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Indicators of soil health 

are classified as 

physical, chemical & 

biological

Biological indicators are newest 

– and least verified 

Part I: Soil Health Conceptualizations



Soil health “indicators”

Biological indicators are newest – and least verified

• Permanganate oxidizable carbon* (POXC) / 

“active carbon”

• Enzyme activities

• C-cycling: β-glucosidase 

• N-cycling: aminopeptidase, N-acetyl-β-

glucosaminidase

• P-cycling: phosphatase 

• Aggregate stability

• Total soil organic carbon (SOC)

• Respiration  

*Neither carbon, nor active or labile



Redundant

Less sensitive

The “sensitivity” criterion





What we have (it’s a mess)



What we need





Economics of soil health: reduced inputs & increased yields?

Case study on 11 farms across Illinois
• 934 acres average

• 29% no-till and 43% reduced till

• 3% cover crops



$39.12/ac average

Economics of soil health: reduced inputs & increased yields?



What about soils functioning “better”? 

Decreasing fertilization costs by grid soil sampling and VRT and 

split N application are solid agronomic practices

….but that isn’t really “soil health” from the perspective of 
soils doing more for the crop  



What about the nutrient benefits of healthy soils? 

• In theory, greater soil health should translate to “doing more” 

• Related but different from soil health practice (e.g., reduced tillage, 

cover cropping) effects 



Part II: Soil health testing: indicators

Biological indicators are newest – and least verified

Common biological soil health indicators
• Permanganate oxidizable carbon* (POXC) / 

“active carbon” / “reactive carbon”

• Enzyme activities

• C-cycling: β-glucosidase 

• N-cycling: aminopeptidase, N-acetyl-β-

glucosaminidase

• P-cycling: phosphatase 

• Aggregate stability

• Total soil organic carbon (SOC)

• Respiration  

*Neither carbon, nor active or labile



• Arguably the ‘oldest’ and most widely used today to monitor soil health

• Recognized as a soil health indicator by USDA NRCS

Soil respiration: CO2 release

1919 1923



Principle: CO2 released by soil microbial activity 24 h after the soil has been 

dried and rewetted. Expressed as mg CO2-C per kg soil (ppm)

Pros Cons 

Microbial burps and exhalation: CO2 release

+ Simple

+ Relatively cheaper

+ Clear what we are 

measuring

+ Related to OM 

mineralization (N?) 

+ Can be highly 

sensitive 

– Not fully standardized

– High lab variability 

– Unclear how to 

interpret for nutrients 

– Likely high seasonal 

variability 

– Can be highly 

sensitive 



Synonyms
• Respiration

• 24 hour respiration

• Solvita test 

• Mineralization C

• Cmin

• CO2 burst

• CO2 evolution



What is a “good” value?

• Not (yet?) calibrated to outcomes 

of interest

• Will differ markedly by soil type, in 

particular texture and total OM

• Within a given clay/OM range, then 

differences are likely to be 

meaningful

Example of non-objective claims on value 

ranking of respiration

Crop 

phase

Respiration

 (mg kg-1)

CS 45.3

C-W/S 52.1

S-C 37.0

W/S-C 44.7

Example: Urbana crop rotation trial 

respiration values

Average 

≈45 mg kg-1 



Respiration values after 145 years of 

crop rotation × fertilization
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≈45 mg kg-1 

• Morrow Plots (est. 1876)



0-6”

6-12”

Cont. 

Corn

Corn-

Soybean
Corn-Oat-

Alfalfa

Respiration values after 145 years of 

crop rotation × fertilization
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• Morrow Plots (est. 1876)

• No difference in respiration values at 0-6” 

depth after nearly 1.5 century of crop rotation 

and fertility treatments
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• “trends” appear to 

be different

• Tracks with OM 

• Why not just 

measure OM?



Redundant

Less sensitive

The “sensitivity” criterion



• Long-term (>15 y) tillage experiments of 

varying mineralogy

• Maize-based cropping systems

• 0-6” depth

Example: sensitivity of indicators vs SOC to tillage

• Conventional tillage (CT) ⟶ chisel or 

moldboard

• No-tillage (NT)

• Synchronized in the maize-phase in the 

preceding year



Only one SHI more sensitive than SOC to tillage

All SHI but 

NAG and 

POXC were 

equally 

sensitive to 

tillage as SOC

• NAG twice as sensitive (2:1)

• POXC half as sensitive (1:2)



Permanganate-oxidizable “C” (POXC)

Lower POXC (mg/kg) = more purple permanganate remains unreacted



Principles of permanganate: reduction-oxidation (redox)

• Measure permanganate (MnO4
- = Mn7+) reduction 

• Critical assumption for converting what we measure to what we think we 

are measuring: 1 mol permanganate reduced = 9,000 mg C oxidized

Measure 

disappearance of 

this…

…to infer this
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How is POXC measured?

• Diversity of methods: at first, 0.33 M KMnO4 

• Recently, 20 mL of 0.02 M KMnO4 is used per 2.5 g or 5.0 g soil 

  

• Combine 2.5 g soil + 0.4 mmol permanganate

• Shake 2 min, let sit for 10 min

• Centrifuge (or not?)

• Absorbance of permanganate remaining measured at 550 nm



Weil et al 2003. Am. J. Altern. Agric. 18(1):3

Popularization of permanganate oxidation for “POXC” 

• Proposed in 2003 as an early indicator of total soil OM change 

• Positively correlated with total soil organic matter

• Rapid, inexpensive measure of OM?

• Can show differences by practices 



Culman et al 2012 SSSAJ 76:2

• Used wide range of soil types, 

ecosystems, and geographic areas (53 

sites, n = 1379) 

• POXC more closely related to smaller 

(53–250 μm) than larger POC fractions 

(250–2000 μm) 

• “indicating that it reflects a relatively 

processed pool of labile soil C”

The first claim of ‘labile’ carbon 
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2019 USDA NRCS Soil health “indicator”

• Recommended method for US 

national monitoring as an indicator of 

“microbially active soil organic 

carbon” (2019 No. 450-03)

• However, POXC is 
• Operationally defined

• Sensitive to methodological 

parameters, many of which are not 

standardized

• Difficult to interpret

• Literally: what is it? 

• No direct evidence of lability

• “more is better” 



How reproducible is POXC across labs?
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2019 USDA NRCS Soil health “indicator”

• Recommended method for US 

national monitoring as an indicator of 

“microbially active soil organic 

carbon” (2019 No. 450-03)

• However, POXC is 
• Operationally defined

• Sensitive to methodological 

parameters, many of which are not 

standardized

• Difficult to interpret

• Literally: what is it? 

• No direct evidence of lability

• “more is better” 



Problem 1: POXC is not “labile” or “active” carbon

• Different amounts of permanganate reduced by the 

same C mass depending on composition

• Permanganate highly sensitive to functional groups

• Permanganate preferentially oxidizes lignin, but not 

sugars (“microbial food”)

Woodings & Margenot 2023 Agricultural and 

Environmental Letters. 8(1): e20108..



Back to basics: redox reactions

• We are not measuring C oxidized 

• We are measuring permanganate reduced  

• Critical assumption for converting what we measure to what we think we are 

measuring: 1 mol permanganate reduced = 9,000 mg C oxidized

Do we see CO2 produced?

We measure 

disappearance of this
Mn4+ may not be the end 

state (may be Mn2+)



Problem 2: POXC is not even “carbon”: we cannot calculate it

Margenot & Woodings 2024 Agricultural and 

Environmental Letters. 9(1): e20124.

Current 

assumption

Partial oxidation 

of C

Full oxidation of 

Mn

Full oxidation of 

Mn and C



• “POXC” is not C

• Cannot be expressed as an amount of C oxidized (mg C kg-1 soil)

• Should be expressed operationally (which it is): MnO4
− reduced kg-1 soil

Implications of redox 



• Zero direct, causal evidence (e.g., 13C isotopic labeling) of POXC 

• Assumptions based on correlations

Culman et al 2012 SSSAJ 76:2

Problem 3: What “is” POXC? 



Part III: Developing actionable soil health testing: 
what do we need?



Do we need to test for a practice that we ‘know’ is good?

• Yes and no

• Soil health testing is “new” in at least four ways compared to traditional 

soil fertility testing
1. Not yet calibrated to an outcome of interest 

<26 ppm <18 ppm<24 ppm

Mallarino, 2003



Do we need to test for a practice that we ‘know’ is good?

• Yes and no

• Soil health testing is “new” in at least four ways compared to traditional 

soil fertility testing
1. Not yet calibrated to an outcome of interest 

2. Lower confidence in what we are actually measuring

3. Lower degree of standardization – and high variability



Do we need to test for a practice that we ‘know’ is good?

• Yes and no

• Soil health testing is “new” in at least four ways compared to traditional 

soil fertility testing
1. Not yet calibrated to an outcome of interest 

2. Lower confidence in what we are actually measuring

3. Lower degree of standardization – and high variability

4. One metric may be insufficient to capture the “thing of interest” 



Do we need to test for a practice that we ‘know’ is good?

• Risk: eat up ROI with expensive tests

• At $17-40/test, at 2 ac-grid, $8.50/ac 

to $20/ac cost 

• Consider: how would you change 

practice(s) based on results? 
• What is “your number”? 

• What is your direction? 

• Do you understand the variability enough 

to tell apart signal from noise? 

• Benefit:
• Track progress following practice change(s)

• Identify thresholds of change

• If linked to nutrient functions, inform 

fertilization decisions to save on inputs 



• Most soil health tests (“indicators”) are relabeled soil fertility/property tests

• Soil biology is a key aspect of the nutrient functions of soil health

• Growing interest with federal support of soil health indicators

• An evidence-based and actionable soil health testing approach remains 

lacking 

• Defining soil health is first needed before tests can be performed

• Key outcomes

V: Summary
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