
Carbon: The Currency 
for Soil Health
PATH TOWARD INCREASING PRODUCTIVITY AND 
PROFITABILITY



Value of soil

Wherever the soil is wasted the 
people are wasted. A poor soil 
produces only a poor people –
poor economically, poor spiritually 
and intellectually, poor physically. 

George Washington Carver, 1938



What do we need 
most in Agricultural 
Systems?

Carbon

Water

Nutrients 

Oxygen



CARBON IS LIKE 
WATER AND 
OXYGEN, 
WITHOUT IT 
THERE IS NO LIFE!



Carbon in Biological systems

Almost 20% of the 
weight of an organism 
is carbon

1
Foundation of all 
macromolecules, e.g., 
proteins, lipids, nucleic 
acids, carbohydrates

2
Ability to bond with 
different elements as 
part of the life

3



Carbon is energy
What do you eat if you want a quick burst of energy? 

OR



If we want soils to change, we have to invest 
carbon into them



Long Term Effects of Crop Rotations
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Univ. of Illinois Bull. 775, Urbana-Champaign, IL.
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TILLAGE AND CROP ROTATION EFFECTS ON SOIL CARBON
IN THE TOP 0-24 INCHES OVER 12 YEARS AT ISU FARMS

Ave SOC 
gain=0.22 
ton/acre/yr
. Ave SOC 

loss=-0.25 
ton/acre/yr.

Ave SOC 
gain=0.19 
ton/acre/yr. Ave SOC 

loss=-0.27 
ton/acre/yr.

Al-Kaisi, 2020
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GOOD SOILS = GOOD YIELDS

Mean NCCPI
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VARIATION 
IN NCCPI 
ACROSS THE 
CORN BELT

National Commodity Crop Productivity Index



CURRENT 
CROPPING 
SYSTEMS 
IN THE 
MIDWEST

• Losing carbon at the rate of 1000 lbs C/acre/year (8000 lbs
water/acre/year)

• If you farm 40 years, lost 20 tons of C 

• What we consider as proper management is slowly 
degrading our soils

• We have lost our ability to infiltrate, store, and make 
water available

• Created yield variation across fields because of limited 
soil water holding capacity



Process of capturing carbon
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SOIL 
PROCESSES

Source: A. Gunina, Y. 
Kuzyakov / Soil Biology & 
Biochemistry 90 (2015) 
87e100

(2010)). We therefore conclude that carbohydrate sorption in soil is
a minor of importance for their fate.

5.1.2. Leaching of carbohydrates from soil
Carbohydrates movement within and leaching from the soil

profile is possible with DOM. DOM contains mono-, di- and oligo-
saccharides (Kaiser and Kalbitz, 2012) in total concentrations of
2e3 mM (Fischer et al., 2010). Considering a water flux below the
root zone of about 200 mm per year, the carbohydrate losses by
leaching amount to about 480 mmol m!2, which is negligible
compared to their total input and microbial uptake (see below).

5.2. Biotic processes of carbohydrate utilization

5.2.1. Sugars uptake by plants
Plants are not only the primary source of carbohydrates, but also

can take them up (in the form of sugars) from soil solution. Sugar
uptake occurs from decomposed litter, microbial residues and SOM
as well as reuptake of sugars released by roots in the rhizosphere
(Kuzyakov and Jones, 2006).

Up to 50% of the glucose 14C may be taken up by plants from
sterile hydroponics (Jones and Darrah, 1992). In contrast, studies
under soil conditions showed that less than 1% of 14C from glucose
is taken up by roots (Kuzyakov and Jones, 2006; Biernath et al.,
2008). Such strong differences between hydroponics and soil con-
ditions reflect the absence of competition betweenmicroorganisms
and roots for sugar uptake in hydroponics (Kuzyakov and Jones,

2006). In contrast, uptake by microorganisms under soil condi-
tions is very fast and efficient. Accordingly, root uptake declines to a
minimum (<1%) (Biernath et al., 2008), which is not relevant for the
fate of sugars in soil.

5.2.2. Carbohydrate uptake and utilization by microorganisms
The most microbially available carbohydrates in soil are mono-,

di- and oligosaccharides, which originate from polysaccharides
after enzymatic hydrolysis (Cheshire, 1979; Blagodatskaya et al.,
2014). Besides the intracellular utilization by microorganisms,
exoenzymes can split and partly mineralize carbohydrates before
the uptake. The hypothesis is that exoenzymes function in soil
independently of the microorganisms (Maire et al., 2013). None-
theless, the specific mechanisms of exoenzyme reactions and
especially their persistence and relevance for sugars decomposition
still need to be clarified.

The rates of monosaccharide uptake by microorganisms range
from seconds to minutes (Jones and Murphy, 2007). This makes
microbial uptake by far the dominating process among all other
processes determining the fate of sugars in soils. Microbial utili-
zation of sugars includes three stages: 1) uptake, decomposition of
initial substance and mineralization the part of it to CO2, 2) incor-
poration of C into anabolism products and recycling within the
living MB, and 3) reuse of C from the components of microbial
residues (Fig. 6). The most rapid stage is the first one (seconds to
minutes) (Fig. 7), whereas the slowest is mineralization of microbial
residues (from months to years, Fig. 8). Based on the 2nd database,
we reviewed these three stages of sugar utilization and calculated
MRTof sugar C for each stage. Most of the estimations below reflect
process rates with glucose because only very few studies are
available about other sugars.

Correct estimation of sugar decomposition rates requires the
data on the sugar concentration remaining in soil solution (Coody
et al., 1986). Most studies, however, analyzed the 14CO2 or 13CO2
efflux, but not the remaining sugar in solution. Sugars are taken up
very fast by microorganisms (from seconds to minutes) and
decomposed immediately. We therefore estimated their minerali-
zation rates using the data on CO2 emission for the very short time
period after substance application. We used data on released 14CO2
or 13CO2 from added glucose only during the first 24 h (Fig. 7). Such
a short period enabled calculating the initial sugar decomposition

Fig. 6. Fate of sugars in soil. Primary (plant derived) and secondary (microbially
derived) inputs of sugars are presented. The importance of three recycling cycles is
underlined: internal recycling within microbial cells (in blue, the rates are within
seconds to minutes), short-term external recycling (in red, the rates are within weeks
to months) and long-term external recycling (in braun, the rates are within months to
years and decades). SOM: soil organic matter, DOM: dissolved organic carbon, PPP:
pentose phosphate pathway, CAC: citric acid cycle, H: hexoses, P: pentoses. Note that
the size of the boxes does not correspond to the amount of sugar C in the pools.
However, we tried to reflect the intensity of fluxes by the size of the arrows. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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ROOT EXUDATES

• 15-40% of photosynthetically fixed C is exuded from the roots

• Glucose is the most abundant of root exudates (40-50%) followed by fructose (23%), 
saccharose (23%) and ribose (8%)

• Estimated that 64-86% of C from roots goes to CO2 via microbial processes, and 2-5% 
is in SOM



SUGAR AND SOM

Source: A. Gunina, Y. Kuzyakov / Soil Biology & Biochemistry 90 (2015) 87e1001.5 times more glucose, rhamnose, ribose and fucose are ob-
tained from the soil by total sugar extraction versus extraction of
non-cellulose sugars (Fig. 4, top). In general, the amount of pen-
toses is comparable with the amount of all hexoses except glucose.
The highest amount of glucose compared to other sugars is
explained by its diverse origins: i) from the decomposed cellulose
of plant residues, ii) released by living roots, and iii) synthesized by

microorganisms. The same sugars are dominated in the hot-water
extracts, but the content is 10e20 times lower than in total
sugars. Cold-water extracts 10 times less sugars than hot water
without any preference for distinct sugars (Fig. 4, bottom).

4.2.3. Plant and microbial origin of sugars in soil
The mixing of various sugar sources in soil makes it difficult to

determine whether their origin is from plants or from microor-
ganisms. Microorganisms synthesize mainly hexoses (glucose,
mannose, galactose) (Oades, 1984). Pentoses, especially arabinose
and xylose, are not synthesized by microorganisms in relevant
amounts (except by the low-temperature yeasts) and are present
mostly in plant residues (Cheshire et al., 1990). Therefore, the ratio
GM/AX is used to identify the origin of carbohydrates in soil. The
GM/AX ratio for non-cellulose sugars in soil varies from 0.5 to 2,
whereas values <0.5 are common for plant polysaccharides, and >2
is typical for microbial polysaccharides (Oades, 1984). This ratio
showed that hot-water extractable sugars mainly originate from
microorganisms (Haynes and Francis, 1993), whereas NaOH-
extractable sugars are from plant litter (Ball et al., 1996).

Evaluation of the first database showed the lowest GM/AX ratio
(calculated for non-cellulose sugars) in soils under grasses and the
highest under trees (Fig. 5). This ratio for the green leaves of trees
ranges from 0.5 to 1.4, and consist 0.09 and 0.5 for grasses and
crops, respectively (Fig. 5). Thus, the high GM/AX ratio in forest soils
is not due to a high contribution of sugars of microbial origin as
supposed earlier, but reflects the high hexose content in the tree
litter (mainly mannans). In contrast, the low ratio points to a higher
input of microbial than plant residues to sugar accumulation in soils
under crops and grasses. Nonetheless, a high portion of galactose in
some crops and grasses (corn and bromegrass) have been reported
(Angers and Mehuys, 1990). This can also lead to overestimation of
the microbial sugars within the SOM. To overcome these un-
certainties, the mannose/arabinose þ xylose (Angers and Mehuys,
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FATE OF 
SUGARS 
IN THE 
SOIL

• Monomers- short-term
• Polysaccharides – long-term (clay particles)
• Glucoproteins – bind mineral and organic particles to soil 

aggregates  

Aggregate formation (natural glue)

C increases (sequestration)

Maintenance of microbial activity and function 



Texture – clay content

Microorganisms/fauna

Land use and management

Vegetation

Climate

Topography

Soil physico-chemistry

Parent material

Relative ranking of SOC storage  drivers

After Fig. 1 Wiesmeier, M., Urbanski, L., Hobley, et 
al., 2019. Soil organic carbon storage as a key 
function of soils - A review of drivers and indicators 
at various scales. Geoderma, 333: 149–162.



RENGERATIVE 
PATHWAY

• TO SUSTAIN BIOLOGICAL ACTIVITY
• FOOD 
• WATER
• AIR
• SHELTER



WHAT IS 
THE VALUE 
OF CARBON?



WHAT IS THE 
MOST LIMITING 
FACTOR IN CROP 
PRODUCTION?



HOW DOES WATER AND CARBON 
FIT TOGETHER? 



SOILS, CARBON, AND WATER 
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Organic Matter Effects on Available Water Capacity

Silt loam

OM increase from 1% to 4.5%
AWC doubles!

5.7% 22.9% (% by Vol.)

Data from Soil Survey Investigation Reports
(surface horizons only)

  - Sands: FL (n = 20)
  - Silt loams: IA, WI, MN, KS (n = 18)
  - Silty clay loams: IA, WI, MN, KS (n = 21)

Sands    AWC = 3.8 + 2.2 (OM) 
   r2 = 0.79

Silt loams    AWC = 9.2 + 3.7(OM)
         r2 = 0.58

Silty clay loams  AWC = 6.3 + 2.8 (OM)
     r2 = 0.76

Hudson, B. D. 1994. Soil organic matter and available
water capacity. J. Soil Water Conserv. 49(2):189-194.



AGRICULTURAL SYSTEMS 
HAVE CHANGED OUR SOILS

Removed organic matter 
through tillage 

Cropping practices that 
limit return of carbon to the 
soil 

Reduced the functionality 
of soils and increased 
reliance on external inputs 

Increased erosion rates 
and increased soil 
degradation 



HOW DO WE 
RESTORE SOIL 

PRODUCTIVITY? 



PRINCIPLES OF 
REGENERATIVE 
AGRICULTURE

• Maintaining Soil Armor (crop residue).
• Minimizing Soil Disturbance (less tillage).

• Maintaining Continual Living Plant Roots 
(continual input of energy to the soil microbial 
system).

• Adding Planting Diversity (diversity pays).
• Integrating Livestock (incorporation of carbon 

and nutrients).
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EXAMPLE OF ENERGY INPUTS 
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Soil Carbon = “Living Roots” + “Living Soil”

1. Corn - root-derived C 1.5X > shoot-derived C in SOM
(Balesdent & Balabane, 1996)  

2.    Hairy vetch - 50% roots remain, 13% shoots remain at end of season, ~ 3.8X more root-
derived C
 (Puget & Drinkwater, 2001)

3. 6 crops - root-derived C was ~ 2.3X > than shoot-derived C
 (Katterer et al., 2011) 

4.   6 crops - root-derived C ~ 5X > shoot-derived C for SOM
(Table 1, Jackson et al., 2017)

5. Root-derived C was 2.4 times shoot-derived C for SOM 
(Raase et al., 2005)



SOILS CHANGE 
RAPIDLY 

• Transition of a field from conventional tillage to no-till with a cover 
crop showed a rapid change in aggregates and microbial biomass

• The conversion occurred in the fall of 2016 and within one year, there 
was a doubling of the microbial biomass in the upper soil surface(0-6 
in)



Maintaining 
soil armor

Attributes of regenerative agriculture that 
impact water significantly are the focus on 
continual cover of the soil

Continual cover provides three 
advantages for soil water

• First, protection against raindrop energy so soil 
aggregates are protected and infiltration rates are 
maintained

• Second, soil water evaporation is reduced so water 
is used by the plant for transpiration

• Third, plant roots are near the surface so take 
advantage of small rainfall events



Maintaining 
soil armor  

• Attributes of regenerative 
agriculture that impact soil 
microclimate significantly are the 
focus on continual cover of the soil

• Continual soil cover
• Reduces temperature extremes
• Maintains the temperature in an 

optimal range for microbial 
activity 



Surface temperatures under conventional 
tillage systems

O’BRIEN AND HATFIELD 3 of 5

F I G U R E 1 Daily maximum soil surface temperatures recorded between day of year 75 and day of year 165 under corn and soybean
production near Ames, IA, from 2007 to 2018. Temperatures above 40◦C are shown on a red background, which indicates temperatures surpassing
the threshold above which corn growth rapidly declines. Corn planting date is indicated by an arrow on the x-axis for each year.

temperatures (i.e., >42◦C) at a series of growth stages resulted
in reduced soybean pod production.

Figure 2 shows the cumulative number of hours above a
40◦C threshold from the same fields described above and in
Figure 1. It suggests that heat stress has the potential to mean-
ingfully affect plant development, although further research is
required to fully understand the relationship between cumu-
lative hours above a given threshold (e.g., 40◦C) and crop
development. Beyond direct effects to the crop, soil biologi-
cal communities and activities are also influenced, as demon-

strated by increases in respiration as soil temperature rises
(Parkin & Kaspar, 2003). Sustained levels of increased respi-
ration have potential to deplete soil C stocks, which are critical
in the formation and stability of soil aggregates (Six, Bossuyt,
Degryze, & Denef, 2004). Further, pathogen pressure can also
increase under higher soil surface temperatures, especially in
relation to cumulative exposure to higher temperatures (Orr
et al., 1997).

While heat stress may inhibit crop growth, the moisture
stress caused by greater evaporative demand under increased

4 of 5 O’BRIEN AND HATFIELD

F I G U R E 2 Yearly cumulative hours with soil surface
temperatures above 40◦C recorded from day of year 75 through
DOY 165 under corn and soybean production near Ames, IA, from
2007 to 2018

temperatures may be even more harmful (Carter, Melko-
nian, Riha, & Shaw, 2016; Kerridge, Hornbuckle, Christen, &
Faulkner, 2013). Soil surface temperature is typically reduced
under high soil water contents, as rainfall or irrigation may
moderate extreme temperatures (Ham & Senock, 1992; Ker-
ridge et al., 2013) because more energy is partitioned into
evaporating water than heating the soil (O’Brien & Daigh,
2019). Nonetheless, the effects of water stress on crop devel-
opment may be buffered since it occurs so early in the growing
season. At the hottest point, usually between DOY 130 and
160, which usually corresponded to corn stage V6 or earlier
or soybean stage V3 or earlier, relative water demand for corn
and soybean is very low (Kukal & Irmak, 2020). Additionally,
during the early growth stages, the resource pool in the seed
meets nearly the entire demand of the young plant. Thus, alter-
ing water and nutrient availability in the soil may not imme-
diately hinder initial plant development. By the time that the
plant has grown enough to depend on the soil resources, the
development of a partial-to-full canopy protects the soil from
extreme temperature shifts. However, the impacts of deple-
tion of long-term resources, especially soil water, during this
period to long-term yield trends have not been investigated.
One possible avenue for future research is to quantify the
effects of stress conditions during this period of early plant
development on phenological development and grain yield.

4 IMPLICATIONS FOR
AGRONOMIC MANAGEMENT

The direct effects of extreme soil surface temperatures may
typically be felt only during the period between establishment
and canopy closure, but high temperatures during that time
may be an indicator of other undesirable processes. For exam-
ple, higher surface temperatures typically occur after pro-

longed exposure of bare soil than under some residue (Azooz
et al., 1997; Gupta, Larson, & Linden, 1983), and bare soil
is more prone to erosion, both via wind and water. Without
any interception or protection by vegetation, heavy rainfall
events can stress soil aggregates and lead to surface sealing
that reduces infiltration and makes the soil more susceptible
to erosion (Ramos, Nacci, & Pla, 2003). Similarly, prolonged
high temperatures in soils indicates that soil microbial activity
will be enhanced (Parkin & Kaspar, 2003). In soils with little
to no residue input, microorganisms use soil organic matter for
energy, thereby reducing long-term soil C levels. Finally, high
soil surface temperatures may be an indicator of decreased
resource transfer down into the profile, such as energy and
water (Ramos et al., 2003; Sindelar et al., 2019), so that they
may not reach a zone accessible to the plant.

Neither tillage nor residue removal is inherently a bad man-
agement strategy; however, implementing either of them does
have risks. We contend that extreme soil surface tempera-
tures may be a good indicator of those risks and that these
temperatures should be monitored throughout the early grow-
ing season to determine the true effects of these management
practices. Monitoring surface temperatures is a useful tool for
producers because it is a relatively simple parameter to mea-
sure that relates to water transport, C balances, and soil ero-
sion, although future research should continue to elucidate
that relationship. Clearly, any management decision will have
trade-offs, and the goal of this commentary is not to argue that
exposing bare soil to extreme surface temperatures is always
a negative practice. Rather, we want producers to consider the
benefits and consequences of these management practices on
systemwide processes. Notably, management practices such
as tillage, residue management, crop selection, and row spac-
ing are not binary. Numerous options are available to produc-
ers, and decisions should be made on a site-specific basis.
Nonetheless, producers should be cognizant that extreme soil
surface temperatures are not an isolated problem; rather, they
are a symptom of agronomic systems that may be at risk for
soil water depletion, soil C losses, and crop heat stress.
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Typical conventional systems are exposed to temperatures 
above lethal limits (40 C or 104 F) for biological activity
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Before 
Primary 
Tillage

After 
Primary 
Tillage

After 
Secondary 
Tillage

CO2 loss CO2 loss

Intensive tillage “disrupts the biology” in 
the soil. It cuts, slices, and dices  the soil 
and blend’s, mixes, and inverts the soil 
creating havoc for the soil biology (fauna).

Courtesy of Don Reicosky



Functions of Soil-
Agriculture

• Provide support for plants
• Serve as a water reservoir 
• Nutrient source for plants
• Carbon cycling 
• Efficient gas exchange
• Decomposition of pesticides, 

antibiotics



Case study from Wayne Fredericks 
19 years as conventional farmer



CHANGES AT WAYNE FREDERICKS

No-till soybeans in 1992

1992

Strip-till corn in 2003

2003

Cover crops beginning in 2010, over all fields in 2012

2012





DATA

•Soil organic matter samples in fields
•Yield monitor data
•Weather data 
•Mitchell county yield data

Availability

•Soil organic matter changes
•Field vs county level yields
•Field uniformity of yield
•Weather resilience

Analysis



~ 2.5% Increase over 25 years
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INCREASING UNIFORMITY IN 
FIELDS

0.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

0

50

100

150

200

250

12 36 60 84 10
8

13
2

15
6

18
0

20
4

22
8

25
2

27
6

30
0

32
4

34
8

M
or

e

Cu
m

ul
at

iv
e 

Pe
rc

en
t

Fr
eq

ue
nc

y

Yield (bu/ac)

2018 Corn: Soil 394
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2004 Corn: Soil 394
Skewness  -1.01
Kurtosis 2.30

Skewness 0.19
Kurtosis 4.48

Soil 394 Ostrander loam
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2005 Corn: Soil 761

Soil 761 Franklin silt loam
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2017 Corn: Soil 761

Skewness -1.99
Kurtosis 2.21

Skewness -0.86
Kurtosis 7.91



WATER USE EFFICIENCY
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Mitchell County Wayne

Yield stability among years, less variation 
among years, standard deviation in yields 
half of conventional tillage 

Increased water use efficiency in terms of 
grain produced per unit of seasonal rainfall, 
increases in corn of nearly 50%

Broke the correlation between April-May 
rainfall and low yields, and July-August 
rainfall and high yields



CHANGES IN N RESPONSE 
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With enhanced soil organic carbon and more 
water available the N requirements have 
decreased 



WHAT IS EXTRA CARBON WORTH?

• Machinery costs - $44.OO per acre

• Labor savings - $27.00 per acre

• P and K fertilizer - $9.00 per acre

• N fertilizer - $30.00 per acre

• Increased profit - $100.00 per acre



WHAT DO WE NEED TO 
UNDERSTAND?



PROCESS OF CHANGE

Water Carbon Nitrogen

Regenerative practices affect water availability, then carbon, then nitrogen

Days                         Weeks                        Months



SOIL WATER AND SOIL CARBON
Increase soil water

Decrease plant stress

Increase plant growth

Increase carbon input to 
soil volume

Increase soil 
water storage

Increase ROI

Increase microbial 
activity and nutrient 
cycling 



SOIL HEALTH 
PATHWAY

• TO CHANGE SOIL CARBON 

• FOOD 

• WATER

• AIR

• SHELTER



C
“Static”  “Active”

C

Is it C “sequestration” or is it C “cycling”?
C 

sequestration 
C 

cycling

Carbon cycling is carbon 
in transition fueling 
ecosystem services.

Sequestered carbon is 
energy stored for use at 
sometime in the future.

Agricultural carbon 
management reflects both 

processes

Stored energy Useful energy

Janzen, H.H.  2006.The soil carbon dilemma: Shall we hoard it or use 
it? Soil Biology and Biochemistry, Volume 389 (3):419-424.

Our Carbon Conundrum!



CHALLENGES AND 
OPPORTUNITIES
• Agriculture is best understood in the Genetics x Environment x Management 

(G x E x M) framework

• Continue to evaluate and implement practices that increase the value of our 
soils and create resilience in our cropping systems

• Understand the dynamics of management practices that enhance the soil 
and that there is no single answer or practice

• Need to begin to think and act holistically to achieve multiple goals: 
production, profitability, environmental quality, and farming satisfaction

• Develop communities of producers to share experiences, successes, failures, 
and learning

• Opportunity exists for agriculture to meet the demands of the future through 
our ability to be innovators and revolutionaries



CONTACT

Jerry L. Hatfield

Retired USDA-ARS Plant 
Physiologist/Laboratory Director

jerryhatfield67@gmail.com

515-509-5331

mailto:jerryhatfield67@gmail.com

