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Chemical Biological

Physical

Aggregates

Soil microbiome

Lesson 4. Managing soils for organic production: Theory and practice



Soil Health Institute

Soil organic matter
The most important soil health indicator from  the study 

UM’s Glenlea organic 
plots one of over 121 
long-term sites tested for 
30 soil health indicators
in 2018



Manure is a driver of soil C

Same grain yield



Naveed, M., Moldrup, P., Vogel, H.J., Lamandé, M., Wildenschild, D., Tuller, 
M. and de Jonge, L.W., 2014. Impact of long-term fertilization practice on soil 
structure evolution. Geoderma, 217, pp.181-189.
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Manure improves soil structure too



Morrow plots, University of Illinois.  Started 1876

Crop rotation is a driver of soil C



Krause, H.M., Stehle, B., Mayer, 
J., Mayer, M., Steffens, M., 
Mäder, P. and Fliessbach, A., 
2022. Biological soil quality and 
soil organic carbon change in 
biodynamic, organic, and 
conventional farming systems 
after 42 years. Agronomy for 
Sustainable 
Development, 42(6), pp.1-14.

DOK, Switzerland Organic is a driver of soil C



Cropping 

System

Total C

% (Microbial 

biomass C)

2Potentially 

mineralizable 

nitrogen

mg N/kg 

Inorganic 

P

Mg/kg

3Water 

stable 

aggregates

N-Acetyl β-

Glucosaminidase

mg pNP kg-1 soil 

hr-1

Phosphomonoesterase 

(alkaline buffer)

mg pNP kg-1 soil hr-1

Arylsulfatase 4AMF total 

colonization

Prairie 4.4 1(1750a) 114 b 18.2 a 87.3 a 127 406 ab 148.7 c 77.0

Grain only 

conventional
4.5 (1179c) 141 b 15.1 a 79 bc 148 370 b 132.9 c 32.3

Grain only 

organic
3.7 (1080d) 124 b 19.5 a 76 c 155 361 b 187.2 bc 49.7

Forage-grain 

conventional
3.9 (1476 b) 140 b 10.7 b 75.3 c 180 364 b 147.2 c 28.0

Forage-grain 

organic
4.2 (1648a) 135 b 5.3 c 80 bc 176 538 a 252.2 b 45.0

Forage-grain 

organic plus 

manure

4.5 (1718a) 189 a 16.5 a 82.6 a 184 561 a 327.9 a 35.7

P value 0.092 (0.0001) 0.0013 0.0001 0.0001 0.068 0.0024 0.0001 0.05 
5(0.001)*

Glenlea, Manitoba after 30 years



Soil organic 
matter 
(SOM)

How does this material become 
organic matter?

And, what is soil 
organic matter?



Soil organic 
matter 
(SOM)

How does this material become 
organic matter?

And, what is soil 
organic matter?

Understanding of organic matter, and
how plant material becomes long-term
soil organic matter has increased. New 
theories have been developed and they 
have been supported by new research. 

Diploma and degree students first watch this video:
https://source.colostate.edu/csu-study-proposes-new-
approach-to-retaining-soil-carbon/

Degree students also watch this video by Dr. Francesca 
Cotrufo as well:
https://www.youtube.com/watch?v=MgYzGWIt71s

https://source.colostate.edu/csu-study-proposes-new-approach-to-retaining-soil-carbon/
https://www.youtube.com/watch?v=MgYzGWIt71s


What is soil organic matter?



Two main soil organic matter pools:
• POM (particulate organic matter)
• MAOM (mineral associated organic matter)

Lavallee, J.M., Soong, J.L. and Cotrufo, M.F., 2020. Conceptualizing soil 
organic matter into particulate and mineral‐associated forms to address 
global change in the 21st century. Global Change Biology, 26(1), 
pp.261-273.



Two main soil organic matter pools:
• POM (particulate organic matter)

• Residue stabilized in soil aggregates

Lavallee, J.M., Soong, J.L. and Cotrufo, M.F., 2020. Conceptualizing soil 
organic matter into particulate and mineral‐associated forms to address 
global change in the 21st century. Global Change Biology, 26(1), 
pp.261-273.

Aggregates



Two main soil organic matter pools:
• POM (particulate organic matter)

Lavallee, J.M., Soong, J.L. and Cotrufo, M.F., 2020. Conceptualizing soil 
organic matter into particulate and mineral‐associated forms to address 
global change in the 21st century. Global Change Biology, 26(1), 
pp.261-273.

Important for nutrient 
cycling – which is super 
important in organic 
farming.



• MAOM (mineral associated organic matter)
• Dead microbial cells embedded in clay 

and silt particles
• This C long-term stable

Lavallee, J.M., Soong, J.L. and Cotrufo, M.F., 2020. Conceptualizing soil 
organic matter into particulate and mineral‐associated forms to address 
global change in the 21st century. Global Change Biology, 26(1), 
pp.261-273.



The soil microbiome is the 
“eye of the needle” as it controls

the amount and the efficiency of C
entering the MAOM 



MAOM consists of single molecules or microscopic fragments of organic 
material from two sources:
• Leached directly from plant material (dissolved organic matter), or
• Fresh plant material that has been chemically transformed by soil 

microbes

Dissolved 
organic matter 

MAOM

Forage-grain rotations at Glenlea had a
18% higher DOM than grain only rotation



Source:  Lavallee, J.M., Soong, J.L. and Cotrufo, M.F., 2020. Conceptualizing soil organic matter into particulate and 
mineral‐associated forms to address global change in the 21st century. Global Change Biology, 26(1), pp.261-273.



“There was no consistent indication that formation of 
MAOM occurred from the decomposition of POM, 
suggesting that MAOM and POM are formed by two 
separate pathways.”

Haddix, M.L., Gregorich, E.G., Helgason, B.L., Janzen, H., Ellert, B.H. and Cotrufo, M.F., 2020. 
Climate, carbon content, and soil texture control the independent formation and persistence 
of particulate and mineral-associated organic matter in soil. Geoderma, 363, p.114160.

?

POM to MAOM??



Soil C capture high on the agenda.



Tillage



Does tillage reversal (going from no-till to tilled) affect soil health?

Therefore, if tillage is part of the cropping system,
N additions are important.  In organic this means
adding legumes to the crop rotation.

Sun, L., Feng, Y., Dyck, M.F., Puurveen, D. and Chang, S.X., 2020. Tillage reversal did not reverse 
N fertilization enhanced C storage in a Black Chernozem and a Gray Luvisol. Geoderma, 370, 
p.114355.



Soil C capture high on the agenda.



The global warming wild card



“Our study demonstrates an overriding predominance of 
temperature in governing the rate of residue decay, superseding that 
of extreme differences in soil properties and moisture in temperate 
climates across southern Canada.”

Litter decay controlled by temperature, not soil properties, 
affecting future soil carbonEG Gregorich, H Janzen, BH Ellert, BL 
Helgason, B Qian, BJ Zebarth, ...
Global Change Biology 23 (4), 1725-1734

Increasing global temperature defeats 
soil C capture. 

Global 
temperature is 

increasing

https://scholar.google.ca/citations?view_op=view_citation&hl=en&user=Z8z0WEsAAAAJ&cstart=20&pagesize=80&sortby=pubdate&citation_for_view=Z8z0WEsAAAAJ:5nxA0vEk-isC


Rocci, K.S., Lavallee, J.M., Stewart, C.E. and Cotrufo, M.F., 2021. Soil 
organic carbon response to global environmental change depends on 
its distribution between mineral-associated and particulate organic 
matter: A meta-analysis. Science of The Total Environment, 793, 
p.148569.

Which C pool most 
vulnerable?



Soil warming more damaging 
that air temperature increases



Keep soil covered and cooler: Eg. Small grains in Ontario organic corn-soy system



Sweet clover green manure

Red clover green manure



The soil microbiome is the 
“eye of the needle” as it controls

the amount and the efficiency of C
entering the MAOM 

OK, back to the process of soil 
organic matter formation!



Evidence that soil microbial function can be enhanced 
in organically managed cropping systems

• DOK study in Switzerland, since 1987
• Kellogg study in Michigan, since 1988
• Century experiment, California, since 1992
• Glenlea study in Manitoba, since 1992
• AAFC Prairie studies (not organic)



Symbiosis between plants and fungus (not bacterial inoculants)



•AMF increase phosphorous uptake
•Up to 4 times (Karagiannidis and Hadjisava-Zinoviadi, 1998)
•Due to increases soil surface area explored
•P inflow into AMF 6x greater than into root hairs (Bolan, 1991)
•AMF can take over P acquisition from roots (Smith et al., 2003)

•AMF also increase Zn, Cu and other nutrients



Conventional                                  Organic

Mycorrhizal spore density and diversity (100g soil)
Welsh et al. 2006.  U of M Soil Science, unpublished.

Glenlea rotation



Cropping System 4AMF total 

colonization

Prairie 77.0

Grain only conventional 32.3

Grain only organic 49.7

Forage-grain conventional 28.0

Forage-grain organic 45.0

Forage-grain organic plus manure 35.7

P value 0.05 

Organic crops greater mycorrhizal association, which may 
explain some higher micronutrients in wheat seeds.

Turmel, M.S., Entz, M.H., Bamford, K. and Thiessen Martens, J.R., 2009. The influence of 
crop rotation on the mineral nutrient content of organic vs. conventionally produced 
wheat grain: Preliminary results from a long-term field study. Canadian Journal of Plant 
Science, 89(5), pp.915-919.



Conventional                                  Organic

Mycorrhizal increase “tillage resistance”



Soil pH



pH lower in Conv
Organic      7.46
Conventional 6.47

Li, R., Khafipour, E., Krause, D.O., Entz, M.H., de Kievit, T.R. 
and Fernando, W.D., 2012. Pyrosequencing reveals the 
influence of organic and conventional farming systems on 
bacterial communities. PloS one, 7(12), p.e51897.



• DOK study in Switzerland, since 1987
• Kellogg study in Michigan, since 1988
• Glenlea study in Manitoba, since 1992
• AAFC Prairie studies (not organic)

Organic systems maintain more neutral soil pH



Story telling time…



Kellogg Biological Station LTER, SW Michigan

Conventional:  corn-soy-wheat rotation
Organic:  corn-rye-soy-wheat-clover
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Kallenbach, C.M., Grandy, A.S., Frey, S.D. and Diefendorf, A.F., 2015. Microbial 
physiology and necromass regulate agricultural soil carbon accumulation. Soil Biology 

and Biochemistry, 91, pp.279-290.

Really!!!
How can fewer total C 
inputs result in more 
soil organic carbon?



Answer: Microbial Carbon Use Efficiency and Growth Rate is Higher in Organic
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Kallenbach, C.M., et al. 2015. Microbial physiology and 
necromass regulate agricultural soil carbon accumulation.
Soil Biology and Biochemistry, 91, pp.279-290.

Slide credit: Cynthia Kallenbach



Microbial Carbon Use Efficiency and Growth Rate is Higher in Organic
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Kallenbach, C.M., et al. 2015. Microbial physiology and 
necromass regulate agricultural soil carbon accumulation.
Soil Biology and Biochemistry, 91, pp.279-290.

Slide credit: Cynthia Kallenbach

Low carbon use efficiency 
– lots of slippage

High carbon use efficiency 
– no/less slippage



Microbial Carbon Use Efficiency and Growth Rate is Higher in Organic
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Kallenbach, C.M., et al. 2015. Microbial physiology and 
necromass regulate agricultural soil carbon accumulation.
Soil Biology and Biochemistry, 91, pp.279-290.

Slide credit: Cynthia Kallenbach



https://glten.org/experiments/161

Soil C efficiency at DOK Trial, Basel, Switzerland

Soil energy efficiency

https://glten.org/experiments/161


Krause, H.M., Stehle, B., Mayer, J., Mayer, M., Steffens, M., Mäder, P. 
and Fliessbach, A., 2022. Biological soil quality and soil organic carbon 
change in biodynamic, organic, and conventional farming systems 
after 42 years. Agronomy for Sustainable Development, 42(6), pp.1-
14.

Energy efficiency of soil – lower is better



Braman, S., Tenuta, M. and Entz, M.H., 2016. Selected soil biological parameters measured in 
the 19th year of a long term organic-conventional comparison study in Canada. Agriculture, 
Ecosystems & Environment, 233, pp.343-351.



Russell Ranch, UC Davis, California



Kong, A.Y. and Six, J., 2010. Tracing root vs. residue carbon into soils from conventional and alternative cropping systems. Soil Science Society of America 
Journal, 74(4), pp.1201-1210.

Kong and Six (2010) observed that carbon from a winter hairy vetch cover crop in a tomato-corn crop rotation in 
California was stored more efficiently in SOM under organic than conventional conditions. 

We know that soil microbes like root material better than shoot material.

More evidence that organically
managed soils have higher
carbon use efficiency



Provisioning: The soil as a 
source of nutrients for organic 
crop production



Glendining, M.J., Poulton, P.R., Powlson, 
D.S. and Jenkinson, D.S., 1997. Fate of 
15 N-labelled fertilizer applied to spring 
barley grown on soils of contrasting 
nutrient status. Plant and Soil, 195(1), 
pp.83-98.

Organic matter supplies N for crops: Provisioning



Cropping 

System

Total C

% (Microbial 

biomass C)

2Potentially 

mineralizable 

nitrogen

mg N/kg 

Inorganic 

P

Mg/kg

3Water 

stable 

aggregates

N-Acetyl β-

Glucosaminidase

mg pNP kg-1 soil 

hr-1

Phosphomonoesterase 

(alkaline buffer)

mg pNP kg-1 soil hr-1

Arylsulfatase 4AMF total 

colonization

Prairie 4.4 1(1750a) 114 b 18.2 a 87.3 a 127 406 ab 148.7 c 77.0

Grain only 

conventional
4.5 (1179c) 141 b 15.1 a 79 bc 148 370 b 132.9 c 32.3

Grain only 

organic
3.7 (1080d) 124 b 19.5 a 76 c 155 361 b 187.2 bc 49.7

Forage-grain 

conventional
3.9 (1476 b) 140 b 10.7 b 75.3 c 180 364 b 147.2 c 28.0

Forage-grain 

organic
4.2 (1648a) 135 b 5.3 c 80 bc 176 538 a 252.2 b 45.0

Forage-grain 

organic plus 

manure

4.5 (1718a) 189 a 16.5 a 82.6 a 184 561 a 327.9 a 35.7

P value 0.092 (0.0001) 0.0013 0.0001 0.0001 0.068 0.0024 0.0001 0.05 
5(0.001)*



Cropping 

System

Total C

% (Microbial 

biomass C)

2Potentially 
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nitrogen

mg N/kg 

Inorganic 

P

Mg/kg

3Water 

stable 

aggregates

N-Acetyl β-

Glucosaminidase

mg pNP kg-1 soil 

hr-1

Phosphomonoesterase 

(alkaline buffer)

mg pNP kg-1 soil hr-1

Arylsulfatase 4AMF total 

colonization

Prairie 4.4 1(1750a) 114 b 18.2 a 87.3 a 127 406 ab 148.7 c 77.0

Grain only 

conventional
4.5 (1179c) 141 b 15.1 a 79 bc 148 370 b 132.9 c 32.3

Grain only 

organic
3.7 (1080d) 124 b 19.5 a 76 c 155 361 b 187.2 bc 49.7

Forage-grain 

conventional
3.9 (1476 b) 140 b 10.7 b 75.3 c 180 364 b 147.2 c 28.0

Forage-grain 

organic
4.2 (1648a) 135 b 5.3 c 80 bc 176 538 a 252.2 b 45.0

Forage-grain 

organic plus 

manure

4.5 (1718a) 189 a 16.5 a 82.6 a 184 561 a 327.9 a 35.7

P value 0.092 (0.0001) 0.0013 0.0001 0.0001 0.068 0.0024 0.0001 0.05 
5(0.001)*

Lowest enzyme levels almost always in conventional systems



Soil Health Institute

One surprise in the data from 
across the region was that where 

grazing was included, SOM 
increased.



54

Franzluebbers et al. (2001) Soil Sci. 

Soc. Am. J. 65:834-841 

Soil C sequestration

(Mg ha-1 yr-1) (0-5 yr):

--------------------------------

Hayed              0.30

Unharvested   0.65

Grazed             1.40

Grazing 5 year Bermudagrass stand increased soil CGrazing



55

Grazing stimulates root C exudation

“Grazers stimulated aboveground, belowground, and whole-
grassland productivity by 21%, 35%, and 32%, respectively. 
Root production was stimulated seven times more (217 g/m2 ) 
than shoot production (30 g/m2 ), indicating that the major 
effect of herbivores in this system was a positive feedback on 
root growth.”

Frank, D.A., Kuns, M.M. and Guido, D.R., 2002. Consumer control of grassland 
plant production. Ecology, 83(3), pp.602-606.

Defoliation stimulated C exudation from roots by 1.5-fold, 
which concomitantly increased rhizospheric microbial biomass 
by the same factor. The facilitating effects of defoliation on 
rhizospheric processes resulted in positive feedback on soil 
inorganic N pools and leaf N content, which increased by 1.2-
and 1.5-fold respectively.

Hamilton III, E.W., Frank, D.A., Hinchey, P.M. and Murray, T.R., 2008. Defoliation 
induces root exudation and triggers positive rhizospheric feedbacks in a 
temperate grassland. Soil Biology and Biochemistry, 40(11), pp.2865-2873.



Deep-rooted perennials to add C to subsoil



“Greater increase in SOC at depth may be associated with a greater 
proliferation and turnover of fine roots at depth, or alternatively may reflect 
the movement down the profile of soluble C compounds from the roots as a 
result of the movement of water after heavy rainfall events”.

Ojeda, J.J., Caviglia, O.P. and Agnusdei, M.G., 2018. Vertical distribution of root biomass and soil carbon stocks in 
forage cropping systems. Plant and soil, 423(1-2), pp.175-191.





“The higher the plant growth, the more C is available for both harvest and replenishment of soil organic 
matter. One strategy, for example, is continued research toward greater use of perennial crops, including 
forages, which maintain photosynthesis for longer durations, and allocate more C to plant parts not subject 
to harvest and removal, notably in rooting systems (Glover et al., 2010). Where perennial systems are not 
feasible, their benefits can be mimicked by extending and enhancing photosynthesis through measures such 
as cover cropping, diversified cropping schemes, judicious crop nutrition, and promoting perennials in 
unharvested landscape areas (Asbjornsen et al., 2014; King and Blesh, 2018)”.



Keep soil covered and cooler: Eg. Small grains in Ontario organic corn-soy system

Thank you again for your attention. I am looking forward to tomorrow’s Q and A session
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To learn more about PODF: 

www.organicdevelopmentfund.org

For more organic production resources visit:

www.pivotandgrow.com
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