influencing these factors through thousands of years of land use, humans have modified the
landscape’s carbon dynamics through species introductions, fire, urban development, agriculture,
and other anthropogenic disturbances. These processes and properties, both ecological and hu-
man, both biological and abiotic, define the context and landscape potential for ecosystem carbon
management.

Biophysical factors influence carbon sequestration in landscapes both directly and indirectly. A
site’s vegetation and climate affect carbon sequestration directly by controlling biological rates
of photosynthesis and decomposition. Indirectly, these rates are mediated by multiple interre-
lated environmental factors; soil texture, for example, interacts with vegetation, topography, and
climate to determine erosion rates (Ravi et al., 2010), which affect the movement of soil carbon
and its availability to decomposer organisms (Berhe et al., 2007; Gregorich et al., 1998). These
biophysical factors affecting carbon cycling are often closely coupled with human activities,
where ecological functions are influenced by human land use and management while guiding the
way humans interact with the landscape. Three key factors controlling the carbon balance in the
Alameda Watershed are the Mediterranean climate, mosaic of woody and grassland vegetation,
and the history of human disturbance. These factors control present-day carbon storage, set
bounds on the watershed’s potential for carbon sequestration, and can guide us toward carbon
management actions that have the greatest opportunity to significantly benefit the climate in the
long term.

MEDITERRANEAN CLIMATE AND ASSOCIATED FIRE REGIME

The Mediterranean climate of California’s central coast is characterized by cool, wet winters and
warm, dry summers, with high variability in the amount of rainfall among seasons and between
years. Mediterranean-type ecosystems are found in five locations across the globe: California; the
Mediterranean Basin; and regions of Chile, South Africa, and Australia. Relative to other ecosys-
tems, Mediterranean-type ecosystems have moderate carbon density, storing an estimated 13 MT
C/acre in vegetation (Gibbs and Ruesch, 2008) and between ~25 and 50 MT C/acre in soil organic
matter in most locations (Batjes, 2016). In contrast, the high-productivity temperate oceanic forests
of the Pacific Northwest store an average of 150 MT C/acre in vegetation (Gibbs and Ruesch, 2008);
and Arctic tundra, where decomposition is limited by cold and frozen conditions, can store more
than 160 MT C/acre in the top meter of soil (Gibbs and Ruesch, 2008). These large-scale patterns in
carbon storage are determined by the balance of productivity and decomposition, which are con-
trolled in large part by climate (temperature and water availability) and plant characteristics (Chapin
Il et al., 2009; Churkina and Running, 1998; De Deyn et al., 2008). In Mediterranean-type ecosys-
tems like the Alameda Watershed, the climate, dominant vegetation, and disturbance regime favor
moderate carbon storage in both vegetation and soils.

While climate and plant traits set the theoretical boundaries for carbon storage potential, local
environmental disturbances such as fire and land management activities regulate actual vegetation
and carbon storage patterns (Chapin Il et al., 2009). Like other ecosystems with a Mediterranean
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climate, the shrublands, woodlands, and grasslands of California’s central coast
experience frequent fire. Much of the region’s vegetation is adapted to withstand or
benefit from fire (Davis and Borchert, 2006; Keeley et al., 2011; Safford et al., 2021;
Sugihara et al.,, 2006), and the distribution of vegetation types across the landscape
is influenced by wildfire frequency and severity (Keeley and Syphard, 2016). The
effect of fire on carbon dynamics depends on the scale of observation. At the scale
of an individual site, wildfire causes an immediate loss of carbon from the ecosystem
to the atmosphere as carbon in living vegetation, dead plant material, and surface
soil layers combusts and converts to CO,. Over longer periods of time or larger spa-
tial scales, however, fire is part of a continuous exchange between the atmosphere
and the land surface. As ecosystems regenerate in the years after a fire, fire-related
CO, emissions are removed from the atmosphere by new vegetation growth in the
burned area. If these processes are in balance—if fire frequency, severity, and veg-
etation regrowth remain in equilibrium over time—wildfire emissions do not repre-
sent a net CO, source to the atmosphere (van der Werf et al., 2017).

In the ecosystems of central California, the incidence of fire has changed dramati-
cally over the past two and a half centuries. Prior to Euro-American settlement, the
Native peoples in the San Francisco Bay Area frequently used fire as a management
tool. Periodic burning was used to enhance forage for wildlife, control pathogens,
improve access to acorns, aid in hunting game, and for other purposes (Anderson,
2005). While the specific extent and frequency of historical burning within the wa-
tershed is unknown, a range of evidence suggests that grasslands and oak savannas
in the region may have experienced a fire return interval of 5-10 years or less in many
cases (Keeley, 2005; Rutherford et al., 2020; Safford et al., 2021). These frequent,
low-intensity surface fires would have removed understory vegetation and dead
plant material, reduced the density of oak savannas, and prevented conversion of
grasslands to woody vegetation types. The pre-settlement fire regime of Diablan
coastal sage scrub and other shrubland types in the region is not well understood,
but would have been less frequent than in grassland and savanna vegetation com-
munities and may have been similar to fire regimes documented in similar habitat
types in coastal southern California (Cleland et al., 2016; Davis and Borchert, 2006;
Keeley, 2006).

Cessation of Indigenous burning, Euro-American settlement and associated land use
changes, and fire suppression practices have profoundly altered fire regimes in the
region. Prior to the 2020 SCU Lightning Complex fires, which burned approximately
10,300 acres in the southern portion of the watershed, most of the watershed had
not experienced fire during the period of modern record-keeping.' Many of Cali-
fornia’s oak woodlands now experience an estimated fire return interval of 55-70
years (Safford et al., 2021). Fire frequencies in Diablan coastal sage scrub and chap-
arral communities in the central coast region have likewise decreased in many areas
(Davis and Borchert, 2006). Fire suppression in the region frequently results in the
transition from more open vegetation types such as grasslands to more closed veg-

1 Fire perimeter records were obtained from the California Department of Forestry and
Fire Protection (CAL FIRE). Records extend back to 1878, but are most complete for the period
post-1950.
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etation mosaics such as shrubland and woodland, though the presence of livestock
grazing can mediate this effect (Callaway and Davis, 1993; McBride and Heady, 1968).
Stanford et al. (2013) documented conversion of shrubland to oak woodland and
then mixed evergreen woodland within the watershed, and attributed this transition
primarily to the reduction in fire frequency.

The net effect of changes associated with climate change (changes in fire regimes,
distribution of vegetation communities, etc.) on ecosystem carbon storage will like-
ly depend on complex interactions between climate, fire, vegetation, and manage-
ment practices (Batllori et al., 2015). Model projections for the region’s changing
climate include warming temperatures, particularly in summer, increasing frequen-
cy, magnitude and duration of heat waves, a small (uncertain) decrease in annual
precipitation, and continued high interannual variability in precipitation (Cayan et
al., 2008, 2012). Statewide, the incidence of autumn days with extreme fire weath-
er increased more than twofold between 1979 and 2018, and such conditions are
projected to increase substantially by 2100 in California (Goss et al., 2020). Fur-
thermore, wildfire emissions in recent years have not been offset by vegetation
regrowth: an analysis by Gonzalez et al. (2015) found that, between 2000 and 2010,
wildfires accounted for approximately two-thirds of carbon losses from vegetation
throughout California, and these emissions were not offset by carbon sequestra-
tion in new biomass (either in burned or unburned areas). With warmer tempera-
tures, more frequent and longer droughts, and more extreme fire weather pre-
dicted for California, the risk of wildfire should be a guiding factor when assessing
carbon management activities.

Wildfire in the Alameda Watershed, courtesy of SFPUC.
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MOSAIC OF VEGETATION

Two vegetation mapping sources were used to characterize modern vegetation
mosaics in the Alameda Watershed. The LANDFIRE Program Existing Vegetation
Type (EVT) data product, put out by the US Forest Service and US Department of
the Interior, maps the dominant vegetation community at 30 m resolution according
to Landsat imagery, vegetation structure data, and classification models. LANDFIRE
layers for EVT, canopy height, and canopy cover were crosswalked to a set of more
aggregated vegetation classes by Gonzalez et al. (2015) (Table 2.2), and these cross-
walked vegetation classes were aggregated further for this analysis into six eco-
system types: grassland, coastal scrub, chaparral, oak savanna, oak woodland, and
riparian forest (Table 2.1, Fig. 2.1). Because oak savanna is challenging to categorize at
the 30 m grid scale, mapping conducted in the Alameda Watershed by Jones and
Stokes (2003; Table 2.2) was used to define oak savanna areas not identified by the
LANDFIRE-based classification.

Vegetation cover in the Alameda Watershed is dominated by non-native grasslands
and oak woodlands, as well as oak savanna, shrublands, and riparian woodlands
adjacent to channels (Table 2.1, 2.2). Non-native annual grassland, covering an es-
timated 46.3% of the watershed, likely occupies much of the area that historically
supported native grassland or forbland habitat (Evett and Bartolome, 2013). Approx-
imately 40.0% of the watershed is covered by oak savanna and woodland habitat,
dominated by blue oak, coast live oak, and valley oak. Shrublands also cover much
of the landscape, including chaparral (14.2%) and coastal scrub (5.4%). In addition to
more common habitat types, the watershed supports serpentine grassland (0.7%),
sycamore alluvial woodland (0.7%), white alder and willow riparian forest (0.4%,
0.4%), and other woodland types. Coastal or valley freshwater marshes occupy
limited areas near waterways. This mosaic of vegetation (Fig. 2.1, 2.2) determines the
large-scale patterns of carbon storage in the watershed and sets the stage for man-
agement activities focused on carbon sequestration.

Management activities may influence a landscape’s carbon storage by altering the
extents of grassland, shrubland, and woodland, or by changing the structure or
carbon storage of existing ecosystem types. For sites in coastal California, ecosys-
tem carbon storage tends to increase along a continuum from sites with herbaceous
vegetation to shrublands to woodlands to forest. Larger trees, in denser stands, store
more vegetation carbon per unit area than sparsely wooded sites or open grasslands
with no woody cover (Silver et al., 2010; Zavaleta and Kettley, 2006). Belowground,
the carbon stored in soils appears to follow this same trend. A synthesis study of
rangeland soils in California found that soil carbon density (MT C/acre) was great-

er under a woody canopy than in open grassland (Silver et al., 2010), and a study

in Marin County found that soil carbon stocks increased over time following shrub
invasion of a grassland (Zavaleta and Kettley, 2006).

Without altering the distribution of grassland and woody vegetation, management
choices affect the rates of carbon uptake and loss through photosynthesis, decom-
position, and fire. In grasslands typical of the Alameda Watershed, soil carbon stocks
are affected by the composition of herbaceous species, the physical treatment or
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Table 2.1. Vegetation composition of the Alameda Watershed, based on LANDFIRE data (as aggregated by Gonzalez

et al. (2015)). The more exhaustive vegetation classes correspond to the LANDFIRE-based classification system used in
Gonzalez et al. (2015). The ecosystem types identified in the first column were used to quantify and summarize carbon storage
across the watershed (see Chapter 3), and to characterize opportunities for carbon management activities (see Chapter 4).
Because Jones and Stokes mapping (2003; Table 2.2) was used to reclassify a fraction of LANDFIRE-designated grassland,
coastal scrub, and chaparral as oak savanna, the sum of acreages in this table differ slightly from those used in this study
(e.g. Fig. 2.2, Table 3.3).

Ecosystem type Vegetation class from Gonzalez et al., (2015), crosswalked Acreage % Area
from LANDFIRE existing vegetation type
California mesic chaparral 2,550 6.6
Northern and central California dry-mesic chaparral 1511 39
Chaparral
Southern California dry-mesic chaparral 1,071 2.8
Shrubland 34 01
Coastal scrub Southern California coastal scrub 2,242 5.8
Grassland 13,278 346
Grassland . .
Mediterranean California sparsely vegetated systems 56 0.1
California lower montane blue oak-foothill pine woodland and 478 1.2
savanna
0ak savanna Deciduous sparse tree canopy 19 0.05
Mixed evergreen-deciduous sparse tree canopy 72 0.2
Southern California oak woodland and savanna 2,206 58
California montane Jeffrey pine (ponderosa pine) woodland 1 0.003
California montane woodland and chaparral 1 0.003
Central and southern California mixed evergreen woodland 8,122 21.2
Oak woodland Evergreen open tree canopy 921 24
Mediterranean California dry-mesic mixed conifer forest and 0.21 0.0013
woodland
Mediterranean California mixed oak woodland 476 1.2
Riparian forest California montane riparian systems 657 1.7
Open water, barren, or devel- = Open water, barren, or developed 4,667 12.2
oped
Total Total 38,363
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Table 2.2. Vegetation composition of the Alameda Watershed, as mapped by Jones and Stokes (2003). The total extent

of Jones and Stokes 2003 mapping is less than the study area used in this analysis.

Vegetation class Acreage % Area

Blue oak woodland 1,364 3.7
Central coast live oak riparian forest 177 05
Coast live oak riparian forest 55 01
Cultivated 374 1
Diablan sage scrub 1,81 49
Fresh marsh 21 01
Homes 124 2
Mixed evergreen forest/oak woodland 9,612 2611
Natural pond 1 0.003
Nonnative grassland 17048 46.3
Nurseries 177 05
Oak savanna 1194 32
Quarry pond 96 0.3
Reservoir 2,216 6
Rock outcrop 16 0.04
Serpentine foothill pine-chaparral woodland 72 0.2
Serpentine grassland 242 0.7
Stock pond 35 01
Sycamore alluvial woodland 275 0.7
Valley oak woodland 1,027 2.8
White alder riparian forest 136 04
Willow riparian forest 157 04
Unmapped 1 0.003
Total 36,831

14 . ECOSYSTEMS AND ENVIRONMENTAL CONTEXT




Ecosystem Type

Grassland
[ Chaparral
[ Coastal scrub

Oak savanna
[ Oak woodland
Il Riparian forest
- Other
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grid, Jones and Stokes (2003)
mapping (Table 2.2) was used
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Figure 2.2. Relative cover of dominant ecosystem types in the Alameda Watershed.
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disturbance of soil, and amendments to the soil that alter its fertility and decomposition properties.
In wooded sites, managers affect carbon by changing stand structure and density, or influencing
patterns of tree mortality and regrowth. Pathogen introductions, fire risk reduction treatments
such as thinning and prescribed burns, and post-fire management practices all affect both short-
term and long-term patterns of woodland carbon storage.

HISTORY OF HUMAN DISTURBANCE

Human activities have altered carbon stocks on the Alameda Watershed since long before the wa-
tershed came under San Francisco Public Utilities Commission (SFPUC) management. Indeed, the
history of the region is one of human influence, in which anthropogenic changes to the distribution
of vegetation types and species composition have translated to carbon losses or gains. Indigenous
management (including the controlled use of fire), timber harvest, livestock grazing, cultivation,
introduction of non-native species, reservoir construction, construction of transportation corridors,
fire suppression, contemporary watershed management and restoration, and other land manage-
ment practices have all influenced the carbon balance of the watershed over the past two and a
half centuries.

Prior to Euro-American colonization, the watershed and surrounding areas supported a mosaic of
grassland, coastal scrub, chaparral, oak savanna and woodland, mixed evergreen forest, riparian
forest and scrub, and seasonal wetland (Stanford et al., 2013).2 Valley floor settings, such as Su-

nol Valley, generally supported grassland or oak savanna dominated by species such as valley oak
(Quercus lobata) and blue oak (Q. douglasii). Riparian corridors along streams were characterized
by sycamore alluvial woodland (within the alluvial reaches of Alameda Creek and other major chan-
nels) dominated by California sycamore (Platanus racemosa), mixed riparian forest, willow riparian
scrub, and other riparian habitat types. While evidence for the pre-settlement vegetation cover in
upland settings is sparse, the available data suggests that hillslopes were generally dominated by a
mix of grassland and Diablan sage scrub or chaparral, with relatively little tree cover.

At the time of Spanish settlement the watershed was home to people of the Chochenyo Ohlone
language group, whose ancestors had lived in the region for thousands of years. The native Ohlone
inhabitants lived in a number of distinct local tribal groups; major groups within the watershed
included the Causen in Sunol Valley and the Taunan along Upper Alameda Creek (Milliken, 1995;
Milliken et al., 2010). The Ohlone used a wide variety of natural resources and carefully managed
the landscape in a number of important ways, including through the use of fire. Spanish colonists
displaced the Ohlone from their land, and many of the watershed’s native inhabitants were forcibly
assimilated at Mission San José. During the late 18th through mid-19th century, Spanish and Mexi-
can settlers grazed livestock on rangelands throughout the region. Portions of the Alameda Water-
shed were included within grazing lands used by the mission, and later within Mexican land grants
such as Valle de San Jose. Grazing continued under lease arrangements following acquisition of the
watershed by the Spring Valley Water Company and later by SFPUC. Under the SFPUC's current
rangeland management program, approximately 31,000 acres are leased for grazing within the
watershed (as of 2020; SFPUC, 2017). The impact of grazing on carbon stocks in the watershed over
time is not well understood: grazing can have variable effects on carbon sequestration depending
on climate, grazing intensity and management, and other factors (Abdalla et al., 2018; Carey et al.,
2020; Conant et al., 2017; McSherry and Ritchie, 2013).
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In addition to grazing, dryland farming was widely practiced throughout the region
during the 19th and early 20th centuries (Stanford et al., 2013). In some areas, farmers
and homesteaders likely removed trees to clear land for cultivation, particularly in valley
floor settings historically dominated by oak savanna such as La Costa Valley and Sunol
Valley. Oaks in Sunol Valley, for example, had largely been cleared by the late 19th centu-
ry, which presumably decreased carbon storage in this part of the watershed (Stanford
et al,, 2013). Another early impact of Euro-American settlement on the watershed was
the spread of introduced plant species—particularly annual grasses and forbs—which
displaced native grasslands and other vegetation types. By the early to mid-19th century,
introduced species such as wild oat (Avena spp.) and filaree (Erodium cicutarium) had
already displaced vast areas of native grassland and forbland in the Bay Area (Minnich,
2008). In other Bay Area sites, non-native annual grasslands have been found to have
lower soil carbon storage than native perennial grasslands (Koteen et al., 2011).

Development of water supply infrastructure in the region commenced in the ear-
ly 20th century with construction of Sunol Dam (completed 1900), Calaveras Dam

Early agriculture in Calaveras Valley, 1919. (D-92, image courtesy o
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(completed 1925), and Turner Dam (completed 1965, creating San Antonio Reser-
voir; Hanson et al., 2005). The flooding of valley floor areas to create these reser-
voirs resulted in substantial losses of sycamore alluvial woodland, oak savanna,
and other habitat types (Stanford et al., 2013). The net effect of artificial reser-
voirs on carbon storage and emissions depends on a number of factors, including
climate, reservoir age, watershed geology, and others. In general, reservoirs in

tropical regions tend to be carbon sources, while reservoirs in temperate regions
tend to be carbon sinks (Phyoe and Wang, 2019).

At present, portions of the watershed are leased for grazing, tree nurseries and
quarry operations to generate revenue. There is also a former golf course now under
SFPUC management as grassland, which, having previously been amended with fer-
tilizers, is a relevant site for soil carbon sampling to compare its soil carbon contents
with the rest of the watershed. Another portion of the watershed is leased to the
East Bay Regional Park District and has a trail network used for recreational hiking,
cycling and horseback riding. §

Construction of Calaveras Dam, 1913. (C-312, image courtesy of the San Francisco Public Utilities Commission)
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CARBON STORAGE

IN THE ALAMEDA WATERSHED




The ecosystems of the Alameda Watershed store carbon aboveground and below-
ground, in living vegetation, dead plant residues, and soil organic matter. In live veg-
etation, carbon is stored in woody and herbaceous biomass, both aboveground and
in roots. Carbon is also stored in standing dead trees, downed dead wood, litter, and
other accumulations of organic material on the soil surface. Finally, carbon stored in
soil organic matter—plant and animal material in the process of decomposition—
typically comprises a large percentage of total ecosystem carbon. The amount of car-
bon in each of these reservoirs, or carbon pools, varies across the watershed accord-
ing to vegetation structure, soil properties, and the history of natural disturbances
and human land use.

This chapter provides spatially explicit estimates of carbon storage across the Ala-
meda Watershed. These estimates are based on a variety of data and models, which
were used to map carbon stocks for a comprehensive set of carbon pools at the 30
m scale (Table 3.1), and provide a refinement to rough estimates developed for the
watershed in 2016 from generalized carbon factors (Jones and Stokes, 2008; SF-
PUC, 2016). Key advances of these updated numbers include the use of site-specific
source data, a modeling approach that accounts for spatial variability in carbon stor-
age within ecosystem types, and the inclusion of soil organic matter in carbon stock
estimates. This analysis captures spatial variability in ecosystem carbon stocks, mean
differences in carbon storage among ecosystem types, and the contributions of each
carbon pool to total carbon storage.

The baseline carbon stock estimates provided in this chapter are based on satellite
imagery and vegetation mapping from 2010 and 2014. In 2020, the SCU Lightning
Complex fires burned nearly 30% of the watershed’s area, reducing carbon storage
in the footprint of the fire as grasses, shrubs, and other woodland fuels were con-
sumed. This fire—the fourth largest recorded in California to date—provided an
opportunity to quantify the immediate effects of a large wildfire event on ecosys-
tem carbon storage. By coupling pre-fire 2010 carbon stock estimates with modeled
carbon losses due to the SCU Lightning Complex, this assessment provides before
and after snapshots that track short-term changes in carbon stocks and set a new,
post-fire, baseline against which ecosystem recovery could be monitored. Together,
this information quantifies the watershed’s function as a carbon reservoir and sets
the stage to consider carbon management in the context of increasing wildfire risk
(Goss et al., 2020).

ALAMEDA WATERSHED CARBON STORAGE

Vegetation carbon

Carbon storage in vegetation was quantified with models and data sources (Table
3.1) specific to each carbon pool and ecosystem type described in Chapter 2 (see
Fig. 2.1). In areas with a woody canopy—classified in this analysis as riparian forest,
oak woodland, oak savanna, chaparral, or coastal scrub—aboveground biomass
carbon estimates were based on gridded data products available for 2010 and 2014
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through the US Forest Service and Department of the Interior’s LANDFIRE pro-
gram. Carbon in standing trees and shrubs was quantified according to Gonzalez
et al. (2015), using LANDFIRE Existing Vegetation Type, Forest Canopy Height, and
Forest Canopy Cover layers. Equations used in this analyses were developed for
California forests and shrublands by Gonzalez et al. (2015) from US Forest Service
Forest Inventory Analysis plots and the published literature. Carbon in understory
herbaceous vegetation, dead wood, litter, and duff was derived from Fuel Char-
acteristics Classification System (FCCS) data (Prichard et al., 2019; Reeves et al.,
2009; Riccardi et al., 2007). FCCS fuelbeds provide gridded biomass estimates at
30 m resolution for a range of carbon pools, and provide reasonable estimates of
dead biomass stocks for the purpose of carbon accounting (Saah et al., 2016). Veg-
etation biomass values were converted to units of carbon using a biomass carbon
fraction of 0.47 (IPCC, 2006).

In areas classified as grassland, aboveground carbon in herbaceous vegetation was
estimated from the watershed-wide average of 2018 biomass measurements from
the SFPUC residual dry matter (RDM) monitoring program (ACRCD and LD Ford,
2018a). (As discussed in the technical appendix, RDM plots were not designed to
provide a random sample across the watershed or individual grazing leases, so the
average RDM value should be viewed as an approximation.) In grassland sites,
carbon in shrubs, dead wood, litter, and duff was based on FCCS fuelbeds. For both
woody and herbaceous sites, root-to-shoot ratios from the published literature were
used to estimate carbon storage in belowground vegetation.

Carbon storage in vegetation ranged from 1.2 MT C/acre in low-biomass grassland
to as high as 125 MT C/acre in riparian forest sites with the greatest canopy cover
and height. In general, modeled vegetation carbon storage was greatest in eco-
systems that have dense woody vegetation such as riparian forest or oak wood-
lands, so the map of vegetation carbon (Fig. 3.1) resembles the distribution of the
watershed’s woodlands and riparian forest (Fig. 2.1). These high-carbon areas are
concentrated on canyon bottoms along riparian corridors and north-facing slopes
where tree cover is high. More common on south-facing slopes, shrublands (chap-
arral and coastal scrub) were found to store low to moderate carbon ranging from
8.2 MT C/acre in sparse coastal scrub sites to 31 MT C/acre in the most dense
chaparral stands.

Carbon storage in dead wood, litter and duff varied widely among ecosystem
types. Although this is an important carbon pool, accounting for as much as 17 MT
C/acre in riparian forest, or 65% of total vegetation carbon in coastal scrub sites,
it is very difficult to measure in field studies and contributes to uncertainty in
carbon inventories (Saah et al., 2016). Accordingly the spatial error ranges report-
ed in Table 3.2 may not fully capture the uncertainty in dead wood carbon stocks.
Similarly, spatial standard deviations for standing trees and shrubs do not capture
model uncertainty associated with LANDFIRE layers and model equations (Gon-
zalez et al., 2015).
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Table 3.1: Carbon pools and carbon quantification methods for grassland and woody-dominated sites. Woody-
dominated sites include those classified as coastal scrub, chaparral, savanna, woodland, or riparian forest. A complete

description of carbon quantification methods is provided in the online technical appendix (https://www.sfei.org/projects/
alameda-watershed-carbon).

Carbon pool

Trees

Shrubs

Herbaceous vege-

tation

Roots

Dead wood, litter,
and duff

Soil

Description

Live and dead standing trees

Low woody plants with multi-
ple stems

Live and dead herbaceous
vegetation

Live and dead roots

Downed and dead woody
material, litter and duff (O
horizons), lichen, moss,
cryptogams, basal accumula-
tions around tree trunks, and
squirrel middens

Mineral soil to 1 m depth

wd

Source of carbon estimates:
grassland sites

FCCS values

RDM measurements (simple average
of ~100 plots across the watershed
grazing leases)

Root:shoot ratios applied to RDM
values

FCCS values

Synthesis of literature values and
Alameda Watershed measurements

Source of carbon estimates:
woody-dominated sites

Modeled from LANDFIRE existing
vegetation type, canopy cover, and
canopy height (Gonzalez et al., 2015)

Modeled from LANDFIRE existing
vegetation type, canopy cover, and
canopy height (Gonzalez et al., 2015)

FCCS values

Root:shoot ratios applied to tree and
shrub values

FCCS values

Synthesis of literature values and
Alameda Watershed measurements
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2010 Vegetation
Carbon Storage

>50 MT C/acre

0 MT C/acre

Figure 3.1. Carbon storage in vegetation. Vegetation carbon includes trees, shrubs, herbaceous vegetation, roots, dead
wood, litter, and duff,

Table 3.2. Carbon stocks in the Alameda Watershed's vegetation carbon pools. Carbon stocks were estimated according
to the approaches in Table 3.1. Error ranges indicate the standard deviation in carbon storage across grid cells of a given
ecosystem type, with the exception of herbaceous vegetation in grassland, for which the error range is the standard deviation
across RDM measurements.

Herbaceous Dead wood, lit-
Trees (MT C/acre | Shrubs (MT C/ vegetation (MT | ter, and duff (MT Roots (MT C/
Ecosystem type *10) acre *1o) (WETRCER D)) (WET CER )] acre +1o0)

Grassland 0.0014 + 0.02 0.036 + 0.13 0.55 + 0.01

106+ 63 15+ 14 013 0] 56+ 29
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Soil carbon

Carbon storage in the watershed’s soils was estimated from a synthesis of published mea-
surements from California as well as soil samples collected in 2021 from the Alameda Water-
shed. The synthesis included a total of 65 soil profiles from 23 grassland and woodland sites
outside the Alameda Watershed, plus 16 soil profiles collected from four paired grassland

and woodland transects south of the San Antonio Reservoir. The depth to which soils were
sampled varied widely across studies in the synthesis, ranging from 2 cm to 4.6 m below the
mineral soil surface. Carbon concentrations are typically highest in shallow soils, but substan-
tial carbon resides at depth as well (Sulman et al,, 2020), so the depth of sampling strongly in-
fluences the total reported soil carbon stock. This makes it critical to standardize carbon stock
measurements to a common sampling depth before comparing or summarizing across studies
or sites. To address this issue, the method described in Silver et al. (2010) was used to model
the carbon stock to a standard depth of 1 m for each soil profile in the synthesis. For each soil
profile, cumulative carbon storage was calculated at each depth that was sampled (e.g., 17 MT
C/acre in the top 25 cm, 26 MT C/acre in the top 50 cm, and 30 MT C/acre in the top 50 cm).
Cumulative carbon storage was plotted against depth for the entire dataset (Fig. 3.2), and the
fit of this regression was used to estimate each soil profile’s carbon stock to a standard depth
of 1 m. (Detailed methods information is provided in the online technical appendix.)
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Figure 3.2. Relationship between soil sampling depth and cumulative carbon storage for measurements
included in the soil carbon synthesis. Black points indicate values from the literature, from sites outside the Alameda
Watershed. Blue points represent measurements from grassland and woodland sites in the Alameda Watershed,
south of the San Antonio Reservoir. The calculated regression equation was used to estimate carbon storage to 1m
depth for each measurement.
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Across soil profiles included in the synthesis, modeled carbon stocks to 1 m depth ranged
widely, with most data falling between 4.3 and 120 MT C/acre, and a single high value of
210 MT C/acre (Fig. 3.3). Average soil carbon stocks were significantly higher in sites with
a woody canopy (avg = 64.06 * 36.08 MT C/acre) than in open grassland (avg = 46.0
26.68 MT C/acre; Fig. 3.3). This pattern has been documented before in a California-wide
synthesis (Silver et al., 2010), and in observational studies at individual sites (e.g., Camp-
ing, 2002; Dahlgren et al., 1997; Herman et al.,, 2003; Zavaleta and Kettley, 2006).

Results of the soil carbon data synthesis were applied to the Alameda Watershed ac-
cording to mapped ecosystem type. The grassland average of 46.01 MT C/acre was ap-
plied to areas classified as grassland, and the woody canopy average of 64.06 MT C/acre
was applied to areas classified as coastal scrub, chaparral, oak savanna, oak woodland, or
riparian forest. This simplified approach assumes that the watershed’s soils follow gen-
eral patterns seen elsewhere in the state, and offers first-order, spatially averaged esti-
mates. Actual carbon storage varies widely among and within sites, as illustrated by the
broad range of 1 m carbon storage values shown in Fig. 3.3. Soil carbon storage depends
on site-specific properties such as vegetation, hydrology, geomorphology, soil character-
istics, and microclimate. For example, a study in Marin County found that across a topo-
graphic sequence, soil carbon storage increased ~3-fold from the eroding summit to the
depositional plain (Berhe et al., 2012). The first-order estimates provided in this analysis
are not able to account for this type of spatial variation. More precise soil carbon map-
ping across the Alameda Watershed would require extensive on-site sampling.

Carbon stock measurements from Alameda Watershed samples—which ranged from
25 to 61 MT C/acre—fell within the general range of other studies included in the syn-
thesis (Fig. 3.2). This comparison suggests that synthesis results offer a reasonable ap-
proximation of average watershed-wide soil carbon storage. Grassland sites in partic-
ular did not differ between Alameda Watershed samples and the rest of the synthesis
dataset (Fig. 3.3). Samples collected under trees on the watershed had marginally lower
carbon storage than other values in the synthesis (not statistically significant; Fig. 3.3),
but these samples were limited to only six soil profiles from two transects, five from a
ridgeline and one from a valley floor adjacent to a seasonal creek. Values from this syn-
thesis were also similar to soil carbon stocks from nearby sites reported in the Interna-
tional Soil Carbon Network (ISCN) Database (43-57 MT C/acre, depending on whether
a high value is considered an outlier; https://iscn.fluxdata.org/data/), which includes
user-uploaded data as well as carbon stocks reported by the National Resource Con-
servation Service (NRCS). (No values from within the study boundary were available
through the ISCN database, so nearby sites were used for comparison.)

Total ecosystem carbon

Soil and vegetation carbon estimates were combined to produce a map of ecosystem carbon
stocks across the Alameda Watershed (Fig. 3.4). Watershed-wide, the site was found to store
a total of 540,000 MT C in vegetation and 1.9 MMT C in soil, for a total of 2.5 MMT of carbon.
Fig. 3.5 and Table 3.3 provide a summary of carbon stocks for the six primary ecosystem
types: grassland, coastal scrub, chaparral, oak savanna, oak woodland, and riparian forest.
(Developed areas and aquatic habitats were excluded from this analysis.) On average, the
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Figure 3.3. Modeled carbon stocks to 1 m depth for 81 soil profiles across California. Black points indicate values from
the literature, from sites outside the Alameda Watershed. Blue points represent measurements from grassland and woodland
sites in the Alameda Watershed, south of the San Antonio Reservoir. Boxes indicate the median and upper and lower quartiles
across all data for grassland or woody-canopy sites, with whiskers extending to 1.5x the interquartile range. The average
across sites with a woody canopy (64.06 MT C/acre) was significantly higher (p = 0.0115) than the average across grassland
sites (46.01 MT C/acre). Alameda Watershed values did not differ significantly from other values in the synthesis at p = 0.05.
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watershed'’s grasslands were found to store the least carbon per acre of the six ecosystem types, with
an average carbon density of 47.2 MT C/acre (Table 3.3). Given their large spatial footprint, however,
grassland carbon accounts for a large percentage of the watershed’s total carbon (22%, or 601,700 MT
C). In contrast, riparian forest had the highest per-acre carbon storage (128.5 MT C/acre on average) but
the lowest watershed-wide total given its limited spatial extent (83,900 MT C over 653 acres). Carbon
storage in the other ecosystem types ranged widely, both among ecosystem types and spatially within a
given ecosystem type (Table 3.3). Of these, oak woodland stands out for having relatively high per-acre
carbon storage and wide spatial coverage. With an average carbon density of 97.6 MT C/acre and a total
extent of ~9,600 acres, non-riparian woodland sites were found to store ~930,000 MT C, or 38% of the
watershed'’s total carbon.

2010 Ecosystem
Carbon Storage

>125 MT C/acre

0 MT C/acre

Figure 3.4. Ecosystem carbon storage in the Alameda Watershed. Carbon storage includes both vegetation and soils for
sites not classified as water, barren, or developed.
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Table 3.3. Carbon storage within Alameda Watershed ecosystem types, per acre (a) and watershed-wide (b).

In (a), error values for vegetation carbon represent spatial variation in per-acre carbon stocks across 30 m pixels for a given
ecosystem type. Soil carbon error values represent the standard error from the data synthesis. In (b), values in parentheses
indicate the percentage of the total. Additional land cover types not evaluated in this assessment include water bodies and
developed areas.

Table 3.3 (a)

Vegetation Carbon Storage

Soil Carbon Storage

Ecosystem type (MT C/acre +1SE)

(MT C/acre +£10)

Grassland 12+014 12+014

Coastal scrub 6.1+ 0.25 641+6.3

Oak savanna 214 £10.8 641+ 6.3

Table 3.3 (b)
. . Total ecosystem
Area Vegetation Carbon Soil carbon

carbon
Ecosystem type (acres and percent Storage storage (T C and percent

of total) (MTC) (MTC) of total)
Grassland 12,744 (38%) 15,400 586,000 602,000 (24%)
Coastal scrub 1,815 (5%) 11100 116,000 127000 (5%)

Oak savanna

3,988 (12%)

85,400

539,100

255,000

1,918,000

341,000 (14%)

2,457,000
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RIPARIAN FOREST OAK WOODLAND

OAK SAVANNA CHAPARRAL

COASTAL SCRUB GRASSLAND
R
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ABOVEGROUND
VEGETATION

ROQTS

SOIL ORGANIC
MATTER

Figure 3.5. Per-acre carbon storage for ecosystem types in
the Alameda Watershed. The size of each semi-circle represents
the relative amount of carbon per acre stored in aboveground live
and dead vegetation, roots, and soil organic matter for each of the
six major ecosystem types. The relative size of each carbon pool
corresponds to values in Tables 3.2 and 3.3a.
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A comparison of aboveground and belowground carbon pools demonstrates the importance of soil
as a carbon reservoir (Fig. 3.5). Roughly half the carbon in riparian forest sites resides in soil organic
matter. In the watershed’s grasslands, soil carbon accounts for an estimated 97% of total ecosys-
tem carbon, with only ~3% in aboveground vegetation and roots.

Relative to other ecosystems across the globe, the Alameda Watershed has moderate carbon
storage. This aligns with expectations for Mediterranean-type ecosystems presented in Chapter

2. Averaged across this study’s full 33,534 acres, the watershed was found to store ~16 MT C/acre
in vegetation, only slightly higher than the global average from Mediterranean-type ecosystems
from the Intergovernmental Panel on Climate Change (IPCC) tier 1 values (13 MT C/acre; Gibbs and
Ruesch, 2008). The watershed's estimated soil carbon storage, 57 MT C/acre on average, is slightly
higher than most other Mediterranean-type sites, where the top meter of soil commonly stores
between 25 and 50 MT C/acre (Batjes, 2016). This may reflect uncertainty in soil carbon quantifica-
tion—at both the watershed and global scales—or it may indicate that California has relatively high
soil carbon storage compared with other regions with a similar climate. The Alameda Watershed'’s
mosaic of grassland, shrubland, and woodland ecosystems has higher per-acre carbon storage than
the state’s extensive grasslands, but considerably lower carbon storage than other ecosystems in
California. For example, field carbon inventories have reported aboveground carbon stocks (exclud-
ing roots) of 130 MT C/acre from an old-growth coastal redwood site, 110 MT C/acre from Sierra
Nevada oak, Douglas fir, and mixed-elevation conifer forests, and 200 MT C/acre from a red fir
forest (Gonzalez et al., 2010). Seen in this light, the ecosystems of the Alameda Watershed repre-
sent an important carbon reservoir within the Bay Area, but a site whose overall carbon storage is
limited by the native vegetation mosaic.

2020 WILDFIRE CARBON LOSSES

The carbon storage estimates provided above are based on LANDFIRE and FCCS data products
from 2010 and 2014. In the 2020 fire season, the SCU Lightning Complex burned 10,370 acres
across the watershed, largely concentrated in the southeastern and central watershed (Fig. 3.6).
This event drove a net loss of carbon from the site, converting carbon stored in wildland fuels to
CO,, methane, and other climate pollutants.

The First Order Fire Effects Model (FOFEM) was used to estimate short-term carbon losses during
the SCU Complex Fires. FOFEM was produced by the US Forest Service to predict the immediate
effects of wildfire on vegetation and fuels (https://www.firelab.org/project/fofem-fire-effects-
model), and is the model used by the California Air Resources Board (CARB) to track fire-related
greenhouse gas (GHG) emissions (CARB, 2022). FOFEM simulations predict biomass consumption
and combustion-related emissions, according to input values for the vegetation type, fuel struc-
ture, moisture content, and burn severity. FOFEM was run for each cell in a 30 m grid across the
burned extent in the watershed using input values from 2014 FCCS fuelbeds, weather station data,
and Landsat imagery.

The distribution of fuels used with FOFEM was set to match the biomass distribution from the
watershed-wide carbon storage assessment. This fuel structure made it possible to directly re-
late wildfire carbon loss estimates to the carbon stocks mapped in Fig. 3.4. FCCS fuelbeds were
used for litter, 1-hour, 10-hour, 100-hour, and 1000-hour fuels. Herbaceous vegetation and shrub
biomass were set to equal the biomass values used in the watershed-wide carbon assessment,
based on RDM measurements, FCCS fuelbeds, and/or LANDFIRE vegetation type, canopy cover,
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Figure 3.6. Area burned in the 2020 SCU Lightning Complex Fires.

and canopy height data (ACRCD and LD Ford, 2018a; Gonzalez et al., 2015; Riccardi et al., 2007).
Foliage and branch densities were derived from LANDFIRE-based tree biomass values (Gonzalez
et al., 2015) and allometric relationships (Brown et al., 2004; Chojnacky et al., 2014). Fuel moisture
was based on averages reported by nearby Remote Automatic Weather Stations (RAWS) for the
duration of the fire, and percentage crown burn was estimated from the relativized difference in
normalized burn ratio (RANBR), a burn severity metric derived from LANDSAT imagery (Miller et
al., 2009; Miller and Thode, 2007), and an empirical relationship reported in Lydersen et al. (2016).
More detailed descriptions of model inputs can be found in the technical appendix.

Results of the FOFEM analysis indicate that an estimated 33,100 MT C was lost from the Alameda
Watershed during the SCU Lightning Complex fires (Table 3.4, Fig. 3.7). For grassland, coastal
scrub, and chaparral sites, the model predicted that most vegetation carbon was lost in the fire,
whereas carbon stored in trees—in oak savanna, oak woodland, and riparian forest sites—was
largely retained on-site (Table 3.4). Accordingly, modeled per-acre carbon losses were general-

ly highest from sites classified as chaparral (Fig. 2.1, 3.7), an ecosystem type with relatively high
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biomass carbon storage and high flammability, particularly in sites that have not recently burned
(Keeley et al., 2011; Schwilk, 2003).

The majority of carbon consumed by wildfire is released to the atmosphere as CO,. In addition,

fire releases methane and other pollutants that can affect air quality and the climate (Clinton et al,,
2006; Urbanski, 2009). Black carbon, for example, is a product of incomplete combustion that is re-
leased as an aerosol when biomass is burned. Although it resides in the atmosphere for a relatively
short time, black carbon is understood to be one of the most important anthropogenic pollutants
for both the climate and human health (Bond et al., 2013).

Over the span of just ~two months, the Alameda Watershed lost an estimated 8% of its vegetation
carbon stock to fire. This rapid and large change, though likely short-lived, highlights the potential
for wildfire to alter the distribution of stocks across California’s natural and working lands. Carbon
sequestered in the state’s forests, woodlands, and shrublands is vulnerable to wildfire and other
ecological disturbances. The long-term carbon balance of these systems depends on the frequency
of fire relative to regeneration rates and whether changing fire regimes alter vegetation communi-
ties, for example if woodlands are replaced by grasslands or shrublands (Huntsinger and Bartolome,
1992; Lenihan et al., 2008). Statewide carbon inventories and future scenario modeling suggest

Table 3.4. Modeled change in carbon stocks due to the SCU Lightning Complex fires.

Total area of Area of ecosys- Pre-fire abo- Post-fire abo- Elull AL
tem type burned (MT C and % of
Ecosystem type ecosystem type veground carbon | veground carbon .
— (acres and % of (MTC) (MTC) pre-fire abo-
total area) veground carbon)
Grassland 12,744 2,540 (20%) 8,300 6,700 1,600 (19.2%)
Coastal scrub 1,815 468 (26%) 9,700 7500 2,200 (22.6%)

3,988 1198 (30%) 63,200 3,300 (5.3%)

33,5345 10,370 (31%) 392,800 359,700 33,100 (8.4%)

34 - CARBON STORAGE



4 miles

4 km

Carbon lost in SCU
Lightening Complex Fires

<5 MT C/acre

- <10 MT C/acre
- 10-15 MT C/acre

Figure 3.7. Estimated carbon losses during the 2020 SCU Lightning Complex Fires.

that California’s wildlands are losing carbon due to wildfire, and that continued losses are expected
even with increased fuel management (CARB, 2022b; Gonzalez et al., 2015). In the case of the 2020
fire, much of the carbon lost from the Alameda Watershed is likely to be re-captured as vegetation
regenerates in the years following the fire, given the generally low burn severity in wooded sites
and general resilience of shrubland and chaparral to fire (Keeley et al., 2011). The actual timing of
regeneration and successional trajectories, however, will depend on specific species, burn severity,
grazing by livestock, post-fire precipitation, and other variables that are challenging to predict (Kee-
ley et al., 2005, 2008; Moreno and Oechel, 1991, 1992). In general, herbaceous vegetation regrows
quickly post-fire, whereas vegetation cover and biomass in shrublands can take 10 to 15 years to re-
cover to pre-fire levels (Hope et al., 2007; Keeley et al., 2011; Kinoshita and Hogue, 2011; McMichael
et al., 2004). The long-term effects of fire on the watershed'’s carbon stocks will be borne out over
the coming decades. §
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Sunset, Alameda Watershed, courtesy of SFPUC.

MANAGING CARBON

IN THE ALAMEDA WATERSHED

A number of strategies exist that land managers can implement to actively man-
age ecosystems for carbon sequestration. These approaches, known collectively
as carbon farming, seek to increase ecosystem carbon stocks by increasing carbon
inputs and/or decreasing carbon outputs from vegetation and soils. As managers
look to ecosystems as a tool for climate change mitigation, the choice of whether,
and how, to manage a given site for carbon should depend on a number of factors.
These factors include not only the potential for a given strategy to provide carbon
and greenhouse benefits, but also feasibility and cost, the long-term durability of
carbon benefits, and potential impacts to other ecosystem functions and manage-
ment priorities.

Management strategies focused on carbon sequestration influence the climate in a
variety of ways. Directly, carbon farming practices alter on-site CO, uptake and GHG
emissions by the site’s vegetation and soils. These direct changes determine the de-
gree to which the local ecosystem sequesters carbon and functions as a GHG source
or sink. In addition, management activities may entail emissions from machinery,
materials production and transport, livestock, and other life-cycle processes (Cusack
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et al. 2021). These emissions may not occur on site but are nevertheless a meaningful
component of a strategy’s overall effect on the climate. Management actions in one
location can also have indirect effects on GHG emissions or carbon sequestration else-
where as a result of economic effects, material or labor availability, or management in-
centives (Murray et al. 2007). These indirect effects can be particularly hard to quantify,
but merit consideration to assess whether carbon or GHG benefits are truly additional
over a baseline counterfactual. Finally, the timescale over which carbon benefits are
sustained depends on a system’s long-term capacity to continue accruing carbon and
the likelihood of reversal (Galik and Jackson, 2009), i.e., whether sequestered carbon
will be re-emitted to the atmosphere in the event of disturbance or change in manage-
ment practice.

Beyond their benefits for climate change mitigation, carbon management practic-

es can lead to a suite of other outcomes for ecosystems and people. These potential
co-benefits and tradeoffs include changes to water quality and supply, native vegeta-
tion and wildlife biodiversity, forage production and rangeland access for ranchers, soil
health, and wildfire risk (e.g., Bullard and Smither-Kopperl, 2020; Dahlgren et al., 1997;
Gravuer and Gunasekara, 2016; Russell and McBride, 2003; Salemi et al., 2012; Seavy et
al., 2009; (Bullard and Smither-Kopperl; Tisdall and Oades, 1982). Some management
actions may influence an ecosystem’s resilience to climate change, and may have bio-
physical effects on local climate conditions due to shading, albedo changes, or altered
rates of evapotranspiration (latent heat) (Pielke and Avissar, 1990). In some cases these
benefits and tradeoffs are well understood, but in other cases they are challenging to
predict due to insufficient data, high inherent variability, or complicated feedbacks and
interactions. Finally, unintended effects such as pathogen introductions or fire can alter
ecosystem structure, function, and potentially carbon stocks.

This chapter offers an overview of six management practices for the Alameda Water-
shed that managers might consider for carbon and GHG benefits. This list includes
compost applications on the watershed’s rangelands, riparian forest restoration,
silvopasture, cattle exclusion to promote woody vegetation expansion, native grass-
land restoration, and conservation of the watershed as protected open space. Some
of these practices are currently included in the management portfolio, whereas
others would be new additions. Each of this chapter’s sections highlights one of these
practices, providing general background information, an estimate of potential car-
bon and GHG benefits based on models and/or published data, and an overview of
co-benefits, tradeoffs, and other considerations regarding benefits, feasibility, and
siting. To contextualize the carbon and GHG benefits of a given strategy, these rates
are converted to approximate acreages that would be needed to offset 1% of San
Francisco’s 1990 GHG emissions of 8 MMT CO,e/yr, or 80,000 MMT CO_e/yr (City
and County of San Francisco, 2021). (The San Francisco Climate Action Plan calls for
nature-based solutions to offset up to 10% of San Francisco’s 1990 emissions, requir-
ing as much as ten times the acreages reported in this chapter; City and County of
San Francisco, 2021.) Together, this information is intended to facilitate comparisons
among the practices, offering managers the science background needed to make
informed decisions that are compatible with SFPUC’s management goals.

MANAGING CARBON - 37



MANAGING CARBON IN THE ALAMEDA WATERSHED:

RANGELAND COMPOST

CARBON & CLIMATE BENEFITS

Sequesters 0.09-0.3 MT C/acre per year
if compost is reapplied every 10 years.

Offsets GHG emissions by 0.3-11 MT
CO,e/acre per year if reapplied every 10
years.

With decadal reapplications, between
70,000 and 300,000 acres are needed
to offset 1% of San Francisco’s 1990
emissions.

Annual carbon and GHG benefits are
lower with less frequent applications.
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ASSESSMENT

Numerous studies have demonstrated that one-time compost applica-
tions can sequester carbon in rangeland soils and provide life-cycle
GHG benefits while increasing soil health and buffering against drought.
Frequent reapplications may provide sustained benefits over multiple

decades, but such long-term carbon sequestration rates are less well
understood. Because limited research is available on other potential
long-term effects such as vegetation community changes, pilot-scale
projects on sites with low native vegetation cover offer a good choice for
rangeland compost on the Alameda Watershed.

For millennia, humans have known that applying organic matter to soils
can enhance soil health and increase fertility. Organic amendments
increase soil organic matter (SOM) storage, decrease soil compaction,
increase water holding capacity, reduce acidity, increase nutrient con-
tents, enhance vegetation productivity, and improve other metrics of
soil health such as microbial activity (del Mar Montiel-Rozas et al., 2016;
Diacono and Montemurro, 2011; Hernando et al., 1989; Owen et al., 2015;
Ryals et al,, 2014, 2016). In recent years, compost applications have
received substantial attention for climate change mitigation, as addi-
tions of composted organic material can increase soil carbon storage for
years or decades with minimal associated GHG emissions (DeLonge et
al., 2013; Mayer and Silver, 2022; Ryals and Silver, 2013). Organic matter
amendments increase soil carbon storage in two fundamental ways.
First, compost applications provide a direct source of carbon that slow-
ly degrades and can be incorporated into SOM (Ryals et al., 2014). Over
the longer term, increased rates of net primary production (NPP) due to
compost applications have the potential to increase carbon storage for
decades or more (Mayer and Silver, 2022; Owen et al., 2015).

With grasslands covering over 9% of California’s land area, applying com-
post to rangelands has been included in the state’s portfolio of strate-
gies for climate change mitigation on natural and working Lands (CARB,
20223; Silver et al., 2018). The City of San Francisco's Climate Action Plan
(City and County of San Francisco, 2021), identifies compost applications
as one of the carbon sequestration approaches to meet the city’s target
of net zero emissions by 2040. With over 12,000 acres of grassland, the
Alameda Watershed has one of the largest footprints of city-owned and
managed land where compost could be applied at scale.
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For organic soil amendments to mitigate GHG emissions, the choice of material is important. While
adding nutrient-rich material can increase productivity and enhance soil carbon storage, organic
amendments may also stimulate methane (CH,) and nitrous oxide (N,O) emissions, offsetting or
eliminating the benefits of carbon sequestration (Owen et al., 2015; Powlson et al., 2011). For in-
stance, the common practice of spreading livestock manure over rangelands is associated with
sizable increases in N,O emissions (Owen et al.,, 2015), a potent greenhouse gas with 265 times the
global warming potential of CO, (100-year global warming potential; Myhre et al,, 2013). In contrast,
the use of composted material has been shown to sequester carbon and stimulate plant produc-
tion with only minorincreases in CHA or NZO emissions (Mayer and Silver, 2022; Ryals and Silver,
2013). Such composted material acts as a slow-release fertilizer without adding a large pulse of
available nitrogen to stimulate N,O production (Mayer and Silver, 2022).

CARBON AND GHG BENEFITS

Field studies and models have demonstrated the net carbon and GHG benefits of compost applications
(e.g., Mayer and Silver, 2022; Ryals et al.,, 2015; Ryals and Silver, 2013). A field trial in California found that
three years after amending soils with 0.5 inches of compost, soil carbon storage was 5.6-7.2 MT C/acre
greater than in unamended controls, with no significant increases in CH, or N,O emissions (Ryals and Sil-
ver, 2013). 65—-88% of this additional carbon was derived directly from the compost, with the remaining
12-35% due to increased carbon uptake (a fertilization effect). Modeling studies suggest that this fertil-
ization benefit can be sustained over time, long after a single application (Mayer and Silver, 2022); using
data from seven field sites in California, a model-based analysis found that carbon and GHG benefits
persist for more than 85 years after a single 0.25 inch-deep compost application. Cumulative GHG ben-
efits peak after ~18 years at 2.8 + 0.04 MT CO,e/acre, and then decrease over the following decades (Fig.
4]) due to ongoing decomposition and reduced effects of fertilization over time (Mayer and Silver, 2022).

It has been hypothesized that re-applying compost at strategically timed intervals could maintain
high rates of carbon sequestration over decades or longer (Mayer and Silver, 2022). To evaluate this
potential, the CALAND model (Di Vittorio et al., 2021) was used to simulate the long-term carbon and
GHG benefits of repeated compost applications on the Alameda Watershed. According to CALAND
predictions, applying 0.5 inches of compost to the watershed’s grasslands every 10 years over a pe-
riod of 50 years could sequester an average of 0.2 MT C/acre per year over the coming decades (Fig.
4.). This carbon benefit would decrease with less frequent applications, sequestering an estimated
0.05 MT C/acre per year if compost were reapplied every 30 years. Converting these carbon seques-
tration rates to units of CO,e and accounting for GHG emissions due to compost production and ap-
plication (DeLonge et al., 2013), these carbon sequestration rates translate to average GHG benefits
of 0.7 (0.3-1.2) MT CO,e/acre per year for 10-year applications or 0.2 (0.06-0.3) MT CO,e/acre per year
for 30-year applications. More frequent application rates may provide greater GHG benefits (Camer-
on et al., 2017), but this has not been tested rigorously with field studies or models.

Finally, it should be noted that carbon sequestration from compost applications is not unlimited;
soil carbon may saturate at high carbon densities (Six et al., 2002), and carbon gains may be revers-
ible if management practices are not maintained (Powlson et al., 2011).

SITE CONSIDERATIONS

Within the Alameda Watershed, grassland sites with relatively low-grade slopes are likely the most
feasible and appropriate sites for compost application projects (Fig. 4.2). Such sites are less likely
than steeper sites to increase nutrient runoff into surface water, and generally offer safer machinery
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Figure 4.1. Cumulative carbon benefits over time (MT C/acre) of rangeland compost applications under three
application regimes. The green line represents predicted carbon accumulation following a 1-time, 1/4 inch deep compost
application, approximating values reported in Mayer and Silver (2022). The red and blue lines represent carbon accumulation
following repeated 1/2 inch compost applications at 10-year (red) or 30-year (blue) intervals, as predicted by the CALAND
model. Gray shading represents the uncertainty band reported by CALAND, which is based on uncertainties in initial carbon
densities and historical carbon fluxes.

access (Gravuer and Gunasekara, 2016)—though low-grade sites far from roads may present access
challenges. The NRCS conservation practice standard for soil carbon amendments recommends
that compost only be applied to ranglands with slopes of 8% or less (NRCS, 2020), and the San
Mateo and Marin County Resource Conservation Districts recommend a maximum slope of 20%
for compost applications. An ongoing Healthy Soils Demonstration Project through the Alameda
County Resource Conservation District is evaluating the use of compost on sites in the Altamont
Pass with up to 30% slopes (R. Ryals, pers. comm.). If successful, this would provide an example
indicating that higher-grade slopes on the Alameda Watershed may be appropriate where accessi-
ble by machinery.

In addition to topography, existing vegetation is an important consideration for rangeland compost
projects. Organic soil amendments may be particularly beneficial for forage production and carbon
sequestration in heavily disturbed grasslands with low vegetation cover or productivity (Ohsowski
et al.,, 2012). In contrast, sites with high native vegetation cover or locally rare species or communi-
ties may not be appropriate for compost applications, due to unknown effects of long-term nutri-
ent additions on native plant diversity (Gravuer et al., 2019). The effect of soil nutrients on individual
species has been shown to vary from site to site, even at relatively small spatial scales within Cal-
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Q Oak savanna and non-serpen-
» tine grassland on slopes less
than 30%

- Slope <8%: 1,875 acres

- Slope 8-20%: 4,448 acres

Slope 20-30%: 3,994 acres

Figure 4.2. A starting point for identifying the potential opportunity space for rangeland compost application in the
Alameda Watershed. Sites represented in the mapping include oak savanna and non-serpentine grasslands on slopes less
than 30%, as well as the former Sunol Valley Golf Course. In addition to vegetation type and slope, a number of other factors
should be considered to identify sites where rangeland compost application might be an appropriate management strategy,
such as proximity to drinking water reservoirs, native plant cover, presence of rare and endangered plant and animal habitat,
and site accessibility. As noted above, there are major concerns associated with compost application, and the mapping does
not assess the desirability of applying this strategy within potential opportunity areas.

ifornia’s Diablo range (Spiegal et al., 2014), making it challenging to predict how nutrient additions
will influence native and nonnative vegetation. One study from the northern Diablo range found
that low-nitrogen soils may provide a refuge for native species within invaded California grasslands
(Gea-lzquierdo et al., 2007), suggesting that there is reason for concern that compost additions
could negatively impact native vegetation communities on the watershed. The NRCS standards
suggest a cautious approach, stating that compost application projects should avoid sites dominat-
ed by native, special status, or locally rare vegetation, such as serpentine grasslands, coastal prairie,
chaparral, or coastal sage scrub ecosystems (NRCS, 2020). Similarly, compost is not recommended
on sites containing special status native plants and/or animals that require low-stature rangeland
habitat, such as the California tiger salamander (Ambystoma californiense) and burrowing owl
(Athene cunicularia) (Gravuer and Gunasekara, 2016).
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The former Sunol Valley Golf Course is an example site with a high degree of historical disturbance,
generally flat topography, and low native vegetation diversity. These characteristics suggest that it
could be a good choice for pilot compost applications. If historical turf management included high
fertilizer additions, however, this could increase the potential for nutrient runoff or N,O emissions. If
the former golf course is used for pilot-scale compost application trials, careful monitoring of runoff
chemistry and gaseous emissions may be needed.

OTHER CONSIDERATIONS

The GHG benefits of compost applications depend on the characteristics of organic material and its
alternative fate (Powlson et al., 2011). Compost applications can provide additional life-cycle GHG
benefits if they divert waste from traditional waste management systems with high GHG emissions
(DeLonge et al., 2013). Assessing these life-cycle benefits requires a careful accounting of counterfac-
tual conditions. A life-cycle analysis of a California rangeland compost project, for example, found that
avoided GHG emissions from landfill and manure slurry systems were greater than on-site CO, seques-
tration (DelLonge et al., 2013). On the other hand, if the material would otherwise be composted and
used elsewhere, on-site carbon sequestration and life-cycle GHG benefits may not be truly additional.
In the case of the Alameda Watershed, potential composting projects should consider how the material
is processed, how it would otherwise be used, and whether applying compost to the watershed would
increase the total footprint of rangeland compost projects across the state.

Much of the research on rangeland compost applications has focused on composted livestock manure
and green waste. Alternatively, class A or B biosolids from wastewater treatment plants offer another
source of organic material for grassland composting projects. Studies in California and elsewhere have
documented soil carbon sequestration due to biosolids application (Brown et al., 2011; Pan et al., 2017;
Villa and Ryals, 2021; Wijesekara et al., 2017), and the SFPUC Wastewater Enterprise supplies processed
biosolids to California ranchers for use as an organic fertilizer (https://sfpuc.org/programs/biosolids). For
the purpose of climate change mitigation, however, biosolids application may not represent a net win; the
high nitrogen content typical of digested or composted biosolids (C:N ratios around 4-8; Pan et al., 2017;
Tian et al., 2015; Villa and Ryals, 2021) has the potential to stimulate high grassland NZO emissions and lead
to vegetation community changes. A global meta-analysis of organic soil amendments classified biosolids
as "high-risk” for N2O emissions (Charles et al.,, 2017), and the California Department of Food and Agricul-
ture (CDFA) Healthy Soils Incentives Program recommends that compost applied to rangelands have a
C:N ratio of 11 or above in order to mitigate changes to vegetation communities (Gravuer and Gunasekara,
2016). For the purpose of GHG mitigation, it is thus not recommended to apply biosolids alone, i.e., with-
out additional amendments to increase the C:N ratio.

The potential for compost additions to enhance rangeland carbon storage may have interacting
effects with wildfire, warming, drought, and other climate-related factors. In some ways, compost ap-
plications may enhance sites’ resilience to the effects of climate change. In addition to buffering veg-
etation productivity against water stress in dry years (Ryals and Silver, 2013), organic matter amend-
ments have been demonstrated to restore soil fertility following fire (Cellier et al., 2014), though
recently burned sites are generally ineligible for compost applications under California’s Healthy Soils
program (Gravuer and Gunasekara, 2016). At the same time, however, compost can reduce grassland
plant diversity and favor nonnative species (Bullard and Smither-Kopperl, 2020; Gravuer et al., 2019;
Seabloom et al., 2021; Suding et al., 2005), and potential carbon gains from compost may decrease
with warming due to increased microbial decomposition rates (Mayer and Silver, 2022). Another con-
sideration with compost additions is the potential for plant pathogen introductions if compost made
from green waste is not produced and handled properly.
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CATEGORY COSTS AND BENEFITS
Co-benefits

ﬁ Compost additions can increase
production of forage for livestock,

particularly in heavily disturbed
AGRICULTURE grasslands (Bullard and Smither-

Kopperl, 2020; Ohsowski et al.,, 2012).
In years with unusually low precipitation, organic
matter additions can buffer forage production rates
by increasing soil water retention (Ankenbauer and
Loheide, 2017; Lal, 2020; Ryals and Silver, 2013).

Tradeoffs

Increases in forage production associated with
compost applications may require rangeland
managers to alter their standard practices to maintain
optimal residual dry matter loads. Each cow grazed
on the Alameda Watershed emits an estimated
0.7-1.5 MT CO,e per year as methane due to enteric
fermentation (IPCC, 2006). If improved forage
conditions increased cattle stocking rates according
to guidance in the draft Alameda Creek Watershed
Rangeland Management Plan for unfavorable vs.
normal forage conditions (from 9.67 to 4.05 acres

per cow-calf pair; SFPUC, 2017), increased methane
emissions would reduce the GHG benefit of compost
by ~14%.

Tradeoffs

Nutrient additions often reduce

grassland plant diversity and can

benefit invasive species by reducing

NATIVE the diversity of environmental

BIODIVERSITY controls (Davis et al., 2000; Harpole

et al., 2016; Seabloom et al,, 2021;
Suding et al.,, 2005). Studies evaluating the effects of
compost on rangeland vegetation communities have
reported mixed results, in some cases finding that
fertilization favors nonnative annual grasses (Bullard
and Smither-Kopperl, 2020), and in other cases finding
minimal effects to vegetation communities (Ryals et al.,
2016) or variable results across studies (Gravuer et al.,
2019). Given this uncertainty, the CDFA Healthy Soils
Incentives Program and NRCS conservation practice
standard recommend that compost amendment
projects avoid native grasslands, sites that have high
concentrations of rare species, and/or sites that may
otherwise be particularly sensitive to nutrient additions
(Gravuer and Gunasekara, 2016; NRCS, 2020).

CATEGORY

SOIL QUALITY

WASTE

MANAGEMENT

)

N’

WATER
QUALITY

WILDFIRE

COSTS AND BENEFITS
Co-benefits

Organic matter amendments
enhance soil fertility by decreasing
soil compaction, raising soil pH,
increasing nutrient availability,

and improving aggregation and
water retention (Diacono and
Montemurro, 2011; Hargreaves et al.,
2008; Hernando et al., 1989; Tisdall
and Oades, 1982).

Co-benefits

The production and beneficial reuse
of composted organic materials

can divert material from traditional
waste management streams (Brown
et al,, 2008; DelLonge et al., 2013).

Co-benefits

Organic matter inputs can increase
soil water holding capacity and
improve infiltration, reducing runoff
and improving surface water quality
(Brown and Cotton, 2011).

Tradeoffs

In addition to their potential

water quality benefits, compost
applications also have the potential
to negatively affect water quality
through increased nutrient runoff.
Moderate compost application
rates and low-slope sites are
recommended to limit negative
water quality effects (Gravuer and
Gunasekara, 2016).

Tradeoffs

In other western rangelands,
herbaceous fuel load and fuel
moisture have been seen to
influence fire intensity (Davies et

al., 2015). If increased grassland
production associated with
compost additions is not effectively
managed through grazing, increased
fuel loads may increase the risk

of high-intensity, fast-spreading
wildfire. No studies, however, have
evaluated the potential for compost
amendments to increase wildland
fuel loads or wildfire risk.
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MANAGING CARBON IN THE ALAMEDA WATERSHED:

RIPARIAN FOREST RESTORATION

CARBON & CLIMATE BENEFITS

Revegetating riparian forest areas
sequesters 30-50 MT C/acre over 50
years.

Averaged over 50 years, this offsets
GHG emissions by 3-4 MT CO,e/acre
per year.

Revegetating 20,000-40,000 acres
of riparian forest will offset 1% of
San Francisco's 1990 emissions for a
period of 50 years.
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ASSESSMENT

Planting trees and excluding cattle in riparian areas offers high rates of carbon

sequestration as well as other co-benefits for biodiversity and water resources.

Several types of forested riparian habitats occur within the Alameda
Watershed. Coast live oak (Quercus agrifolia)-dominated riparian forests
are the most common (420 acres), found in canyons and floodplains along
both intermittent and perennial streams. Sycamore alluvial woodland
(dominated by Platanus racemosa; 342 acres) occurs along low gradient
intermittent streams characterized by flood disturbance during the wet
season and lack of water during the dry season. White alder riparian forest
'dominated by Alnus rhombifolia; 139 acres mapped) occurs along peren-
nial streams such as Alameda Creek and Arroyo Hondo, while willow ripar-
ian forest/scrub (dominated by Salix spp.) occurs near the active channel
of perennial and intermittent streams (SFPUC, 2015). The mapped extent
of forested riparian habitats is likely an underestimate, as detection in
aerial photographs can be difficult. Non-forested riparian habitats are also
common, particularly within smaller drainages in the upper watershed.

The extent of riparian forest within the watershed has likely diminished
over time as a result of changes in land use and hydrology. In southern
Sunol Valley, for instance, broad corridors of sycamore alluvial woodland,
in some places more than 400 m wide, existed historically on the flood-
plains surrounding Alameda Creek. Further upstream, Alameda Creek
supported a similarly broad corridor of riparian woodland characterized
by willows (Salix spp.), oaks (Quercus spp.), sycamores (Platanus race-
mosa), and alders (Alnus spp.; Stanford et al. 2013). Today, large portions
of historical riparian corridors along larger channels in valley floors have
been converted to other land uses such as aggregate mining and nurser-
ies (SFPUC, 2015). Dam construction and other hydromodifications have
likewise impacted riparian habitats in some parts of the watershed.

Restoration of riparian forests has the potential to increase levels of ecosys-
tem carbon storage substantially. Existing riparian forests have the highest
density of biomass carbon of any ecosystem type in the Alameda Water-
shed (see page 29), and studies have shown that riparian forest restoration
can help sequester carbon in vegetation and soils while supporting biodi-
versity (Dybala et al.,, 2019; Golet et al., 2008; Matzek et al., 2020; Seavy

et al., 2009), reducing erosion and increasing infiltration (Brauman et al.,
2007; Gyssels et al., 2005), and filtering nutrients from runoff (Dosskey et
al., 2010; Mayer et al., 2005). A global synthesis and meta-analysis found
that riparian restoration increased soil carbon stocks by more than 200%
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on average, while total biomass carbon storage in the restored forests ranged from 28-64
MT C/acre (Dybala et al., 2019). Soil carbon in restored riparian habitats tends to be highest
in upper bank terrace positions (further from the channel), while vegetation carbon tends to
be highest in depositional floodplain positions (Lewis et al., 2015; Matzek et al., 2020). Active
planting can more than double initial growth rates relative to natural riparian forest regener-
ation and substantially decrease time needed to reach maturity (Dybala et al., 2019).

CARBON AND GHG BENEFITS

The Carbon in Riparian Ecosystems Estimator for California (CREEC) tool (Matzek et

al., 2018) was used to estimate levels of carbon sequestration for three different res-
toration scenarios (natural riparian regeneration, planted willow riparian, and planted
oak or sycamore riparian) on previously grazed lands in the Alameda Watershed, with a
time horizon of up to 100 years (Fig. 4.3). Among the riparian restoration and manage-
ment activities practiced on the Alameda Watershed, these scenarios represent cattle
exclusion, tree planting (in the case of the two planted scenarios), and protection of new
plantings from large herbivores. The CREEC calculator assumes that sites transition over
time from non-forested to forested due to restoration activities.

For the natural regeneration scenario, modeled carbon accumulation equaled 47 MT C/
acre over the first 50 years, with an average 50-year carbon sequestration rate of 0.93
MT C/acre-yr (3.4 MT COze/acre—yr). Accumulation rates differed for scenarios with
planted riparian communities; over the first 50 years following restoration, mean an-
nual carbon sequestration equaled 0.61 MT C/acre-yr for willow riparian and 1.0 MT C/
acre-yr for oak/sycamore riparian vegetation. Results from the CREEC tool show that
carbon accumulates rapidly within the first 20-40 years following restoration, with peak
carbon sequestration rates occurring between 10 and 20 years (Fig. 4.3). After the first
few decades, carbon continues to accumulate more gradually in the absence of major
disturbances. For instance, estimates for cumulative C uptake with natural regenera-
tion ranged from 14.44 to 15.21 MT C/acre over the first 10 years, 30.42 to 49.54 over 50
years, and 34.03 to 53.79 over 100 years. These findings are consistent with Dybala et al.
(2019), who found that within three decades, carbon storage in both planted and natu-
rally regenerating riparian forests approached that of remnant forest stands.

This analysis assumes that cattle exclusion and planting are sufficient to establish ripari-

an forest vegetation. In practice, woody riparian vegetation may be challenging to restore,
given other influences such as modified hydrology below dams and near quarries, drought
and warming associated with climate change, herbivory, and challenges with restoring
native plant communities in degraded and invaded sites. In such cases, lower restoration
success would yield reduced carbon and GHG benefits. Additionally, even when restoration
is successful, the potential GHG mitigation benefit of riparian restoration can be partial-

ly offset by short-term carbon losses and GHG emissions under certain conditions. Soil
carbon stocks may initially decrease following restoration as a result of soil disturbance and
increased decomposition rates (Mackay et al., 2016). If riparian restoration increases flood-
plain inundation frequency through modifications to the channel structure, more frequent
flooding can increase CH, and N,O emissions (Dybala et al,, 2019; Jacinthe, 2015; Jacinthe et
al., 2015; Welsh et al., 2021). Furthermore, a portion of the carbon stored by riparian resto-
ration may be due to sediment deposition during flood events, increased runoff filtering,
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regeneration or planted vegetation communities
typically used in riparian restoration projects on the
Alameda Watershed.



or reduced erosion. Such carbon represents net sequestration only if it would otherwise have been
more rapidly respired (Berhe et al., 2007; Dybala et al., 2019).

SITE CONSIDERATIONS

While many factors influence the suitability of a particular site for riparian forest restoration (e.g.,
slope and aspect, streamflow patterns, soil characteristics), at a first pass the potentially suitable
sites for riparian restoration in the Alameda Watershed are likely to be currently unforested areas
adjacent to higher order streams (Fig. 4.4). The potential width of the riparian corridor generally
increases with stream order: lower order streams may support a corridor width of just 30 m or less,
while higher order streams may support a corridor more than 100 m wide (Central Coast Wetlands
Group, 2017). Assuming that restoration of riparian forests is most feasible in unforested areas with-
in 30-100 m of streams with Strahler order greater than 2, the potentially suitable area for riparian
restoration in the Alameda Watershed is estimated at between 2,550 and 3,790 acres (depending
on the land cover mapping source used to identify unforested areas). Selection of appropriate tar-
get riparian habitat types for each restoration site should be based on an understanding of histori-
cal ecology and contemporary site conditions.
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Grassland, shrubland, and oak
savanna within 30-100 m of a

channel (order 2 or above)

- Total area: 2,492 acres

Figure 4.4. A starting point for identifying potential opportunity space for riparian restoration projects in the
Alameda Watershed. Sites represented in the mapping include areas not classified as woodland by Jones and Stokes
(2003) mapping that fall within 30-100 m of channels for stream orders 2 and above. Potential riparian buffer width depends
on stream order, as described in the technical appendix. In addition to existing vegetation and potential riparian buffer
width, other factors to consider in identifying sites where riparian restoration is an appropriate management strategy may
include accessibility, slope and aspect, streamflow patterns, soil characteristics, and surrounding land use. Accessibility
may determine the suitability of sites for riparian restoration: many riparian areas on the Alameda Watershed are steep and
difficult to access, and riparian restoration requires materials such as fencing, cages, tubes, and protective sleeves, ongoing
maintenance of plantings, and in some cases irrigation or water transport.
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COSTS AND BENEFITS

Co-benefits

In rangeland settings, riparian
forests provide local cooling and
shading for livestock.

Tradeoffs

Excluding livestock to restore
riparian vegetation can limit access
to water sources and increase

the need for water infrastructure
elsewhere on grazed lands.

Co-benefits

Riparian forests are used as habitat
by a wide range of species, including
birds, bats, other vertebrates,

and invertebrates (Goals Project,
1999; Golet et al,, 2008; Hilty and
Merenlender, 2004; Lennox et al.,
2011; Opperman and Merenlender,
2004). Riparian forests shade
adjacent aquatic habitats and
provide important resources

for aquatic food webs. As linear
corridors, riparian forests provide
critical connectivity and facilitate
wildlife movement through the
landscape (Hilty and Merenlender,
2004). With their cooler and

wetter microclimate relative to the
surrounding landscape, riparian
forests provide important refugia
for wildlife, a function that will
become increasingly important with
accelerating climate change (Seavy
etal, 2009).

Tradeoffs

Active planting of woody riparian
species during restoration activities
carries a risk of plant pathogen
introduction if container plantings
are used. Additionally, if cattle

are no longer allowed access to
natural water sources, creating
alternative water infrastructure
can impact ecosystems elsewhere,
either through soil disturbance and
vegetation removal, orin some
cases via water diversions from
natural seeps and springs.
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COSTS AND BENEFITS

Co-benefits

Riparian corridors help to maintain
water quality by buffering streams
from nutrient, sediment, and
pollutant inputs (Anbumozhi et al.,,
2005; Sweeney and Newbold, 2014).
Riparian forests can lower rates

of gross primary productivity and
ecosystem respiration in stream
habitats, helping to decrease
eutrophication (Burrell et al., 2014,
Zefferman, 2014).

Tradeoffs

Riparian vegetation typically

burns less frequently than upland
vegetation in the central California
foothills region (Bendix and
Commons, 2017), and can act as

a natural fire break due to higher
moisture contents than surrounding
vegetation (Kobziar and McBride,
2006). In some cases, however,
riparian forests have the potential
to act as conduits for wildfire

across the landscape during severe
fires (Pettit and Naiman, 2007).
Restoration of woody riparian
vegetation could thus lead to
increased risk of wildfire along
riparian corridors during dry periods.

Co-benefits

Riparian forests can enhance soil
quality through stabilization (Gyssels
et al, 2005), litterfall, and nutrient
capture (Matzek et al., 2016).

Tradeoffs

Restoring riparian forest vegetation
has the potential to reduce water
yield, as demonstrated in numerous
studies evaluating vegetation
removal, vegetation restoration, and
paired vegetated and unvegetated
riparian sites (reviewed in Salemi et
al,, 2012).
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MANAGING CARBON IN THE ALAMEDA WATERSHED:

SILVOPASTURE

CARBON & CLIMATE BENEFITS

Increasing oak density in grassland
and savanna sequesters 3 MT C per
tree over 60 years.

Per-acre benefits of silvopasture
depend on stand density. Averaged
over 60 years, a density of 6 trees per
acre would offset GHG emissions by 1.3
MT CO,e/acre per year.

An estimated 380,000 additional trees
would offset 1% of San Francisco's 1990
emissions for a period of 60 years.
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ASSESSMENT

Planting trees in rangelands—a form of silvopasture—can sequester
carbon and enhance soil fertility in open grasslands, benefiting livestock
and vegetation communities. In the Alameda Watershed, silvopasture

approaches that reflect historical native ecosystem patterns include
the expansion of savanna or open-canopy oak woodland. The long-term
carbon benefits of silvopasture depend on the survival of planted trees,
which face multiple environmental stressors (drought, wildfire, etc.) re-
lated to climate change.

Silvopasture is an agroforestry management strategy that includes the
addition of trees in grazed rangeland to increase an area’s overall pro-
ductivity. Silvopasture can provide multiple benefits for ecosystems
and people, including shade and shelter for livestock, water quality
improvements, wildlife habitat, enhanced forage production, carbon
sequestration, and erosion mitigation (USDA NRCS, 2016), and has
also been identified as one of the most well-supported management
practices for rangeland soil health (Carey et al., 2020).

The ideal configuration and composition of silvopasture systems
depends on local ecological conditions and management goals. The
general recommendation from the Natural Resources Conservation
Service (NRCS conservation practice standard 381) is to select species
that are adapted to the site’s conditions and compatible with its man-
agement goals, and to maintain a tree stocking density of at least 10%
(USDA NRCS, 2016). In many systems, silvopasture is managed not only
for forage but also for forest or agricultural products, favoring timber
species such as pine or agricultural species such as fruit or nut trees.

In the Alameda Watershed, expansion of savanna or open-canopy

oak woodland represents an approach to silvopasture that could offer
carbon and GHG benefits while maintaining natural communities native
to the watershed. Historically, oak savanna ecosystems occupied many
alluvial valleys in the Alameda Watershed and were typically dominat-
ed by relatively low densities of valley oak and blue oak (Stanford et al.,
2013). Tree densities in some historical savanna settings, such as La Cos-
ta Valley upstream of San Antonio Reservoir, have declined over time as
a result of tree clearing for agriculture and other uses (Fig. 4.6; Stanford
et al,, 2013). In such settings, converting open grasslands to low-density
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hardwood rangeland could provide the various benefits of silvopasture systems in a way that is com-
patible with the region’s historical ecology.

CARBON AND GHG BENEFITS

Carbon benefits associated with tree plantings accrue cumulatively over time, and the rate of annu-
al carbon uptake changes over time with tree growth. To estimate potential carbon sequestration
associated with silvopasture, the i-Tree calculator was used to quantify biomass carbon accumu-
lation in individual valley oaks planted in Sunol. Trees were assumed to be spaced such that there
were no effects of shading or other competition from surrounding trees, and were assumed to
survive to maturity. Carbon accumulation in downed dead wood was calculated using the constant
factor of 0.062 x standing tree carbon reported in Matzek et al. (2018) for oak-dominated sites. Re-
sults indicate that each newly-established valley oak in the Alameda Watershed would accumulate
an estimated 0.1 MT C over the first 10 years, 3 MT C over 60 years, and 5 MT C cumulatively over

a century. Averaged over the 60 years following seedling establishment—the period of most rapid
carbon accumulation (Fig. 4.5)—model-predicted annual C sequestration equaled 0.06 MT C/tree,
providing an average GHG benefit of 0.2 MT CO,e/tree-yr.

The carbon sequestration rate reported above includes standing aboveground biomass, roots, and
downed dead wood, but does not account for carbon accumulation in understory vegetation, litter,
or other accumulations around the base of the tree. These additional carbon pools would likely en-
hance the carbon benefit associated with silvopasture, but are challenging to quantify with existing

Queurcus lobata

5,
4,
S
'—
=
S
5 3
=
=
=
8
(40}
[
8 2
3
K=
'2 - -
B Figure 4.5. Biomass carbon
] accumulation in individual
Quercus lobata trees. Carbon
accumulation over time was
based on the i-Tree Planting
0 tool for Q. lobata in Sunol, CA,
o5 50 75 100 assuming no shading from
Years since plantin nearby vegetation or other
P g major disturbance events.

MANAGING CARBON - 51

/JdOATIY

34NLS


https://www.zotero.org/google-docs/?arnzZf

SILVOPASTURE

data or models. Additionally, silvopasture may also increase soil carbon storage, as suggested by
numerous studies reporting higher soil organic carbon under oaks than in adjacent open grasslands
(Camping, 2002; Dahlgren et al., 1997; Herman et al., 2003). Based on a synthesis of soil carbon data
from open grassland and wooded sites (Fig. 3.3), establishing trees in the watershed'’s grasslands
may increase soil carbon storage by an estimated 20 MT C/acre over the long term (80+ years,
based on stand ages from soil carbon studies).

Scaling potential per-tree carbon accumulation to per-acre sequestration rates depends on
planting density and survivorship of newly established trees. Based on i-Tree results, at a density
of 1tree per acre—comparable to 10% canopy cover characteristic of low-density savanna for ful-
ly established trees (Ch.6, Grossinger et al., 2008)—silvopasture could provide an average annual
GHG benefit of 0.2 MT CO,e/acre-yr over the 60 years following tree establishment, whereas a
higher density of 6 trees per acre (sparse-canopy woodland with 60% cover) could provide an
average annual GHG benefit of 1.3 MT CO,e/acre-yr. These values pertain to final stand densities
of living trees, which differ from initial planting densities due to mortality from water stress, her-
bivory, disease, fire, or other environmental stressors. Accordingly, actual carbon sequestration in
silvopasture plantings should be tracked over time according to surviving trees, not extrapolated
from initial plantings. Additionally, carbon accumulation rates decline after the first ~60 years, so
maintaining estimated annual GHG benefits beyond this timeframe would require additional tree
planting over time.

Trees along Alameda Creek through lower Sunol Valley. This early 20th century photograph shows scattered oaks along
barely visible Alameda Creek. (SYWC; courtesy San Francisco History Center, San Francisco Public Library.)
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Figure 4.6. Historical change in oak density in La Costa Valley (just upstream of San Antonio Reservoir) between
1939-40 and 2021 (USDA 1939-40, 2021 imagery from ESRI).
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SILVOPASTURE

Over 100 years, silvopasture systems would accumulate an estimated 5 MT C/acre at 10% canopy
cover, or 29 MT C/acre at 60% canopy cover. In comparison, existing oak savanna sites on the Ala-
meda Watershed store an average of 18 MT C/acre in standing trees and downed dead material, or
21 MT C/acre in all biomass pools (Table 3.2). Achieving a comparable carbon gain through silvopas-
ture would require establishing oaks in open grassland with a final stand density of ~37% canopy
cover, or 3.8 trees/acre. For comparison, Fig. 4.7 shows a selection of existing savanna sites within
the watershed with biomass carbon densities ranging from 13.5-21.8 MT C/acre. Converting regions
of open grassland to similarly structured savanna would build carbon stocks over time by an esti-
mated 11-19 MT C/acre while maintaining grazing access and providing shade for livestock.

BIOMASS CARBON

ta

Biom

wbAe. i Y : i B
Biomass carbon = 20.97 MT C/acre

Biomass carbon = 21.8 MT C/acre

Figure 4.7. Examples of sites from the Alameda Watershed classified as savanna. Each image shown covers 9.9 acres (4 ha).
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Grassland within the

watershed's grazing leases

- Total area: 12,742 acres

Figure 4.8. A starting point for identifying potential opportunity space for silvopasture projects in the Alameda
Watershed. Sites represented in the mapping include all areas classified as grassland within the watershed's grazing leases.
A number of other factors should be considered to identify sites where silvopasture may be an appropriate management
strategy, such as historical ecology, land use history, soil characteristics, microclimate, depth to groundwater, and
accessibility.

SITE CONSIDERATIONS

The most appropriate sites for silvopasture within the Alameda Watershed are grazed grasslands
with low existing tree cover, whose carbon sequestration rates may be increased through delib-
erate native tree plantings. Designs for silvopasture sites should strive to recreate the low stand
density characteristic of historic oak savanna in the watershed (Stanford et al., 2013), rather than
the thicker canopy cover associated with current oak woodland habitats. A relatively sparse canopy
of oaks has the potential to support a mosaic of grassland and woody vegetation, increasing her-
baceous biodiversity (Marafién and Bartolome, 1994) while still providing benefits of increased soil
fertility (Camping, 2002; Dahlgren et al., 1997; Silver et al., 2010).
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COSTS AND BENEFITS

Co-benefits

Silvopasture provides shade and
shelter for livestock in rangelands,
and in some cases can enhance
forage production due to improved
soil properties (Callaway et al., 19971;
Dahlgren et al., 1997).

Tradeoffs

In some cases, the presence of
oaks may inhibit grass productivity
beneath trees (Callaway et al,,
1991), impacting livestock forage
production.

Co-benefits

Native tree plantings associated
with silvopasture applications
provide habitat for woodland/
savanna-dependent species, and a
heterogeneous mix of oak canopy
and open grassland can increase
landscape-scale vegetation diversity
(gamma diversity) due to differences
in understory and open grassland
communities (Stahlheber, 2016).
Silvopasture also can facilitate the
establishment of native grassland
vegetation in the understory, as long
as invasive species establishment
and spread is controlled (Stahlheber
and D'Antonio, 2014).

Tradeoffs

Canopy cover associated with
silvopasture provides protection
for predator species and offers
perches for raptors, with potential
negative impacts to other grassland
wildlife and livestock. Enhanced
soil fertility may also increase
productivity of nonnative vegetation
species (Stahlheber and D’Antonio,
2014). Additionally, planting trees

as container stock from nurseries
carries a risk of plant pathogen
introductions (Frankel et al., 2020).
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CATEGORY COSTS AND BENEFITS

SOIL QUALITY

WATER
SUPPLY

Co-benefits

Tree plantings associated with
silvopasture increase soil fertility
relative to nearby grassland (e.g.,
Camping, 2002; Dahlgren et al.,
1997; Silver et al,, 2010). Trees
capture nutrients both belowground
and in the canopy (Callaway et al.,
1991; Perakis and Kellogg, 2007)
while nourishing soils through leaf
litter deposition (Dahlgren and
Singer, 1991). Compared to open
grasslands, soils beneath oaks are
more productive (Waldrop and
Firestone, 2006) and nutrient-

rich (Camping, 2002; Carey et al.,
2020; Dahlgren et al,, 1997), less
acidic (Camping, 2002; Dahlgren
and Singer, 1991), and less prone to
leaching and erosion-related losses
(Dahlgren et al., 1997).

Tradeoffs

By increasing evapotranspiration,
tree planting has the potential to
reduce water supply within the
watershed (Jackson et al,, 2005).
This tradeoff is expected to increase
at higher planting densities.
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OTHER CONSIDERATIONS

The estimated carbon benefits of silvopasture provided above are based on average growth

rates from a variety of sites and assume no tree mortality. In reality, actual growth rates of plant-
ed trees will depend on site conditions, and long-term survival of oak plantings may present a
challenge for managers. An analysis of valley oak restoration sites near Vacaville, CA found that
although emergence and survival rates can be very high with minimum management inputs
(mulch and protection from herbivory, but no fertilization or irrigation), herbivory or other sources
of mortality may limit long-time survival (Bernhardt and Swiecki, 2015). Model projections indi-
cate that valley oaks in the region of the Alameda Watershed may be resilient to future warming
and precipitation decreases (Kueppers et al., 2005), but climate change may have negative ef-
fects on growth rates of local populations (Browne et al., 2019). Additionally, increasingly common
droughts and wildfires pose a challenge for seedling emergence and survival, particularly where
populations are not locally adapted to future climate stressors (Browne et al.,, 2019; Mead et al,,
2019). For silvopasture to provide long-term carbon and GHG benefits, these factors should be
considered to determine appropriate seed sources and management practices favoring long-
term survival of newly established trees. Even so, carbon sequestration in trees entails a risk of
reversal due to wildfire, drought, or other disturbances that are expected to increase in frequen-
cy with climate change (Dass et al., 2018).

-

Hills, grasslands, and oaks surrounding reservoir, Alameda Watershed, courtesy of SFPUC.
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MANAGING CARBON IN THE ALAMEDA WATERSHED:

CATTLE EXCLUSION

CARBON & CLIMATE BENEFITS

GHG benefits of cattle exclusion depend
on the extent and rate of shrubland and
woodland expansion.

Based on retrospective studies elsewhere
in the Bay Area, excluding cattle would
sequester between 0.08 and 0.21 MT C/
acre per year in woody vegetation and
soil over the coming decades.

Sequestering carbon and avoiding methane
emissions from cattle would offset GHG
emissions by 0.4 to 1 MT CO,e/acre per year.

Excluding cattle from 80,000 to 200,000
acres of rangeland will offset ~1% of San
Francisco's 1990 emissions.
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ASSESSMENT

Grazing and wildfire pressure in grassland ecosystems effectively pre-
vents the encroachment of shrubs and woody vegetation. The exclu-
sion of grazers from parts of the Alameda Watershed has the potential
to increase woody cover and associated aboveground biomass with

implications for increased carbon storage in the watershed's large
portion of leased rangeland. However, the carbon benefits of grazer
exclusion must be weighed against the loss of grassland biodiversity
support known to be provided by grazing activity and potential in-
creased wildfire risk in shrublands.

In the absence of major land use modifications or regular distur-
bances like fire or grazing, vegetation communities in California
have frequently been observed to transition from more open
vegetation types, such as grasslands, to more closed vegetation
mosaics, such as shrublands or woodlands (Keeley, 2005; Sand-

el et al., 2012). Numerous studies have documented conversion

of grasslands to coastal scrub (often dominated by coyote brush
[Baccharis pilularis]) or, less frequently, to chaparral (Callaway and
Davis, 1993; Hobbs and Mooney, 1986; McBride and Heady, 1968;
Russell and McBride, 2003; Williams et al., 1987). Coastal scrub and
chaparral can facilitate a transition from grassland to oak wood-
land or mixed evergreen forest, and indeed evidence suggests that
grassland conversion to oak-dominated hardwood forest generally
transitions through an intermediate shrubland stage (Callaway and
Davis, 1993; McBride, 1974; Mensing, 1998; Zavaleta and Kettley,
2006).

Disturbances can interrupt these successional pathways, and may
be needed to maintain certain vegetation types. In many parts

of the state, grasslands require periodic fire or grazing to prevent
transition toward shrubland or woodland (Ford and Hayes, 2007;
Tyler et al., 2007), except where other environmental conditions
(such as serpentine soils) inhibit the transition to woody vegeta-
tion (Harrison and Viers, 2007). In the East Bay hills, for example,
McBride (1974) found that grasslands exposed to cattle grazing had
minimal coyote brush cover, while adjacent ungrazed grasslands
experienced rapid coyote brush invasion.
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vCat‘tle gfazing, Alameda Watershed, photogréph by SFEI.

In the Alameda Watershed, livestock are an influential driver of vegetation patterns. Livestock graz- \/[/

ing has occurred in the region since the early to mid-1800s, and approximately 31,000 acres within :\
the watershed are currently grazed (SFPUC, 2017). The exclusion of livestock from currently grazed

areas would thus likely result in expansion of coyote brush or other woody vegetation into existing
grasslands in the watershed.

CARBON AND GHG BENEFITS

The establishment or expansion of shrubs and trees that would be expected following grazer ex-
clusion generally increases carbon storage in both aboveground and belowground pools, including
shrub and tree biomass, leaf litter and downed wood, and soil carbon. For instance, in a study at
Jasper Ridge Biological Preserve, Zavaleta and Kettley (2006) demonstrated how the encroach-
ment of coyote brush into grasslands increased carbon storage. In the 25 years after coyote brush
was established, aboveground carbon storage increased from 0.7 MT C/acre to 221 MT C/acre,
with a total carbon increase of 36.7 MT C/acre. Sites continued to accumulate carbon 25 years after
coyote brush was established at a rate of 1.5 MT C/acre-yr. Similarly, Daryanto et al. (2013) and Qiu
et al. (2013) showed that grazer exclusion led to an increase in ecosystem carbon stocks, both abo-
veground and belowground.

The effect of cattle exclusion on ecosystem carbon stocks depends in large part on the trajectory of
changes in the extent and density of woody vegetation. Retrospective studies using aerial photog-
raphy have in some cases identified rapid shifts from grassland to shrubland after grazing pressures
are released, as in the East Bay Regional Parks between 1939 and 1997 (Russell and McBride, 2003).
In other cases, increases in woody vegetation after eliminating or reducing grazing have been less
pronounced, as seen in Point Reyes between 1952 and 1993 (Russell and McBride, 2003). Vege-
tation changes may take place gradually over time, or may alternatively occur as rapid, episodic
events that can occur years or decades after cattle are excluded and may be challenging to attri-
bute conclusively to reduced grazing pressure (Williams et al. 1987).
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CATTLE EXCLUSION

Bl

ing, Alameda Watershed, courtesy of SFPUC.

Observations from other open space sites within the Bay Area (Russell and McBride, 2003) or cen-
tral coast (Callaway and Davis, 1993) have quantified changes in grassland, shrubland, and wood-
land or forest cover over periods of three to six decades following grazing elimination or reduction
in grazing pressure. Carbon storage estimates from the Alameda Watershed were applied to these
observed transition rates to estimate potential effects of cattle exclusion on vegetation carbon
storage in grassland, coastal scrub and chaparral, and oak savanna, oak woodland, and riparian
forest. Where the extent of woody vegetation increased, a mean annual soil carbon accumulation
rate of 0.3 MT C/acre-yr was used to estimate soil carbon sequestration, based on observations
under coyote brush from Zavaleta and Kettley (2006). Resulting mean annual carbon sequestration
rates ranged from 0.08 to 0.21 MT C/acre-yr. While this range provides a reasonable approxima-
tion for how cattle exclusion may affect Alameda Watershed carbon stocks, actual changes in the
vegetation mosaic will depend in part on specific site conditions and other disturbances, which
may interact with the elimination of grazing pressure. Among seven sites evaluated by Russell and
McBride (2003), for example, those with the greatest initial grassland cover generally saw the larg-
est increase in woody vegetation.

In addition to influencing the vegetation mosaic, cattle affect the climate through the emission of
methane produced by enteric fermentation. Based on IPCC per-head methane emission factors
(IPCC, 2006) and stocking rates from the draft Alameda Creek Watershed Rangeland Management
Plan (SFPUC, 2017), elimination of methane emissions from cattle would provide an additional GHG
benefit of 0.09 to 0.27 MT CO,e/acre-yr. Combining these avoided cattle emissions and vegetation
carbon sequestration, cattle exclusion offers an estimated GHG benefit of 0.4 to 1 MT CO,e/acre-
yr. This estimate assumes that excluding cattle from the watershed would not increase the extent
of grazed land or cattle stocking rates elsewhere. Any such increases in the number of cattle else-
where would negate the benefit of avoided methane emissions.
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Shrub cover within grassland or a Cattle exclusion eliminates a

chaparral ecosystems may provide potential source of pathogens,

refuge from predation and facilitate -’ nutrients, and physical degradation

NATIVE movement for native species such WATER to riparian corridors, wetlands,

BIODIVERSITY 15 california tiger salamander or QUALITY and channels (Herbst and Knapp,

California red-legged frog (Rana 1995). This benefit may be minimal

aurora draytonii) (Bulger et al., 2003; on the Alameda Watershed, given

Wang et al., 2009). that grazing leases are required

Tradeoffs to copform to best mahagement

practices that reduce risks of

Avariety of flora and fauna in pathogen contamination and other

native grasslands are supported by negative water quality effects

grazing activity. Cattle exclusion and (SFPUC, 2017), such as providing

subsequent woody encroachment adequate buffers around water

may alter the distribution of native bodies to minimize pathogen risk

wildlife in such habitats. Evidence (Tate et al., 2006).

indicates that a variety of grassland

fauna, including checkerspot

butterflies (Euphydryas spp.) (Weiss,

1999), grassland songbirds (Gennet Tradeoffs

et al, 2017), burrowing owls (Haug ﬂ Cattle exclusion reduces the

and Oliphant, 1990), California tiger amount of land available for grazing

salamanders, and California red-
legged frogs (Bartolome et al., 2014),
are supported by grazing activities in
grassland ecosystems, which include
the maintenance of stock ponds

and grassland habitat for a variety
of wildlife. Grazing also supports the
native flora and fauna of serpentine
grasslands (Bartolome et al., 2014).
The presence of grazing livestock
has also been seen to reduce

the prevalence of noxious weeds
(Malmstrom et al., 2017).

on existing leases, with economic

AGRICULTURE and financial implications that also
include increased maintenance
time for fencing.

Tradeoffs

The increase in aboveground biomass
associated with woody encroachment
can increase the likelihood of high-
WILDFIRE intensity wildfires and extreme fire
behavior that can be particularly
challenging to control (Parsons et al.,
2016; Russell and McBride, 2003).
As wildfires represent a source of
carbon and other climate pollutants
to the atmosphere in the short-term,
this risk must be weighed with the
carbon benefits of increased woody
vegetation.
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Grassland, shrubland, and oak
savanna within the watershed's
grazing leases

- Total area: 20,883 acres

Figure 4.10. A starting place for identifying the potential opportunity space for cattle exclusion projects in the
Alameda Watershed. Sites represented in the mapping include all vegetated areas not classified as oak woodland or
riparian forest within the watershed's grazing leases. In addition to vegetation type and existing grazing leases, a number of
other factors should be considered to identify sites where cattle exclusion might be an appropriate management strategy,
such as grazing intensity and timing, historical ecology, native plant cover, presence of serpentine substrate, presence of rare
and endangered plants and animals, and modeled effects on wildfire and vegetation succession. As noted above, there are a
number of major concerns associated with cattle exclusion, and the mapping does not assess the desirability of applying this
strategy within potential opportunity areas.

SITE CONSIDERATIONS

The maximum potential area in which a grazing exclusion management strategy could apply
includes all portions of the watershed that fall within current grazing leases outside of wood-
land habitats? (Fig. 4.10). Within this footprint, grazing exclusion may be most appropriate in
areas that were historically dominated by woody vegetation, or in areas currently dominated by
coastal scrub, chaparral, or savanna where an increase in woody biomass is desirable. The effect
of cattle exclusion on ecosystem carbon stocks may be greatest in areas that are most actively

3 We assume that grazing exclusion from existing woodlands would result in no further increase in carbon storage.
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utilized by livestock. However, there are likely to be substantial tradeoffs to grazing exclusion
in certain settings, and thus this strategy may not be compatible with SFPUC management
objectives in many places in the watershed.

Grazing by cattle and other livestock can have a strong influence on grassland vegetation
communities. In some cases, grazing has been found to benefit native vegetation. Studies
from central California, for example, have found that livestock grazing can benefit native forbs
(reviewed in Bartolome et al., 2014). However, this relationship is variable across sites, plant
guilds, and studies (e.g., Gornish et al., 2018; Hayes and Holl, 2003; Holl and Hayes, 2006; Mar-
iotte et al., 2017), and grazing is generally understood to have less of an effect on native and
invasive grasses (Bartolome et al., 2014; Hayes and Holl, 2003). In serpentine sites, livestock
grazing can benefit native serpentine grassland communities. Several studies from central
California have found that grazing generally benefits native plants and decreases nonnative
cover in serpentine areas, particularly in the presence of background nitrogen deposition
(Beck et al., 2015; Funk et al., 2015; Harrison et al., 2003; Pasari et al., 2014). The effect of graz-
ing on vegetation communities may depend on the timing of grazing and other factors. Stahl-
heber and D’Antonio (2013), for example, found that winter and early spring grazing was most
beneficial for native grassland species. Similarly, targeted grazing can be an effective strategy
for managing invasive weeds (DiTomaso, 2000; Malmstrom et al., 2017). Elimination of cattle
from the watershed’s grasslands has the potential to alter the cover and diversity of native
and nonnative vegetation.

Grassland wildlife may also be influenced by grazing exclusion. Cattle grazing on California
rangelands can maintain foraging and breeding habitat for grassland birds, a guild of birds that
are in steep decline across western North America. Moderate levels of livestock grazing have
been linked to native songbird conservation through the positive effects of grazing on native
vegetation cover and structural heterogeneity (Gennet et al., 2017), and burrowing owls re-
quire the short vegetation and matrix of open sites maintained by grazing livestock (Haug and
Oliphaunt, 1990). Cattle grazing is generally considered beneficial for California’s red-legged
frog and tiger salamander, as it provides breeding sites in stock ponds and maintains areas of
grassland (Bartolome et al., 2014). Additionally, grazing may increase the abundance of Cali-
fornia ground squirrels (Otospermophilus beecheyi), though this relationship is unclear (Bar-
tolome et al., 2014; Fehmi et al.,, 2005). However, grazing activities also increase competition
for wildlife that rely on foraging (Fehmi et al., 2005). Due to grazing's nuanced role in ecosys-
tem biodiversity, grazing exclusion should be applied strategically throughout a landscape,

as the carbon benefits of saturating a habitat with woody vegetation may be outweighed by
negative ecological impacts on vegetation and wildlife communities. The use of pilot studies
with comprehensive vegetation, wildlife, and carbon monitoring would offer site specific infor-
mation on the effects of cattle exclusion on SFPUC management objectives.

Fire also plays a significant role in the trajectory of vegetation communities, and the water-
shed’s vulnerability to high-severity wildfire will increase if fuel loads are no longer controlled
by grazing cattle. The carbon benefits provided by grazer exclusion in the watershed would
need to be weighed against the increased risk of wildfire, which, among other negative out-
comes, triggers a short-term release of carbon (see Chapter 3) and emits other potent climate
pollutants such as methane and black carbon.
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MANAGING CARBON IN THE ALAMEDA WATERSHED:

NATIVE GRASSLAND RESTORATION

CARBON & CLIMATE BENEFITS

Restoring native grassland vegetation
sequesters 0.093 MT C/acre per year
in degraded or sparsely vegetated
sites. (Carbon and GHG benefits of
restoring invaded grasslands to native
vegetation are not well understood.)

Offsets GHG emissions by 0.34 MT
CO,e/acre per year in degraded or
sparsely vegetated sites.

Reseeding 200,000 acres of bare or
sparsely vegetated land could offset
an estimated 1% of San Francisco's
1990 emissions.
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Restoring native grassland vegetation can sequester carbon, enhance

biodiversity, and support soil health in degraded or unvegetated sites.
Elsewhere in the watershed, the potential for native grassland resto-
ration to halt or reverse soil carbon losses is not well understood.

Grasslands are among the most highly altered of California’s ecosys-
tems. In many areas, introduced nonnative annual grasses or forbs
have largely displaced native grassland species, with major impli-
cations for biodiversity support, disturbance regimes, and nutrient
cycling (D'Antonio et al., 2007). Further loss and degradation of
native grasslands has occurred through urban and agricultural de-
velopment, overgrazing, nitrogen deposition, and encroachment of
woody vegetation resulting from fire suppression and other changes
in disturbance regimes (Huntsinger et al., 2007; Keeley, 2005; Pasari
et al,, 2014). Nonnative annual grassland is currently the most ex-
tensive vegetation type within the Alameda Watershed, occupying
20,614 acres, and is dominated by species such as wild oat (Avena
spp.), wild barley (Hordeum spp.), and brome grasses (Bromus spp.)
(SFPUC, 2015). Small patches of native valley needlegrass grassland
and serpentine bunchgrass grassland persist in some locations, and
other sites support high native species richness and a number of
locally rare plant species. Many areas within the watershed that are
dominated by nonnative vegetation also support high biodiversity
of native herbaceous plants, including special-status plant species
and host plants for special-status wildlife (ACRCD and LD Ford,
2018b). Native grasslands likely existed historically in many of the
areas occupied by nonnative annual grasslands today, though the
pre-colonization composition of these grasslands is not well under-
stood; perennial bunchgrasses such as purple needlegrass (Stipa
pulchra) likely dominated in some areas, while perennial or annual
forbs dominated in others (Evett and Bartolome, 2013; Stanford et
al.,, 2013).

The displacement of native perennial grasslands by nonnative annu-
al grasslands has likely resulted in a decrease in soil carbon storage.
Native perennial grasses begin regrowing early in the fall and can
grow longer into the summer than the annual grasses common to
California grasslands, resulting in greater annual net primary produc-
tivity (Eviner, 2016). In addition, native perennial grasses have much



deeper root systems than annual grasses, and thus sequester carbon at greater depths in the soil
(DuPont et al., 2010; Wilsey and Wayne Polley, 2006). Koteen et al. (2011), for instance, found that
grasslands in Marin County have lost an average of 16 MT/acre of soil carbon in the top 50 cm
over the past ~200 years due to conversion to nonnative annual grassland. Such findings may not
apply to invaded grasslands that were historically dominated by annual forbs, which are thought
to have been common throughout California (Evett and Bartolome, 2013).

By most estimates, annual grasslands in California represent a net carbon source, but the mag-
nitude is not well constrained. Recent values reported for California grasslands range widely
among years, sites, and quantification methods (Chou et al., 2008; Ma et al., 2007; Mayer and Sil-
ver, 2022; Owen et al., 2015; Ryals et al., 2015; Xu and Baldocchi, 2004), from net sequestration of
0.35 MT C/acre from 2004-2005 in a foothill grassland (Xu and Baldocchi, 2004) to a net carbon
loss of 0.92 MT C/acre at a nearby site between 2008 and 2011 (Ryals et al., 2015). In contrast,
loss of native grasslands due to woody encroachment is likely associated with an increase in eco-
system carbon storage due to increased aboveground biomass and soil organic carbon (Eve et al.,
2014; Zavaleta and Kettley, 2006).

CARBON MANAGEMENT POTENTIAL

While the conversion of native perennial grassland to nonnative annual grassland is thought to
decrease ecosystem carbon storage, the carbon benefits of native grassland restoration have
not been conclusively demonstrated. The Comet Planner tool used by the California Depart-
ment of Food and Agriculture (CDFA) Healthy Soils Program (HSP) estimates a carbon seques-
tration benefit of 0.34 metric tons CO, equivalent per acre per year for restoring degraded
rangelands with limited plant cover (through reseeding with either native or nonnative species)
in Alameda County (http://bfuels.nrel.colostate.edu/health#). However, land use history can
have long lasting effects on soil microbial communities and carbon cycling, which can persist
for multiple years post-restoration; in previously cultivated areas, restoration of a native grass-
land community therefore may not be accompanied by simultaneous re-establishment of the
pre-modification microbial community or soil carbon processes (Jackson et al,, 2007). In ad-
dition, restoration approaches that use tillage and herbicide application prior to seeding with
native grasses (to deplete the nonnative annual seed bank) may result in a temporary net loss
of total soil carbon from the upper soil layers (<15 cm depth; Potthoff et al., 2005; Steenwerth
et al., 2006), though this effect would likely subside over time. Thus, while native grassland
restoration could be expected to slow or halt ongoing carbon losses associated with nonnative
annual grasslands (see above), further research is needed to better understand the time hori-
zon and the ultimate magnitude of carbon accumulation associated with restoration.

In addition to uncertainty regarding both short- and long-term carbon sequestration poten-
tial, there are a number of other considerations associated with grassland restoration that
must be taken into account when evaluating its feasibility and effectiveness as a management
strategy. Restoring native grasslands can benefit a wide range of native plants, insects, birds,
and other taxa, including special status species such as the Western burrowing owl (Athene
cunicularia ssp. hypugaea; Artis, 2011; Luong et al., 2019; Suttle and Thomsen, 2007). Native
grassland vegetation has been shown to be more effective at suppressing noxious weeds than
naturalized exotic species (Eviner and Malmstrom, 2018). Additionally, models suggest that, as
a carbon sink, grasslands in California may be more resilient to climate change than forests,
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Grassland and bare ground
within the Alameda Watershed

All grassland: 12,742 acres

- Bare ground: 56 acres
Area of high native plant
cover

Figure 4.11. Potential opportunity space for native grassland restoration projects. Potential opportunity space for native
grassland restoration projects. Opportunity space includes areas classified as bare ground (brown) or grassland (green).
Circles indicate general areas where high native plant cover has been reported.

where carbon stocks are more susceptible to drought and wildfire (Dass et al., 2018). However,
past efforts to restore native grasslands have met with mixed success. Successful restoration of
native vegetation is highly labor and time intensive, requiring extensive long-term management
(Stromberg et al., 2007). The effectiveness of grassland restoration depends on many factors,
including legacy effects from past land uses, prevalence of invasive species, planting and site
preparation techniques, invasive species control techniques (e.g., herbicide application, pre-
scribed burning, biological control), soil nitrogen availability, and rainfall regime, among others
(Buisson et al., 2008; Corbin et al., 2004; Nolan et al., 2021; Stromberg et al., 2007; Suttle and
Thomsen, 2007).

SITE CONSIDERATIONS

Within the Alameda Watershed, existing nonnative annual grasslands with some native vegetation
cover, or that are adjacent to sites with high native grassland vegetation cover, are likely to be the
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most suitable sites for native grassland restoration. Such sites may offer suitable conditions for native
grassland species as well as lower competition from nonnative annuals than more heavily invaded
sites (Gornish and Ambrozio dos Santos, 2016). Recent invasive plant inventories (Nomad Ecology,
2020) and rangeland monitoring (ACRCD and LD Ford, 2018b) in the watershed provide baseline
information regarding invasive and native plant cover and presence of sensitive grassland habitats,
which can be used to help prioritize locations for grassland restoration along with other management
strategies (Fig. 4.11). Sites located along Upper Alameda Creek, Upper San Antonio Creek, and to the
west of Sunol Valley with low to moderate invasive plant cover represent potentially high priority
sites for considering native grassland restoration. Restoration of native vegetation in these sites may
limit or potentially reverse ongoing soil carbon losses, but this effect has not been observed in field
trials. Degraded sites with bare ground or sparse vegetation cover are also potentially high priority
for reseeding with native grassland species. In such sites, reestablishment of grassland vegetation is
expected to increase soil carbon storage and improve soil health (Swan et al., 2015). While such sites
are present on the Alameda Watershed, their overall coverage is limited. Excluding areas bordering
the reservoirs, only 27 acres within the watershed are classified by LANDFIRE data as bare ground or
sparsely vegetated.

CATEGORY COSTS AND BENEFITS

Co-benefits

Native grasslands support a
wide range of native grasses

NATIVE and forbs, provide habitat for
BIODIVERSITY  many native insects, birds, and
other wildlife, and can more
effectively suppress noxious
weeds than grasslands dom-
inated by naturalized exotic
species (Eviner and Malm-
strom, 2018).

Tradeoffs

The use of container stock
from nurseries for revegetation
projects carries a risk of plant
pathogen introductions (Fran-
kel et al., 2020)
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MANAGING CARBON IN THE ALAMEDA WATERSHED:

OPEN SPACE CONSERVATION

CARBON & CLIMATE BENEFITS

Conservation of the Alameda Watershed has avoided
carbon losses ranging from ~300,000 MT C under
urban development up to ~1,000,000 MT C under
agricultural cultivation, equal to 1-4 MMT CO,,

Per-acre carbon savings are highest in areas of
riparian forest (60-90 MT C/acre), and lowest in
open grassland (-5-20 MT C/acre).

Additional GHG emissions from fossil fuels and
fertilizer equal ~2-6 MT CO,e/acre per year from
agriculture and ~20-30 MT CO,e/acre per year from
nearby urban areas.

Protecting 700-2,000 additional acres of land*

from urban or cropland development would avoid

a loss of ecosystem carbon comparable to 1% of
San Francisco’s 1990 emissions. This value does not
include fossil fuel or fertilizer emissions from land
conversion, urban land use, or agriculture.

CO-BENEFITS
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In addition to maintaining a clean water supply and supporting
grassland and woodland biodiversity, conservation of the

Alameda Watershed as protected open space has avoided
potential carbon losses from biomass and soil due to urban and
agricultural development.

While the Alameda Creek watershed is not under threat from
urban or agricultural development, calculating the carbon benefit
derived from existing open space conservation in the watershed
provides important context for interpreting the potential carbon
and GHG benefits of other management strategies. The water-
shed represents a large, contiguous open space within a highly
developed region with a growing population, and the existing
carbon storage benefits of the watershed contrast notably with
many surrounding areas. This section considers the avoided
carbon losses attributable to continued open space conservation,
relative to counterfactual scenarios in which the watershed is
converted to urban or agricultural development.

CARBON AND GHG BENEFITS

Urbanization of previously undeveloped land can increase or
decrease carbon stocks depending on historical land cover,
urban land uses and morphology, regional climate, and oth-

er factors. (Such changes in carbon stocks pertain to carbon
presently stored in vegetation and soil, and do not account

for other carbon impacts of urbanization such as construction,
materials production, transportation, building energy use, and
other sources of fossil fuel emissions. These additional effects
are briefly discussed below.) With respect to carbon stocks,
researchers have posited the idea of “urban convergence,” sug-
gesting that urbanization will tend to increase carbon storage in
arid or semiarid regions with relatively low biomass, and de-
crease carbon storage in temperate regions with relatively high
biomass (Pouyat et al., 2006). Evidence for this phenomenon
in semiarid and arid regions is mixed, however. For instance, an
analysis employing space-for-time substitution found that car-
bon storage in semiarid cities such as Oakland and Sacramento

“ This acreage assumes that the land protected from development has a

vegetation mosaic similar to the Alameda Watershed.
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was greater than surrounding Mediterranean shrublands, while carbon storage in a more arid city
(Phoenix, AZ) was lower than surrounding desert shrublands (McHale et al., 2017). In Silicon Valley,
Beller et al. (2020) found that areas that historically supported oak woodlands had lost carbon as
a result of urban development, while non-forested areas had generally gained carbon (assuming a
carbon storage value of O for non-forested land cover types), resulting in a more uniform distribu-
tion of carbon today. Overall estimates for changes in tree carbon storage resulting from urbaniza-
tion in Silicon Valley range from a non-significant gain of ~14% to a significant loss of ~60% (Beller
et al., 2020). Values for urban carbon storage in trees and shrubs were used to estimate avoided
carbon losses from urban development for ecosystems in the Alameda Creek watershed (Table
4]). Tree carbon storage was taken from Beller et al. (2020), and urban shrub carbon was estimated
as 5% of urban tree carbon, based on observations from both arid and humid cities (McHale et al,,
2017; Nowak, 1994). Dead wood and litter in urban sites was assumed to be removed from the site
and chipped, a common practice for urban tree and landscape residue (Whittier et al., 1994).

The contemporary distribution of carbon in urban areas also depends on land use and % imper-
vious cover. Carbon storage tends to be higher in residential areas or areas with lower impervious
surface cover than in commercial and industrial areas or along transportation corridors, which tend
to have a greater percentage of impervious cover. This is a function both of greater tree cover and
aboveground biomass in residential areas (Beller et al., 2020; Hutyra et al., 2011; McHale et al., 2017),
as well as the higher levels of soil organic carbon associated with lawns and other pervious surfaces
compared with impervious land cover types (Pouyat et al., 2006; Raciti et al., 2012; Yan et al., 2015).
For instance, Raciti et al. (2012) found that soils in New York City covered by impervious surfaces
had 66% lower carbon content than nearby open areas (e.g., lawns and median strips), and sug-
gested that carbon losses from soils beneath impervious surfaces could be due to a combination of
decomposition, aqueous losses, and topsoil removal from construction activities. Overall, howev-
er, the long-term effects of urban development on soil carbon have been observed to vary widely
across cities (Pouyat et al., 2006), making it difficult to predict how urbanization would affect car-
bon storage in the Alameda Watershed'’s soils.

In addition to changes in ecosystem carbon storage, new development entails substantial GHG
emissions due to activities such as construction, road-building, earth moving, and materials pro-
duction and transport (EPA, 2009). Urbanization also leads to increased ongoing anthropogenic

Grasslands, and oaks, Alameda Watershed, photo by SFEI
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GHG emissions from transportation, building energy use, wastewater management, turf main-
tenance, and other sources, which need to be considered for a full accounting of the benefits

of open space conservation (Golubiewski, 2006). The City of Fremont, for instance, reported
annual emissions of ~20-21 MT CO,e/acre in 2020 (https://www.fremont.gov/about/sustain-
ability/climate-action-plan-update), while the City of Livermore reported annual emissions of
~34 MT CO,e/acre in 2017 (Rincon Consultants, Inc., 2020). Even urban land cover types that
sequester carbon may become net GHG sources as a result of management activities; a study by
Townsend-Small and Czimczik (2010) in Irvine, CA found that, while some urban lawns seques-
tered significant amounts of carbon, GHG emissions associated with turf maintenance (irrigation,
fertilizer production, and fuel use) greatly exceeded the GHG benefits of that carbon storage.

As with urbanization, conversion of natural ecosystems to agricultural use generally results in a
decrease in both biomass and soil carbon storage (Albaladejo et al., 2013; Boix-Fayos et al., 2009;
Schlesinger, 1986). The magnitude of the effect depends largely on the historical land cover and
the type of agriculture. In comparison with natural ecosystems, annual croplands generally have
low biomass carbon storage; for temperate annual croplands, the IPCC provides a default value
of 2 MT C/acre (IPCC 2006). Belowground, soil carbon decreases by ~20-40% with conversion
of forest to cropland (global averages; Guo and Gifford, 2002; Murty et al., 2002). In the Alameda
Creek watershed, conversion to annual crops would lead to an estimated loss of carbon in all
ecosystems, with an average loss of 14 MT C/acre from biomass and 12-24 MT C/acre from soil
(Table 4.1).

Perennial crops, and in particular woody crops such as vineyards, can regenerate a standing stock
of biomass carbon over time, though carbon stocks generally do not recover to pre-agricultural
levels (Williams et al., 2011). Smart (2003) found that former oak woodlands and oak savanna in
Napa Valley that were converted to vineyards lost about 13 MT/acre of soil carbon in the top 30
cm (Smart et al.,, 2003); this is consistent with findings from Mendocino County, where vineyards
were found to have 12-15% less carbon in the top meter of soil than adjacent wildlands (Williams
et al,, 2011). In the Alameda Creek watershed, conversion to vineyards would lead to an estimated
loss of biomass carbon (in both the short term and the long term, after vines had developed) in
all ecosystems except grassland, with an average loss of 12 MT C/acre; soil carbon would de-
crease by an estimated 7-9 MT C/acre on average (see Table 4.1).

As with urbanization, management practices associated with conversion of natural lands to agri-
culture alter net GHG emissions in a number of other ways. Nitrogen application through fertilizers
or other amendments can result in substantial N,O emissions. A review by Verhoeven et al. (2017)
across multiple annual and perennial crop types in California found annual N,O emissions ranging
from 0.14 to 1.9 MT CO,e/acre-yr. For annual crop systems, Verhoeven et al. (2017) found emissions
of 0.33 + 017 MT CO,e/acre-yr, while a model-based analysis by De Gryze et al. (2010) estimated
emissions of 0.45 + 0.063 MT COZe/acre—yr for corn, cotton, sunflower, and wheat. For vineyards,
Verhoeven et al. (2017) reports N,O emissions of 0.34 +0.24 MT CO_e/acre-yr. Accounting for other
life-cycle emissions such as on-farm machinery, irrigation, trucking and storage, and fertilizer pro-
duction, other studies have estimated the total GHG footprint of CA crop production to range from
0.5 MT CO,e/acre-yr for organic alfalfa to as high as 7 MT CO2e/acre-yr for conventionally-grown
berry crops (Shaffer and Thompson, 2015; Venkat, 2012). In comparison, the cattle raised on Ala-
meda Watershed grazing leases emit an estimated 0.1-0.3 MT CO_e/acre-yr of CH, due to enteric
fermentation, based on IPCC default per-head emission factors (IPCC, 2006) and recommended
stocking rates in the draft Alameda Creek Watershed Rangeland Management Plan (SFPUC, 2017).
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CATEGORY
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AGRICULTURE

CULTURE

NATIVE
BIODIVERSITY

COSTS AND BENEFITS CATEGORY

Co-benefits

Open space conservation enables
portions of the Alameda Creek
watershed to be used for grazing
land.

RECREATION

Co-benefits

Open space conservation supports
the region’s agricultural heritage and
economy.

Tradeoffs

®

SOIL QUALITY

Constraints on development within
the watershed may increase the
regional cost of living.

Co-benefits

i

The large contiguous areas of open
space protected in the Alameda
Creek watershed provide extensive
habitat and refugia for a wide range
of wildlife, and play a major role in
the conservation of locally rare plant
and animal species and vegetation
communities. The watershed is
designated as an area “essential” to
regional conservation goals by the
Conservation Lands Network (Bay
Area Open Space Council, 2019).
The watershed’s protected lands
provide opportunities for wildlife
movement where Alameda Creek
passes under Highway 680, and
enhance landscape resilience by
providing important connectivity
between adjacent open spaces in
the East Bay Hills and Hamilton
Range.

WATER
QUALITY

.

WATER
SUPPLY

COSTS AND BENEFITS

Co-benefits

Portions of the watershed within
Sunol Regional Park are used for
hiking, horseback-riding, nature
access, and other recreational uses.

Co-benefits

Conserving natural ecosystems

can avoid soil degradation due

to topsoil removal and other
construction-related disturbances,
the use of impervious surfaces, and
agricultural tillage.

Co-benefits

Conserved open space helps

to protect water quality by
limiting contaminant sources and
maintaining permeable surfaces
with high infiltration.

Co-benefits

Compared with impermeable
surfaces, natural ecosystems

have greater water infiltration

and reduced runoff (Arnold and
Gibbons, 1996). By reducing runoff
volume and releasing water more
slowly, conserving open space in
reservoir catchments reduces the
need for greater reservoir capacity.
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Conserved vegetated habitats

within the Alameda Watershed

- Total area: 33,536 acres

Figure 4.12. Conserved vegetated habitats in the Alameda Watershed. Map shows all undeveloped land areas within
SFPUC Alameda Watershed lands.
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Table 4.1. Estimated avoided carbon losses from urban and agricultural development asso-
ciated with open space conservation in the Alameda Creek watershed. For urbanization,
avoided carbon losses from biomass were calculated as the difference between average
tree and shrub carbon storage in urban sites from Beller et al., 2020 and McHale et al.,
2017 and calculated Alameda Watershed carbon stocks (see Chapter 3). Effects of urban
development on soil carbon stocks are variable and not well understood (Nowak, 1994).
Estimates for conversion to cropland use the IPCC tier 1 default value for cropland biomass
carbon (IPCC, 2006) and a range of soil carbon loss rates from Guo and Gifford, 2002 and
Murty et al., 2002. Estimates for conversion to vineyard are based on average biomass car-
bon stocks in mature vineyards from Williams et al., 2020 and soil carbon stocks reported

in Williams et al., 2011.

Avoided carbon losses due to land conversion (MT C/acre)

Ecosystem type Urbanization Conversion to cropland  Conversion to vineyard
. Biomass =10 Biomass =14 Biomass =12
ggfggzh:g;v;de AVeTa%e | 5ol = unknown Soil =12-24 Soil =79
Total = 26-38 Total =19-21
Biomass = -5 Biomass = -1 Biomass = -3
Grassland (12,744 acres) | Soil = unknown Soil =9-19 Soil = 6-7
Total = 8-18 Total = 3-4
Biomass = 0 Biomass = 4 Biomass =2
Coastal scrub (1,815 acres) | Soil = unknown Soil =13-27 Soil = 8-10
Total =17-31 Total =10-12
Biomass =7 Biomass =11 Biomass =10
Chaparral (4,777 acres) Soil = unknown Soil =13-27 Soil = 8-10
Total = 25-38 Total =18-20
Biomass =15 Biomass =19 Biomass =17
Oak savanna (3,988 acres) | Soil = unknown Soil =13-27 Soil = 8-10
Total = 33-46 Total = 25-27
Biomass = 27 Biomass = 32 Biomass = 30
ggrlé\sl\;oodland (9557 Soil = unknown Soil =13-27 Soil = 8-10
Total = 45-58 Total = 38-40
Biomass = 58 Biomass = 62 Biomass = 60
Riparian forest (653 acres) | Soil = unknown Soil =13-27 Soil = 8-10
Total =76-89 Total = 68-70
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Encompassing 39,000 acres of protected open space, the Alameda
Watershed maintains substantial carbon stocks in both soils and
vegetation. Within the 33,534 acres of grasslands, shrublands, and
woodlands evaluated in this study, the watershed stores an estimated
2,500,000 MT C above- and belowground. Per-acre carbon storage
varies substantially among ecosystem types, from an estimated 47.2

* 0.14 MT C/acre in grasslands to 128.5 * 11.8 MT C/acre in riparian
forests (see Chapter 3).

There are a range of options available to the for managing and
enhancing carbon storage in the Alameda Watershed, which are
assessed in Chapter 4. Management strategies vary substantially in
terms of projected carbon benefits, overall impact on GHG emis-
sions, ecological co-benefits and tradeoffs, potential spatial foot-
print, and level of certainty and risk, as well as economic cost (which
was not assessed in this report). Native grassland restoration has the
lowest estimated per-acre carbon sequestration benefit of the strat-
egies considered (~0.093 MT C/acre-yr in degraded or unvegetated
sites). Three strategies have low to moderate estimated per-acre
carbon benefits, including compost application (~0.09-0.3 MT C/
acre-yr if compost is reapplied every 10 years), silvopasture (~0.05-
0.35 MT C/acre-yr over 60 years), and cattle exclusion (0.08-0.21
MT C/acre-yr in woody vegetation and soil). Strategies with high
estimated per-acre carbon sequestration benefits include riparian
restoration (~0.61-1 MT C/acre-yr averaged over 50 years) and open
space conservation (~5-90 MT C/acre). The carbon benefits asso-
ciated with any particular strategy depend heavily on the specific
management and maintenance practices employed (e.g., frequency
of compost application or density of tree plantings) and the carbon
cost of implementing the project, as well as the geographic setting
and the time horizon in question.

Our analysis suggests that the carbon management strategies con-
sidered here could provide modest advances toward San Francisco’s
climate action target. Applied to the full potential footprint within the
Alameda Watershed, restoring riparian forests could achieve a po-
tential maximum GHG benefit of 5,600-9,100 MT CO_e/yr; planting
6 trees per acre in grazed grasslands (high-density silvopasture) could
offset 16,000 MT CO_e/yr; and decadal compost applications could
provide a maximum watershed benefit of 480-2,000 MT CO_e/yr

on slopes less than 8%, or 1,100-5,000 MT CO,e/yr on slopes up to
20%. If these three management strategies were applied simultane-
ously, the high-end theoretical GHG benefit of ~30,000 MT CO_e/yr
would offset approximately 0.4% of San Francisco’s 1990 emissions.
However, while this high-end estimate offers a sense of scale, actu-
ally maximizing GHG benefits watershed-wide would face a number
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of feasibility challenges, as outlined in Table 5.1. Additionally, although managing the watershed’s
ecosystems to promote carbon sequestration can support SFPUC management goals in certain
ecological contexts, attempting to maximize carbon gains watershed-wide would likely come at

the expense of overall ecosystem health and resilience. Given the complexities, uncertainties, and
tradeoffs inherent in decisions around carbon management, a prudent starting point is to identify
"low-regrets” management strategies that sequester carbon with significant co-benefits and rela-
tively few risks or potential negative impacts. These strategies will not necessarily maximize carbon
gains, but will help ensure that carbon management is compatible with other management goals
for the watershed, including native biodiversity preservation, fire risk reduction, and protection of
water quality and water supply. Table 5.1 provides a generalized overview of the carbon sequestra-
tion capacity, co-benefits, and tradeoffs of the strategies presented in Chapter 4, to aid comparison
among strategies and identification of low-regrets options. In practice, applying this multi-benefit,
low-regrets framework will often be site dependent; management strategies with few tradeoffs in
one setting may have significant risks or impacts in other settings.

Table 5.1. Comparison of key considerations across management strategies discussed in Chapter 4. For a given
consideration, green indicates strong support for the use of a management strategy, red indicates strong concerns, and
orange indicates a low to moderate degree of support or concern.

Carbon and GHG
benefits

Low to moderate per-acre

Rangeland compost carbon benefits*

High per-acre carbon benefits*

Riparian restoration

Low to moderate per-acre

. carbon benefits**
Silvopasture

Low to moderate per-acre

Cattle exclusion carbon benefits**

Low, uncertain carbon benefits
Grassland restoration

Open space High per-acre carbon benefits

consevation

Co-benefits

Likely benefits: forage pro-
duction, soil quality, soil water
retention

Likely benefits: native biodiver-

sity, soil quality, water quality

Likely benefits: shading, soil
quality

Potential benefit: water quality

Likely benefit: native biodi-
versity

Likely benefits: recreation,
agriculture, native biodiversity,
water quality, soil quality

KEY Support for the use of a given strategy as a natural climate solution

Low benefits or substantial concerns
Moderate benefits or concerns

High benefits or low concerns
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Tradeoffs

Key concerns: native biodiver-
sity, residual dry matter control,
water quality

Moderate concerns: native
biodiversity (including risk of
pathogen introduction), water
supply, wildfire risk, cattle
water access

Moderate concerns: forage
production, native biodiversity
(including risk of pathogen
introduction), water supply

Key concerns: agriculture, wild-
fire risk, native biodiversity

Moderate concern: risk of
pathogen introduction if
container stock is used

Low concern: opportunities for
alternate land uses

Feasibility

Low to moderate concern:
access to remote or steep sites

Moderate concern: tree
establishment and survival,
fencing maintenance, limited
opportunity space

Moderate concern: tree estab-
lishment and survival

Moderate concern: fencing
maintenance

Key concern: likelihood of
restoration success

No major concerns

*Assumes the material applied is
composted green or animal waste. If
biosolids are used, assumes material
is amended to increase C:N ratios and

limit N,O emissions

**Potential increased wildfire risk
may decrease sustainability of carbon

benefits.



One management strategy—continued open space conservation—stands out as a low-regrets (or
no-regrets) strategy, both in terms of its importance for carbon storage, its numerous co-benefits,
and its lack of major downsides. While open space conservation does not represent an additional

or novel management activity in the watershed, it is important to recognize the substantial benefits
that protection of existing ecosystems and carbon stocks provides. In fact, the benefit of protecting
existing carbon stocks exceeds the maximum potential benefits of any other strategies to restore or
enhance carbon stocks. Additional land acquisition in the future would only increase the carbon ben-
efit (and other co-benefits) associated with open space conservation in the Alameda Watershed.

Riparian restoration has substantial and well-documented carbon benefits, as well as numerous
co-benefits for native biodiversity, soil quality, and water quality. Land use and hydrologic changes
over the past 150 years have eliminated large areas of riparian forest in areas such as Sunol Val-

ley and Upper Alameda Creek, and our preliminary assessment suggests that there may be up to
~3,800 acres of suitable area for riparian restoration within the watershed. While there are poten-
tial risks and tradeoffs associated with pathogen introduction, decreased water yield and livestock
access to water, and increased wildfire risk, the benefits of riparian restoration likely significantly
outweigh the risks in many cases and make this a low-regrets management strategy.

Silvopasture, while less effective as a carbon sequestration strategy than riparian restoration on a
per-acre basis, also confers clear and predictable carbon benefits and could be a low-regrets strat-
egy if carefully applied in suitable settings. While high density tree plantings would likely increase
wildfire risk, sparse plantings emulating historical savanna densities may not substantially alter fire
regimes, particularly if sited in areas likely to be more resilient to drought. Silvopasture may also
provide important co-benefits to native biodiversity, soil quality, and livestock, with relatively mini-
mal potential tradeoffs. However, the survivorship of tree plantings may be a limiting factor, espe-
cially under drought conditions and a changing climate.

Native grassland restoration is another low-regrets management strategy, with no major tradeoffs
and significant co-benefits for native biodiversity. The potential carbon benefit associated with native
grassland restoration, however, is likely modest and is not well studied outside of degraded or sparse-
ly vegetated sites. In addition, successful native grassland restoration can be difficult to achieve.

Compost application and livestock exclusion, while potentially appropriate and beneficial in certain
parts of the watershed, may have more significant tradeoffs that need to be carefully evaluated.
Compost application may reduce native grassland biodiversity, promote invasive species (though
studies have reported mixed results), and has the potential to impact water quality by increasing
nutrient runoff if applied in areas with steep topography. Given these and other tradeoffs and the
low estimated per-acre carbon sequestration benefit of compost application relative to other man-
agement strategies, we recommend a cautious approach beginning with small-scale pilot studies to
investigate the benefits and impacts of this strategy.

A primary objective of livestock grazing in the watershed is fuel management and fire risk reduction,
and widespread exclusion of livestock grazing would likely result in substantial woody vegetation
encroachment and increased risk of high severity wildfire. In addition, livestock grazing may play an
important role in maintaining native grassland biodiversity in some parts of the watershed. Howev-
er, livestock exclusion may be compatible with both fire management and biodiversity conservation
goals in areas that were historically dominated by woody vegetation types or where an increase in
woody biomass is desirable and where land use intensity and ignition probability are low. Before ex-
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cluding livestock from large areas of the watershed, a thorough study of site potential for woody plant
encroachment and potential for biodiversity co-benefits or tradeoffs should be conducted.

Because of uncertainties associated with both the potential carbon benefits and the co-benefits
and tradeoffs of each management strategy, an adaptive management approach is highly recom-
mended in order to systematically monitor and assess the effects of each strategy in an experimen-
tal framework and update management practices based on monitoring results. Pilot studies should
be employed to test the effects of management strategies at a small scale before strategies are
broadly applied across the watershed. Well designed pilot studies should account for the fact that
effects may be highly dependent on the specific site, scale of application, and duration of moni-
toring. The following bullets highlight several key uncertainties for each of the carbon management
strategies that warrant further research, along with ideas for metrics to monitor in pilot projects to
indicate how each strategy performs with respect to carbon, co-benefits, and tradeoffs; other man-
agement questions or monitoring metrics may be identified in addition to the examples provided:

¢ Compost application. What is the effect of compost application on carbon sequestra-
tion in nonnative annual grasslands in the Alameda Watershed? What is the effect of
compost application on native grassland biodiversity and water quality? How do repeat
compost applications influence long-term carbon sequestration rates? Potential moni-
toring metrics for pilot projects include GHG fluxes (particularly CO, exchange and N,O
emissions), forage production, vegetation composition and cover, RDM, changes in cat-
tle stocking rates associated with changes in forage production, soil carbon and nitrogen
contents, and runoff nitrate.

¢ Riparian restoration. What is the rate of tree growth? What are the effects of ripari-
an restoration on water yield, water quality and aquatic habitat? Potential monitoring
metrics for pilot projects or existing restoration sites include biomass and soil carbon,
changes in cattle use of stock ponds or other water sources, and aquatic macroinverte-
brates.

¢ Silvopasture. What is the rate of survivorship of planted trees in different settings within
the watershed? What is the rate of tree growth? How does tree planting affect soil car-
bon stocks over time? What planting density optimizes benefits for carbon, livestock,
and soils while minimizing tradeoffs? Potential monitoring metrics for pilot projects
include tree growth and survivorship, biomass and soil carbon stocks, and forage pro-
duction.

¢ Livestock exclusion. What is the effect of livestock exclusion on successional transi-
tions between grassland, shrublands, and woodlands in different settings? What long-
term rates of carbon sequestration (>25 years) does livestock exclusion achieve? What
are the effects of livestock exclusion on native and special-status species occurring in
grasslands? Potential monitoring metrics for pilot projects include wildlife presence and
abundance (note that some effects on wildlife may not be detectable with small-scale
pilot projects), vegetation composition and cover, and biomass and soil carbon stocks.

* Native grassland restoration. What is the effect of native grassland restoration on
carbon sequestration in different settings (e.g., degraded rangeland, barren ground,
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nonnative annual grassland)? What is the likelihood of successful restoration outcomes?
Potential monitoring metrics for pilot projects include vegetation composition and cov-
er and soil carbon storage.

Research to address these uncertainties may expand the suite of low-regrets carbon management
strategies available to SFPUC, or conversely may provide further evidence for potential tradeoffs
associated with certain strategies.

LONG-TERM RESILIENCE

An overarching area of uncertainty is the resilience of carbon gains over the long term, particular-
ly with respect to wildfire and drought, both of which are expected to be exacerbated by climate
change (Dass et al., 2018). For example, a substantial increase in woody vegetation cover, while likely
to enhance carbon stocks over the short term, may increase the risk of high-severity, stand-replac-
ing wildfire, thus threatening the long-term stability of carbon stocks. Likewise, trees such as valley
oak and blue oak are likely to become increasingly vulnerable to drought under climate change
(Brown et al., 2018; Browne et al., 2019), and large-scale mortality following an extreme drought
event could substantially reduce short term carbon gains. An integrated assessment combining
ecophysiological models, dynamic vegetation models, and other sources of information would be
useful in assessing the likely resilience of oak woodlands and other vegetation communities in the
watershed, as well as the likely effects of carbon management strategies on vegetation succession
and wildfire risk under different climate change scenarios. §

Looking down on Alameda Creek, photograph by SFEI.
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Protecting existing carbon stocks in forests,
grasslands, and other natural and managed lands
can help limit climate change and maintain healthy,
resilient ecosystems.

Management activities on these natural and
working lands can tip the balance towards net
carbon sequestration by enhancing carbon uptake
or reducing carbon losses.

Multi-benefit carbon management in the Alameda
Watershed can set an example for other public and
private lands.

Ecosystems within the Alameda Watershed store
an estimated 2.5 million metric tons of carbon
(Equivalent to a year's emissions from 500,000 cars).

This watershed’s riparian forests and oak
woodlands store as much carbon per acre as the
Amazon rainforest.? Grasslands and shrublands are
less carbon dense, but account for a substantial
percentage of the watershed'’s total carbon due to
their large spatial extent.

80% of the watershed'’s carbon is stored
belowground in soil organic matter.

The 2020 SCU Lightning Complex fires released
around 8% of the total vegetation carbon in

the Alameda Watershed. As climate change
continues, carbon gains due to vegetation growth
may not be able to keep pace with wildfire-
related losses.

This study evaluated six potential
carbon management strategies:
compost application on rangelands,
riparian forest restoration,
silvopasture, cattle exclusion, native
grassland restoration, and open space
conservation. Of these, open space
conservation was the only strategy
with high carbon benefits and few
risks. All of the other strategies

entail some tradeoffs and feasibility
concerns, but may provide important
co-benefits if implemented
strategically.

If riparian restoration, silvopasture,
and compost amendments were
applied across all available space
in the Alameda Watershed, carbon
sequestration could offset as
much as ~0.4% of San Francisco’s
1990 greenhouse gas emissions.
This level of carbon management,
however, could compromise
other watershed functions and
would likely encounter feasibility
constraints.

Large areas of open space are needed
to scale up the benefits of these
carbon management practices. To
support climate targets, decision
makers should look beyond this
watershed’s 39,000 acres for
opportunities to conserve additional
open space and practice multi-
benefit carbon management on
public and private land.
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