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Soil carbon (C) sequestration has been 
proposed as a major agriculturally based 
strategy for mitigating rising atmo-
spheric concentrations of greenhouse 
gases (Smith 2004). Developing science-
based C policy, marketing, and improved 
management decision support requires a 
regional assessment of soil C sequestra-
tion rates under different agricultural land 
management scenarios. Soil organic carbon 
(SOC) is a balance between C additions 
from unharvested plant residues and roots, 
organic amendments, and erosional depos-
its and C losses through decomposition of 
organic materials and soil erosion processes 
(De Jong and Kachanoski 1988; Paustian 
et al. 1997). Conversion of native lands to 
agricultural production has resulted in 20% 
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Abstract: Knowledge of soil organic carbon (SOC) changes that occur under different agri-
cultural practices is important for policy development, carbon (C) marketing, and sustainable 
land management. Our objective was to quantify agricultural impacts on SOC sequestration 
for dryland cropping systems in different agroclimatic zones (ACZs) of the Pacific Northwest 
(PNW). Data from 131 SOC studies were analyzed to assess land management–induced 
changes in SOC, including the conversion of native ecosystems to agricultural crops, conver-
sion from conventional tillage (CT) to no-tillage (NT), and alternative crop rotations and 
management practices. Cumulative probabilities of SOC change were developed for assessing 
uncertainties inherent in SOC studies and for informing SOC markets. These analyses showed 
that 75% of converted native land lost at least 0.14 to 0.70 Mg C ha–1 y–1 (0.06 to 0.31 tn C 
ac–1 yr–1) over an average of 55 to 74 years depending on ACZ. Converting from CT to NT 
was predicted to increase SOC at least 0.12 to 0.21 Mg C ha–1 y–1 (0.05 to 0.09 tn C ac–1 
yr–1) over 10 to 12 years in 75% of studies analyzed and was also ACZ specific. Compared to 
annual cropping, mixed perennial-annual systems would be expected to gain at least 0.69 Mg 
C ha–1 y–1 (0.31 tn C ac–1 yr–1) over 12 years in 75% of ACZ 2 sites. Other conclusions were 
that (1) SOC databases are lacking for low precipitation areas of the PNW, such as the dryland 
wheat–fallow region; (2) baseline sampling of SOC prior to management change is largely 
nonexistent for PNW databases except for a few notable cases; (3) soil erosion processes have 
likely impacted SOC and contributed to large variability among studies; (4) sampling method-
ologies and analyses for SOC have been inconsistent, thereby contributing to SOC variability; 
and (5) a validated C model for the PNW would aid evaluation of SOC changes due to man-
agement, particularly for specific farms and sites with unique SOC history and circumstances.
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to 60% loss of SOC within 40 to 50 years 
(Rasmussen and Parton 1994; Huggins et al. 
1998; Lal 2004). Agricultural practices that 
can partially restore depleted SOC include 
(1) adoption of conservation tillage, includ-
ing no-tillage (Huggins et al. 2007); (2) 
intensification of cropping by eliminating 
fallow (Halvorson et al. 2002); increase of 
cover crops and inclusion of more peren-
nial vegetation (Sperow et al. 2003); and (3) 
improvement of biomass production through 
the use of soil amendments (manures), fertil-
izers, and high yielding crop varieties (Lal et 
al. 1998; Follett 2001).

Between 1982 and 1997, agricultural and 
land management changes in the United 
States were estimated to sequester approxi-
mately 17 Tg C y–1 (18.7 million tn C yr–1), 

with 8.2 Tg C y–1 (9 million tn C yr–1) from 
reducing tillage intensity (Sperow et al. 
2003). Sperow et al. (2003) also estimated 
that adoption of C sequestering manage-
ment practices could increase total US SOC 
stocks by 60 to 70 Tg C y–1 (66 to 77 million 
tn C yr–1) above the 17 Tg C y–1 baseline for 
15 years following adoption. Rates of soil C 
sequestration following a change from con-
ventional tillage (CT) to no-tillage (NT) are 
predicted to peak within 5 to 10 years and 
approach a new steady-state 20 to 100 years 
following a management change (Rasmussen 
and Collins 1991; West and Post 2002) or 
until the soil storage capacity is reached (Lal 
2004). Consequently, SOC sequestration 
from changes in agricultural management 
has the potential to be a short-term miti-
gation factor in reducing atmospheric CO2 
concentrations (Lal 2001; Smith 2004). In 
the northwestern United States, Liebig et al. 
(2005) reported average SOC increases of 
0.05 Mg C ha–1 y–1 (0.02 tn C ac–1 yr–1) for 
reduced tillage and 0.27 Mg C ha–1 y–1 (0.12 
tn C ac–1 yr–1) for no-tillage under continu-
ous dryland cropping. The SOC sequestration 
potential, rate of SOC accumulation, and time 
required to obtain maximum SOC, however, 
will be site specific.

Management-induced changes in SOC 
following an alteration in agricultural prac-
tice are often more pronounced at the soil 
surface compared to the subsurface. In 
comparing NT with CT, West and Post 
(2002) observed statistically significant SOC 
increases under NT of 4.8 ± 0.87 Mg C ha–1 
(2.14 ± 0.39 tn C ac–1 yr–1) for the 0 to 7 cm 
(0 to 2.8 in) depth, but only 0.73 ± 0.57 Mg 
C ha–1 (0.33 ± 0.25 tn C ac–1 yr–1) for the 7 
to 15 cm (2.8 to 5.9 in) depth. No significant 
SOC differences between NT and CT were 
reported for the 15 to 25 (5.9 to 9.8 in) and 
25 to 35 cm (9.8 to 13.8 in) depths studied 
(West and Post 2002). They concluded that 
approximately 85% of SOC sequestration 
occurs within the top 7 cm of agricultural 
soil when converting from CT to NT (West 
and Post 2002). Following conversion from 
annual cropping to permanent vegetation 
under the Conservation Reserve Program 
(CRP), Follett (2001) reported greater SOC 
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changes in the near surface depth increment 
with SOC sequestration rates of 0.57, 0.74, 
and 0.91 Mg C ha–1 y–1 (0.25, 0.33, and 0.41 
tn C ac–1 yr–1) at 0 to 5, 0 to 10, and 0 to 20 
cm (0 to 2, 0 to 3.9, and 0 to 7.9 in), respec-
tively. From these data it would be estimated 
that 63% and 81% of the SOC change from 
adopting CRP occurred in surface 5 and 10 
cm, respectively. These studies illustrate the 
importance of sampling depth for evaluating 
rates of SOC sequestration under different 
management regimes.

The large variability in reported soil C 
sequestration rates is a consequence of multi-
ple factors that affect SOC storage including 
initial levels of SOC (Ismail et al. 1994) and 
degree of system SOC saturation (Hassink 
and Whitmore 1997); soil properties, such 
as texture and aggregation (Balesdent et al. 
2000; Six et al. 2004); soil erosion (Chaplot 
et al. 2009); artificial drainage (Sullivan et 
al. 1997); soil disturbance and crop rotation 
(Huggins et al. 2007); productivity (Al-Kaisi 
et al. 2005); and time. Furthermore, sam-
pling protocols, such as soil depth and time 
between sampling, can greatly affect rates of 
soil C sequestration. Our overall objective 
was to provide science-based information 
and assessment tools that quantify agricul-
tural management impacts on rates of SOC 
sequestration for dryland cropping systems 
of the Pacific Northwest. Specifically we (1) 
identified where sufficient data sets exist in 
the Pacific Northwest (PNW) to assess man-
agement impacts on SOC sequestration; (2) 
combined SOC datasets with the same man-
agement treatments and located within the 
same agroclimatic zone (ACZ) to assess SOC 
changes with soil depth; and (3) assessed soil 
profile changes in SOC due to manage-
ment on a cumulative distribution basis to 

Table 1
Summary of collected soil organic content literature by management practice (native conversion [NC], no-tillage management [NT], reduced tillage 
management [RT], mixed perennial-annual system [Mixed P-A], Conservation Reserve Program planting [CRP], annual cropping, fallow cropping, 
residue burning, no residue burning, barnyard manure application, and green manure application) and Pacific Northwest agroclimatic zone (ACZ).

 Management practice (number of studies†)

    Mixed  Annual Fallow Residue No residue Barnyard Green
ACZ* NC NT RT P-A CRP cropping cropping burning burning manure manure

1 1 — — — — — — — — — —
2 8 12 3 9 2 16 9 1 1 6 14
3 4 13 4 1 1 2 4 3 3 2 2
4 — — — — — — — — — — —
5 3 1 — — 1 — — 1 2 1 —
6 1 — — — — — — — — — —
* The ACZ designations follow those presented in figure 1 of this manuscript.
† Number of studies by location rather than by publication (e.g., one publication may have data for three unique sampling locations and would be 
recorded as three studies).

further evaluate uncertainties associated with 
reported SOC changes that, in turn, would 
be useful information for policy develop-
ment and/or carbon markets.

Materials and Methods
Overall, 131 location-specific SOC data 
sets were identified from peer-reviewed 
and nonpeer-reviewed literature (e.g., 
Agricultural Research Station Bulletins and 
Solutions To Environmental and Economic 
Problems Research Reports) that addressed 
changes in SOC content and distribution 
under agricultural management within 
the dryland cropping region of the Pacific 
Northwest (table 1). The geographic loca-
tion of each site was identified within the 
approximately 3.3 to 4 million ha (8.2 to 9.8 
million ac) of nonirrigated cropland occur-
ring in the PNW (i.e., Idaho, north central 
Oregon, and eastern Washington) and clas-
sified according to agroclimatic zone (ACZ) 
based on Douglas et al. (1992) (figure 1). For 
each study site, duration of management, till-
age, rotation, soil C data reported, sampling 
depth, landscape position, soil texture, soil 
series, annual temperature and precipitation, 
and method of SOC analysis were recorded. 
If annual precipitation or temperature were 
not provided, the location was assigned an 
agroclimatic zone based on its location rela-
tive to the ACZ map (figure 1). Only dryland 
cropping system studies were evaluated in 
this study, although some dryland locations 
identified were in the irrigated ACZ.

All data sets were converted from their 
original units to mass per unit volume per 
year (Mg C ha–1 cm–1 y–1 [tn C ac–1 in–1 yr–1]) 
in order to (1) allow comparisons among the 
different studies by using the same units, (2) 
assess the depth-distribution of SOC change 

under different management situations, and 
(3) estimate total profile changes in SOC. Soil 
bulk density data  are necessary to determine 
SOC on a volume basis. As several studies did 
not report bulk density values, bulk density 
values were assigned based on typical values 
for that soil type in order to convert SOC 
concentrations  to SOC contents . Sensitivity 
analyses showed that the potential error from 
assigning bulk density values for sites lack-
ing these data were relatively minor given 
the range of typical soil bulk densities of the 
region. The Mg C ha–1 cm–1 y–1 (tn C ac–1 in–1 
yr–1) units were derived by dividing the annual 
change in SOC by the depth sampled in cm.

Sufficient data were available for a more 
comprehensive evaluation of soil C seques-
tration for (1) conversion of native vegetation 
(perennial) to cropland using tillage, (2) NT 
compared to CT management, and (3) use of 
a mixed perennial-annual rotation compared 
to an annual rotation. In addition, the limited 
data on effects of crop residue burning, use 
of green and barnyard manures, and CRP 
plantings on SOC were summarized.

In order to evaluate the affects of ini-
tial SOC on the rates of SOC change due 
to management, SOC changes (Mg C ha–1 
cm–1 y–1 [tn C ac–1 in–1 yr–1]) were plotted 
against the initial SOC (Mg C ha–1 [tn C 
ac–1]). Changes in SOC relative to initial C 
were presented for 0 to 30 cm (0 to 11.8 in) 
depths and depths below 30 cm to identify 
the influence of management on surface and 
subsurface SOC. Changes in SOC due to 
management treatments were based on initial 
SOC when it was available for the study or 
by subtraction from the treatment represent-
ing the initial situation (e.g., native prairie, 
conventional tillage) when SOC was mea-
sured at the same time.
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Soil profile changes in SOC stocks were 
estimated based on the SOC depth increment 
data to characterize the depth-distribution of 
SOC change for the different management 
comparisons within an ACZ. For this por-
tion of the analysis, data sets in which SOC 
was sampled with detailed depth increments 
were used to empirically model the change 
in SOC with depth. In all instances, the SOC 
changes with depth were best described by an 
exponential relationship, based on coefficient 
of determination (R-squared) values. The 
exponential equations of SOC changes with 
depth fit were used to (1) estimate approxi-
mate depths at which no change in SOC 
occurred, (2) calculate total profile changes 
in SOC (Mg C ha–1), and (3) estimate total 
changes in profile SOC for incomplete data-
sets that did not include sufficient sampling 
throughout the soil profile. Data means, stan-
dard deviations, and cumulative probability 
distributions were derived for these profile 
SOC data (SAS Institute Inc. 2009).

The cumulative probability distributions 
were developed for the change in profile 
SOC data for each zone and management 
comparison. Expected scores of a normally 
distributed cumulative probability function 
were based on the number of observations 
in each management by ACZ dataset. The 
cumulative distributions of the SOC profile 

data were then compared to the expected 
scores for normally distributed data, and from 
these comparisons, it was concluded that 
the data were approximately normally dis-
tributed. Therefore, changes in SOC due to 
management practice were interpreted using 
cumulative probabilities and expected nor-
mal scores so that results could be evaluated 
based on the probability of their occurrence. 
This assessment allows further quantification 
of the uncertainty of achieving a particular 
change in SOC. For example, one could 
identify an amount of SOC change in which 
there was a 75% probability that the data 
were either equal to or greater than this 
amount of change. This assessment of uncer-
tainty in SOC change due to a management 
practice would be useful for policy develop-
ment and carbon marketing.

Results and Discussion
The majority of the datasets were located in 
ACZs 2 and 3, and in many cases, no data was 
identified for ACZs 1, 4, and 6 (table 1, figure 
1). Research quantifying or comparing SOC 
under different crop rotation and alternative 
management practices (e.g., burning or use of 
green manures) for dryland agriculture was 
limited to just a few studies. The Columbia 
Basin Agricultural Research Center plots, 
northeast of Pendleton, Oregon, are the 

Legend
1: Mountain/forest: wet-cold
2: Annual crop: wet-cold
3: Annual crop: fallow-transition
4: Annual crop: dry
5: Grain-fallow
6: Irrigated
Study locations

0 275 550 1,100 km

Figure 1
Agroclimatic zone (ACZ) designations for the Pacific Northwest (adapted from Douglas et al. 
1992) and locations of soil carbon studies identified for this study*.

*Although 129 soil organic carbon (SOC) data point locations are represented on the figure, 
many studies occurred at similar locations and are represented by only one symbol at this scale. 
Studies appearing in ACZ 6 (irrigated) were not under irrigation management.

N

only existing long-term agricultural plots 
that have evaluated SOC changes under a 
range of management scenarios for the dry-
land PNW (Rasmussen and Rohde 1988; 
Rasmussen and Parton 1994). Long-term 
research sites located in Lind, Washington; 
Pullman, Washington; Moscow, Idaho; and 
Moro, Oregon, were terminated in the 1950s 
(Horner et al. 1960). These long-term stud-
ies, as well as subsequent studies, are not 
adequate for a comprehensive evaluation of 
all major current management impacts on 
soil C sequestration for each ACZ. These data 
do, however, provide a general understand-
ing of SOC that is important for quantifying 
SOC stocks and dynamics and in evaluating 
management systems and practices that favor 
SOC retention.

Conversion of Native Ecosystems to 
Agriculture. Annual changes in SOC due to 
conversion of native vegetation to agricul-
ture ranged from gains of 0.037 Mg C ha–1 
cm–1 y–1 (0.042 tn C ac–1 in–1 yr–1) to losses 
of 0.057 Mg C ha–1 cm–1 y–1 (0.065 tn C 
ac–1 in–1 yr–1) measured in the surface 30 
cm (11.8 in) for ACZs 2, 3, and 5 (figure 2). 
Changes in subsurface SOC were generally 
less than surface changes and ranged from 
losses of 0.016 Mg C ha–1 cm–1 y–1 (0.018 tn 
C ac–1 in–1 yr–1) to gains of 0.01 Mg C ha–1 
cm–1 y–1 (0.011 tn C ac–1 in–1 yr–1). No clear 
trend was observed between initial SOC and 
the annual rate of SOC change (figure 2). 
Greater initial SOC was generally found in 
ACZs 2 and 3 than in ACZ 5, primarily due 
to larger biomass production in dryland ACZs 
with higher (i.e., ACZs 2 and 3) compared 
to lower (i.e., ACZ 5) precipitation (Sievers 
and Holtz 1923). Some cultivated landscape 
positions maintained or gained SOC follow-
ing conversion of native perennial vegetation 
to cropland (figure 2a). This was observed 
at depths of 20 to 50 cm (7.9 to 19.7 in) in 
three footslope landscape positions in an ACZ 
2 study reported by Rodman (1988). This is 
likely a consequence of soil erosion processes 
where detached soil organic matter is trans-
ported from eroded areas and deposited at 
lower-lying landscape positions and is consis-
tent with other findings (Busacca et al. 1993; 
Montgomery et al. 1997). These data illus-
trate the importance of considering landscape 
position in addition to management history 
when studying changes in SOC. Quantifying 
this contribution to the SOC balance would 
be appropriate for determining the net C 
sequestration potential across the landscape 
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Figure 2
Changes in soil organic carbon (SOC) following conversion of native vegetation to agriculture in each agroclimatic zone (ACZ) by (a) initial SOC and 
(b) study time period. Figure 2b includes all depth increments for the respective agroclimatic zone.

(a)
0.06

0.04

0.02

0.00

-0.02

-0.04

-0.06

-0.08

Ch
an

ge
 in

 S
O

C 
co

nt
en

t
 (M

g 
C 

ha
–1

 c
m

–1
 y

–1
)

 0.0 1.0 2.0 3.0 4.0 5.0

Initial SOC content (Mg C ha–1)

(b)
0.06

0.04

0.02

0.00

-0.02

-0.04

-0.06

-0.08

Ch
an

ge
 in

 S
O

C 
co

nt
en

t
 (M

g 
C 

ha
–1

 c
m

–1
 y

–1
)

 0 25 50 75 100 125

Period covered by data (y)

Legend
ACZ2, 0 to 30 cm
ACZ3, 0 to 30 cm
ACZ5, surface 15 cm

ACZ2, below 30 cm
ACZ3, below 30 cm

Legend
ACZ2 ACZ3 ACZ5

(VandenBygaart et al. 2002); however, little is 
currently known about the fate of soil C that 
is transported from the field via soil erosion 
processes, particularly with respect to green-
house gas emissions.

In ACZ 5, the mean rates of change and 
standard deviation were relatively high com-
pared to ACZs 2 and 3 (figure 3). This is likely 
a consequence of the relatively large ranges 
in duration of cultivation (from three years to 
decades) as well as differences in cultivation 
management for the ACZ 5 studies. Greater 
variability would be expected for these data 
as the rate of SOC change tends to proceed 
more rapidly during the initial years of cul-
tivation or following a management change 
(West and Post 2002). Schillinger et al. (2007) 
reported gains and losses of SOC as com-
pared to native levels in ACZ 5 where SOC 
decreased by 0.057 Mg C ha–1 cm–1 y–1 (0.065 
tn C ac–1 in–1 yr–1) in the surface 5 cm (2 in) 
but increased by 0.037 Mg C ha cm–1 y–1 
(0.042 tn C ac–1 in–1 yr–1) at the 5 to 10 cm (2 
to 3.9 in) depth (figure 2). Here, the elevated 
SOC in the subsurface under cultivation was 
attributed to decades of residue burial when 
the site was in a winter wheat–fallow rotation.

Following conversion of native vegetation 
to cultivation-based agriculture, profile SOC 

Figure 3
Changes in soil organic carbon (SOC) with depth following conversion of native vegetation to 
cropland by agroclimatic zone (ACZ). The L indicates data points from lowland landscape posi-
tions, and all others were (or assumed to be if not reported) from upland landscape positions.
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declined an average of 0.84 ± 0.17 Mg C 
ha–1 y–1 (0.38 ± 0.08 tn C ac–1 yr–1) in ACZ 2, 
while losses were less in ACZ 3 (0.53 ±0.18 
Mg C ha–1 y–1 [0.24 ± 0.08 tn C ac–1 yr–1]) 
and ACZ 5 (0.69 ±0.52 Mg ha–1 y–1 [0.31 ± 
0.23 tn C ac–1 yr–1]) (table 2). About 50% of 
the SOC loss occurred in the surface 30 cm 
(11.8 in) depth of the soil profile assessed for 
ACZ 2, while 50% of the SOC loss occurred 
in the surface 13 cm (5.1 in) in ACZ 3 
(figure 3). These data reflect differences in 
biomass production due to climatic factors 
as well as management differences between 
ACZs 2 and 3.

These estimates of SOC losses following 
conversion of native land to dryland agricul-
ture represent 15 data sets with an average of 
up to 74 years of cropping history (table 2). 
Although sites that have been under cultiva-
tion for a longer period of time may show 
greater overall SOC loss, more recently con-
verted soils will likely have greater initial 
rates of SOC loss until a new steady-state is 
approached (Huggins et al. 1998). Sievers 
and Holtz (1922) reported a 34.5% decrease 
in SOC, relative to initial SOC, within the 
surface 60 cm (23.6 in) after 39 years of crop-
ping near Pullman, Washington. These soils 
may have been approaching a new steady state 
where detectable SOC changes would only be 
expected with further management changes.

Means of SOC change had large standard 
deviations likely due to the influence of soil 
erosion, sampling errors, and other factors 
contributing to field SOC variability, and 
it was considered valuable to express SOC 
changes on a cumulative probability basis 

Table 2
Summary of profile changes in soil organic carbon (SOC) calculated from the mean and cumulative probability function for native conversion, adop-
tion of no-tillage management, and use of a mixed perennial-annual rotation.

   Period covered  Mean SOC  Cumulative probability estimate of
  Number by data change† SOC change* (Mg C ha–1 y–1)
Management ACZ of studies (mean y) (Mg C ha–1 y–1) 25th 50th 75th

Native conversion
 2 7 74 –0.84 (±0.17) –0.70 –0.82 –0.92
 3 4 55 –0.53 (±0.18) –0.35 –0.48 –0.58
 5 3 7 –0.69 (±0.52) –0.14 –0.47 –0.80
No-tillage
 2 12 14 0.71 (±0.63) 0.21 0.64 1.04
 3 5 10 0.21 (±0.10) 0.12 0.19 0.25
Mixed perennial-annual
 2 8 12 1.03 (±0.41) 0.69 0.94 1.12
Note: ACZ = agroclimatic zone.
* The 25th, 50th, and 75th percentiles of the cumulative probability function.
† Values in parenthesis indicate plus or minus one standard deviation from the mean value.

(figure 4, table 2). These analyses showed that 
75% of the converted native ecosystems were 
expected to have lost at least 0.7 Mg C ha–1 
y–1 (0.31 tn C ac–1 yr–1) or 2.57 metric tons 
carbon dioxide equivalents per hectare per 
year (MtCO2e ha–1 y–1), a common C trad-
ing unit, over 74 years in ACZ 2. In ACZ 
3, a SOC loss of at least 0.35 Mg C ha–1 y–1 
(0.16 tn C ac–1 yr–1) or 1.28 MtCO2e ha–1 
y–1 over 55 years would be expected on 75% 
of converted sites. Soil organic C losses of 
0.14 Mg C ha–1 y–1 (0.06 tn C ac–1 yr–1) or 
0.51 MtCO2e ha–1 y–1 or more over 7 years 
would be expected on 75% of ACZ 5 sites. 
Using these results and methodology, the 
degree of uncertainty in SOC changes due 
to management can be incorporated into 
land management, C marketing, and green 
house gas mitigation policy scenarios.

Conversion from Conventional Tillage to 
No-Tillage. Conversion from CT to NT 
generally resulted in positive rates of SOC 
gain for the surface 30 cm (11.8 in) (figure 
5). Surface 30 cm changes in SOC following 
adoption of NT ranged from a gain of 0.21 
Mg C ha–1 cm–1 y–1 (0.24 tn C ac–1 in–1 yr–1) 
to a loss of 0.20 Mg C ha–1 cm–1 y–1 (0.23 tn 
C ac–1 in–1 yr–1 ) (figure 5). Changes in SOC 
were not related to initial SOC content; 
however, the rate of SOC change tended to 
decrease after the initial 10 years of conver-
sion (figure 5a). Data for SOC in ACZs 2, 
3, and 5 usually were from the surface 10 to 
20 cm (3.9 to 7.9 in), largely ignoring the 
potential impact of management on profile 
SOC. In a few instances, NT was reported 
to have less SOC than the CT counterpart 

(Fuentes et al. 2004; Granatstein et al. 1987). 
Fuentes et al. (2004) noted a 0.017 Mg ha–1 
cm–1 y–1 (0.019 tn C ac–1 in–1 yr–1) SOC 
increase at 0 to 5 cm (0 to 2 in) but a 0.004 
Mg ha–1 cm–1 y–1 (0.005 tn C ac–1 in–1 yr–1) 
decrease at 5 to 10 cm (2 to 3.9 in) after 27 
years under NT as compared to CT. This dis-
tribution of SOC change may be explained 
by residue burial at the plow depth under 
CT that is absent in a NT system.

Adoption of NT following CT gener-
ally resulted in SOC increases with 58% 
or more of the SOC change captured in 
the surface 5 cm (2 in) and declining with 
depth to near zero at 20 cm (7.9 in) (data 
not shown). In ACZ 2, profile SOC stocks 
increased on average by 0.71 ± 0.63 Mg C 
ha–1 y–1 (0.32 ± 0.28 tn C ac–1 yr–1) over an 
average of 14 years following conversion of 
CT to NT (table 2). All changes in profile 
SOC for ACZ 2 occurred within the surface 
20 cm. Soil profile organic C increases were 
less in ACZ 3, averaging 0.21 ± 0.10 Mg C 
ha–1 y–1 (0.09 ± 0.04 tn C ac–1 yr–1) in the 
surface 20 cm over an average of 10 years 
following conversion. Given the relatively 
high standard deviations for these data, the 
cumulative probability analyses were again 
useful for further defining expectations for 
SOC changes (figure 4b). From the cumula-
tive probability analysis, it was predicted that 
75% of ACZ 2 conversions from CT to NT 
would increase SOC at a rate of at least 0.21 
Mg C ha–1 y–1 (0.09 tn C ac–1 yr–1) or 0.77 
MtCO2e ha–1 y–1 during the initial 14 years 
(table 2). Similarly for ACZ 3, increases of at 
least 0.12 Mg C ha–1 y–1 (0.05 tn C ac–1 yr–1) 
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Figure 4
Cumulative probability plots for change in soil organic carbon (SOC) following (a) conversion of native vegetation to cropland and (b) conversion 
from conventional tillage (CT) to no-tillage (NT). Symbols are observed values, and lines represent the expected normal scores.
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or 0.44 MtCO2e ha–1 y–1 would be expected 
during the first 10 years for 75% of sites. 
Although insufficient numbers of studies 
occurred for this kind of analysis in ACZ 5, 
SOC was observed to accumulate at a rate of 

less than 0.07 Mg C ha–1 y–1 (0.03 tn C ac–1 
yr–1) or 0.26 MtCO2e ha–1 y–1 with no appre-
ciable gain in SOC below 5 cm following 14 
years of NT (Bezdicek et al. 1998).

The 0.21 to 0.71 Mg C ha–1 y–1 (0.09 to 
0.32 tn C ac–1 yr–1) sequestration estimate 
averages for ACZs 2 and 3, respectively, are 
at the extreme ends of the global range (0.3 
to 0.8 Mg C ha–1 y–1 [0.13 to 0.36 tn ac–1 

Figure 5
Change in soil organic carbon with shift from conventional tillage (CT) to no-tillage (NT) versus (a) initial SOC and (b) study time period.
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yr–1]) reported by Smith (2004) for improved 
management practices. The ACZ 2 rate 
of SOC change (0.71 Mg C ha–1 y–1 [0.32 
tn C ac–1 yr–1]) exceeds the upper limit of 
the 0.3 to 0.6 Mg C ha–1 y–1 (0.13 to 0.27 
tn ac–1 yr–1) used by Follett (2001) for NT 
adoption on CT cropland. The ACZ 2 SOC 
sequestration rate is also higher than the 
surface 30 cm (11.8 in) rate increase (0.57 
± 0.14 C Mg ha–1 y–1 [0.25 to 0.06 tn C 
ac–1 yr–1]) reported by West and Post (2002) 
and the 0.5 Mg C ha–1 y–1 (0.22 tn C ac–1 
yr–1) estimate for the surface 20 cm (7.9 in) 
reported by Lal et al. (1998) in a global and 
national analysis, respectively, of NT com-
pared to CT. Furthermore, the ACZ 2 value 
is much higher than the 0.23 Mg C ha–1 y–1 
(0.10 tn C ac–1 yr–1) reported by Paustian et 
al. (1997) and the 0.3 Mg C ha–1 y–1 (0.13 tn 
C ac–1 yr–1) estimated by West and Marland 
(2001), comparing NT to CT sites nation-
ally. In contrast, the 0.21 Mg C ha–1 y–1 (0.09 
tn C ac–1 yr–1) sequestration rate estimated 
for conversion from CT to NT in ACZ 3 is 
similar to lower rates reported (Paustian et al. 
1997; Follett 2001; West and Marland 2001; 
Smith 2004; Liebig et al. 2005). Factors that 
could contribute to the relatively high rates 
of SOC change reported as well as the large 
range and standard deviation include soil 
sampling biases and the influence of soil ero-
sion. Sampling biases can arise if soil sampling 
occurs soon after a recent addition of bio-
mass from residues, for example after harvest 
when it is logistically more feasible to con-
duct sampling operations. Here, residues and 
root sources of C can become mixed with 
the sample and difficult to remove prior to 
total “soil” C analysis. The significance of this 
sampling issue increases with greater crop 
yields and associated residue and root inputs. 
High yielding areas in ACZ 2 can result in 
carbon loads in aboveground crop residues 
of 4.5 Mg C ha–1 (2 tn C ac–1) (Huggins and 
Kruger 2010). Even the inclusion of a small 
proportion of this residue C in soil samples 
would result in significant sample-related 
errors in SOC change estimates. These data 
indicate that SOC sampling should take place 
prior to significant C inputs from the current 
crop, for example in the late spring to sum-
mer time period. In addition, field variability 
of profile SOC can be increased as a result of 
long-term soil erosion processes that redis-
tribute SOC within the landscape (Busacca 
et al. 1985). High soil erosion rates in the 
dryland PNW have been attributed to steep 

slopes and historical farm practices.  One or 
two percent SOC and an annual erosion rate 
of 25 Mg soil ha–1 (11 tn C ac–1) could result 
in 0.25 to 0.5 Mg C ha–1 y–1 (0.11 to 0.22 
tn C ac–1 yr–1) to be either lost from eroded 
landscape positions or gained in depositional 
landscape positions. Therefore, the change in 
SOC that is measured through soil sampling 
at a given location includes contributions of 
C inputs and losses from both soil erosion 
and biological processes. At this time, only 
biological processes are directly linked to 
greenhouse gas production or mitigation by 
soil. Long-term soil erosion effects on SOC 
field redistribution can result in large errors 
in assessing management-induced changes 
in SOC in studies that lack initial baseline 
data. Here, paired-farm or field samples are 
often collected from limited field areas at the 
same time, and differences in SOC can be 
attributed to the relatively recent change in 
management. In these cases, landscape-scale 
soil erosion processes could have differentially 
influenced initial SOC as well as affected soil 
C gains and losses at the sampled location 
during the study period thereby introduc-
ing considerable error in estimated SOC 
changes. Under these circumstances, evalu-
ation of representative landscapes is required 
to assess management-induced changes in 
SOC over time (VandenBygaart et al. 2002).

Conversion of Conventional Tillage to 
Reduced Tillage. In ACZs 2 and 3, one and 
four data sets addressing changes in SOC 
with adoption of reduced tillage (RT) were 
identified, respectively. In ACZ 2, use of RT 
resulted in a 0.045 Mg C ha–1 y–1 (0.02 tn 
C ac–1 yr–1) or 0.17 MtCO2e ha–1 y–1 SOC 
increase in the surface 15 cm (5.9 in) com-
pared to CT. In ACZ 3, RT resulted in a 
relatively large increase of SOC in the sur-
face 7.5 cm (3 in) that declined to near zero 
between 7.5 to 22.5 cm (3 to 8.9 in). In 
contrast to CT conversion to NT, the SOC 
changes from RT increased at 22.5 to 45 cm 
(8.9 to 17.7 in) depths, indicating that RT 
may be more efficient at increasing SOC in 
the subsoil as compared to NT.

Mixed Perennial-Annual Cropping 
Systems. The inclusion of a perennial crop 
into an otherwise annual crop rotation 
(mixed perennial-annual rotation) resulted 
in gains, losses, and maintenance of SOC 
measured within the surface 30 cm (11.8 in) 
of soils in ACZs 2 and 3 (figure 6). In ACZ 
2, SOC increases were up to 0.066 Mg C 
ha–1 cm–1 y–1 (0.075 tn C ac–1 in–1 yr–1) while 

losses were as high as 0.009 Mg C ha–1 cm–1 
y–1 (0.010 tn C ac–1 in–1 yr–1). There were no 
clear trends between changes in SOC and 
length of time (data not shown) or propor-
tion of the mixed perennial-annual rotation 
in a perennial crop (figure 6b). In ACZ 3, a 
SOC decrease of 0.03 Mg C ha–1 cm–1 y–1 
(0.034 tn C ac–1 in–1 yr–1) was reported by 
Horner et al. (1960) in a 6-year rotation that 
included 3 years of alfalfa.

Compared to annual cropping systems, 
mixed perennial-annual systems increased 
mean SOC stocks in the soil profile by 1.03 
± 0.41 Mg C ha–1 y–1 (0.46 ± 0.18 tn C ac–1 
yr–1) (table 2). The value obtained in this 
analysis is higher than the 0.33 Mg C ha–1 
y–1 (0.15 tn C ac–1 yr–1) global estimate for 
converting agricultural land back to grass-
land vegetation reported by Post and Kwon 
(2000) and also higher than the 0.94 ± 0.86 
Mg C ha–1 y–1 (0.42 ± 0.38 tn C ac–1 yr–1) 
regional rate reported by Liebig et al. (2005) 
for conversion of cropland or reclaimed min-
ing land to grass. Again, considering the high 
standard deviations associated with these data, 
the cumulative probability analyses provided 
a more conservative estimate of SOC gains. 
This analysis indicates that 75% of ACZ 2 
sites adopting a mixed perennial-annual rota-
tion would be expected to increase SOC at 
a rate of at least 0.69 Mg C ha–1 y–1 (0.31 tn 
C ac–1 yr–1) or 2.53 MtCO2e ha–1 y–1 over a 
12-year period (table 2).

Conservation Reserve Program Plantings. 
The Conservation Reserve Program (CRP) 
is a voluntary US Farm Bill program of the 
USDA that encourages farmers to convert 
highly erodible cropland or other environ-
mentally sensitive acreage to conservation 
vegetation, such as introduced or native 
grasses, trees, filter strips, or riparian buffers. 
Most contracts are originally signed for 10 
years though extensions may be granted. No 
data were found that evaluated CRP planting 
effects on SOC changes for ACZs 1, 4, and 6. 
In ACZ 2, Purakayastha et al. (2008) noted a 
SOC gain of 0.07 and 0.005 Mg C ha–1 cm–1 
y–1 (0.08 and 0.006 tn C ac–1 in–1 yr–1)at 0 to 
5 cm (0 to 2 in) and 5 to 10 cm (2 to 3.9 
in), respectively, after 11 years in the CRP. 
In a study of 20 Washington soils, an average 
0.024 Mg C ha–1 cm–1 y–1  (0.027 tn C ac–1 
in–1 yr–1) gain in SOC was reported after 4.5 
to 5.5 years in CRP plantings (Karlen et al. 
1999). If these SOC gains were representative 
to a 20 cm (7.9 in) soil depth, then about 0.48 
Mg C ha–1 y–1 (0.21 tn C ac–1 yr–1) would be 
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Figure 6
Influence of mixed perennial-annual crop rotations on soil organic carbon (SOC) in agroclimatic zones (ACZ) 2 and 3 versus (a) initial SOC and (b) 
proportion of rotation under perennial cropping.
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expected, a rate that is over two times greater 
than the 0.2 Mg C ha–1 y–1 (0.09 tn C ac–1 
yr–1) value used by Cook (2007) but only 
about 50% of the 0.94 ± 0.86 Mg C ha–1 
y–1 (0.42 ± 0.38 tn C ac–1 y–1) estimated by 
Liebig et al. (2005) for conversion of crop-
land to grass. Furthermore, Sanchez de-Leon 
(2007) observed that changes in SOC under 
CRP remained 0.11, 0.18, and 0.15 Mg C 
ha–1 y–1 (0.05, 0.08, and 0.07 tn C ac–1 yr–1) 
below those of native Palouse prairie for the 0 
to 10 (0 to 3.9), 10 to 20 (3.9 to 7.9), and 20 
to 30 cm (7.9 to 11.8 in) depth increments, 
respectively, after approximately 23 years in 
CRP conservation cover.

Crop Residue Burning. Burning resulted 
in a loss of 0.03 Mg C ha–1 cm–1 y–1 (0.034 tn 
C ac–1 in–1 yr–1) within the surface 15 cm (5.9 
in) for a soil in ACZ 2 (Horner et al. 1960). 
The SOC also declined, however, under 
cropland management in which residue was 
not burned, but here the rate of SOC loss was 
reduced by approximately 0.01 Mg C ha–1 
cm–1 y–1 (0.011 tn C ac–1 in–1 yr–1) (Horner et 
al. 1960). In ACZ 3, Rasmussen and Parton 
(1994) reported a close to 50% reduction in 
SOC losses in the surface 30 cm (11.8 in) 
from not burning crop residue compared to 
crop residue burning over 55 years. Horner 
et al. (1960) showed similar SOC losses for 
both burned and nonburned treatments in 

ACZ 3 after 10 years of residue burning. 
The difference between the rate of SOC 
decline reported by Horner et al. (1960) and 
Rasmussen and Parton (1994) is likely due to 
the different lengths of time under burning 
management and depth of soil sampling (30 
versus 20 cm [11.8 versus 7.9 in] for Horner 
et al. [1960] and Rasmussen and Parton 
[1994], respectively).

Barnyard and Green Manures. In studies 
from ACZ 2, SOC changes following addi-
tion of barnyard manure ranged from slight 
declines (–0.005 to –0.001 Mg C ha–1 cm–1 
y–1 [–0.006 to –0.001 tn C ac–1 in–1 yr–1] to 
0.017 Mg C ha–1 cm–1 y–1 (0.019 tn C ac–1 in–1 
yr–1) increases within the surface 30 cm (11.8 
in). Addition of barnyard manure to soils 
under continuous wheat exhibited increases 
in SOC while rotations adding barnyard 
manure but using fallow practices contin-
ued to deplete or just maintain SOC stocks 
(Horner et al. 1960). In ACZ 3, Rasmussen 
and Parton (1994) observed continued SOC 
declines in the surface 30 cm following 55 
years of barnyard manure and pea vine resi-
due incorporation, respectively, in a winter 
wheat–summer fallow system. There was also 
little change in SOC content at 30 to 60 
cm (11.8 to 23.6 in) depth (Rasmussen and 
Parton 1994). Similarly, use of green manures 
did not reverse the decline in SOC for a win-

ter wheat–summer fallow system, and losses 
ranged from 0.003 to 0.005 Mg C ha–1 cm–1 
y–1 (0.003 to 0.006 tn C ac–1 in–1 yr–1) at 0 to 
30 and 30 to 60 cm, respectively (Rasmussen 
and Parton 1994). The SOC declines were 
greater over the 10-year study by Horner et 
al. (1960) compared to the Rasmussen and 
Parton (1994) 55-year study. Overall, barn-
yard and green manures increased SOC, but 
rates of change were dependent on other 
management practices, such as crop rotation 
and inclusion of fallow periods.

Summary and Conclusions
Agricultural practices have had consider-
able impact on SOC in the dryland cropping 
regions of the PNW and will greatly influ-
ence future changes in SOC. Evaluating 
SOC changes that occur as a result of dif-
ferent management practices is critical to 
policy makers, carbon market developers, and 
land managers, particularly in light of global 
climate change and the capacity of soil C 
sequestration to mitigate some of the rise in 
atmospheric concentrations of carbon diox-
ide (CO2). Current PNW data were sufficient 
to estimate changes in SOC that would occur 
following conversion of native land to agri-
cultural cropping systems, CT to NT, and 
from the inclusion of more perennial crops in 
rotation for ACZ 2 and to some extent for 

ACZ3, 0 to 30 cm
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ACZs 3 and 5. Data for these scenarios were 
very limited, however, for ACZ 4 as well as for 
other management practices across all zones. 
Although average changes in SOC were cal-
culated for different depths and for soil profiles 
as a whole, these data were quite variable. 
Contributing to study variability were the 
long-term influences of soil erosion processes 
and inconsistent SOC sampling and analytical 
protocols. Consequently, cumulative probabil-
ity distributions were developed to quantify 
the uncertainty associated with the SOC data. 
Expressing soil profile data on a cumulative 
probability basis provided a method where 
the degree of certainty in obtaining a par-
ticular SOC change could be selected by 
the user depending on their own risk crite-
ria. For example, using the 25th percentile 
of the cumulative probability function pro-
vides a conservative estimate of SOC change 
as 75% of soils would be expected to have 
values that are equal to or greater than this 
value. In the PNW, on a cumulative probabil-
ity bases, 75% of converted native ecosystems 
have lost at least 0.7, 0.35, and 0.14 Mg C 
ha–1 y–1 (0.31, 0.16, and 0.06 tn C ac–1 yr–1) 
in ACZs 2, 3, and 5, respectively. At the 25th 
percentile we would expect 75% of ACZs 2 
and 3 would gain at least 0.21 and 0.12 Mg C 
ha–1 y–1 (0.09 and 0.05 tn C ac–1 yr–1), respec-
tively, under NT following conversion from 
CT. Compared to annual cropping systems, 
mixed perennial-annual systems increased 
mean profile SOC stocks by 1.03 Mg C ha–1 
y–1 (0.46 tn C ac–1 yr–1), and we would expect 
soils in ACZ 2 to gain at least 0.69 Mg C ha–1 
y–1 (0.31 tn C ac–1 yr–1) for 75% of locations 
under this management.

From a carbon credit trading standpoint, 
SOC should be measureable, transparent, 
and verifiable (Smith et al. 2007). In order to 
develop and maintain a viable C sequestration 
market as well as to assess agricultural sustain-
ability, future SOC studies in the PNW should 
consider developing a process-oriented strat-
egy for measuring, verifying, and monitoring 
management impacts on SOC. Many carbon 
credit programs currently require addition-
ality, where a practice must show that SOC 
is sequestered beyond “business as usual” or 
emissions are avoided by maintaining a SOC 
sequestering practice (Willey and Chameides 
2007). The requirement for additionality 
emphasizes the need for baseline SOC data 
that quantifies SOC under “business as usual” 
and is the means by which SOC under alter-
native management can be compared in order 

to determine net benefits (i.e., offsets) (Willey 
and Chameides 2007).

From this study, it is clear that long-term 
research quantifying soil organic C content 
under different management practices is 
limited. There is also concern that estimates 
of agricultural soil C sequestration based 
on a limited soil depth might overestimate 
the actual sequestration potential result-
ing from changes in tillage management. 
Establishment of long-term sites represent-
ing the major agricultural systems as well as 
the more feasible alternatives to “business as 
usual” for each ACZ is needed. Included in 
the establishment of long-term sites would be 
georeferenced sampling locations and a min-
imum of 150 cm (59.1 in) sampling depth 
where possible. Initial soil C sampling would 
provide baseline data to be used in conjunc-
tion with temporal sampling to evaluate the 
rate and amount of soil C changes resulting 
from management. These efforts should also 
be linked to validating C model(s) for the 
region to aid evaluation of SOC changes 
due to management, particularly for specific 
farms and sites with unique SOC situations.
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