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Take-home points

1. Changes in farm practices may (or may not) influence soil organic 
carbon content

2. Even when carbon content doesn’t change, farmers and the 
environment can strongly benefit from diversified cropping systems

3. Despite the “buzz” around soil carbon, we should assess 
environmental benefits of farming practices from a holistic 
perspective



Context:
A new spotlight on agricultural soil management

as a climate solution
• Billions of dollars in funding is now directed at soil management to 

“sequester” carbon 
• Need to constrain these markets with sound science
• Need to consider how soil carbon relates to farm management and 

broader environmental issues

Plastina 2022: The US Voluntary Agricultural Carbon Market



Questions for you:

• How many of you have measured any of the following at your 
farm:
• Soil organic matter
• Soil carbon
• Soil organic carbon

• Caution: these are not equivalent measurements
• What about potentially mineralizable carbon?
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Questions for you:

• How many of you have measured any of the following at your 
farm:
• Soil organic matter
• Soil carbon
• Soil organic carbon

• Caution: these are not necessarily equivalent measurements
• What about potentially mineralizable carbon or soil respiration?



Defining some terms
• Soil organic matter (SOM): material produced by living organisms 

(mostly plants and microbes)
• Method: typically measured by burning a soil sample and measuring 

change in mass
• Benefits: 

• Inexpensive
• Useful for comparing soils over time, or within a region (with similar mineralogy)

• Cautions: 
• Influenced by mineral composition
• Not a direct measure of carbon
• Measurements often not comparable among labs (different combustion temperatures)
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Defining some terms
• Soil carbon: includes carbon in soil organic matter (SOC), and 

possible inorganic carbon (carbonate minerals)
• Method: typically measured by dry combustion
• Benefits: 

• Equivalent to SOC if no carbonate is present
• SOC is what we typically care about from a climate and soil health perspective

• Cautions: 
• Measurements can be expensive
• Need to test whether carbonate is present, and remove it or measure it

• pH < 7, carbonate is unlikely (unless lime was recently applied)
• pH >7, carbonate is possible
• pH > 7.5, carbonate is likely

• Accounting for carbonate is controversial even in the soil research community
• Dealing with carbonate is an underappreciated challenge for commercial labs
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Take-home points

1. Changes in farm practices may (or may not) influence soil organic 
carbon content

2. Even when carbon content doesn’t change, farmers and the 
environment can strongly benefit from diversified cropping systems

3. Despite the enormous “buzz” around soil carbon, we should assess 
environmental benefits of farming practices from a holistic 
perspective



Questions for you:

• How much do you expect SOC to increase in a conventional 
corn/soybean system following adoption of:
• A winter rye cover crop
• No-till management

• Please express your answer as an annual percent change from 
the initial soil carbon value 



SOC often increases with cover crops

McClelland et al. 2021,
Ecol Appl

• Summary of SOC change (0-30 cm) with cover crops (any species), at global scale

Data management and collection

For each publication, we recorded environmental and
management data expected to explain variation in SOC
response (Table 1). If data were unavailable directly from
the publication, we derived this information from other
published databases or contacted authors for missing
data. When data were not provided in tables, we used the
software program DataThief (DataThief III, v. 1.7;
Tummers 2006) to extract values from figures.

Climate.—We collected the historical (i.e., 30-yr mean)
mean annual precipitation (MAP) and mean annual
temperature (MAT) when reported in the publication. If
these data were unavailable, we estimated historical
MAP and MAT data from the PRISM Climate Data
(PRISM Climate Group 2019) using site coordinates
from U.S. publications. For international sites, we used
the World Clim 2 data set to derive historical MAP and
MAT data at 4.5-km2 resolution (Fick and Hijmans
2017). These data along with site coordinates were used
to delineate each experimental site into a thermal zone
under the FAO Agro-ecological Zone (AEZ) approach
(Fischer et al. 2000) via the GAEZ database, version
3.0.1. All publications included in the analysis were from
countries within the temperate zone (23.5° to 66.5° north
and south of the equator). However, some experiments
within these countries occurred in climates defined
under FAOAEZ as subtropical or tropical.

Cropping system.—Cropping system management data
included main cash crop(s), system type, and tillage.
Because of the diversity of cash crop types, we grouped
them into three groups: continuous annual, multi-crop
annual, or perennial. The continuous annual category
included annual cash crops grown as the same monocul-
ture crop each year (i.e., continuous corn rotation).
Multi-crop annuals included a rotation of two or more
cash crops and perennial systems included vineyards and
bioenergy crops. Cover crops in these systems were
planted either between rows or between furrows of the
perennial plants, respectively. Management system was
defined as either conventional or organic. Tillage was
divided into three intensity classes as defined by each
publication: conventional, reduced, and no-tillage.

Cover crop management.—The primary goal of this
meta-analysis was to understand the influence of cover
crop management on soil carbon response. Cover crop
treatments were separated into groups of legume, non-
legume, or a mixture of legumes and non-legumes. These
typologies were further subdivided into functional types
of grasses, legumes, mixtures (any combination of grass,
legume, and brassica cover crops), or other (brassica or
other functional type). Cover crops were also delineated
into monoculture, biculture, or polyculture (three or
more species). We treated cover crop biomass and C:N
ratios as categorical variables. Cover crop biomass was
divided into three groups: <3, 3–7, >7 Mg!ha−1!yr−1.

FIG. 1. Map of publications included in our analysis of soil organic carbon (SOC) response to cover crop management. The
analysis included six countries from three continents. The number of observations from each experimental site is indicated by the
size of each circle on the map.
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SOC often increases with cover crops
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relative to overwintering (8%) and summer cover crops
(7%). However, there were relatively few observations for
all growing window categories except for overwinter,
and, thus, these results should be interpreted with some
caution.
Cover crop biomass production also had a significant

influence on SOC response (P = 0.009). While all
levels of cover crop biomass increased SOC, SOC
response under high cover crop biomass production
(>7 Mg!ha−1!yr−1) was 30% (Fig. 3c, Table 2), which
was almost 20% greater than low (12%) or moderate
(11%) cover crop biomass production. There were no
differences in SOC response between the low and moder-
ate cover crop biomass production categories.
Among the cropping system moderators, cash crop

rotation (P = 0.035) and tillage (P = 0.051) predicted
SOC response under cover cropping. Despite a small
number of observations, perennial crop rotations (35%
increase in SOC) had 27% and 23% higher SOC
response to cover cropping relative to both continuous
annual and multi-crop annual systems, respectively
(Table 2). There was no difference between either of the
annual cash crop rotations. Across the different levels of
tillage, systems managed with no-till had higher mean
percent change than conventional tillage (16% vs. 9%,
respectively), but there were no differences between no-
till and reduced tillage or conventional tillage and
reduced tillage (Table 2). Farm system type (conven-
tional vs. organic) and “time since introduction” (Fig. 4)

did not explain a significant proportion of the variation
in SOC response.
Several environmental moderators were also good pre-

dictors of SOC response. Higher clay content soils
(≥20% clay) demonstrated greater SOC response relative
to lower (<20%) clay content soils (P = 0.009; Table 2).
Across the AEZ moderator (P = 0.030), temperate cool
climates exhibited between 10% and 21% lower mean
SOC percent change relative to both levels of subtropical
climate, but there were no differences across any of the
other levels of the AEZ moderator (Table 2; Fig. 4a).
But, like some of the other moderators, these results
should be interpreted cautiously given the small sample
size of observations in subtropical-cool and tropical-
warm levels of AEZ.
The individual moderators that were strong predictors

of SOC response (P < 0.05), including growing window,
cover crop biomass, cash crop rotation, tillage, AEZ,
and percent clay, were integrated into a full model.
Together, these moderators explained 69% of the total
variation in SOC response (P < 0.0001). In the full
model, growing window, cover crop biomass, and clay
texture were significant predictors of SOC response to
cover cropping. However, there were important interac-
tions between some of these predictors.

Interactions between moderators on soil organic car-
bon.—Because cover crop growing window was the best
predictor in the individual moderator analyses

FIG. 2. The (a) natural log of response ratios (lnRR) and (b) publication bias across the 181 observations in the data set. A pos-
itive lnRR indicates that cover crops increased soil organic carbon (SOC) to a depth of 0–30 cm relative to a no cover crop control.
The dotted black line represents the average lnRR across all studies, and the blue dashed lines represent the lower and upper 95%
confidence interval of the average lnRR. A normally distributed histogram indicates a lack of publication bias in the data set.
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• Summary of SOC change (0-30 cm) with cover crops (any species), at global scale

Data management and collection

For each publication, we recorded environmental and
management data expected to explain variation in SOC
response (Table 1). If data were unavailable directly from
the publication, we derived this information from other
published databases or contacted authors for missing
data. When data were not provided in tables, we used the
software program DataThief (DataThief III, v. 1.7;
Tummers 2006) to extract values from figures.

Climate.—We collected the historical (i.e., 30-yr mean)
mean annual precipitation (MAP) and mean annual
temperature (MAT) when reported in the publication. If
these data were unavailable, we estimated historical
MAP and MAT data from the PRISM Climate Data
(PRISM Climate Group 2019) using site coordinates
from U.S. publications. For international sites, we used
the World Clim 2 data set to derive historical MAP and
MAT data at 4.5-km2 resolution (Fick and Hijmans
2017). These data along with site coordinates were used
to delineate each experimental site into a thermal zone
under the FAO Agro-ecological Zone (AEZ) approach
(Fischer et al. 2000) via the GAEZ database, version
3.0.1. All publications included in the analysis were from
countries within the temperate zone (23.5° to 66.5° north
and south of the equator). However, some experiments
within these countries occurred in climates defined
under FAOAEZ as subtropical or tropical.

Cropping system.—Cropping system management data
included main cash crop(s), system type, and tillage.
Because of the diversity of cash crop types, we grouped
them into three groups: continuous annual, multi-crop
annual, or perennial. The continuous annual category
included annual cash crops grown as the same monocul-
ture crop each year (i.e., continuous corn rotation).
Multi-crop annuals included a rotation of two or more
cash crops and perennial systems included vineyards and
bioenergy crops. Cover crops in these systems were
planted either between rows or between furrows of the
perennial plants, respectively. Management system was
defined as either conventional or organic. Tillage was
divided into three intensity classes as defined by each
publication: conventional, reduced, and no-tillage.

Cover crop management.—The primary goal of this
meta-analysis was to understand the influence of cover
crop management on soil carbon response. Cover crop
treatments were separated into groups of legume, non-
legume, or a mixture of legumes and non-legumes. These
typologies were further subdivided into functional types
of grasses, legumes, mixtures (any combination of grass,
legume, and brassica cover crops), or other (brassica or
other functional type). Cover crops were also delineated
into monoculture, biculture, or polyculture (three or
more species). We treated cover crop biomass and C:N
ratios as categorical variables. Cover crop biomass was
divided into three groups: <3, 3–7, >7 Mg!ha−1!yr−1.

FIG. 1. Map of publications included in our analysis of soil organic carbon (SOC) response to cover crop management. The
analysis included six countries from three continents. The number of observations from each experimental site is indicated by the
size of each circle on the map.
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relative to overwintering (8%) and summer cover crops
(7%). However, there were relatively few observations for
all growing window categories except for overwinter,
and, thus, these results should be interpreted with some
caution.
Cover crop biomass production also had a significant

influence on SOC response (P = 0.009). While all
levels of cover crop biomass increased SOC, SOC
response under high cover crop biomass production
(>7 Mg!ha−1!yr−1) was 30% (Fig. 3c, Table 2), which
was almost 20% greater than low (12%) or moderate
(11%) cover crop biomass production. There were no
differences in SOC response between the low and moder-
ate cover crop biomass production categories.
Among the cropping system moderators, cash crop

rotation (P = 0.035) and tillage (P = 0.051) predicted
SOC response under cover cropping. Despite a small
number of observations, perennial crop rotations (35%
increase in SOC) had 27% and 23% higher SOC
response to cover cropping relative to both continuous
annual and multi-crop annual systems, respectively
(Table 2). There was no difference between either of the
annual cash crop rotations. Across the different levels of
tillage, systems managed with no-till had higher mean
percent change than conventional tillage (16% vs. 9%,
respectively), but there were no differences between no-
till and reduced tillage or conventional tillage and
reduced tillage (Table 2). Farm system type (conven-
tional vs. organic) and “time since introduction” (Fig. 4)

did not explain a significant proportion of the variation
in SOC response.
Several environmental moderators were also good pre-

dictors of SOC response. Higher clay content soils
(≥20% clay) demonstrated greater SOC response relative
to lower (<20%) clay content soils (P = 0.009; Table 2).
Across the AEZ moderator (P = 0.030), temperate cool
climates exhibited between 10% and 21% lower mean
SOC percent change relative to both levels of subtropical
climate, but there were no differences across any of the
other levels of the AEZ moderator (Table 2; Fig. 4a).
But, like some of the other moderators, these results
should be interpreted cautiously given the small sample
size of observations in subtropical-cool and tropical-
warm levels of AEZ.
The individual moderators that were strong predictors

of SOC response (P < 0.05), including growing window,
cover crop biomass, cash crop rotation, tillage, AEZ,
and percent clay, were integrated into a full model.
Together, these moderators explained 69% of the total
variation in SOC response (P < 0.0001). In the full
model, growing window, cover crop biomass, and clay
texture were significant predictors of SOC response to
cover cropping. However, there were important interac-
tions between some of these predictors.

Interactions between moderators on soil organic car-
bon.—Because cover crop growing window was the best
predictor in the individual moderator analyses

FIG. 2. The (a) natural log of response ratios (lnRR) and (b) publication bias across the 181 observations in the data set. A pos-
itive lnRR indicates that cover crops increased soil organic carbon (SOC) to a depth of 0–30 cm relative to a no cover crop control.
The dotted black line represents the average lnRR across all studies, and the blue dashed lines represent the lower and upper 95%
confidence interval of the average lnRR. A normally distributed histogram indicates a lack of publication bias in the data set.
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• Summary of SOC change (0-30 cm) with cover crops (any species), at global scale

Increased SOC

Mean response: 
0.12  ≈ 12% increase

Data management and collection

For each publication, we recorded environmental and
management data expected to explain variation in SOC
response (Table 1). If data were unavailable directly from
the publication, we derived this information from other
published databases or contacted authors for missing
data. When data were not provided in tables, we used the
software program DataThief (DataThief III, v. 1.7;
Tummers 2006) to extract values from figures.

Climate.—We collected the historical (i.e., 30-yr mean)
mean annual precipitation (MAP) and mean annual
temperature (MAT) when reported in the publication. If
these data were unavailable, we estimated historical
MAP and MAT data from the PRISM Climate Data
(PRISM Climate Group 2019) using site coordinates
from U.S. publications. For international sites, we used
the World Clim 2 data set to derive historical MAP and
MAT data at 4.5-km2 resolution (Fick and Hijmans
2017). These data along with site coordinates were used
to delineate each experimental site into a thermal zone
under the FAO Agro-ecological Zone (AEZ) approach
(Fischer et al. 2000) via the GAEZ database, version
3.0.1. All publications included in the analysis were from
countries within the temperate zone (23.5° to 66.5° north
and south of the equator). However, some experiments
within these countries occurred in climates defined
under FAOAEZ as subtropical or tropical.

Cropping system.—Cropping system management data
included main cash crop(s), system type, and tillage.
Because of the diversity of cash crop types, we grouped
them into three groups: continuous annual, multi-crop
annual, or perennial. The continuous annual category
included annual cash crops grown as the same monocul-
ture crop each year (i.e., continuous corn rotation).
Multi-crop annuals included a rotation of two or more
cash crops and perennial systems included vineyards and
bioenergy crops. Cover crops in these systems were
planted either between rows or between furrows of the
perennial plants, respectively. Management system was
defined as either conventional or organic. Tillage was
divided into three intensity classes as defined by each
publication: conventional, reduced, and no-tillage.

Cover crop management.—The primary goal of this
meta-analysis was to understand the influence of cover
crop management on soil carbon response. Cover crop
treatments were separated into groups of legume, non-
legume, or a mixture of legumes and non-legumes. These
typologies were further subdivided into functional types
of grasses, legumes, mixtures (any combination of grass,
legume, and brassica cover crops), or other (brassica or
other functional type). Cover crops were also delineated
into monoculture, biculture, or polyculture (three or
more species). We treated cover crop biomass and C:N
ratios as categorical variables. Cover crop biomass was
divided into three groups: <3, 3–7, >7 Mg!ha−1!yr−1.

FIG. 1. Map of publications included in our analysis of soil organic carbon (SOC) response to cover crop management. The
analysis included six countries from three continents. The number of observations from each experimental site is indicated by the
size of each circle on the map.
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relative to overwintering (8%) and summer cover crops
(7%). However, there were relatively few observations for
all growing window categories except for overwinter,
and, thus, these results should be interpreted with some
caution.
Cover crop biomass production also had a significant

influence on SOC response (P = 0.009). While all
levels of cover crop biomass increased SOC, SOC
response under high cover crop biomass production
(>7 Mg!ha−1!yr−1) was 30% (Fig. 3c, Table 2), which
was almost 20% greater than low (12%) or moderate
(11%) cover crop biomass production. There were no
differences in SOC response between the low and moder-
ate cover crop biomass production categories.
Among the cropping system moderators, cash crop

rotation (P = 0.035) and tillage (P = 0.051) predicted
SOC response under cover cropping. Despite a small
number of observations, perennial crop rotations (35%
increase in SOC) had 27% and 23% higher SOC
response to cover cropping relative to both continuous
annual and multi-crop annual systems, respectively
(Table 2). There was no difference between either of the
annual cash crop rotations. Across the different levels of
tillage, systems managed with no-till had higher mean
percent change than conventional tillage (16% vs. 9%,
respectively), but there were no differences between no-
till and reduced tillage or conventional tillage and
reduced tillage (Table 2). Farm system type (conven-
tional vs. organic) and “time since introduction” (Fig. 4)

did not explain a significant proportion of the variation
in SOC response.
Several environmental moderators were also good pre-

dictors of SOC response. Higher clay content soils
(≥20% clay) demonstrated greater SOC response relative
to lower (<20%) clay content soils (P = 0.009; Table 2).
Across the AEZ moderator (P = 0.030), temperate cool
climates exhibited between 10% and 21% lower mean
SOC percent change relative to both levels of subtropical
climate, but there were no differences across any of the
other levels of the AEZ moderator (Table 2; Fig. 4a).
But, like some of the other moderators, these results
should be interpreted cautiously given the small sample
size of observations in subtropical-cool and tropical-
warm levels of AEZ.
The individual moderators that were strong predictors

of SOC response (P < 0.05), including growing window,
cover crop biomass, cash crop rotation, tillage, AEZ,
and percent clay, were integrated into a full model.
Together, these moderators explained 69% of the total
variation in SOC response (P < 0.0001). In the full
model, growing window, cover crop biomass, and clay
texture were significant predictors of SOC response to
cover cropping. However, there were important interac-
tions between some of these predictors.

Interactions between moderators on soil organic car-
bon.—Because cover crop growing window was the best
predictor in the individual moderator analyses

FIG. 2. The (a) natural log of response ratios (lnRR) and (b) publication bias across the 181 observations in the data set. A pos-
itive lnRR indicates that cover crops increased soil organic carbon (SOC) to a depth of 0–30 cm relative to a no cover crop control.
The dotted black line represents the average lnRR across all studies, and the blue dashed lines represent the lower and upper 95%
confidence interval of the average lnRR. A normally distributed histogram indicates a lack of publication bias in the data set.
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Response ratio: (Cover crop  / no cover crop)

Key point: most of the response ratios 
were close to zero (20% were negative)!

• Average SOC change of 0.2 Mg C ha-1 y-1

• Summary of SOC change (0-30 cm) with cover crops (any species), at global scale
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relative to overwintering (8%) and summer cover crops
(7%). However, there were relatively few observations for
all growing window categories except for overwinter,
and, thus, these results should be interpreted with some
caution.
Cover crop biomass production also had a significant

influence on SOC response (P = 0.009). While all
levels of cover crop biomass increased SOC, SOC
response under high cover crop biomass production
(>7 Mg!ha−1!yr−1) was 30% (Fig. 3c, Table 2), which
was almost 20% greater than low (12%) or moderate
(11%) cover crop biomass production. There were no
differences in SOC response between the low and moder-
ate cover crop biomass production categories.
Among the cropping system moderators, cash crop

rotation (P = 0.035) and tillage (P = 0.051) predicted
SOC response under cover cropping. Despite a small
number of observations, perennial crop rotations (35%
increase in SOC) had 27% and 23% higher SOC
response to cover cropping relative to both continuous
annual and multi-crop annual systems, respectively
(Table 2). There was no difference between either of the
annual cash crop rotations. Across the different levels of
tillage, systems managed with no-till had higher mean
percent change than conventional tillage (16% vs. 9%,
respectively), but there were no differences between no-
till and reduced tillage or conventional tillage and
reduced tillage (Table 2). Farm system type (conven-
tional vs. organic) and “time since introduction” (Fig. 4)

did not explain a significant proportion of the variation
in SOC response.
Several environmental moderators were also good pre-

dictors of SOC response. Higher clay content soils
(≥20% clay) demonstrated greater SOC response relative
to lower (<20%) clay content soils (P = 0.009; Table 2).
Across the AEZ moderator (P = 0.030), temperate cool
climates exhibited between 10% and 21% lower mean
SOC percent change relative to both levels of subtropical
climate, but there were no differences across any of the
other levels of the AEZ moderator (Table 2; Fig. 4a).
But, like some of the other moderators, these results
should be interpreted cautiously given the small sample
size of observations in subtropical-cool and tropical-
warm levels of AEZ.
The individual moderators that were strong predictors

of SOC response (P < 0.05), including growing window,
cover crop biomass, cash crop rotation, tillage, AEZ,
and percent clay, were integrated into a full model.
Together, these moderators explained 69% of the total
variation in SOC response (P < 0.0001). In the full
model, growing window, cover crop biomass, and clay
texture were significant predictors of SOC response to
cover cropping. However, there were important interac-
tions between some of these predictors.

Interactions between moderators on soil organic car-
bon.—Because cover crop growing window was the best
predictor in the individual moderator analyses

FIG. 2. The (a) natural log of response ratios (lnRR) and (b) publication bias across the 181 observations in the data set. A pos-
itive lnRR indicates that cover crops increased soil organic carbon (SOC) to a depth of 0–30 cm relative to a no cover crop control.
The dotted black line represents the average lnRR across all studies, and the blue dashed lines represent the lower and upper 95%
confidence interval of the average lnRR. A normally distributed histogram indicates a lack of publication bias in the data set.
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Response ratio: (Cover crop  / no cover crop)

Key point: most of the response ratios 
were close to zero (20% were negative)!

• Average SOC change of 0.2 Mg C ha-1 y-1

• Compare to typical 0-30 cm SOC stock 
of ~100 Mg C ha-1 for north-central Iowa 

• Summary of SOC change (0-30 cm) with cover crops (any species), at global scale
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relative to overwintering (8%) and summer cover crops
(7%). However, there were relatively few observations for
all growing window categories except for overwinter,
and, thus, these results should be interpreted with some
caution.
Cover crop biomass production also had a significant

influence on SOC response (P = 0.009). While all
levels of cover crop biomass increased SOC, SOC
response under high cover crop biomass production
(>7 Mg!ha−1!yr−1) was 30% (Fig. 3c, Table 2), which
was almost 20% greater than low (12%) or moderate
(11%) cover crop biomass production. There were no
differences in SOC response between the low and moder-
ate cover crop biomass production categories.
Among the cropping system moderators, cash crop

rotation (P = 0.035) and tillage (P = 0.051) predicted
SOC response under cover cropping. Despite a small
number of observations, perennial crop rotations (35%
increase in SOC) had 27% and 23% higher SOC
response to cover cropping relative to both continuous
annual and multi-crop annual systems, respectively
(Table 2). There was no difference between either of the
annual cash crop rotations. Across the different levels of
tillage, systems managed with no-till had higher mean
percent change than conventional tillage (16% vs. 9%,
respectively), but there were no differences between no-
till and reduced tillage or conventional tillage and
reduced tillage (Table 2). Farm system type (conven-
tional vs. organic) and “time since introduction” (Fig. 4)

did not explain a significant proportion of the variation
in SOC response.
Several environmental moderators were also good pre-

dictors of SOC response. Higher clay content soils
(≥20% clay) demonstrated greater SOC response relative
to lower (<20%) clay content soils (P = 0.009; Table 2).
Across the AEZ moderator (P = 0.030), temperate cool
climates exhibited between 10% and 21% lower mean
SOC percent change relative to both levels of subtropical
climate, but there were no differences across any of the
other levels of the AEZ moderator (Table 2; Fig. 4a).
But, like some of the other moderators, these results
should be interpreted cautiously given the small sample
size of observations in subtropical-cool and tropical-
warm levels of AEZ.
The individual moderators that were strong predictors

of SOC response (P < 0.05), including growing window,
cover crop biomass, cash crop rotation, tillage, AEZ,
and percent clay, were integrated into a full model.
Together, these moderators explained 69% of the total
variation in SOC response (P < 0.0001). In the full
model, growing window, cover crop biomass, and clay
texture were significant predictors of SOC response to
cover cropping. However, there were important interac-
tions between some of these predictors.

Interactions between moderators on soil organic car-
bon.—Because cover crop growing window was the best
predictor in the individual moderator analyses

FIG. 2. The (a) natural log of response ratios (lnRR) and (b) publication bias across the 181 observations in the data set. A pos-
itive lnRR indicates that cover crops increased soil organic carbon (SOC) to a depth of 0–30 cm relative to a no cover crop control.
The dotted black line represents the average lnRR across all studies, and the blue dashed lines represent the lower and upper 95%
confidence interval of the average lnRR. A normally distributed histogram indicates a lack of publication bias in the data set.
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YE AND HALL

T A B L E  1  Soil attributes by cropping system and depth increment. Treatments included corn (C2) and soybean (S2) in the corn–soybean rotation, continuous corn (CC), continuous corn with a 
rye cover crop (CCW), unfertilized prairie (Pr), and fertilized prairie (PrF) cropping systems

Treatment Depth (cm) pH SOC (mg/g) TN (mg/g) C:N δ15NTN NO
−

3
‐N (mg/kg) NH

+

4
‐N (mg/kg)

Net N Min. 
(µg kg−1 day−1)

C2 0–25 6.7 (0.2)aA 20.0 (1.9)aA 1.7 (0.1)aA 12.0 (0.3)aA 6.33 (0.3)aA 5.8 (0.8)bcA 0.35 (0.05)aA 56.1 (24.4)aA

25–50 6.7 (0.3)aA 11.8 (2.9)aAB 0.9 (0.2)aB 12.0 (0.8)aA 6.74 (0.7)aA 2.0 (0.4)bcB 0.38 (0.06)aA 1.3 (5.5)aB

50–75 6.9 (0.3)aA 6.3 (1.9)aBC 0.5 (0.1)aBC 11.0 (1.4)aA 6.84 (0.2)aA 1.5 (0.3)aB 0.32 (0.07)aA −4.2 (1.1)aB

75–100 7.3 (0.3)aA 2.5 (1.2)aC 0.3 (0.1)aC 7.4 (2.1)aA 6.11 (0.4)aA 0.8 (0.1)aB 0.22 (0.07)aA −1.8 (0.4)aB

S2 0–25 7.1 (0.1)aA 15.4 (4.1)aA 1.3 (0.3)aA 11.2 (0.4)aA 7.04 (0.5)aA 9.8 (1.5)cA 0.31 (0.15)aA 25.7 (6.3)aA

25–50 6.8 (0.3)aA 10.2 (1.9)aAB 0.9 (0.2)aA 11.6 (0.4)aA 7.09 (0.3)aA 3.0 (0.3)cB 0.22 (0.14)aA 0.9 (3.5)aB

50–75 6.9 (0.3)aA 6.1 (2.3)aBC 0.6 (0.2)aA 10.5 (1.0)aA 6.67 (0.1)aAB 2.2 (0.7)aB 0.26 (0.07)aA 4.0 (7.1)aB

75–100 7.2 (0.3)aA 4.8 (3.4)aC 0.4 (0.3)aA 8.7 (1.3)aA 5.72 (0.2)aB 2.2 (1.0)aB 0.17 (0.09)aA 7.3 (8.7)aB

CC 0–25 6.7 (0.1)aA 18.9 (1.5)aA 1.6 (0.1)aA 12.0 (0.2)aA 6.38 (0.3)aA 5.4 (0.5)bA 0.32 (0.04)aA 52.0 (13.5)aA

25–50 6.6 (0.2)aA 11.1 (2.2)aB 0.9 (0.1)aB 11.7 (0.8)aA 7.04 (0.3)aA 1.8 (0.2)abB 0.39 (0.05)aA −3.1 (0.7)aB

50–75 7.2 (0.2)aAB 4.7 (1.4)aBC 0.5 (0.1)aBC 9.0 (1.2)aA 6.79 (0.4)aA 1.6 (0.3)aB 0.30 (0.05)aA −2.8 (1.3)aB

75–100 7.7 (0.0)aB 2.5 (0.6)aC 0.3 (0.0)aC 10.1 (3.0)aA 5.76 (0.6)aA 0.8 (0.3)aB 0.14 (0.05)aB −1.1 (1.1)aB

CCW 0–25 6.5 (0.2)aA 16.8 (2.2)aA 1.4 (0.1)aA 11.9 (0.5)aA 6.59 (0.2)aA 6.4 (1.2)bcA 0.30 (0.06)aA 56.2 (11.4)aA

25–50 6.4 (0.1)aA 9.6 (2.2)aAB 0.8 (0.1)aB 12.2 (0.9)aA 6.76 (0.4)aA 1.7 (0.3)abB 0.23 (0.07)aA −3.2 (0.3)aB

50–75 6.6 (0.1)aAB 5.2 (1.6)aB 0.5 (0.1)aB 10.4 (1.0)aA 6.49 (0.6)aA 1.0 (0.2)aB 0.27 (0.09)aA −1.8 (0.7)aB

75–100 7.1 (0.2)aB 2.9 (1.0)aB 0.3 (0.1)aB 8.8 (1.1)aA 5.58 (0.5)aA 1.0 (0.3)aB 0.20 (0.08)aA −2.4 (1.2)aB

Pr 0–25 6.9 (0.2)aA 17.2 (3.8)aA 1.5 (0.3)aA 11.3 (0.4)aA 6.64 (0.5)aAB 0.8 (0.1)aA 0.49 (0.08)aA 43.2 (10.9)aA

25–50 6.9 (0.3)aA 9.1 (1.0)aAB 0.8 (0.1)aAB 11.6 (0.3)aA 7.19 (0.3)aA 0.7 (0.1)aA 0.15 (0.06)aB −0.7 (0.6)aB

50–75 7.4 (0.2)aAB 4.3 (0.8)aB 0.3 (0.0)aC 12.4 (1.6)aA 6.68 (0.2)aA 0.8 (0.4)aA 0.11 (0.04)aB −1.6 (0.8)aB

75–100 7.8 (0.0)aB 1.3 (0.5)aB 0.1 (0.0)aC 9.2 (2.8)aA 4.93 (0.5)aB 0.5 (0.2)aA 0.06 (0.05)aB −0.9 (0.5)aB

PrF 0–25 6.4 (0.2)aA 24.3 (1.5)bA 2.0 (0.1)aA 12.2 (0.2)aA 6.14 (0.3)aAB 1.2 (0.7)aA 0.60 (0.16)aA 43.8 (8.6)aA

25–50 6.4 (0.3)aA 11.4 (0.7)aB 0.9 (0.1)aB 12.2 (0.2)aA 7.16 (0.4)aA 0.7 (0.3)aA 0.37 (0.08)aAB −1.1 (0.8)aB

50–75 7.1 (0.3)aAB 4.6 (1.0)aC 0.5 (0.1)aC 9.3 (1.4)aB 6.75 (0.3)aAB 0.6 (0.1)aA 0.37 (0.13)aAB −0.7 (0.4)aB

75–100 7.8 (0.0)aB 3.6 (1.7)aC 0.2 (0.0)aC 9.4 (1.3)aB 5.68 (0.4)aB 0.6 (0.2)aA 0.22 (0.07)aB −1.0 (1.1)aB

  df F F F F F F F F
Treatment (T) 5 1.30NS 1.08NS 1.17NS 0.06NS 0.25NS 21.96* 2.59** 0.13NS

Depth (D) 3 7.80* 70.73* 94.56* 7.67* 13.00* 60.57* 7.52* 59.91* 
T × D 15 0.32NS 0.69NS 0.84NS 0.53NS 0.54NS 6.08* 0.91NS 0.91NS

Note: Different lowercase letters denote significant differences among treatments at the same soil depth (p < .05). Different capital letters denote significant differences in the same treatment at different soil depths (p < .05). 
Values in parentheses are standard errors (n = 4).
Abbreviations: δ15NTN, δ15N of total nitrogen; df, degrees of freedom; F, variance ratio; Net N Min., net nitrogen mineralization rate; NS, no significance; SOC, soil organic carbon; TN, total nitrogen.
*p < .01; 
**p < .05. 
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T A B L E  1  Soil attributes by cropping system and depth increment. Treatments included corn (C2) and soybean (S2) in the corn–soybean rotation, continuous corn (CC), continuous corn with a 
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Treatment Depth (cm) pH SOC (mg/g) TN (mg/g) C:N δ15NTN NO
−

3
‐N (mg/kg) NH

+

4
‐N (mg/kg)

Net N Min. 
(µg kg−1 day−1)

C2 0–25 6.7 (0.2)aA 20.0 (1.9)aA 1.7 (0.1)aA 12.0 (0.3)aA 6.33 (0.3)aA 5.8 (0.8)bcA 0.35 (0.05)aA 56.1 (24.4)aA

25–50 6.7 (0.3)aA 11.8 (2.9)aAB 0.9 (0.2)aB 12.0 (0.8)aA 6.74 (0.7)aA 2.0 (0.4)bcB 0.38 (0.06)aA 1.3 (5.5)aB

50–75 6.9 (0.3)aA 6.3 (1.9)aBC 0.5 (0.1)aBC 11.0 (1.4)aA 6.84 (0.2)aA 1.5 (0.3)aB 0.32 (0.07)aA −4.2 (1.1)aB

75–100 7.3 (0.3)aA 2.5 (1.2)aC 0.3 (0.1)aC 7.4 (2.1)aA 6.11 (0.4)aA 0.8 (0.1)aB 0.22 (0.07)aA −1.8 (0.4)aB

S2 0–25 7.1 (0.1)aA 15.4 (4.1)aA 1.3 (0.3)aA 11.2 (0.4)aA 7.04 (0.5)aA 9.8 (1.5)cA 0.31 (0.15)aA 25.7 (6.3)aA

25–50 6.8 (0.3)aA 10.2 (1.9)aAB 0.9 (0.2)aA 11.6 (0.4)aA 7.09 (0.3)aA 3.0 (0.3)cB 0.22 (0.14)aA 0.9 (3.5)aB

50–75 6.9 (0.3)aA 6.1 (2.3)aBC 0.6 (0.2)aA 10.5 (1.0)aA 6.67 (0.1)aAB 2.2 (0.7)aB 0.26 (0.07)aA 4.0 (7.1)aB

75–100 7.2 (0.3)aA 4.8 (3.4)aC 0.4 (0.3)aA 8.7 (1.3)aA 5.72 (0.2)aB 2.2 (1.0)aB 0.17 (0.09)aA 7.3 (8.7)aB

CC 0–25 6.7 (0.1)aA 18.9 (1.5)aA 1.6 (0.1)aA 12.0 (0.2)aA 6.38 (0.3)aA 5.4 (0.5)bA 0.32 (0.04)aA 52.0 (13.5)aA

25–50 6.6 (0.2)aA 11.1 (2.2)aB 0.9 (0.1)aB 11.7 (0.8)aA 7.04 (0.3)aA 1.8 (0.2)abB 0.39 (0.05)aA −3.1 (0.7)aB

50–75 7.2 (0.2)aAB 4.7 (1.4)aBC 0.5 (0.1)aBC 9.0 (1.2)aA 6.79 (0.4)aA 1.6 (0.3)aB 0.30 (0.05)aA −2.8 (1.3)aB

75–100 7.7 (0.0)aB 2.5 (0.6)aC 0.3 (0.0)aC 10.1 (3.0)aA 5.76 (0.6)aA 0.8 (0.3)aB 0.14 (0.05)aB −1.1 (1.1)aB

CCW 0–25 6.5 (0.2)aA 16.8 (2.2)aA 1.4 (0.1)aA 11.9 (0.5)aA 6.59 (0.2)aA 6.4 (1.2)bcA 0.30 (0.06)aA 56.2 (11.4)aA

25–50 6.4 (0.1)aA 9.6 (2.2)aAB 0.8 (0.1)aB 12.2 (0.9)aA 6.76 (0.4)aA 1.7 (0.3)abB 0.23 (0.07)aA −3.2 (0.3)aB

50–75 6.6 (0.1)aAB 5.2 (1.6)aB 0.5 (0.1)aB 10.4 (1.0)aA 6.49 (0.6)aA 1.0 (0.2)aB 0.27 (0.09)aA −1.8 (0.7)aB

75–100 7.1 (0.2)aB 2.9 (1.0)aB 0.3 (0.1)aB 8.8 (1.1)aA 5.58 (0.5)aA 1.0 (0.3)aB 0.20 (0.08)aA −2.4 (1.2)aB

Pr 0–25 6.9 (0.2)aA 17.2 (3.8)aA 1.5 (0.3)aA 11.3 (0.4)aA 6.64 (0.5)aAB 0.8 (0.1)aA 0.49 (0.08)aA 43.2 (10.9)aA

25–50 6.9 (0.3)aA 9.1 (1.0)aAB 0.8 (0.1)aAB 11.6 (0.3)aA 7.19 (0.3)aA 0.7 (0.1)aA 0.15 (0.06)aB −0.7 (0.6)aB

50–75 7.4 (0.2)aAB 4.3 (0.8)aB 0.3 (0.0)aC 12.4 (1.6)aA 6.68 (0.2)aA 0.8 (0.4)aA 0.11 (0.04)aB −1.6 (0.8)aB

75–100 7.8 (0.0)aB 1.3 (0.5)aB 0.1 (0.0)aC 9.2 (2.8)aA 4.93 (0.5)aB 0.5 (0.2)aA 0.06 (0.05)aB −0.9 (0.5)aB

PrF 0–25 6.4 (0.2)aA 24.3 (1.5)bA 2.0 (0.1)aA 12.2 (0.2)aA 6.14 (0.3)aAB 1.2 (0.7)aA 0.60 (0.16)aA 43.8 (8.6)aA

25–50 6.4 (0.3)aA 11.4 (0.7)aB 0.9 (0.1)aB 12.2 (0.2)aA 7.16 (0.4)aA 0.7 (0.3)aA 0.37 (0.08)aAB −1.1 (0.8)aB

50–75 7.1 (0.3)aAB 4.6 (1.0)aC 0.5 (0.1)aC 9.3 (1.4)aB 6.75 (0.3)aAB 0.6 (0.1)aA 0.37 (0.13)aAB −0.7 (0.4)aB

75–100 7.8 (0.0)aB 3.6 (1.7)aC 0.2 (0.0)aC 9.4 (1.3)aB 5.68 (0.4)aB 0.6 (0.2)aA 0.22 (0.07)aB −1.0 (1.1)aB

  df F F F F F F F F
Treatment (T) 5 1.30NS 1.08NS 1.17NS 0.06NS 0.25NS 21.96* 2.59** 0.13NS

Depth (D) 3 7.80* 70.73* 94.56* 7.67* 13.00* 60.57* 7.52* 59.91* 
T × D 15 0.32NS 0.69NS 0.84NS 0.53NS 0.54NS 6.08* 0.91NS 0.91NS

Note: Different lowercase letters denote significant differences among treatments at the same soil depth (p < .05). Different capital letters denote significant differences in the same treatment at different soil depths (p < .05). 
Values in parentheses are standard errors (n = 4).
Abbreviations: δ15NTN, δ15N of total nitrogen; df, degrees of freedom; F, variance ratio; Net N Min., net nitrogen mineralization rate; NS, no significance; SOC, soil organic carbon; TN, total nitrogen.
*p < .01; 
**p < .05. 
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regardless of climate conditions and edaphic characteristics, and consequently larger uncertainties existed in esti-
mated impacts of no-till management compared to the results for loamy, silty and clayey soils. In terms of climate, 
there were less data for tropical climates compared to temperate climates with the exception of loamy, silty, and 
clayey soils in wet/moist conditions.

One mechanism contributing to changes in ∆SOC with depth is that full tillage reduces bulk density and 
essentially raises the soil surface and increases the depth of the soil pro!le36. "is leads to a larger mass of soil in 
the surface topsoil with no-till management, and therefore a higher SOC stock when calculated on a volumetric 
basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
part of the analysis. For the !rst 20 years following conversion from full tillage to no-till, the change in SOC stocks 
is predicted to be greatest in loamy, silty and clayey soils of tropical moist/wet climates at 0.54 tonnes C ha−1 yr−1, 

Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).

SOC often increases with 
no-till management

• Summary of SOC change following no-till in fine-textured soils 
in cool temperate moist climates 

Ogle et al. 2019
Sci. Rep.
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Key point: most of the SOC 
change was in the top 10 cm

• Average SOC change of 0.27 
Mg C ha-1 y-1
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regardless of climate conditions and edaphic characteristics, and consequently larger uncertainties existed in esti-
mated impacts of no-till management compared to the results for loamy, silty and clayey soils. In terms of climate, 
there were less data for tropical climates compared to temperate climates with the exception of loamy, silty, and 
clayey soils in wet/moist conditions.

One mechanism contributing to changes in ∆SOC with depth is that full tillage reduces bulk density and 
essentially raises the soil surface and increases the depth of the soil pro!le36. "is leads to a larger mass of soil in 
the surface topsoil with no-till management, and therefore a higher SOC stock when calculated on a volumetric 
basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
part of the analysis. For the !rst 20 years following conversion from full tillage to no-till, the change in SOC stocks 
is predicted to be greatest in loamy, silty and clayey soils of tropical moist/wet climates at 0.54 tonnes C ha−1 yr−1, 

Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).
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regardless of climate conditions and edaphic characteristics, and consequently larger uncertainties existed in esti-
mated impacts of no-till management compared to the results for loamy, silty and clayey soils. In terms of climate, 
there were less data for tropical climates compared to temperate climates with the exception of loamy, silty, and 
clayey soils in wet/moist conditions.

One mechanism contributing to changes in ∆SOC with depth is that full tillage reduces bulk density and 
essentially raises the soil surface and increases the depth of the soil pro!le36. "is leads to a larger mass of soil in 
the surface topsoil with no-till management, and therefore a higher SOC stock when calculated on a volumetric 
basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
part of the analysis. For the !rst 20 years following conversion from full tillage to no-till, the change in SOC stocks 
is predicted to be greatest in loamy, silty and clayey soils of tropical moist/wet climates at 0.54 tonnes C ha−1 yr−1, 

Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).
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mated impacts of no-till management compared to the results for loamy, silty and clayey soils. In terms of climate, 
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clayey soils in wet/moist conditions.

One mechanism contributing to changes in ∆SOC with depth is that full tillage reduces bulk density and 
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the surface topsoil with no-till management, and therefore a higher SOC stock when calculated on a volumetric 
basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
part of the analysis. For the !rst 20 years following conversion from full tillage to no-till, the change in SOC stocks 
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Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).



SOC often increases with 
no-till management

• Summary of SOC change following no-till in fine-textured soils 
in cool temperate moist climates 

Ogle et al. 2019
Sci. Rep.

Depth (cm)

Key point: most of the SOC 
change was in the top 10 cm

• Average SOC change of 0.27 
Mg C ha-1 y-1

• Compare to typical 0-30 cm 
SOC stock of ~100 Mg C ha-1

for north-central Iowa 
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mated impacts of no-till management compared to the results for loamy, silty and clayey soils. In terms of climate, 
there were less data for tropical climates compared to temperate climates with the exception of loamy, silty, and 
clayey soils in wet/moist conditions.

One mechanism contributing to changes in ∆SOC with depth is that full tillage reduces bulk density and 
essentially raises the soil surface and increases the depth of the soil pro!le36. "is leads to a larger mass of soil in 
the surface topsoil with no-till management, and therefore a higher SOC stock when calculated on a volumetric 
basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
part of the analysis. For the !rst 20 years following conversion from full tillage to no-till, the change in SOC stocks 
is predicted to be greatest in loamy, silty and clayey soils of tropical moist/wet climates at 0.54 tonnes C ha−1 yr−1, 

Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).
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regardless of climate conditions and edaphic characteristics, and consequently larger uncertainties existed in esti-
mated impacts of no-till management compared to the results for loamy, silty and clayey soils. In terms of climate, 
there were less data for tropical climates compared to temperate climates with the exception of loamy, silty, and 
clayey soils in wet/moist conditions.

One mechanism contributing to changes in ∆SOC with depth is that full tillage reduces bulk density and 
essentially raises the soil surface and increases the depth of the soil pro!le36. "is leads to a larger mass of soil in 
the surface topsoil with no-till management, and therefore a higher SOC stock when calculated on a volumetric 
basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
part of the analysis. For the !rst 20 years following conversion from full tillage to no-till, the change in SOC stocks 
is predicted to be greatest in loamy, silty and clayey soils of tropical moist/wet climates at 0.54 tonnes C ha−1 yr−1, 

Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).
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mated impacts of no-till management compared to the results for loamy, silty and clayey soils. In terms of climate, 
there were less data for tropical climates compared to temperate climates with the exception of loamy, silty, and 
clayey soils in wet/moist conditions.

One mechanism contributing to changes in ∆SOC with depth is that full tillage reduces bulk density and 
essentially raises the soil surface and increases the depth of the soil pro!le36. "is leads to a larger mass of soil in 
the surface topsoil with no-till management, and therefore a higher SOC stock when calculated on a volumetric 
basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
part of the analysis. For the !rst 20 years following conversion from full tillage to no-till, the change in SOC stocks 
is predicted to be greatest in loamy, silty and clayey soils of tropical moist/wet climates at 0.54 tonnes C ha−1 yr−1, 

Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).
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basis. We evaluated the change in soil mass with depth based on the studies that provided enough information 
to calculate the mass (See Supplementary Information). Soils with loamy, silty and clayey textures under no-till 
management did have greater mass in the surface topsoil and less mass below the topsoil based on a statistical 
analysis of studies providing data on soil mass (Figure S1 in Supplementary Information). "ere was no evidence 
of di$erences in mass for the surface and subsurface layers of sandy textured soils. "erefore, SOC stock estimates 
for loamy, silty and clayey textured soils were adjusted for mass equivalency between full tillage and no-till man-
agement. Mass equivalency adjustments ensure that the observed changes in SOC stocks are due to enhanced 
levels of organic C in the soil from processes such as protection of organic matter in microaggregates, and not due 
to sampling a di$erent mass of soil.

In the second part of the analysis, we predicted ∆SOC stock changes with conversion of full tillage manage-
ment to no-till for each of the climate and soil types. "e predictions are based on the cumulative change to a 
minimum depth of 30 cm, or to a deeper depth if there are signi!cant ∆SOC at a deeper depth based on the !rst 
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Figure 1. Change in soil organic C (tonnes C ha−1) between no-till and full tillage management across depths 
from 0 to 80 cm over 20 years. Positive values represent more soil organic C with no-till management. Graphs 
include the following climatic and edaphic conditions: (A) loamy, silty and clayey (LSC) soils in tropical dry 
climates, (B) sandy soils in tropical dry climates, (C) LSC soils in tropical moist/wet climates, (D) sandy soils in 
tropical moist/wet climates, (E) LSC soils in warm temperate dry climates, (F) sandy soils in warm temperate 
dry climates, (G) LSC soils in warm temperate moist climates, (H) sandy soils in warm temperate moist 
climates, (I) LSC soils in cool temperate dry climates, (J) sandy soils in cool temperate dry climates, (K) LSC 
soils in cool temperate moist climates, and (L) sandy soils in cool temperate moist climates. Sandy soils contain 
50% or more sand. "e red lines represent the observed changes in soil organic C at the depth range of each 
line, the blue shading is a 95% con!dence interval for the estimated change in SOC stocks, and grey vertical line 
denotes a depth of 30 cm. "ese results are based on the measured di$erences at each depth without adjustment 
for equivalent mass (See Table 1 for adjusted results).



Questions for you:

• How do diversified cropping systems impact SOC?

• How much do you expect SOC to increase in a typical 
corn/soybean system after…
• Including a small grain and clover (three-year rotation), + manure
• Including a small grain, and then alfalfa (four-year rotation) + manure

• Please express your answer as an annual percent change from 
the initial soil carbon stock 



A local example of limited SOC change 
following 20 y of diversified rotations

• Marsden farm 
experiment near Boone, 
IA
• Initiated by Matt 

Liebman at ISU
• 2, 3, and 4-y rotations
• Each phase of the 

rotation is replicated 
each year
• All managed with 

tillage

• 18 m x 85 m plots



A local example of limited SOC change 
following 20 y of diversified rotations

Huang et al., 
unpublished

Corn-soybean
+ oats, clover + oats, clover

+ alfalfa

• Soil sampled in fall 2021 
to 1 m depth
• Extended rotations had 

lower SOC, on average, 
than the two-year 
rotation
• 194 vs. 200 Mg C ha-1

• Similar trend as 
previous data from 2014 
(Poffenbarger et al. 
2020, Agr. Eco. Envir.)
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following 20 y of diversified rotations
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to 1 m depth
• Extended rotations had 

lower SOC, on average, 
than the two-year 
rotation
• 194 vs. 200 Mg C ha-1

• Similar trend as 
previous data from 2014 
(Poffenbarger et al. 
2020, Agr. Eco. Envir.)

Huang et al., 
unpublished

Corn-soybean
+ oats, clover + oats, clover

+ alfalfa



How to interpret the lack of SOC change in a 
diversified cropping systems experiment?

• Was there simply no change in carbon cycling among 
treatments?
• No; the extended rotations had greater root inputs, but slightly lower 

overall residue inputs
• How do differences in root inputs impact carbon cycling?



How to interpret the lack of SOC change in a 
diversified cropping systems experiment?

• Was there simply no change in carbon cycling among 
treatments?
• No; the extended rotations had greater root inputs, but slightly lower 

overall residue inputs
• How might differences in root inputs impact carbon cycling?



Take-home points

1. Changes in farm practices may (or may not) influence soil organic 
carbon content

2. Even when carbon content doesn’t change, farmers and the 
environment can strongly benefit from diversified cropping systems

3. Despite the enormous “buzz” around soil carbon, we should assess 
environmental benefits of farming practices from a holistic 
perspective



Respiration (CO2 production) 
is a useful soil health metric

• Microbes respire oxygen and release 
carbon dioxide (CO2) when they 
decompose organic matter
• Some commercial labs measure 

“potentially mineralizable carbon” 
(CO2 produced after wetting dry soil)
• Researchers often measure CO2

production from soils in the lab to 
assess microbial activity



Soil respiration (CO2 production) 
increased in extended crop rotations

• We incubated intact soil 
cores in the laboratory 
for almost one year
• Greater CO2 production 

indicates a combination 
of greater residue 
inputs and greater 
microbial activity
• How then might we 

explain the lack of SOC 
change?

Huang et al., 
unpublishedDay of experiment



Microbes

Soil organic 
matter 

(N source)

Nitrogen-limited 
plant

Simple cartoon illustrating potential tradeoffs between SOC storage 
and N supply from organic matter

Recall that the 
overwhelming 
majority of soil N is 
stored in organic 
matter



Sugars
(root exudates)

Microbes

Soil organic 
matter 

(N source)

Nitrogen-limited 
plant

Microbial 
growth

Plants release 
sugars known as 
“exudates” to feed 
their microbiome

Simple cartoon illustrating potential tradeoffs between SOC storage 
and N supply from organic matter



Sugars
(root exudates)

Microbes

Soil organic 
matter 

(N source)

Nitrogen-limited 
plant

“Priming” of soil organic matter decomposition

Increased SOM depolymerization

Microbial 
growth 

(N limitation)

• As microbes 
grow, they 
require more N

• They can get it 
by attacking 
SOM



Sugars
(root exudates)

Microbes

Soil organic 
matter 

(N source)

Nitrogen-limited 
plant

“Priming” of soil organic matter decomposition

Increased SOM depolymerization

Microbial 
growth 

(N limitation)

• Microbes can 
then take up the 
soluble organic 
matter



Sugars
(root exudates)

Microbes

Soil organic 
matter 

(N source)

Nitrogen-limited 
plant

CO2

Increased 
organic matter 
decomposition

Increased SOM depolymerization

“Priming” of soil organic matter decomposition

Microbial 
growth 

(N surplus) 



Sugars
(root exudates)

Microbes

Soil organic 
matter 

(N source)

Nitrogen-limited 
plant

NH4+
NO3-

CO2

Increased 
organic matter 
decomposition

Increased priming 
may explain at least 
part of the “soybean 
nitrogen credit”
(Hall et al. 2019, 
Plant and Soil)

Increased SOM depolymerization

“Priming” of soil organic matter decomposition

Microbial 
growth 

(N surplus)



Evidence that diversified rotations can 
increase the decomposition of SOC



Evidence that diversified rotations can 
increase the decomposition of SOC

• Carbon has two stable isotopes: 12C and 13C
• Warm-season grasses such as corn are “C4 plants” and differ 

from most other plants (“C3 plants”) in the ratio of these isotopes 
• We can use stable isotopes to measure C inputs and losses from 

soil!
• Specifically, we can say how much carbon from corn the 

microbes decomposed, vs. other sources
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increase the decomposition of SOC

• Carbon has two stable isotopes: 12C and 13C
• Warm-season grasses such as corn are “C4 plants” and differ 

from most other plants (“C3 plants”) in the ratio of these isotopes 
• We can use stable isotopes to measure C inputs and losses from 

soil!
• Specifically, we can say how much carbon from corn the 

microbes decomposed, vs. other sources



Stable C isotope ratios of 
CO2 differed among rotations

Corn

Soybean,
Oats/clover,
Alfalfa

Evidence that diversified rotations can 
increase the decomposition of SOC



Evidence that extended rotations can 
increase the diversified of SOC

• As expected, the extended 
rotations decomposed 
more C derived from C3
plants
• This is because soybeans, 

oats, clover, and alfalfa 
are all C3 plants

CO2 from C3 plants



Evidence that diversified rotations can 
increase the decomposition of SOC

• Corn C inputs to the four-
year soils are about half as 
much as in the two-year 
soils
• Yet, the extended rotations 

decomposed just as much C 
from C4 plants as the 
conventional rotation!
• This means that soils in the 

extended rotations are 
likely decomposing older
SOC…

CO2 from C4 plants



How to think about agricultural soil carbon?

• Soils are not just buckets 
for storing organic matter
• SOC doesn’t necessarily 

increase simply because 
residue inputs increase
• Increased decomposition 

may offset increased residue 
inputs
• However, there are key 

benefits of increased 
microbial activity…

Productivity

Decomposition

Productivity

Decomposition



These diversified crop rotations 
required lower N fertilizer inputs 

• Synthetic N inputs were 
~90% lower in the 
extended rotations
• Net profitability was 

similar

rotation diversity with concomitant increases in the diversity of
associated management practices can also disrupt weed life
cycles, thereby reducing weed survival, reproductive output,
and biomass production and enhancing weed suppression with
lower reliance on herbicides.21−24 As populations of a rising
number of weed species evolve resistance to a wide range of
herbicides, cropping system diversification has been identified
as a key resistance management strategy.25 Incorporating a
reduced herbicide application regime into an increasingly
diverse cropping system may not only suppress weeds
effectively but also significantly reduce toxicity impacts to
freshwater bodies in agricultural landscapes.23,24

Cropping system diversification is often linked to integration
with livestock production. In integrated systems, grain
concentrates and forages are fed to livestock and manure is
used as a nutrient source for crops.26 In addition to reducing
requirements for purchased fertilizers, the soil-related benefits
of this practice include improvements in soil carbon storage
and microbial biomass, soil physical structure, plant-available
nitrogen, and infiltration and retention of water.27,28 Manure
transfer between on-farm enterprises or neighboring farms
provides an opportunity to integrate crop and livestock
operations within a watershed and can alleviate costs
associated with manure storage, handling, and disposal.26

The objective of this study is to extend previous findings by
Davis et al.23 and Hunt et al.24 by estimating the potential
eutrophication loading and erosion loss from a watershed
under three crop rotation systems and two herbicide regimes.
We used empirical data collected from 2008 to 2016 as well as
modeling analyses to make the estimates. We predicted that
soil erosion and nutrient losses would decrease as cropping
system diversification increased. We also expected that a
reduction in herbicide use intensity would have little or no
impact on erosion and nutrient losses for the different rotation
systems. On the basis of our previous work, we expected that
the primary agronomic functions of crop productivity, weed
suppression, and net returns to land and management would
be sustained or enhanced under system diversification and
largely unaffected by the herbicide regimes we assessed.

■ MATERIALS AND METHODS
Experimental Design. Empirical measurements were

made at Iowa State University’s Marsden Farm, which is
situated in Boone County, IA (42°01′N, 93°47′W). All soil
types at the experimental site are Mollisols. The site does not
have a subsurface tile drainage system.
Experimental treatments were established in 2002. Preced-

ing setup of the experiment, the site was used for corn and
soybean production for at least 20 years using conventional
management practices. Experiment plots were organized in a
randomized complete block design, with four replicates of each
crop phase of each rotation system present every year. Main
plots, each 18 m × 85 m, comprised three different crop
rotation systems. Starting in 2008, each main plot was split into
two herbicide regimes, each applied over 9 m × 85 m subplots,
generating a 3 × 2 factorial set of treatments.24 Plots were
managed with conventional farm machinery.
Three crop rotation systems appropriate for the Midwest

United States were incorporated in this study: a 2-year corn
and soybean rotation and two more diverse systems: a 3-year
corn−soybean−oat/red clover rotation and a 4-year corn−
soybean−oat/alfalfa−alfalfa rotation. The 3-year rotation
system consisted of planting oat with red clover following

the soybean crop phase; oat grain and straw were harvested in
midsummer, oat stubble was mowed for weed control, and red
clover grew in the stubble until it was incorporated with a
moldboard plow in the late fall. The 4-year rotation system
consisted of planting oat with alfalfa following the soybean
crop phase; oat grain and straw were harvested in midsummer,
oat stubble was mowed once, and the alfalfa was left to grow
into the fourth crop phase, when it was harvested three or four
times, before being moldboard plowed in the late fall of the
fourth year.20,23,24 The more diverse cropping systems were
representative of integrated farms that incorporate livestock
through forage production and manure recycling. Synthetic
fertilizers were applied to corn in the 2-year system at
conventional rates based on soil tests. Composted cattle
manure was applied in the fall prior to the corn phase, and
reduced rates of synthetic fertilizers were applied to corn in the
3- and 4-year rotations (Table 1).

Alternative herbicide application regimes were applied to the
corn and soybean crop phases within each rotation system. We
implemented a conventional treatment (CONV) comprising
broadcast applications of pre- and postemergence materials
and a low-herbicide regime (LOW) involving postemergence
banded herbicide application followed by one or two passes
with an interrow cultivator. Oat stubble in the 3- and 4-year
systems was mowed to suppress weeds 19−28 days after grain
harvest. Repeated cutting of alfalfa hay suppressed weeds in the
alfalfa crop grown in the 4-year system. Details of the
management of the experimental plots are given in Davis et
al.,23 Tomer and Liebman,20 and Hunt et al.24

During the 2008−2013 field seasons, as part of a related
study examining contrasting “technology packages” of crop
genotypes paired with particular herbicide regimes, a
glyphosate-resistant variety of soybean was used in the
CONV herbicide regime, while a nonglyphosate-resistant
soybean variety was used in the LOW herbicide regime.29

From 2014 to 2016, the same glyphosate-resistant soybean
variety was used for both herbicide treatments, thus avoiding
confounding of crop genotype and weed management
strategies.24 Glyphosate was used consistently in the CONV
herbicide treatment but was not used in the LOW herbicide
treatment during 2008−2016.
Tillage practices varied among rotation systems. The 2-year

rotation was chisel plowed in the fall following corn harvest
and surface cultivated in the spring following soybean harvest.
Similar practices were used following corn and soybean phases
of the 3- and 4-year systems, but additionally, soybean residue
was disked before planting oat and red clover or oat and alfalfa,
and red clover and alfalfa were moldboard plowed in the fall
preceding corn production. The effects of these tillage
practices were intertwined with those of the crop rotation

Table 1. Nutrient N and P Applications via Fertilizer and
Composted Manure During 2008−2016 Averaged over All
Crop Phases of Each Rotation System

crop rotation system

2 year
(kg ha−1 yr−1)

3 year
(kg ha−1 yr−1)

4 year
(kg ha−1 yr−1)

fertilizer N 89 13 8
fertilizer P 15 0 9
manure N 0 46 34
manure P 0 15 11
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N rates were determined using 
the late-spring soil nitrate test



These diversified crop rotations were also 
more productive per unit fossil energy input

• Fossil energy 
consumption was 
tabulated for all 
aspects of crop 
production
• Then, it was 

divided by the 
harvest crop yields

Hunt et al., 2020 
Env. Sci. Tech

(58%), while the 3- and 4-year systems’ energy consumption
was largely from fuel consumed during field operations (31%,
38%, respectively). Fossil energy consumption decreased by
56%, when adding a third crop phase to the corn-soybean
rotation, and decreased by 64% when adding a third and fourth
crop phase. When normalized for annual crop yields,
consumption decreased by 70% and 84% when adding a
third and fourth crop phase, respectively (Figure 2).
Greenhouse Gas Emissions. The corn-soybean rotation

system generated the most GHG emissions at 776 kg CO2e
ha−1 y−1across crop phases. Across rotation system and
herbicide treatment, average annual GHG emissions were
primarily from N fertilizer application (38%), followed by N
fertilizer production (27%), and then fuel for field operations
(24%). Rotation system diversification was a significant driver
for reductions in overall greenhouse gas emissions, resulting in
54% and 64% lower emissions when adding a third and fourth
crop phase to the rotation, respectively (Figure 3). This was
due to the substitution of synthetic N fertilizers with
composted manure and N derived from biological N fixation
by clover and alfalfa in the 3- and 4-year rotation systems.
While biological N fixation data were not collected during the

present study, Tomer and Liebman (2014) calculated nutrient
balances for the same diversification experiment during 2004−
2011 and estimated that the combination of N fixation and net
soil N mineralization provided 218−222 kg N ha−1 y−1 for
soybean crop phases in the 2-year rotation, and 188−192 kg N
ha−1 y−1 for alfalfa and soybean crop phases during the 4-year
rotation system.23 Nitrogen fixation plus net soil N
mineralization within the 3-year rotation system provided
123−205 kg N ha−1 y−1 to red clover and soybean.23 Published
values for mean rates of N fixation in the Midwestern U.S. are
84−111 kg N ha−1 y−1 for soybean,55,56 92 kg N ha−1 y−1 for
red clover,57 and 152−165 kg N ha−1 y−1 for alfalfa.55,58

PM2.5-Related Emissions (Primary PM2.5, NH3, NOx,
SOx, and VOC). Across rotation system and herbicide
treatments, mean primary PM2.5 emissions were dominated
by fugitive dust (92%), followed by N fertilizer production
(4%) and field operations (4%). The remaining system
components generated less than 1% of overall PM2.5 emissions
(Figure 4). Herbicide regime was a strong driver of total
primary PM2.5 emissions, where the CONV emissions were
31% lower than the LOW emissions (Table S6, Supporting
Information).

Figure 2. Mean annual fossil energy consumption (a) as affected by contrasting rotation systems and herbicide regimes across system components
of diesel, seed, N fertilizer, and herbicide production, field operations, and grain drying and (b) as normalized by annual harvested dry commercial
crop yields, including corn, soybean, oat grain and straw, and alfalfa. Error bars indicate one standard error of the annual mean annual total energy
consumption.
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• Recall that there was no difference in SOC between 
continuous corn grown with and without a rye cover 
crop, at the COBS experiment
• Using isotopes, we found that C from the cover crop 

accounted for about 10% of respiration at the soil 
surface
• But, the cover crop supplied ~30% of respiration at a 

depth of 50 cm to 100 cm
• Increased biological activity may benefit water 

quality even if SOC doesn’t increase:
• Mean nitrate leaching was 58% lower in the cover-cropped 

corn (Daigh et al. 2015, J. Environ. Qual.)

Cover crops can benefit water quality 
even without increasing SOC
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crop significantly decreased, but its proportion of total 
respired CO2 significantly increased with depth in CCW 
(p < .05; Figure 2c). Specifically, 0–25 cm soil had a lower 
proportion of cover crop‐derived CO2 (0.08 ± 0.007) than 
the other three depths (0.28 ± 0.08; Figure 2c).

3.4 | Soil C mineralization kinetics
A two‐pool model was used to estimate fast‐ and slow‐decom-
posing C (denoted by Cf and Cs, respectively) by fitting the cu-
mulative CO2 production curve for each incubated sample. The 
fitted models for all cropping systems closely approximated the 
data (R2 >  .99). The Cf pool represented 0.2%–1.1% of total 
SOC and had rate constants ranging from 8 to 126  year−1, 
corresponding to mean turnover times ranging from 0.01 to 
0.12  years (Table S2). The Cs pool represented 5%–21% of 
total SOC and had rate constants ranging from 0.5 to 1.6 year−1, 
corresponding to mean turnover times ranging from 0.6 to 
2.2 years (Table S2). The two prairies (Pr and PrF) had sig-
nificantly higher amounts of Cs than all other treatments only 
in 0–25 cm soil (p < .05; Figure 3c). In contrast to the prairies, 
addition of a rye cover crop to continuous corn (CCW) did not 
increase Cf and Cs in 0–25 cm soil, and in soil below 25 cm, 
CCW had significantly lower amounts of Cs and Cf than CC 
while increasing their decomposition rates (p < .05; Figure 3).

The two‐pool model was also used to estimate fast‐ and 
slow‐decomposing pools of C4‐derived CO2 (Figure S6), 
whereas C3‐derived CO2 was best fit with a one‐pool model 
(two‐pool models did not converge during the model fitting 
process). For comparison, one‐pool model parameters for 
C3‐ and C4‐derived CO2 are shown in Figure 4, and this sin-
gle pool is hereafter termed the “active” C pool. The C3‐de-
rived active pool represented 2%–20% of total SOC and had 
rate constants ranging from 0.2 to 0.7 year−1, correspond-
ing to mean turnover times ranging from 1.4 to 4.5 years 
(Table S3). The C4‐derived active pool represented 1%–6% 
of total SOC and had rate constants ranging from 1.5 to 
5  year−1, corresponding to mean turnover times ranging 
from 0.2 to 0.7 years (Table S3). Both C3‐ and C4‐derived 
active pools significantly decreased with depth (p  <  .05; 
Figure 4a,c), while the decomposition rate constant of the 
C4‐derived active pool significantly increased with depth 
(p < .05; Figure 4d). In 0–25 cm soil, C2 and PrF had sig-
nificantly larger C3‐derived active pools than S2 and Pr, 
respectively (p  <  .05; Figure 4a). The C2, CC, and PrF 
cropping systems had lower decomposition rate constants 
for the C3‐derived active pools than S2, CCW, and Pr, re-
spectively (Figure 4b). The Pr and PrF cropping systems 
had significantly larger C4‐derived active pools but lower 
decomposition rate constants of these pools in 0–25 cm soil 

F I G U R E  2  Cumulative respiration of C3‐ (a) and C4‐derived C (b) and their proportion of total cumulative C mineralization from corn (C2) 
and soybean (S2) in the corn–soybean rotation, continuous corn (CC), continuous corn with a rye cover crop (CCW), unfertilized prairie (Pr), and 
fertilized prairie (PrF) cropping systems; cumulative mineralization of rye‐derived C from continuous corn with a rye cover crop (CCW) system 
and its proportion of cumulative C mineralization (c)

Cover crops can benefit water quality 
even without increasing SOC

Ye and Hall 2020
GCB-Bioenergy
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crop significantly decreased, but its proportion of total 
respired CO2 significantly increased with depth in CCW 
(p < .05; Figure 2c). Specifically, 0–25 cm soil had a lower 
proportion of cover crop‐derived CO2 (0.08 ± 0.007) than 
the other three depths (0.28 ± 0.08; Figure 2c).

3.4 | Soil C mineralization kinetics
A two‐pool model was used to estimate fast‐ and slow‐decom-
posing C (denoted by Cf and Cs, respectively) by fitting the cu-
mulative CO2 production curve for each incubated sample. The 
fitted models for all cropping systems closely approximated the 
data (R2 >  .99). The Cf pool represented 0.2%–1.1% of total 
SOC and had rate constants ranging from 8 to 126  year−1, 
corresponding to mean turnover times ranging from 0.01 to 
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total SOC and had rate constants ranging from 0.5 to 1.6 year−1, 
corresponding to mean turnover times ranging from 0.6 to 
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nificantly higher amounts of Cs than all other treatments only 
in 0–25 cm soil (p < .05; Figure 3c). In contrast to the prairies, 
addition of a rye cover crop to continuous corn (CCW) did not 
increase Cf and Cs in 0–25 cm soil, and in soil below 25 cm, 
CCW had significantly lower amounts of Cs and Cf than CC 
while increasing their decomposition rates (p < .05; Figure 3).

The two‐pool model was also used to estimate fast‐ and 
slow‐decomposing pools of C4‐derived CO2 (Figure S6), 
whereas C3‐derived CO2 was best fit with a one‐pool model 
(two‐pool models did not converge during the model fitting 
process). For comparison, one‐pool model parameters for 
C3‐ and C4‐derived CO2 are shown in Figure 4, and this sin-
gle pool is hereafter termed the “active” C pool. The C3‐de-
rived active pool represented 2%–20% of total SOC and had 
rate constants ranging from 0.2 to 0.7 year−1, correspond-
ing to mean turnover times ranging from 1.4 to 4.5 years 
(Table S3). The C4‐derived active pool represented 1%–6% 
of total SOC and had rate constants ranging from 1.5 to 
5  year−1, corresponding to mean turnover times ranging 
from 0.2 to 0.7 years (Table S3). Both C3‐ and C4‐derived 
active pools significantly decreased with depth (p  <  .05; 
Figure 4a,c), while the decomposition rate constant of the 
C4‐derived active pool significantly increased with depth 
(p < .05; Figure 4d). In 0–25 cm soil, C2 and PrF had sig-
nificantly larger C3‐derived active pools than S2 and Pr, 
respectively (p  <  .05; Figure 4a). The C2, CC, and PrF 
cropping systems had lower decomposition rate constants 
for the C3‐derived active pools than S2, CCW, and Pr, re-
spectively (Figure 4b). The Pr and PrF cropping systems 
had significantly larger C4‐derived active pools but lower 
decomposition rate constants of these pools in 0–25 cm soil 

F I G U R E  2  Cumulative respiration of C3‐ (a) and C4‐derived C (b) and their proportion of total cumulative C mineralization from corn (C2) 
and soybean (S2) in the corn–soybean rotation, continuous corn (CC), continuous corn with a rye cover crop (CCW), unfertilized prairie (Pr), and 
fertilized prairie (PrF) cropping systems; cumulative mineralization of rye‐derived C from continuous corn with a rye cover crop (CCW) system 
and its proportion of cumulative C mineralization (c)

Cover crops can benefit water quality 
even without increasing SOC

Ye and Hall 2020
GCB-Bioenergy



Take-home points

1. Changes in farm practices may (or may not) influence soil organic 
carbon content

2. Even when carbon content doesn’t change, farmers and the 
environment can strongly benefit from diversified cropping systems

3. Despite the enormous “buzz” around soil carbon, we should assess 
environmental benefits of farming practices from a holistic 
perspective



Questions for you:

• Increased atmospheric CO2 resulting fossil fuel combustion is 
the primary cause of recent climate change
• For typical corn/soybean systems in the US Corn Belt, which 

greenhouse gas currently has the largest climate impact?
a) Carbon dioxide (CO2)
b) Methane (CH4)
c) Nitrous oxide (N2O)



Questions for you:

• Increased atmospheric CO2 resulting fossil fuel combustion is 
the primary cause of recent climate change
• Which greenhouse gas is the largest source of current climate 

warming from typical corn/soybean systems in the US Corn 
Belt?

a) Carbon dioxide (CO2)
b) Methane (CH4)
c) Nitrous oxide (N2O)
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Nitrogen, not carbon, has greater leverage 
on climate impacts of Corn Belt agriculture
• Conservative upper bound of soil C gain in the humid Corn Belt:

• ~ 1600 kg CO2-eq ha-1 y-1 (restored prairie; Matamala et al. 2008)
• Estimated C gains from cover crops

• ~800 – 1200 kg CO2-eq ha-1 y-1 (Poeplau and Don et al. 2015: McClelland et al. 2021)
• Estimated C gain from decreased tillage

• ~1,000 kg CO2-eq ha-1 y-1 from cool, moist, fine-grained soil (Ogle et al. 2019)

• Direct nitrous oxide emissions from corn/soybean soils
• ~3,700 kg CO2-eq ha-1 y-1 (Lawrence et al., 2021)

• Greenhouse gas emissions from synthetic N production
• ~ 350 kg CO2-eq ha-1 y-1(Liu et al. 2020)
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How to decrease N2O emissions?
• Simplest answer: decrease synthetic N fertilizer application.

• Rough estimate: a 20% decrease in N rate may decrease N2O by 25%
• In CO2 equivalents, this is similar to average SOC gains from cover crops and 

no-till (about 1000 kg CO2-eq ha-1 y-1)
• More complicated/contentious answers: 

• Precision N management
• Nitrification inhibitors?
• Improved drainage?
• Biochar?

• However, we’ve already discussed a system that can dramatically 
decrease synthetic N inputs without sacrificing profitability…



How to decrease N2O emissions?
• Simplest answer: decrease synthetic N fertilizer application.

• Rough estimate: a 20% decrease in N rate may decrease N2O by 25%
• In CO2 equivalents, this is similar to average SOC gains from cover crops and 

no-till (about 1000 kg CO2-eq ha-1 y-1)
• More complicated/contentious answers: 

• Precision N management
• Nitrification inhibitors?
• Improved drainage?
• Biochar?

• However, we’ve already discussed a system that can dramatically 
decrease synthetic N inputs without sacrificing profitability…



These diversified crop rotations 
required lower N fertilizer inputs 

• Synthetic N inputs were 
~90% lower in the 
extended rotations
• Net profitability was 

similar
• See Matt Liebman for 

further questions about 
the Marsden experiment

rotation diversity with concomitant increases in the diversity of
associated management practices can also disrupt weed life
cycles, thereby reducing weed survival, reproductive output,
and biomass production and enhancing weed suppression with
lower reliance on herbicides.21−24 As populations of a rising
number of weed species evolve resistance to a wide range of
herbicides, cropping system diversification has been identified
as a key resistance management strategy.25 Incorporating a
reduced herbicide application regime into an increasingly
diverse cropping system may not only suppress weeds
effectively but also significantly reduce toxicity impacts to
freshwater bodies in agricultural landscapes.23,24

Cropping system diversification is often linked to integration
with livestock production. In integrated systems, grain
concentrates and forages are fed to livestock and manure is
used as a nutrient source for crops.26 In addition to reducing
requirements for purchased fertilizers, the soil-related benefits
of this practice include improvements in soil carbon storage
and microbial biomass, soil physical structure, plant-available
nitrogen, and infiltration and retention of water.27,28 Manure
transfer between on-farm enterprises or neighboring farms
provides an opportunity to integrate crop and livestock
operations within a watershed and can alleviate costs
associated with manure storage, handling, and disposal.26

The objective of this study is to extend previous findings by
Davis et al.23 and Hunt et al.24 by estimating the potential
eutrophication loading and erosion loss from a watershed
under three crop rotation systems and two herbicide regimes.
We used empirical data collected from 2008 to 2016 as well as
modeling analyses to make the estimates. We predicted that
soil erosion and nutrient losses would decrease as cropping
system diversification increased. We also expected that a
reduction in herbicide use intensity would have little or no
impact on erosion and nutrient losses for the different rotation
systems. On the basis of our previous work, we expected that
the primary agronomic functions of crop productivity, weed
suppression, and net returns to land and management would
be sustained or enhanced under system diversification and
largely unaffected by the herbicide regimes we assessed.

■ MATERIALS AND METHODS
Experimental Design. Empirical measurements were

made at Iowa State University’s Marsden Farm, which is
situated in Boone County, IA (42°01′N, 93°47′W). All soil
types at the experimental site are Mollisols. The site does not
have a subsurface tile drainage system.
Experimental treatments were established in 2002. Preced-

ing setup of the experiment, the site was used for corn and
soybean production for at least 20 years using conventional
management practices. Experiment plots were organized in a
randomized complete block design, with four replicates of each
crop phase of each rotation system present every year. Main
plots, each 18 m × 85 m, comprised three different crop
rotation systems. Starting in 2008, each main plot was split into
two herbicide regimes, each applied over 9 m × 85 m subplots,
generating a 3 × 2 factorial set of treatments.24 Plots were
managed with conventional farm machinery.
Three crop rotation systems appropriate for the Midwest

United States were incorporated in this study: a 2-year corn
and soybean rotation and two more diverse systems: a 3-year
corn−soybean−oat/red clover rotation and a 4-year corn−
soybean−oat/alfalfa−alfalfa rotation. The 3-year rotation
system consisted of planting oat with red clover following

the soybean crop phase; oat grain and straw were harvested in
midsummer, oat stubble was mowed for weed control, and red
clover grew in the stubble until it was incorporated with a
moldboard plow in the late fall. The 4-year rotation system
consisted of planting oat with alfalfa following the soybean
crop phase; oat grain and straw were harvested in midsummer,
oat stubble was mowed once, and the alfalfa was left to grow
into the fourth crop phase, when it was harvested three or four
times, before being moldboard plowed in the late fall of the
fourth year.20,23,24 The more diverse cropping systems were
representative of integrated farms that incorporate livestock
through forage production and manure recycling. Synthetic
fertilizers were applied to corn in the 2-year system at
conventional rates based on soil tests. Composted cattle
manure was applied in the fall prior to the corn phase, and
reduced rates of synthetic fertilizers were applied to corn in the
3- and 4-year rotations (Table 1).

Alternative herbicide application regimes were applied to the
corn and soybean crop phases within each rotation system. We
implemented a conventional treatment (CONV) comprising
broadcast applications of pre- and postemergence materials
and a low-herbicide regime (LOW) involving postemergence
banded herbicide application followed by one or two passes
with an interrow cultivator. Oat stubble in the 3- and 4-year
systems was mowed to suppress weeds 19−28 days after grain
harvest. Repeated cutting of alfalfa hay suppressed weeds in the
alfalfa crop grown in the 4-year system. Details of the
management of the experimental plots are given in Davis et
al.,23 Tomer and Liebman,20 and Hunt et al.24

During the 2008−2013 field seasons, as part of a related
study examining contrasting “technology packages” of crop
genotypes paired with particular herbicide regimes, a
glyphosate-resistant variety of soybean was used in the
CONV herbicide regime, while a nonglyphosate-resistant
soybean variety was used in the LOW herbicide regime.29

From 2014 to 2016, the same glyphosate-resistant soybean
variety was used for both herbicide treatments, thus avoiding
confounding of crop genotype and weed management
strategies.24 Glyphosate was used consistently in the CONV
herbicide treatment but was not used in the LOW herbicide
treatment during 2008−2016.
Tillage practices varied among rotation systems. The 2-year

rotation was chisel plowed in the fall following corn harvest
and surface cultivated in the spring following soybean harvest.
Similar practices were used following corn and soybean phases
of the 3- and 4-year systems, but additionally, soybean residue
was disked before planting oat and red clover or oat and alfalfa,
and red clover and alfalfa were moldboard plowed in the fall
preceding corn production. The effects of these tillage
practices were intertwined with those of the crop rotation

Table 1. Nutrient N and P Applications via Fertilizer and
Composted Manure During 2008−2016 Averaged over All
Crop Phases of Each Rotation System

crop rotation system

2 year
(kg ha−1 yr−1)

3 year
(kg ha−1 yr−1)

4 year
(kg ha−1 yr−1)

fertilizer N 89 13 8
fertilizer P 15 0 9
manure N 0 46 34
manure P 0 15 11

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b02193
Environ. Sci. Technol. 2019, 53, 1344−1352

1345

Hunt et al., 2019 
Env. Sci. Tech

N rates were determined using 
the late-spring soil nitrate test



These diversified crop rotations had 
much lower greenhouse gas emissions

• Note: the N2O 
emissions were 
estimated from a simple 
model
• Our measurements 

from a nearby site 
indicate that real N2O 
fluxes are likely two or 
three-fold greater! 
(Lawrence et al. 2021, 
PNAS)

Total VOC emissions decreased by at least 72% when
diversifying the corn-soybean rotation, regardless of whether a
third or fourth crop was added. Estimated SOx emissions
decreased by 71%, 80%, and 30% when shifting from the 2-year
to 3-year system, 2-year to 4-year system, and 3-year to 4-year
system, respectively (Figure 4).
Estimated NH3 emissions decreased by 63%, 74%, and 30%

when shifting from the 2-year to 3-year system, 2-year to 4-year
system, and 3-year to 4-year system, respectively. All increases
in crop rotation diversity yielded significant reductions in NOx
emissions when deviating from a corn-soybean rotation, with a
33% reduction when adding an oat/red clover phase and a 42%
reduction when adding oat/alfalfa and alfalfa crop phases
(Figure 4).
For each of the secondary PM2.5 precursors, the 2-year corn-

soybean rotation was the largest emitter, with decreasing
emissions as rotation diversity increased (Figure 4). N fertilizer
production dominated VOC (57%) and SOx (56%) emissions,
while N fertilizer application dominated NH3 emissions (99%).
NOx emissions were primarily driven by field operations (48%)
and N fertilizer application (28%) (Figure 4).
Economic Damages from GHG Emissions. Damages

from GHG emissions were highest in the corn-soybean

rotation, at $34 ha−1y−1, and decreased as rotation diversity
increased to $15 ha−1 y−1 for the corn-soybean-oat-alfalfa
rotation. On average, the largest contributor to climate change
damages was from N fertilizer application (38%), followed by
N fertilizer production (27%) and fuel combustion during field
operations (25%). On average, climate damages were driven
largely by CO2 (50%) and N2O (46%) emissions (Figure 5).

Economic Damages from PM2.5-Related Emissions.
The largest economic damages from PM2.5-related emissions
came from the corn-soybean rotation system at an average of
$702 ha−1y−1. Damages decreased as a third and fourth crop
phase were added, by 42% and 57%, respectively, with avoided
costs of $291 and $396 ha−1y−1, respectively. Damages were
largely generated from NH3 emissions, comprising between
42% and 69% of the total damages from reduced air quality
(Figure 6).

Combined Economic Damages from GHG and PM2.5-
related Emissions. The corn-soybean rotation system yielded
the highest combined economic damages at an average cost of
$735 ha−1 y−1. This value decreased by $309 ha−1 y−1 and by
$418 ha−1 y−1, respectively, as oat-red clover and oat-alfalfa and
alfalfa crop phases were added (Figure 7). Damages were due
primarily to emissions associated with N fertilizer application

Figure 3. Mean annual GHG emissions (a) as affected by contrasting rotation systems and herbicide regimes across system components of diesel,
N fertilizer, and herbicide production, field operations, N application, and grain drying and (b) as expressed in GHG emission species. Error bars
indicate one standard error of the annual mean total emissions.

Environmental Science & Technology pubs.acs.org/est Article
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Implications for carbon markets

• Practices such as no-till and cover crops can potentially increase 
SOC…
• But results are context-dependent, and may not be detectable
• Diversified cropping systems may have little effect on SOC but 

may have large effects on soil biological processes
• Cropping systems that decrease synthetic N inputs may have 

greatest climate benefit (decreased N2O emissions) even if they 
do not store additional SOC
• The same logic likely holds true for water quality improvement 
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Question: where in this field is the soil 
“healthiest”?

a) In the dark green 
areas (uplands)

b) In the light green 
areas (slopes)

c) In the purple areas 
(depressions)

filtered dataset. Therefore, the results presented here assume
that the LiDAR-derived DEMs used in this work are accurate
representations of the actual land surface elevations of the
DML-IA - an assumption implicit in all DEM-based deriva-
tions of land surface information (Abedini et al. 2006) - and
that the dataset filtering criteria employed in this study are
reasonable.

Results

The filtered dataset contained 173,171 features reasonably
considered to be topographically intact, drained upland de-
pressions (Fig. 2). Nearly 25% of the depressions identified
in this study overlap with depressional wetlands identified in
the NWI for the DML-IA, suggesting that the NWI insuffi-
ciently maps drained former wetland depressions within this
region. For instance, Gleason and Tangen (2008) note that
aerial imagery aided NWI mapping efforts tended to overlook
drained depressional basins, as these landscape features often
do not frequently contain standing water or visual evidence of
wetland vegetation since they are now, almost entirely, under
agricultural production (Miller et al. 2009). Additionally, as
estimated from USDA SSURGO soil survey datasets for the
region (USDA - NRCS 2006), our analysis indicates that ap-
proximately 94% of identified depressions in our dataset are
nearly entirely underlain by hydric soil types (>75% of indi-
vidual maximum inundation areas), indicating that most of
these features likely were depressional wetlands prior to being
drained for agricultural production.

Identified deepressions within the uplands of the DML-IA
have a cumulative area of 226,848 ha, comprising

approximately 7.3% of the total land surface of the region
(Table 1). Of the glacial advances of the DML-IA, the
3498 km2 Algona Advance possess the smallest number of
depressions (n = 28,260), totaling 45,502 ha and 13.3% of
the area of this sub-region. In contrast, the 9398 km2 Bemis
Advance possesses 40,348 ha of depressions (n = 35,682),
which collectively comprise 4.3% of the area of this sub-
region. Expectedly, the 12,162 km2 Altamont Advance – the
largest of the glacial sub-regions within the DMl-IA – con-
tains the greatest number of depressions (n = 77,613), but,
these features, totaling 105,068 ha, comprise only 8.6% of
the area of this sub-region. Aggregation of depressions with-
in the 6001 km2 of the DML-IA’s moraines and morainal
complexes shows that these individually much smaller and
more dispersed sub-regions collectively possess 31,166 de-
pressions, totaling 35,733 ha, and 6.0% of the total area of
these areas.

In contrast to our findings, Van Meter and Basu (2015)
identified approximately 300,000 depressions within the
DML-IA, totaling 386,000 ha and comprising approximately
12.2% of the total land area, with depressions occupying 8.3,
15, and 18.6% of the areas of the Bemis, Altamont, and
Algona advances, respectively. Likewise, Miller et al. (2009)
estimated that 1.3 million ha of wetlands (including both up-
land and lowland depressional basins and wet meadows and
swales), comprising approximately 44% of the area of the
region, existed within the DML-IA before the institution of
wide-scale surface and sub-surface drainage. In their work,
Miller et al. (2009) found that 33.5, 52.9, and 48.7% of the
land area of the Bemis, Altamont, and Algona glacial
advances, respectively, are occupied by wetlands, including
both depressional and non-depressional types.

Fig. 4 Delineated depressional
feature outlines (white) over 2010
aerial imagery during above-
normal moisture conditions in
Webster County, Iowa

Wetlands

McDeid et al. 2018, Wetlands
~1 km



Is this a “healthy” soil?

Huang et al.,
in review

Image: the bottom of a farmed pothole depression near Ames, IA 
in June 2018

Upland

Depression



• Systematic increase in SOC (0 – 30 cm) in depressions
• Threshold change in isotope composition of SOC at depression 

boundaries

Elevation relative to depression boundary (m)

uplanddepression

Huang et al, in review

SOC was much greater in depressions 
than uplands



• Systematic increase in SOC (0 – 30 cm) in depressions
• Threshold change in isotope composition of SOC at depression 

boundaries

Elevation relative to depression boundary (m)

C4 plants

C3 plants
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than uplands



• Variation in SOC among samples was best explained by silt and clay
• Erosion has led to accumulation of pre-agricultural SOC in depressions

Elevation relative to depression boundary (m)

C4 plants

C3 plants

Elevation relative to depression boundary (m)

uplanddepression

Huang et al, in review

SOC was much greater in depressions 
than uplands



Soil respiration and its sources did not 
vary between depressions and uplands

• Perhaps soil respiration is a better metric of soil health in this 
case?

Elevation relative to depression boundary (m)

uplanddepression



Soil respiration and its sources did not 
vary between depressions and uplands

• Perhaps soil respiration is a better metric of soil health in this 
case?
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Key point: 
SOC is a legacy of the landscape

• Glaciers and more than a 
century of erosion have 
shaped the distribution of SOC 
in our region
• SOC content changes slowly
• Assessing impacts of practice 

changes on SOC is a four-
dimensional problem!
• Other measures of soil health 

(e.g. soil respiration) may be 
more sensitive

filtered dataset. Therefore, the results presented here assume
that the LiDAR-derived DEMs used in this work are accurate
representations of the actual land surface elevations of the
DML-IA - an assumption implicit in all DEM-based deriva-
tions of land surface information (Abedini et al. 2006) - and
that the dataset filtering criteria employed in this study are
reasonable.

Results

The filtered dataset contained 173,171 features reasonably
considered to be topographically intact, drained upland de-
pressions (Fig. 2). Nearly 25% of the depressions identified
in this study overlap with depressional wetlands identified in
the NWI for the DML-IA, suggesting that the NWI insuffi-
ciently maps drained former wetland depressions within this
region. For instance, Gleason and Tangen (2008) note that
aerial imagery aided NWI mapping efforts tended to overlook
drained depressional basins, as these landscape features often
do not frequently contain standing water or visual evidence of
wetland vegetation since they are now, almost entirely, under
agricultural production (Miller et al. 2009). Additionally, as
estimated from USDA SSURGO soil survey datasets for the
region (USDA - NRCS 2006), our analysis indicates that ap-
proximately 94% of identified depressions in our dataset are
nearly entirely underlain by hydric soil types (>75% of indi-
vidual maximum inundation areas), indicating that most of
these features likely were depressional wetlands prior to being
drained for agricultural production.

Identified deepressions within the uplands of the DML-IA
have a cumulative area of 226,848 ha, comprising

approximately 7.3% of the total land surface of the region
(Table 1). Of the glacial advances of the DML-IA, the
3498 km2 Algona Advance possess the smallest number of
depressions (n = 28,260), totaling 45,502 ha and 13.3% of
the area of this sub-region. In contrast, the 9398 km2 Bemis
Advance possesses 40,348 ha of depressions (n = 35,682),
which collectively comprise 4.3% of the area of this sub-
region. Expectedly, the 12,162 km2 Altamont Advance – the
largest of the glacial sub-regions within the DMl-IA – con-
tains the greatest number of depressions (n = 77,613), but,
these features, totaling 105,068 ha, comprise only 8.6% of
the area of this sub-region. Aggregation of depressions with-
in the 6001 km2 of the DML-IA’s moraines and morainal
complexes shows that these individually much smaller and
more dispersed sub-regions collectively possess 31,166 de-
pressions, totaling 35,733 ha, and 6.0% of the total area of
these areas.

In contrast to our findings, Van Meter and Basu (2015)
identified approximately 300,000 depressions within the
DML-IA, totaling 386,000 ha and comprising approximately
12.2% of the total land area, with depressions occupying 8.3,
15, and 18.6% of the areas of the Bemis, Altamont, and
Algona advances, respectively. Likewise, Miller et al. (2009)
estimated that 1.3 million ha of wetlands (including both up-
land and lowland depressional basins and wet meadows and
swales), comprising approximately 44% of the area of the
region, existed within the DML-IA before the institution of
wide-scale surface and sub-surface drainage. In their work,
Miller et al. (2009) found that 33.5, 52.9, and 48.7% of the
land area of the Bemis, Altamont, and Algona glacial
advances, respectively, are occupied by wetlands, including
both depressional and non-depressional types.

Fig. 4 Delineated depressional
feature outlines (white) over 2010
aerial imagery during above-
normal moisture conditions in
Webster County, Iowa

Wetlands

McDeid et al. 2018, Wetlands
~1 km



The “soil carbon dilemma”:

• Quote from William Albrecht, 1938 USDA yearbook of agriculture 
(as cited in Janzen 2006, Soil Biol Biochem)
• From a modern perspective, we now know that it is difficult to 

“hoard” soil carbon, even if we wanted to
• All carbon decomposes, it is simply a matter of how fast or slow!

Points of view

The soil carbon dilemma: Shall we hoard it or use it?

H.H. Janzen *

Agriculture and Agri-Food Canada, P.O. Box 3000, Lethbridge, Alta., Canada T1J 4B1

Available online 21 November 2005

Abstract

Rapidly rising concentrations of atmospheric CO2 have prompted a flurry of studies on soils as potential carbon (C) ‘sinks’. Sequestering C in

soils is often seen as a ‘win–win’ proposition; it not only removes excess CO2 from the air, but also improves soils by augmenting organic matter,

an energy and nutrient source for biota. But organic matter is most useful, biologically, when it decays. So we face a dilemma: can we both

conserve organic matter and profit from its decay? Or must we choose one or the other? In this essay, I contemplate the merits, first of building soil

C and then of decaying (losing) it, partly from a historical perspective. I then consider the apparent trade-off between accrual and decay, and reflect

on how the dilemma might be resolved or assuaged. These fledgling thoughts, offered mostly to stir more fruitful debate, include: finding ways to

increase C inputs to soil; seeking to optimize the timing of decay; and understanding better, from an ecosystem perspective, the flows of C, rather

than only the stocks. Carbon sequestration is a sound and worthy goal. But soil organic matter is far more than a potential tank for impounding

excess CO2; it is a relentless flow of C atoms, through a myriad of streams—some fast, some slow—wending their way through the ecosystem,

driving biotic processes along the way. Now, when we aim to regain some of the C lost, we may need new ways of thinking about soil C dynamics,

and tuning them for the services expected of our ecosystems. This objective, perhaps demanding more biology along with other disciplines, is

especially urgent when we contemplate the stresses soon to be imposed by coming global changes.

Crown Copyright q 2005 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Some three decades ago, Freeman Dyson (1977) mused
about building ‘carbon banks’ in the biosphere to control
atmospheric CO2. “[I]f ever the danger of catastrophe from
CO2 accumulation becomes acute”, he said, we might plant
more trees or “build up carbon reserves in the form of humus”,
thereby withdrawing excess CO2 from the air.

Since then, worries of impending dangers have indeed
escalated. Scientists are increasingly persuaded that swiftly-
rising CO2 may one day induce unpleasant changes to global
climates (IPCC, 2001), and governments have begun enacting
policies to curb CO2 increases (UNFCCC, 2005). In response
has come a flurry of studies and deliberations about building
biological carbon (C) banks. Soil-focused journals, confer-
ences, and symposia, in particular, have been deluged
with papers on C ‘sinks’, C ‘sequestration’, C ‘storage’,
C ‘stabilization’, and C-storing ‘capacity’. This welcome tide
of data is showing how we can manage soils to trap more C,
how much we might store, and for how long.

But in our new-found zeal for locking up C, do we overlook
a fundamental precept: that organic matter has most benefit,
biologically, when it decays? Decades ago, William Albrecht
(1938) wrote:

Attempting to hoard as much organic matter as possible in
the soil, like a miser hoarding gold, is not the correct
answer. Organic matter functions mainly as it is decayed
and destroyed. Its value lies in its dynamic nature.

Was there truth in his assertion? And does it still apply? In
this essay, I ponder whether we can, at the same time, both
sequester C and see the benefits of higher soil C. Can we both
conserve organic matter and profit from its decay? Or does
building soil C involve a biological cost, a temporary forfeiture
of dividend?

To address these questions, I ponder the merits, first of
building soil C and then of its decay (loss). I then examine the
apparent paradox that emerges, and proffer some tentative
thoughts for resolving it. Though these contemplations may
apply more broadly, I focus primarily on cultivated soils, the
ones most widely seen as intentional C sinks. And I seek a
partly historical perspective, trying to avoid preoccupation
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