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Global surface temperature relative to 1880-1920 based on GISTEMP analysis 
(Appendix A). (a) Annual and 5-year means since 1880, (b) 12- and 132-month running 
means since 1970. Black squares in (b) are calendar year (Jan-Dec) year means used 
to construct (a). (b)  uses data through August 2016.

1000 Kg = 1 Mg; 1000 Mg = 1Gg; 1000 Gg = 1 Tg; 1Tg = 1 million Mg. 
Hansen et al 2016. 



Mean global temperature has already risen out of the centennial Holocene range. 
There is widespread agreement that 2°C warming would commit the world to multi-
meter sea level rise (Levermann et al 2013; Clark et al 2016); this could unfold 
within 50-150 years (Hansen et al 2016).

Estimated average global temperature for the last interglacial (Eemian) period 
(McKay et al 2011; Clark and Huybers 2009; Turney and Jones 2010), the 
centennially-smoothed Holocene (Marcott et al 2013) temperature as a function of 
time, and the 11-year mean of modern data. Vertical downward arrows indicate likely 
overestimates.



A(nother) Disturbing Trend

Years of phytomass 
potentially available to feed 

the global human 
population. Calculated from 
the total stored phytomass 
energy of the planet divided 

by the metabolic energy 
needs of the global 

population for 1 year. 

Rapidly decreasing trend 
line indicates increasing 

dominance of phytomass by 
humankind. 

Little margin remains to 
safely continue the current 

trend.
(Schramski et al 2015) 
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IPCC SPM 2.4 p. 16 (2014): ”A large fraction of 
anthropogenic climate change resulting from 
CO2 emissions is irreversible on a multi-century to 
millennial time scale, except in the case of a large net 
removal of CO2 from the atmosphere over a 
sustained period.”

We can only meet our GHG reduction goals by investing in our soils 
and working lands as major sinks for atmospheric carbon. 



Hansen et al 2016

(a) Atmospheric CO2 emission reduction scenarios

(b) Atmospheric CO2 including effect of CO2 extraction that increases linearly after 
2020 (after 2015 in +2%/year case). 
(1 ppm is ~2.12 GtC).



The 4 per Thousand Initiative: 
French Ministry of Agriculture, Agrifood and Forestry 

Increasing global Soil Organic Carbon by 0.4% annually 
would offset all global CO2 emissions

•the “4‰ Initiative: soils for food security and climate” aims 
to show that 
•food security and combating climate change are 
complementary and to ensure that 
•agriculture provides solutions to climate change. 

http://agriculture.gouv.fr/agriculture-et-foret/environnement-et-climat



Measured effect of anthropogenic forcing of atmospheric C, 
with hypothetical effect of anthropogenic forcing of soil 

organic C at global scale
475 ppm



Marin Carbon Project 2008
H1: Management can increase soil carbon

and: we can measure it
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Ryals and Silver 2013, Ryals et al. in prep.

Results: Above-ground production (forage) has exceeded controls 
by 40-70% every year following the single ½” compost application 
in 2008
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Ryals et al. 2014 SBB and in prep
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Life Cycle Assessment suggests significant 
GHG mitigation potential statewide

Emissions from Ag and forestry 
sector (2008)

Emissions from commercial 
sector (2008)

DeLonge et al. 2013

Applied to 5% of CA Rangeland



FIG. 3. The black line shows simulated decomposition of the compost following application to grassland soils. Gray circles show the 
monthly change in total ecosystem carbon, not including compost carbon. Values are averages across site characterizations, with 

standard error bars in light gray. Ryals et al, 2015. Ecological Applications, 25(2): 531–545.



California		Cropland		Soil	Carbon	Sequestration	Potential
With	Compost	Additions	(Compost	C	Only)

3.96 million hectares (9.8 million acres) of cropland
in California: virtually all is suitable

for compost application.  
At a rate of 3 tons Compost ac-1y-1

= 27 MMT(Tg) CO2e/y-1

At a rate of  6 tons Compost ac-1y-1

= 54 MMT (Tg) of CO2e/y-1

At a rate of 20 tons Compost ac-1y-1

= 180 MMT (Tg) of CO2e/y-1 (and over

•Livestock	
~	15	MMT	CO2e	y-1

•Commercial/residential
~	42	MMT	CO2e	y-1

•Electrical	generation
~112	MMT	CO2e	y-1

Assumptions: 1 Mg 
compost = 0.5 Mg OM = 
0.25 Mg OC

Does not include avoided CH4 or N2O, or 
Increased photosynthetic capture of CO2.

27,000 gallons per acre of increased water holding capacity)



Made in the Shade - Riparian restoration effectiveness 
on California’s livestock grazing landscapes

David Lewis, Michael Lennox, Anthony O’Geen, Valerie Eviner, Jeff Creque, Kenneth Tate

GHG Implications of Riparian Restoration in 
Coastal California



Stream Restoration



• 16,217 metric tons of CO2e at a 1 km 
representative riparian restoration site 
over 15 years; 

• This offsets the energy used by 1,712 
homes or emissions from 3,426 passenger 
cars in one year, or 1,824,800 gallons of 
gasoline consumed. 

Riparian Carbon



Carbon:	
The	Key	to	Agricultural	Productivity	and	Resilience

C 

Soil carbon is the 
“Keystone” for all 

soil physical, 
chemical and 

biological processes 
and properties. 
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Farm Productivity 

Credit: Dr. D.C. Reicosky, ARS, Morris, MN.   





Eve, M., D. Pape, M. Flugge, R. Steele, D. Man, M. Riley-Gilbert, and S. Biggar, (Eds), 2014. 
Quantifying Greenhouse Gas Fluxes in Agriculture and Forestry: Methods for Entity-Scale 
Inventory. Technical Bulletin Number 1939. Office of the Chief Economist, U.S. Department of 

Agriculture, Washington, DC. 606 pages. 

The USDA Entity-Scale 
GHG Methods Report is 
a transparent, 
scientifically rigorous set 
of standardized methods 
that can be used to 
quantify changes in GHG 
emissions and carbon 
storage following a 
change in management 
or adoption of a new 
practice or technology.



Carbon Farming: 
Quantifying On-farm Carbon Capture Potential

And LOCAL DATA, where available…
COMPOST: R.Ryals et al 2013; M.DeLonge et al 2013
CREEK CARBON: D.Lewis et al 2015



CO2e Sequestration Potential 
Cachuma Ranch, Santa 

Barbara
(1 Mg = 1 Metric Ton)



Compost also increased soil moisture….

UCSFREC, Browns Valley, Ryals and Silver 2013
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Estimated Additional 
Soil Water Holding 
Capacity With Carbon 
Farm Plan 
Implementation, 
Cachuma Ranch,
(8,000 acres)
Santa Barbara 
County, CA

103,070.36



If California’s working lands, i.e., 46 million acres of grasslands, pastures and 
arable lands, achieved an increase in SOC from 1% to 2% in the plow layer 
alone, the CO2e sequestered would be 1.5 Billion metric tons and the 
associated water holding capacity increase would be roughly 7.6 million acre 
feet. 

Across 10 million arable acres of CA, this represents 200 million metric tons of 
SOM, or 367 million metric tons of CO2e and 1.6 million acre feet of water. 

(Recall: the French 4%% Initiative calls for an annual  SOC increase of 0.4%) 
For CA working lands, this would mean: 600 million metric tons CO2e per year;

And for the State’s arable lands: 80 million metric tons of CO2e annually.
Assumptions:
based on the plow layer (top 6.7” of soil) only; including deeper soil strata will increase 
potentials accordingly;
1% increase in SOM results in 1 acre-inch increase in soil WHC per acre;
1% increase in SOC represents 2% increase in SOM;
1 metric ton (2,200 lbs) of soil C represents 3.67 metric tons of CO2e; 
1% increase in (plow layer only) SOC is about 10 short tons or 9 metric tons SOC/acre.
1000 Kg = 1 Mg; 1000 Mg = 1Gg; 1000 Gg = 1 Tg; 1Tg = 1 million Mg. 

The Carbon-Soil-Water-Climate Connection



Photo: Abe Collins, 
CarbonFarmersofAmerica.org

Good News:  We- can meet our GHG reduction goals if we 
dramatically reduce emissions and seriously invest in our soils 
and working lands as major -beneficial- sinks for atmospheric 

carbon.

www.carboncycle.org
www.MarinCarbonProject.org







•
(2010)

Nitrogen and Phosphorus runoff from agriculture are the primary causes of
coastal dead zones.



Disturbance 
EVENT

With thanks to David Wolfe, 
Cornell U

Decreased Tillage;
increased NPP

Improved Tilth; 
increased fertility

Improved drainage;
and water holding

capacity

The upward spiral 
of improving soil 

condition

Increasing C, (more 
energy for soil system)

Improved microbial 
biodiversityImproved soil 

aggregation;
Increased C

sequestration

Soil C and System Change
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The Rhizosphere



Mass Balance for CA N, 2005 
(CA N Assessment, UCD 2016)

1000 Kg = 1 Mg; 1000 Mg = 1Gg; 1000 Gg = 1 Tg; 1Tg = 1 million Mg. 
Synthetically fixed N fertilizer is the largest flow (69%) of N to cropland (466 Gg N yr-1)

Leaching from cropland (333 Gg N yr-1) was the predominant (88%) input of N to 
groundwater. There are many wells in California with nitrate concentrations above the 
Maximum Contaminant Level (10 mg NO3−-N L−1). 

Reactive N equivalent to 71% (333/466), of the synthetic N applied to CA croplands 
ends up in the State’s groundwater, accounting for 88% of N input to groundwater.

Manure is the second largest N flow (416 Gg N yr-1) in California. The predominant 
(72%) source of this N is dairy production, with minor contributions from beef, poultry 
and horses. A large fraction (35%) of this is volatilized as ammonia (NH3) from livestock 
facilities (97 Gg) and after cropland application (45 Gg N yr-1), leaving approximately  
(274 Gg N yr-1) available for crop production or other losses. 

A large fraction of N applied in manure and irrigation water to cropland is also originally 
fixed synthetically.  

Assuming 12,000 Gg compost (at < 2%N) produced in CA annually,  Compost N <  240 
Gg N yr-1). Approximately 10% of compost N is available annually (24 Gg N yr-1) . 



Urban land is accumulating N.Lawn fertilizer, organic waste disposed in landfills, pet 
waste, wood products, and non-fertilizer synthetic chemicals are all accumulating in the 
soils (75 Gg N yr-1), landfills (68 Gg N yr-1), and other built areas associated with 
urban land (123 Gg N yr-1).

Direct sewage export of N to the ocean (82 Gg N yr-1) is more than double the N in the 
discharge of all rivers in the state.

Nitrous oxide (N2O) production is a moderate (38 Gg N yr-1) export pathway for N.

Ammonia production from manure represents losses of at least 142 Gg N yr-1. This loss 
could be reduced by up to 70% through proper co-composting with high carbon 
materials at appropriate conditions of moisture and aeration (Bueno et al 2008).

On average, an estimated 69% of the N added annually to cropland statewide is 
derived from synthetic fixation, suggesting total N applied to cropland is roughly 675 
Gg N yr-1).

The biological N fixation that occurs on natural land (139 Gg N yr-1) now accounts for 
less than 10% of new imports at the statewide level (8 kg N ha-1 yr-1).



At a rate of 0.5 Mg C ha-1 y-1

=  5.77 MMT(Tg) CO2e y-1

Units:	
Mg	=	Metric	ton
MMT(Tg)=	Million	metric	

tons	
CO2e	=	CO2 equivalents

California		Grazed	Grasslands	Carbon	Sequestration	Potential
With	Compost	Additions

Emissions data: CA GHG Inventory 2010

At a rate of 1 Mg C ha-1 y-1

= 11.5 MMT(Tg) CO2e y-1

At a rate of  3 Mg C ha-1 y-1

= 34.6 MMT (Tg) of CO2e y-1

•Livestock	
~	15	MMT	CO2e	y-1

•Commercial/residential
~	42	MMT	CO2e	y-1

•Electrical	generation
~112	MMT	CO2e	y-1

(Without avoided methane emissions)

26 million hectares (64.22 million acres) of rangeland in California:  about 12% 
(3.15 million hectares, or 8 million acres) is probably suitable for compost 
application.                                                 (Without compost C &)





Co$t$
• Nationally, NRCS investment in promoting soil health 

conservation practices has delivered a maximum of 14 Tg C 
(15 million tn C) sequestration annually (in 2014);

• To achieve an annual 4PT target of 68 Tg C y–1 (75 million tn 
C yr–1), sequestration on cropland and grassland soils by 
2025, the US would need to commit to a long-term soil health 
strategy where, on average, 4.1 Mha (10 million ac) of 
croplands and 8.1 Mha (20 million ac) of grasslands are 
enrolled annually in C-beneficial conservation practices for the 
next decade. 

• This will require additional NRCS partnerships, and would cost 
an estimated $3 to $5 billion.



If California’s working lands, i.e., 46 million acres of grasslands, pastures and 
arable lands, achieved even a 1% increase in SOC (from 1% to 2%) in the plow 
layer alone, the associated water holding capacity increase would be roughly 
7.6 million acre feet (7.7 Folsom Reservoirs) and the CO2e sequestered would 
be 1.5 Billion metric tons (eq: 3,472,817,103 barrels of oil)

Across 8 million arable acres of CA alone, this represents 80 million metric tons 
of SOC, or 293 million metric tons of CO2e (eq: 185,216,912 barrels of oil)
and 1.3 million acre feet (1.4 Folsom Reservoirs) of water.  

(Recall: the French 4%% Initiative calls for an annual  SOC increase of 0.4%)
Assumptions:
based on the plow layer (top 6.7” of soil) only; including deeper soil strata will increase 
potentials accordingly;
1% increase in SOM results in 1 acre-inch increase in soil water holding capacity per 
acre;
1% increase in SOC represents 2% increase in SOM;
1 metric ton (2,200 lbs) of soil C represents 3.67 metric tons of CO2e; 
1% increase in (plow layer only) SOC is about 10 short tons or 9 metric tons SOC/acre.

The Carbon-Soil-Water-Climate Connection



Photo by Paige Green



Photo by Paige Green



Photo by Paige Green



Carbon Sequestration (Mg CO2e) Potential With 
Compost Addition up to 5% SOM

*Assumptions: 1% SOM = 0.5% SOC = 10 short tons = 9.09 metric tons (Mg) SOM per 
acre.
Compost = 50% OM, or 25% C;
1" compost = 70 short tons/acre x 0.25 = 17.5 x 3.67/1.1 = 58.39 Mg CO2e/acre.
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Results: Above-ground production (forage) has exceeded controls 
by 40-70% every year following the single ½” compost application 
in 2008
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Modeled soil carbon stocks over time



Modeled vegetation carbon stocks over time



PRACTICE( DESCRIPTION( 20(YEAR(SOM(

INCREASE((Mg)(

ANNUAL(WHC(

INCREASE(BY(YEAR(

20((AF)(

Compost(application(on(

Rangeland((NRCS(

practice(standard(in(

development)(

Application(of(1/4"(of(compost(to((

1600(acres(of(permanent(pasture.(

17344.09( 158.99(

Compost(application((

on(Cropland((590)(

Application(of(compost(to((

537(acres(of(cropland(to(5%(SOM((

11,955.00( 109.59(

Shelterbelts((380)( 6.78(miles((16.44(acres)(of((

20'(wide(shelterbelts(

98.35*( 0.90*(

Prescribed(Grazing(

(528)(

Grazing(management(to((

favor(perennials(and(improve(

production(on(4411(acres(

8,610( 78.93(

Riparian(Restoration(( 32.36(acres(of(riparian(system((

along(4.45(miles((

1,048.00*( 9.60(

Minimum_Tillage((345)( Conversion(of(tilled(crop(fields((

to(minimum(tillage(on((

1,134( 10.39(

Silvopasture((381)( Establish(trees(on(approximately((

134(acres(of(pasture(

270**( 2.35(

Conversion(of((

flood(irrigation(to((

pipe(irrigation((443)(

Conversion(of(flood(to(pipe(

irrigation(on(1,000(acres(

permanent(pasture(

8,501.00( 77.93(

Range(Planting((550)( No_till(interseeding(of(forage(

species(in(irrigated(pasture(

within(the((Saline(Bottom(

ecological(site((2,107(acres)(

7,847.00( 71.93(

TOTAL( ( 64,274.44( 521.63(

(

Estimated Additional Annual Soil Water Holding Capacity
Modoc Ranch With Carbon Farm Plan Implementation, Year 20 









Estimated CO2e Reduction/Sequestration Potential, 
Modoc Ranch 



Using published (Wiedemann et al 2015) on-farm GHG 
emission values for wool production, implementation of 
this Ranch’s Carbon Plan would offset 6 to 9.5 times 
the GHG emissions associated with its wool production 
each year. 

Carbon Farming provides a robust framework for a 
‘Climate-Beneficial’ agriculture.

Carbon Farming: 
Climate-Beneficial Agriculture


