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LossGain

Soil Carbon and 
Climate Change

• Agriculture contributes 
upwards of 30% of 
total CO2 emissions 
globally
• About half of that 

contribution is a 
result of soil 
management
• Current estimated soil 

C losses around 120 
billion metric tons



Cumulative Loss of  Soil Carbon in 
Cropping and Range Systems



Cropping and range 
ecosystems 
present valuable 
opportunities for 
building soil carbon

• Agricultural 
systems tend to 
be carbon 
limited/depleted

• Historically, 
agricultural 
systems stored 
large amounts of  
carbon

• These systems 
are already 
managed 



Soil Carbon Storage: Balance Between 
C Inputs and C Outputs



Increasing Carbon Inputs DOES NOT Always 
Translate to Increases in SOC Stocks



Decreasing Carbon Outputs DOES NOT 
Always Translate to Increases in SOC Stocks



Not all soil carbon is created equally

Soil 
Carbon

Soil Inorganic 
Carbon (SIC)

Soil Organic 
Carbon (SOC)

Particulate 
Organic Carbon

Organic carbon originating from plants 
and microbes (e.g., crop residue, root 

exudates, microbial products)

Mineral-Associated 
Organic Carbon

Organic carbon bonded to the surface of 
a soil minerals (e.g., silts, clays)

?
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Not all soil carbon is created equally

Particulate Organic Carbon

• Plant-derived carbon
• Consists of plant biomass and 

decaying materials

• Fast cycling C pool 
• Easily decomposed by soil 

microorganisms but easily 
replenished by plant inputs

• Can accumulate indefinitely in 
soil

Mineral-Associated Organic Carbon

• Primarily microbially-derived
carbon
• Consists of microbial necromass 

but can include simple plant 
compounds (exudates)

• Slow cycling C pool
• Decomposition takes centuries 

unless disturbance event occurs

• Carbon accumulation limited by 
availability of mineral surfaces



Measuring POC and MAOC

• Density Fractionation

• Separation of light fraction (POC) and heavy fraction (MAOC) using a high-
density liquid (e.g., sodium polytungstate; SPT)

• Fractions are measured on a C analyser



Soil Carbon Storage: Balance Between 
C Inputs and C Outputs



1) Soil Organic Carbon
i. Soil carbon cycling
ii. Soil carbon and climate change
iii. Carbon in agricultural systems
iv. New paradigm of soil carbon

2)The Knowns and Unknowns of  
Soil C
i. Soil microbes and soil carbon

ii. Soil carbon saturation and deficit

iii. Maximum MAOC vs Attainable 

MAOC

3) Carbon Credits?
i. Can we monetize C sequestration?



Ecosystem Services 

and Functions:



Microbial Carbon Cycling –processes involving microbial 

decomposition of  soil carbon that results in either 1) carbon incorporation into their 
biomass or 2) carbon loss as CO2 (mineralization/respiration)

1) Microbes consume organic 
carbon in the soil 
(decomposition)

2) A portion of consumed carbon is 
incorporated into microbial 
biomass (growth)
• Potential to create sequestered 

carbon

3) The remainder of the consumed 
carbon is mineralized to carbon 
dioxide (respiration)
• Carbon is lost from the soil

Microbial 
Biomass

Decomposition

CO2

Growth



Microbial Carbon Cycling and MAOC –
microbial residues (necromass) preferentially sorb onto soil mineral 
surfaces to form mineral-associated organic carbon

1) Microbes consume organic 
carbon in the soil (decomposition)

2) A portion of consumed carbon is 
incorporated into microbial 
biomass (growth)
• More carbon stored in microbial 

cells results in more carbon that can 
sorb to mineral surfaces to form 
MAOC

3) The remainder of the consumed 
carbon is mineralized to carbon 
dioxide (respiration)





Microbial Carbon-Use Efficiency (CUE)      
–proportion of  C used for growth relative to the total C consumed (growth and respiration) 

𝑪𝑼𝑬 =
𝑮𝒓𝒐𝒘𝒕𝒉

𝑮𝒓𝒐𝒘𝒕𝒉 + 𝑹𝒆𝒔𝒑𝒊𝒓𝒂𝒕𝒊𝒐𝒏

• Higher CUE
• Greater proportion of consumed C stored in microbial 

biomass

• Increased necromass formed following cell death

• Greater potential for carbon sorption onto 

soil minerals

• Low CUE
• Greater proportion of consumed C lost as CO2

• Lower levels of necromass C

• Less substrate available to sorb to soil 

mineral surfaces



Increasing Carbon Inputs DOES NOT Always 
Translate to Increases in SOC Stocks



Not all soils are 
equal in their 
capacity to store 
carbon in MAOC

• Textural and mineralogical 
constraints of soil particles 
regulate the amount and type of 
C that can sorb to mineral 
surfaces
• Higher surface area and increased 

mineral reactivity (finer-textured 
soils) can sorb more carbon

• Lower surface area and decreased 
mineral reactivity (coarser-
textured soils) sorb less carbon



SOIL CARBON

SATURATION

AND DEFICIT

• Carbon Saturation –
the maximum amount 
of C that a soil can store 
through mineral-
associated interactions 
(MOACMax; a)

• Carbon Deficit – The 
difference between the 
maximum (saturated) 
pool size of MAOC and 
the current pool size of 
MAOC (measured as 
percent saturation; c)



Carbon Saturation and Carbon Deficits

• Carbon Saturation –the maximum 
amount of C that a soil can store 
through mineral-associated 
interactions (MOACMax)

• Carbon Deficit – The difference 
between the maximum (saturated) 
pool size of MAOC and the current 
pool size of MAOC (measured as 
percent saturation)

Carbon Saturation

Carbon Deficit



Carbon Saturation Thresholds are Unknown

• We have limited understanding of 

the total amount of carbon soils can 

store in the mineral-associated 

fraction

• We do NOT know carbon 

saturation thresholds for 

different soils

• Without an understanding of 

carbon saturation, we can’t 

measure the carbon deficit in 

a given soil



Differential Rates of  
MAOC Accrual for 
the Same Carbon 
Inputs

• The rate of MAOC accrual 
varies as a function of 
percent C saturation (or C 
deficit)

• Soils with a larger carbon 
deficit accumulate MAOC 
more quickly

• Soils with a lower carbon 
deficit accumulate MAOC 
more slowly



Differential Rates of  MAOC Accrual for the Same 
Carbon Inputs



Increasing Carbon Inputs DOES NOT Always 
Translate to Increases in SOC Stocks



Mineralogical and environmental 
constraints are not always equal

Maximum MAOC

• The maximum amount of 
MAOC a soil can store based on 
textural or mineralogical 
constraints
• Silt vs. clay content

• Iron oxides

Attainable MAOC

• The maximum amount of 
MAOC a soil can store based on 
environmental constraints
• Temperature

• Moisture

• pH

• Microbial activity and physiology

• Microbial community composition 
and structure

• Land management



Mineralogical and 
environmental 
constraints on C 
saturation are not 
always equal

Maximum Mineralogical MAOC

Attainable Environmental MAOC
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Can we monetize carbon sequestration?



POCUse of  total organic carbon 
is NOT sustainable for a 
Carbon Credit Model 

• Total organic carbon includes both 

particulate organic carbon (POC)  

and mineral-associated organic 

carbon (MAOC)

• Particulate organic carbon 

accumulates indefinitely

• Producers and ranchers could 

be paid indefinitely and 

increasingly for carbon added 

to soil that is not actually 

sequestered



Without understanding 
carbon saturation, we 
cannot equitably 
compensate producers 
and ranchers

• We cannot estimate carbon deficits

• If credits are based on MAOC 

accrual rates, then inequities will 

exist 

• Producers/ranchers closer to 

saturation will see slower 

accrual of MAOC, despite 

potentially having more 

sequestered carbon on their 

land



Can we monetize carbon sequestration?


