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Carbon Removal & Offset Programs
• Indigo Ag:  $15 – $30+/ac/yr
• Nori Marketplace: $20/ton
• Cargill RegenConnect: $20 /ton
• Bayer Carbon Program: $5 - 12 ac/yr
• Corteva Carbon Initiative (w/Indigo):  

$15/ton, $5 - $20 ac/yr
• Truterra TruCarbon:  $15 - 25/ton 
• Verra Registry

• Gradable Carbon: $20/ton
• Ecosystem Services Market 

Consortium 
• Soil and Water Outcomes Fund
• CIBO
• Many others…

Mention of trade names does not imply endorsement by the USDA



How do we know how much 
carbon has been removed?

Measurement, Reporting, and Verification (MRVs) Standards & Protocols

Mention of trade names does not imply endorsement by the USDA



MRV Standards & 
Protocols



Monitoring Soil 
Carbon
• “A key barrier to implementing programs 

to increase SOC at large scale is the need 
for credible and reliable measurement 
monitoring, and verification” (Smith et al 
2020)

• Requires analysis of large amounts of 
data over different spatial and temporal 
scales

• Large background SOC stocks
• High variability
• Gains in SOC are slow



How do we measure 
changes in

soil carbon?



Soil Carbon Inventory



Capturing Spatial Variability

World Imagery - Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community

Mg C ha-1



Eddy Covariance 
Method
Infrared gas analyzer 
measures CO2 exchange

Net Ecosystem 
Carbon Balance 
(NECB)
= Net CO2 exchange -
Harvest C + Manure C

NEP; 
Net CO2 flux (+/-)

GPP; 
Photosynthetic

CO2 (+)

Plant & Soil 
Respiration

CO2 (-)

Harvest 
(-)

Manure (+)

NECB = ΔSOC



What is the Impact 
of Alfalfa?



Photosynthesis
11.5 Mg C

Manure
0.7 Mg C

Soil

Soil Respiration
-6.8 Mg C

Erosion
0

CH4
0

DOC
-0.02

Runoff
0

Harvest
-4.3 Mg C

Roots & 
residue

3.4 Mg C 
Crop

Alfalfa NECB - Minnesota

Crop Respiration
-2.4 Mg C

Gamble et al, 2021.



Alfalfa Net CO2-C flux

2014 Production year
• Harvested

• 2014:  6/9, 7/5, 7/29, 8/27

• Net annual flux: 
• + 245 g C m-2 (+ 1.1 ton C / 

ac. or 2.5 tons DM/ac)

Gamble et al, 2021.



Alfalfa Net Ecosystem Carbon Balance

2014 Production Year
• Harvests

• 6/9: 2.6 tons/ac 
• 7/5: 1.4 tons/ac
• 7/29: 1.1 tons/ac
• 8/27: 1.0 tons/ac
• 6 tons/ac total (577 g C m-2)

• Manure:  +88 g C m-2

• NECB: -244 g C m-2

-244 g C m-2

Gamble et al, 2021.



System Net Ecosystem C Balance

Error bars denote one standard error of the mean

System NECB
(Mg C ha-1 yr-1)

Cont. silage corn -5.0

Silage corn-alfalfa -3.2

Gamble et al, 2021.



Impact of Crop Residue 
on NECB



What do other 
studies show?



What do other studies show?
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SOC +0.10 ± 0.35

NECB -0.41 ± 0.34

• SOC studies
• NECB studies



What about cover crops?

• Cover crops accumulated SOC 
only in 22 (29%) of 77 
comparisons

• Average rate of 0.41 Mg C ha−1 

yr−1 across the 22 comparisons
• SOC increased most in low-C soils 

(< 1% C) after 5 years 
• Only when CC biomass > 2 Mg ha−1.



Conclusions
• Alfalfa can improve C balance / SOC in 

rotation with silage corn
• Literature shows mixed results for SOC / NECB 

studies
• C losses with irrigation
• Potential gains in rainfed systems

• Need more alfalfa site-years
• More soil types
• Climate & weather variability
• Role antecedent soil C
• Impact management practices

• Breeding for higher root biomass, root 
exudation to improve NECB



Thank You!
Dr. Josh Gamble

Research Agronomist

USDA-ARS Plant Science Research Unit

Joshua.Gamble@USDA.gov
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NECB of Rain-Fed Alfalfa

2021 Rosemount, MN
• Alfalfa 

+0.7 tons C ac-1
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Alfalfa

+0.7 tons/ac



Reported alfalfa C balances
• North Dakota: rainfed alfalfa (Saliendra et al, 2018)

• -233 ± 134 g C m-2 yr-1 (range: -528 to +90 g C m-2)
• South Dakota: falcata interseeded rangelands (Mortenson et al., 2004)

• +33 g C m-2 yr-1 over 36 years 
• Pennsylvania: alfalfa-orchardgrass (Skinner & Dell, 2015): 

• -103 g  C m-2 yr-1 (8 yr flux) and 16 ± 105 g C m-2 yr-1 (SOC, 0 – 100 cm)
• Oklahoma: rainfed alfalfa (Wagle et al, 2019)

• -72 g C m-2 yr-1 (Range of -167 to +24 g C m-2)
• Ontario: alfalfa-timothy mixture (Sulaiman et al., 2017)

• -7 ± 51 g C m-2 yr-1 (range -176 to 214 g C m-2)
• Manitoba: alfalfa-timothy mixture (Maas et al 2013)

• +128 g C m-2 yr-1 (range 2 to 255 g C m-2)
• Italy: rainfed alfalfa: -177 g C m-2 yr-1 (Alberti et al., 2010)



SOC stock changes 
vs. NECB
• Discrepancies due to:

• Sampling error in SOC / BD
• Assumptions in eddy flux data processing
• Sampling depth vs. flux depth
• Flux footprint vs. soil sampling design

NECB = Net Ecosystem Carbon Balance

Gamble et al., 2021



Alfalfa Net CO2-C flux

2015 Termination Year
• Harvested

• 2015:  6/3, 6/24, 7/27, 
8/15

• Disk ripper 9/2
• Loss of 212 g C m-2 (1 ton 

C /ac.)

Tillage

150 g C m-2

-62 g C m-2



Net Carbon Balance (NECB)

3-year stand
• 2013:  +25 g C m-2

• 2014: -243 g C m-2

• 2015: -434 g C m-2

• 3 yr NECB: -652 g C m-2 

(- 2.9 tons C / acre)



Impact of Manure C Rate on NECB

Ratio of Manure C import to Harvest 
C export (M:H ratio)

• Solving for NECB = 0
• Silage corn M:H = 0.73
• Alfalfa M:H = 0.31

• Average M:H 
• Silage corn M:H = 0.16
• Alfalfa M:H = 0.15
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