
PATHWAY TOWARD A 
HEALTHY AND RESILIENT 
SOIL TO ACHIEVE 
OPTIMUM PRODUCTIVITY 
AND ENVIRONMENTAL 
QUALITY

Cover Crops are Key



DEFINITIONS

Resilience- ability to recover from a stress

Optimum productivity- production that effectively utilizes the 
resources available from water, light, and nutrients

Environmental quality- state of water, soil, and air resources



FRAMEWORK

G x E x M

Water, Nutrient, and Light Use Efficiency

Soil Health





WATER OR NITROGEN USE 
EFFICIENCY

Water Used or Nitrogen Applied
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What assumptions do we make about efficiency?



SOIL HEALTH 
Soil health is a cornerstone to production, environmental quality, 
and economic return. 

The impact of soil health can be seen in the visible attributes of the 
soil 



OUTLINE

Soil Degradation 

Soil Health Processes

Cover Crops

Nutrient Management

Implications for Improved Crop Production Efficiency



SOIL DEGRADATION 
SPIRAL

Poor Land Management

Aggregation Degradation 

Compaction
& crusting

Water & Wind Erosion

Plant Growth Soil Biology

Yield

Reduced Soil 
Productivity



Carbon Balance of Midwestern 
Cropping Systems 

Typical corn-soybean 
production systems 
lose nearly 1000 
lbs/acre of carbon 
each year



INTENSIVE TILLAGE 

Reduces soil carbon in the upper surface

Leads to instability in the aggregates at the soil surface

Limits the potential infiltration of precipitation because of the 
lack of stable aggregates and exposure to direct impact of 
raindrops onto the soil surface



Paustian et al., 1997

Decrease in OM quantity
& changes in OM quality

Soil Organic Matter Changes over Time



SOYBEAN PRODUCTION FIELD
Early August Late August

Yield variability in a field comes from soils inability to supply 
water during grain-filling

65 bu/acre

25 bu/acre



ORGANIC MATTER AND SOIL 
WATER HOLDING CAPACITY
Hudson 1994 showed a direct 
relationship between organic 
matter and available water 
content 

Organic Matter (%)
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ORGANIC MATTER AND SOIL WATER

One question is how much organic matter enhance water availability

To address that question, consider that the upper 6 inches of soil has a mass of 
1,808, 322 lbs/acre and if organic matter can hold 10 times its weight in water then 
a change in 1% organic matter would increase the water by 22,644 gal/acre

A corn crop during grain-filling could use 4000 gal/day, an extra 1% organic matter 
would provide 5 more days of water for optimum productivity 



GOOD SOILS = GOOD YIELDS

Mean NCCPI
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Kentucky
(Double crop)Y = 131.187 + 187.458X. r2 = 0.72***

Soybean yields 
across Iowa, 
Kentucky, and 
Nebraska

Climate resilience is derived from good soils in rainfed agricultural systems



VARIATION IN NCCPI ACROSS THE 
MIDWEST



Variation of Water Holding 
Capacity within production fields



SOIL HEALTH 
PATHWAY
TO CHANGE SOIL HEALTH

FOOD 

WATER

AIR

SHELTER



Carbon          Water          Nitrogen

Key Processes
Photosynthesis               Precipitation            N Fixation
Respiration                        Evaporation             Mineralization
Org Matter decomp      Infiltration Denitrification
Plant decomposition     Runoff Plant decomposition

Percolation    

Soil surface

Solar Radiation

Cycles interact over time and space with different rates



COVER CROPS 



“Passive protective blanket” “Active protective blanket”



SURFACE TEMPERATURES
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
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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 for biological activity



STABLE MICROCLIMATE

Temperature profiles in the soil

Extremes in temperature limit the biological 
activity in the soil, induced by a dry soil



Continuous data being monitored: soil moisture, temperature,CO2, Soil O2

GROWTH CHAMBER EXPERIMENTS

Diameter =2 ft
Height =3.5 ft
Dry weight= 600lbs



Cover 
Crop Mix

Cover Crop 
Oats

No Cover 
Crop

No 
Cover 
Crop

Cover Crop 
Oats

Cover Crop 
Mix

Cover crops not only provide surface cover but can enhance soil biology, 
structure and production

GROWTH CHAMBER EXPERIMENT



GROWTH CHAMBER EXPERIMENTS
Soil CO2 Soil O2

ØHighest activity (soil CO2) observed in the cover crop
cocktail

ØHigher soil O2 concentrations observed in cover crop
systems with the cocktail being highest
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IMPACT OF COVER CROPS
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IMPACT OF COVER CROPS



Growth Chamber 1 Clarion soil
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Growth Chamber 1:  Mean Values from soybean harvest

Treatment Pod Dry Weight 
(g) # Seeds Seed Dry 

Weight (g)
Yield 

(bu/ac)

CC-Mix 23.5 91.0 17.5 37.0

CC-Oats 25.8 97.3 19.0 40.0

Control 17.6 70.2 12.8 27.0

IMPACT ON PRODUCTIVITY



LINKING THE FOUR R’S

Nitrogen
§ Right Rate
§ Right Time
§ Right Place
§ Right Form

Water
§ Revitalize-organic matter
§ Retain-infiltrate
§ Reduce-evaporation
§ Retrieve- transpiration 





SOIL HEALTH AND 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



SOIL HEALTH AND 
WATER

Attributes of soil health that impact water significantly are the focus 
on crop diversity and carbon supply into the soil

Cover crops and crop diversity provide the following advantages

§ First, continual supply of food for microbial populations

§ Second, supply of organic matter to create stable aggregates

§ Third, continual recycling of nutrients in the root volume that 
promotes better plant growth





CHANGES IN FIELDS



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
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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



INCREASING UNIFORMITY
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2005 Corn: Soil 761
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2017 Corn: Soil 761

Skewness -1.99
Kurtosis 2.21

Skewness -0.86
Kurtosis 7.91

Soil 761 Franklin silt loam



IMPLICATIONS 

The shifts from negative to 
positive skewness and 

increasing kurtosis tightens 
the distribution about the 

mean 

The more we shift to the 
right the greater the income 

in the field because we 
have less low yielding areas 

in the field, i.e., a greater 
portion of the field 

becomes a profit center



IMPLICATIONS 
OF THE 
CHANGES IN 
SOIL 

Yield is negatively correlated with April and May rainfall at the 
county level

Yield is positively correlated with July-September rainfall at the 
county level

Water use efficiency (corn)  Fredericks fields

§ 2004 3.9 bu/inch 2018 5.5 bu/inch  41% increase

§ 2005 5.3 bu/inch 2017 7.9 bu/inch   49% increase

Water use efficiency (soybean)

§ 2005 1.9 bu/inch  2017 2.4 bu/inch 26% increase

Profitability of the field will increase because the yields have 
become more uniform. 



CHANGES IN 
WATER USE 
EFFICIENCY

Soil is capable of storing
more water

Greater infiltration of rainfall 
events 

More resilient in the years 
with uneven distribution of 
rainfall

Reduction in the correlations 
with excessive spring and 
deficit summer rainfall

Increased ability to convert 
the soil water into grain



NUTRIENT MANAGEMENT

Enhancing soil health recycles nutrients (macro and 
micro)

Evidence for this is the leaf chlorophyll maintenance 
during the grain-filling period and duration of green 
leaf area (photosynthetic efficiency)

Effective use of nutrients is linked with water 
availability to the plant

The more we increase soil health, can decrease the 
inputs of nutrients



ENHANCING 
THE SOIL

To change the soil 
requires energy

For growth, 
requires excess 
energy above 
maintenance

Cover crops provide 
excess energy into 
the soil because we 
convert solar 
energy into 
carbohydrates 



QUESTIONS 

How much is carbon worth in the soil? 

What is more valuable, water or nutrients?

What is the upper limit on soil carbon? 

How do we have to change farming systems to become more 
efficient in the use of water, nutrients, and light? 



CONTACT INFORMATION

Jerry L. Hatfield

jerryhatfield67@gmail.com

515-509-5331

mailto:jerryhatfield67@gmail.com

