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Carbon is like Water and Oxygen, without it there is no life!



Outline

• Role of carbon in biological systems
• Process of capturing carbon
• Carbon as part of agroecology and farming systems 



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 in Soil

• Carbon based materials are the “glue” that form aggregates
• Carbon is the energy source for soil microbial activity
• Carbon is the foundation of soil formation 



Process of Capturing Carbon
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(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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Fig. 7. Rates of glucose mineralization in soil estimated based on 14CO2 or 13CO2

emission. These rates reflect the original glucose before its incorporation into microbial
products (See references in Supplementary).
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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, and 2-5% is in SOM



Sugar and Soil Organic Matter

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

1.5 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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Fig. 3. Cellulose and non-cellulose hexoses (Hex) and pentoses (Pen) depending on
SOM content. Solid lines reflect significant regressions (p < 0.05) (total hexoses and
pentoses); dashed lines reflect non-significant trends (non-cellulose hexoses and
pentoses). The insert shows the average content of total and non-cellulose hexoses (H)
and pentoses (P) in soils. The numbers on the columns represent the number of in-
dividual values for the average. Hexoses were calculated as a sum of glucose, galactose,
mannose, rhamnose and fucose. Pentoses were calculated as a sum ribose, arabinose
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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 



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)
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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)



Current 
Conventional 

Tillage 
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



Long Term Effects of Crop Rotations
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Agricultural systems have changed our soils and 
reduced our ability to support ecosystem services 

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 



Good Soils = Good Yields
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Variation in 
National 
Crop and 

Commodity 
Production 

Index 
(NCCPI)  

across the 
Midwest



Corn Yield 
Field Variation 
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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.



Indicators of Soil Change

• Microbial activity
• Organic matter changes
• Nutrient availability
• Aggregate stability
• Improved infiltration
• Water availability



Low Biological 
Activity

High Biological 
Activity

Low 
stability

High 
Stability

Slow infiltration, 
fast time to 

runoff
High infiltration,
Delays runoff 

Entrained 
material 

Unstable 
microclimate

Stable 
microclimate 

Fast infiltration, 
slow time to 

runoff

Assessing the 
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Role of different cropping systems

Limited time for input and 
losses due to tillage, 
losses equal the gains or 
exceed

Increased time for inputs into 
the soil volume with minimal 
loss due to soil disturbance

Estimate 25% of the available 
solar radiation in Ames, Iowa is 
in these shoulder periods



Continuous Cover and Soil Water

Attributes of soil health 
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



Variation in Yields

Iowa County Maize Yields
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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



Water Use Efficiency changes after 20 years of strip-till (Wayne 
Fredericks)
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What does this extra soil water mean?

• Have water available to provide a supply between rain events
• Alleviates the stress that reduces yield
• Stabilizes grain yields among years, less variation 
• Creates a climate-smart system of production 

Managing soil water will become the major challenge 
to enhance productivity and increase profitability 



Maintaining cover on the soil

• Reduces the temperature extremes in the upper soil surface 
• Maximum temperatures 85F vs 120-130F for a bare soil
• Destroy the biological activity in the soil with high temperatures above 104F 

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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Summary

• Increasing carbon storage in soil depends on
– Reducing the intensity of tillage operation 
– Maintaining continuous soil cover
– Continual supply of energy (carbon) into the soil

• Crop diversity
• Bio-based fertilizers



Challenges

• Understand and quantify the current state of your soils in terms of ROI (water, nutrients, inputs)
• Understand why variation is occurring within fields and a path toward improvement
• Adopt an approach of adaptive management and continuous improvement (implement, evaluate, 

tweak, evaluate, etc.) 
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