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rate of SOC sequestration. This approach
raises significant questions about the validity of the results of SOC sequestration
estimation. The use of this approach by
some scientists is based on assumptions
that the baseline tillage treatment (CT)
at the end of a study is at a steady state
and that it has the same SOC stocks it
had prior to the tillage treatment implementation. Based on that assumption, any
increase in SOC stocks of the comparison
treatment (e.g., NT) above the baseline
treatment (e.g., CT) would represent the
amount of SOC sequestered. The comparison approach is often used due to a
lack of measured pretreatment SOC stock
(Olson 2010). Without such pretreatment SOC stock measurements, the SOC
sequestration magnitude and rate cannot
be verified (Olson 2010; Sanderman and
Baldock 2010).
As apparent in table 1, researchers
have published SOC sequestration rates
that can be achieved by simply switching from MP or CT to NT based on the
paired comparison approach. This may be
true. However, there is a growing body of
scientific literature related to the contribution of agronomic best management
practices to sequester SOC (Huggins et al.
2007; Luo et al. 2010; Kumar et al. 2012,
Lyons et al. 1997; Janzen 2006; BlancoCanqui and Lal 2008; Casta Junior et al.
2013) that suggests that the SOC seques-

tration rates in table 1 may be too high.
Other researchers (Olson 2010; Baker et
al. 2007; Sanderman and Baldock 2010;
Sanford et al. 2012) found that SOC stocks
declined from pretreatment levels even
with long-term NT studies under soilspecific conditions, such as conversion of
prairie to agricultural land, drainage, aeration, tillage, and erosion.There is evidence
that NT systems in corn (Zea mays L.)
and soybean (Glycine max L.) rotations can
lose SOC as well because any cropping
system is dynamic and fresh C is subject
to decomposition and loss. Results from
those studies have shown that MP and NT
systems are actually losing SOC stocks
over time, but often NT systems lose SOC
stocks at a slower rate than that of the MP
system. This SOC loss will not diminish
the value of NT systems in annual cropping systems and the associated ancillary
benefits provided by NT to improve soil
health, SOM content, erosion control, and
energy savings. However, to increase the
effectiveness of NT as alternative to CT
systems that accelerate soil quality deterioration and SOM loss in particular, the
inclusion of cover crops, small grains, and
forages with NT can contribute to the
increase in SOC stocks in the range of
0.30 to 0.50 t C ha–1 y–1 (300 to 500 lb
ac–1 yr–1) (Olson et. al. 2014). Furthermore,
the adoption of better methods of calculating SOC sequestration rate as a result of
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n recent years, researchers have published soil organic carbon (SOC)
sequestration rates for conventional
tillage (CT) and no-tillage (NT) systems.
Determining SOC sequestration is a very
challenging and complex issue, especially
when it involves highly dynamic systems
such as climate and agroecosystems. The
monitoring of soil organic matter (SOM)
change is important to determine the
sustainability of soil health and productivity as we face some daunting challenges
in climate change. Improvement in SOC
sequestration is an integrative process
of atmosphere-plant-soil that has been
widely documented in the literature (e.g.,
Franzluebbers 2010; Johnson et al. 2005;
Liebig et al. 2005; Franzluebbers and Follett 2005; West and Post 2002; Lal 1999).
However, most of the documented SOC
sequestration rates have been determined
using the “paired comparison method,”
which refers to the comparison of two tillage systems to each other with the absence
of the pretreatment baseline for SOC
stocks measured prior to the implementation of such tillage treatments. This article
critically reviews the paired comparison
approach that has been used by many scientists in determining soil C sequestration
rates. Paired tillage treatments, with one
treatment such as moldboard plow (MP)
or any CT selected as a baseline or control,
have been used to determine SOC sequestration rate. Often the paired comparison
between tillage systems is based on only
one-time soil sampling near the end of a
long-term study to determine the average

Table 1
Published worldwide, United States, and regional United States soil organic carbon
(SOC) sequestration, retention, or net storage rates for a switch from moldboard or
conventional tillage to no-tillage.
Worldwide, USA, and
USA regional

SOC sequestration or
retention rate (Mg C ha–1 y–1)

Source reference

Worldwide
Humid climates
Arid climates
USA
North central
Northwest
Southeast
Northeast
Southwest

0.48 ± 0.13
0.22
0.10
0.50
0.48 ± 0.59
0.27 ± 0.19
0.45 ± 0.04
-0.07 ± 0.27
0.30 ± 0.21

West and Post (2002)
Six et al. (2004)
Six et al. (2004)
Lal et al. (1998)
Johnson et al. (2005)
Liebig et al. (2005)
Franzluebbers (2010)
Gregorich et al. (2005)
Franzluebbers and Follett (2005)
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Soil organic carbon (SOC) stocks of the pretreatment baseline and after 20 years on
the moldboard plow (MP) and no-tillage (NT) plots in the 0 to 5 cm surface layer.
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sequestration.The other consideration that
is often overlooked is the sampling depth.
In general, soil under NT on sloping and
eroding sites retains more SOC in the surface 0 to 5 cm (0 to 2 in; figure 1) or 0
to 15 cm (0 to 6 in) as compared to that
under MP as a result of less soil disturbance, less soil erosion, less decomposition
rate, and less loss or transport of SOC-rich
sediment off the plots (Olson et al. 2014).
However, to understand the magnitude of
SOC change under both systems, the subsurface layers also need to be sampled and
analyzed to a depth equivalent to the root
zone, depending on the cropping system.
In doing so, the NT subsurface layer may
lose SOC stock over time as compared to
the surface layer (figure 2). This loss may
be attributed to potential leaching of soluble C as the water infiltration rate and
preferential flow improves under NT.
There are a number of reasons for the
inconsistency for different methods of
determining SOC sequestration, includ-

ing differences in the definition of SOC
sequestration used by different researchers.
In accordance with the proposed definition, “the process of transferring CO2
from the atmosphere into the soil of a
land unit through unit plants, plant residues, and other organic solids, which are
stored or retained in the unit as part of the
SOM or humus” (Olson et al. 2014), some
of the reported SOC sequestration results
are questionable. For these estimates to be
valid, the management practices must lead
to an increase in the net SOC from a pretreatment baseline measurement (Olson
2013). Any increase in soil C that is not
directly originating from the atmosphere
(from outside the land unit) does not meet
the proposed C sequestration definition.
These external inputs may include organic
fertilizers, manure, plant residues, topsoil,
or natural input processes such as soil erosion and sediment-rich C deposition on a
soil located on a lower landscape position
or in a waterway.
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REVIEW AND ANALYSIS OF
PUBLISHED STUDIES
After examining numerous original research
and summary papers, 120 papers on all sides
of the SOC sequestration, storage, retention,
and loss issues were selected for review and
analysis (Olson et al. 2014). Critical review
of the available literature shows that the difference between the NT and CT treatments
at the end of a long-term study using the
paired plot approach is only a measure of net
SOC storage difference between the two
treatments and does not represent a SOC

Figure 1

SOC retained (%)

switching to NT may provide more credible
data. The use of pretreatment baseline SOC
measurement is crucial in evaluating the
effectiveness of NT or any other conservation practice. The SOC loss associated with
any tillage system is governed by the stability
of the system. However, the benefits added
to soil stability by having more crop residues
on soil surface as in NT can improve soil
physical properties in addition to improving
SOC stocks. On the other hand, in the case
of CT, SOC losses are more significant due
to water and wind erosion.
In agricultural cropping systems, NT is
often superior to CT systems in retention
of SOC despite the potential soluble C
loss to leaching as result of improvement in
hydrological and physical soil properties. In
addition, NT can enhance soil quality indicators such as aggregate stability, microbial
biomass C, and a range of physical properties. For SOC sequestration to occur based
on the proposed SOC sequestration definition (Olson et al. 2014) as a result of a
treatment applied to a land unit, all of the
SOC sequestered must have originated
from the atmospheric carbon dioxide (CO2)
pool and be transferred into the soil humus
through the unit plants, plant residues, and
other organic solids. The amount of SOC
present in the soil humus near the end of
the study must be greater than those of the
pretreatment SOC stocks in the same land
unit to satisfy the proposed C sequestration concept. To unequivocally demonstrate
that SOC sequestration at a specific site has
occurred, a temporal increase must be documented relative to pretreatment SOC and
linked with attendant changes in soil properties and ecosystem services and functions
(Olson et al. 2014).

Soil organic carbon (SOC) stocks of the pretreatment baseline and after 20 years on
the moldboard plow (MP) and no-tillage (NT) plots in the 0 to 75 cm surface layer.
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of cover crops; these factors can all result in
reduced SOC stocks.
Admittedly, it takes significant amount
of time (20 to 50 years) to design and
manage a long-term study. There are few
long-term studies that had all the required
soil property data collected for the root
zone or a depth of 1 to 2 m (3.3 to 6.6
ft) prior to tillage treatment establishment
and that were sampled frequently during and at the end of the study. One such
tillage study was conducted at University
of Illinois’s Dixon Springs Agricultural
Center. The plot area is a part of the
North Central Region Soil Erosion and
Productivity Committee study. It is sited
on a Grantsburg soil with a fragipan at 75
cm depth (30 in), moderately eroded, on
6% slope gradient (Olson 2010).
The accuracy of determining SOC
sequestration also depends on the method
used. Olson et al. (2014) used both the
paired comparison method and the pretreatment SOC method for the same
data collected from this long-term tillage

2005

0
2009

experiment. The results of comparison
showed that the paired method (NT vs.
MP) overestimated SOC sequestration
(0.4 Mg C ha–1 y–1 [400 lb ac–1 yr–1]) as
compared to pretreatment method (–0.3
Mg C ha–1 y–1 [-300 lb ac–1 yr–1]), where
both NT and MP were compared to the
same pretreatment baseline. The MP was
not at steady state and lost 30% of the
SOC stock in 20 years, while the NT lost
13%. The 17% difference in NT SOC
stock was retention of more SOC stock
than that in MP. The NT pretreatment
SOC stocks were larger at the start of the
20-year study than at the end of the study,
since the system lost 13% (figure 3). The
17% difference can be considered as C
retention since the NT system is still losing SOC as part of its dynamic.
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The application of C-rich amendments
or the natural deposition of SOC-rich
sediment (Olson 2013) from outside the
land unit needs to be accounted for when
determining SOC sequestration. The land
unit could be a plot, plot area, parcel, tract,
field, farm, landscape position, landscape,
wetland, forest, or prairie with defined
and identified boundaries (Olson 2013).
The definition of SOC sequestration proposed here requires that the land unit used
has specified boundaries and that C gains
from the atmosphere to the soil humus
are based on C inputs from the land unit
plants, roots, and their residues only. Any
loading of external C-rich amendments,
such as manure and organic fertilizers,
must be accounted for in analysis and
should be deducted from the claimed
SOC sequestration. The C loading on a
land unit would most likely increase the
amount of CO2 released from the land
unit during the decomposition process
to the atmosphere even if some additional humus formation were to occur on
the land unit as a result of the C loading.
These amendment cases illustrate the need
for specifying the land unit and origin of
the C sources in order to accurately measure the change in SOC derived from the
atmosphere. Other methodological factors
that could lead to errors in reporting SOC
sequestration rates include
• using inappropriate experimental design;
• sampling surface layers only;
• omitting measurements of soil bulk density;
• ignoring C addition from amendments
applied to the plots from external sources;
• using different SOC analysis laboratory
methods over the long-term study;
• ignoring the effects of soil erosion;
• ignoring the transport and deposition
of SOC-rich sediments to the experimental plots;
• disregarding spatial variability during
the sampling scheme; and
• not including time series sampling
to determine rate of change over the
study period.
More often than not, SOC stocks have
not remained at a steady state during the
last 50 years as a result of aeration, drainage,
tillage, disturbance, erosion, deposition,
lack of extended crop rotations, lack of
organic amendment use, erosion, and lack

CONCLUSIONS AND
RECOMMENDATIONS
Previous soil science research has built
an essential foundation to assess the
capacity of soil to store and sequester
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Figure 3
Soil organic carbon (SOC) stock changes from the pretreatment baseline and after
20 years on the moldboard plow (MP) and no-tillage (NT) plots with depth.
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