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Executive Summary
There is great interest in the status of soil organic carbon (SOC) as an indicator of soil health and
as a measure of removal of the greenhouse gas, carbon dioxide, from the atmosphere. Each ton
of SOC in the soil represents a past removal of 3.67 tons of carbon dioxide from the atmosphere.
There is a potential value of SOC as a greenhouse gas offset. Many large corporations want to
reduce their carbon footprint and document their sustainability by sourcing from agricultural
products from areas with increasing SOC.
The Prairie Soil Carbon Balance Project (PSCB) was initiated by the Saskatchewan Soil
Conservation Association to establish a system to monitor SOC on commercial farm fields
across Saskatchewan that were converted from conventional management to direct seeding and
continuous cropping in 1997. Under this project a network of 136 commercial farm fields in
Saskatchewan was established with initial measurement of SOC in fall 1996 with the plan to
track SOC change with repeated samplings. A small benchmark, 16 x 7 ft, is in each field,
locatable with a buried marker. Within each benchmark at each sampling, a composite sample of
six soil cores was taken to 16 inches below the surface in 4-inch increments. For each sampling,
a new set of six cores were taken offset from other samplings by 20 to 40 inches from the
previous coring locations. The mass of SOC is estimated from analysed SOC concentration and
the soil density. The network was resampled in 1999 (136 fields), 2005 (121 fields), 2011 (80
fields), and 2018 (90 fields). The number of fields differed between samplings due to changes
with co-operators over the project duration.
An unexpected finding was there was massive spatial variability of SOC within the benchmark.
Therefore, when the new six cores were taken at each sampling, by chance, the six cores could
sample soils with high relative SOC or soils with low relative SOC. This creates a random
difference between samplings due to spatial variability. With another sampling, the physical
offset for the new six cores creates introduces another difference between measurements. It
could increase the measured SOC or decrease the measured SOC depending on the SOC of the
soil that happens to be included in the composite sample of six cores. Because of the spatial
variability, it is impossible to reliably detect SOC change due to adoption of direct seeding from
a single benchmark within a field.
An analogy to help understand the challenges of detecting the effect of adoption of direct seeding
is the challenge of detecting “loaded” dice (i.e. dice weighted so some faces will show more
likely than equal chance). Looking at the 4 different rolls of the dice, the numbers shown are
true (not misread) with the total of each roll will vary between 2 and 12. For four successive
rolls, the totals are variable and there is no way to relate the value of one roll with another. The
fact that the dice are loaded cannot be detected from chance variation using just four rolls. The
same holds for SOC from multiple samplings on one field. Looking at the results from four
samplings on one field, each SOC value is true (no mistakes), but it is not possible to relate the
SOC in one sampling with those for other samplings. It is not possible to detect any signal
through the background SOC noise. However, if one carefully keeps track of the results for
about 40 rolls of the dice, then it becomes apparent that the overall average value of the rolls is
not consistent with what would be expected by chance alone. At that point, the signal from the
2|Page

loaded dice on the roll values is detected from the background noise of variable roll values.
Similarly, looking at the average SOC results from at least 40 fields, then the SOC signal can be
detected from the background noise of SOC variability. This SOC signal is the average effect of
change in management of the sites.
The first major finding of the PSCB was that it is not possible to use one benchmark to reliably
estimate SOC change due to the spatial variability of SOC. Nevertheless, the average
differences for many fields in the PSCB network are reliable measures that can be detected from
differences due to chance alone. To about a 1-ft depth, the change in SOC from 1996 was 0.76
ton/acre in 1999, 0.30 ton/acre in 2005, 1.35 ton/acre in 2011, and 1.07 ton/acre in 2018. The
change to 2018 amounts to about 5% of initial SOC in 1996. Although these changes are
modest, they conclusively show that SOC in increasing on direct seeded commercial farm fields
in Saskatchewan. The smaller change from 1996 for 2005 sampling was related to the
depressing effect on SOC of widespread droughts over the 2001-2003 period.
Another important finding was that SOC was increasing at deeper depths than expected based on
research on small plots. For shallow soils with unaltered parent material (“C horizon”) within 11
inches of the surface, there was significant SOC change for upper 8 inches only. For deeper soils
with unaltered parent material deeper than 11 inches below the soil surface, there was significant
SOC change to 16 inches. Because measurement stopped at 16 inches, we do not know how
much deeper significant SOC gain may have occurred.
A third finding was that the soils with the least SOC initially within the PSCB tended to gain the
most, while the soils with the most SOC initially often lost some SOC over the project duration.
The measured changes from the PSCB generally agree with the estimates of SOC change that are
contained in Canada’s national inventory of greenhouse gas emissions and removals.
We are indebted to the many farm cooperators who have made the PSCB project possible. We
need the cooperators’ further assistance to collect data on the management history of the fields so
that we can investigate the effect of management on SOC behaviour.
The PSCB project has provided some new and unique information about the behaviour of SOC
on commercial farm fields throughout Saskatchewan. We now have confirmation that the fields
are increasing in soil carbon and that has market value.
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Introduction
Soil organic carbon (SOC) is strongly related to many important aspects of soil quality including
nutrient cycling, soil aggregation and structure, movement of air and water into and through the
soil, adsorption and breakdown of pesticides, cation exchange capacity, and microbial quantity
and diversity. Land management practices that decrease SOC are thus soil degrading, while
practices that increase SOC are equated with soil-improving practices. Thus, the change in SOC
is a useful indicator of the change in general soil health (Gregorich et al., 1994).
Importantly, changes in SOC also represent removals and emissions of the greenhouse gas
(GHG), carbon dioxide (CO2). Increase in SOC is the storage, or sequestration, of carbon from
CO2 removed from the atmosphere by plants that became SOC.
Soil organic carbon is affected by changes in agricultural land use or land management on
agricultural lands. In the prairie region of western Canada, there have been several shifts in land
management over the last 30 years, most notably – adoption of direct seeding (seeding without
tillage for seedbed preparation), reduction in frequency of summer fallow (leaving cropland out
of production during a regular growing season) and use of less intensive soil cultivation
equipment over time (shifts from plows to discs to light cultivators). These changes and their
effect on SOC have been well documented (McConkey et al., 2003; VandenBygaart et al., 2003;
VandenBygaart et al., 2008).
Canada has focused significant efforts on developing a system for measuring, monitoring and
verifying SOC changes in Canadian agricultural soils for the purposes of reporting to the United
Nations Framework Convention on Climate Change (VandenBygaart et al., 2008) utilizing the
guidelines of the Intergovernmental Panel on Climate Change guidelines for national inventories
(IPCC, 2006). Canada annually reports changes in SOC in agricultural lands in the National
Greenhouse Gas Inventory Report (NIR)(Environment and Climate Change Canada, 2017). The
methods are based on applying a modelled approach (Century model) to estimate change in SOC
relative from change in management relative to a baseline without that change in management.
The SOC changes in the NIR are relative changes compared to a baseline. Vandenbygaart et al.
(2008) reported that for the land management changes, the modelled emission change factors
were in the range of measured values from small-plot experiments in the scientific literature.
Under their Nationally Determined Contribution for the 2015 Paris Agreement, Canada has
pledged to reduce its total emission to 30% below 2005 levels by 2030. Soil sinks are part of the
plan, although are not expected to be an important part of the contribution since 2005 had a large
soil sink and so it is difficult to add new net soil sink.
There are also questions about whether SOC change is different on commercial farm fields than
small-plot experiments.
A new requirement for substantiation of absolute SOC change in Canadian soils is emerging,
driven by sustainability requirements of agri-food and/or renewable fuel supply chain. For
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Canadian agricultural commodities, the demonstration of absolute SOC changes will give a
competitive advantage to Western Canadian growers to penetrate these markets.
This report summarizes findings of the “The Prairie Soil Carbon Balance” (PSCB) research
project with emphasis on the series of results from the 1999 to the 2018 sampling.

Methods
Project Overview
The Prairie Soil Carbon Balance Project (PSCB) was initiated by the Saskatchewan Soil
Conservation Association (SSCA) to establish a system to monitor SOC on commercial farm
fields across Saskatchewan that were converted from conventional management to direct seeding
and continuous cropping in 1997. Under this project a network of 136 commercial farm fields in
Saskatchewan was established with initial measurement of SOC in fall 1996 with the plan to
track SOC change with repeated samplings.
The Prairie Soil Carbon Balance Project was designed to measure change in SOC since 1996 in
Saskatchewan from the adoption of direct seeding on commercial farm fields. One purpose for
the measurements was to support measurement of SOC change for greenhouse gas offsets. The
PSCB consists of a network of 136 commercial farm fields (Figure 1).
Each field has a small benchmark (Figure 2). The benchmark is designed to offset samplings a
short distance to improve ability to detect small changes in SOC (Ellert et al., 2002). The
benchmark was relocated by GPS location and the exact NE corner was then located by sensing a
buried passive 3M utility marker. The benchmark location was not visually obvious to the cooperator.
The SSCA and Agriculture and Agri-Food Canada (AAFC) has continuously led the project and
provided the in-kind resources that made the project possible. Incremental funding for 1996 and
1999 sampling was provided by GEMCO (Greenhouse Emissions Management Consortium) and
AAFC. Incremental funding for 2005 sampling was provided by AAFC. Incremental funding
for 2011 sampling was provided by AAFC and Saskatchewan Pulse Growers. Incremental
funding for the 2018 sampling was provided by Saskatchewan Pulse Crop Development Board,
Saskatchewan Canola Development Commission, Saskatchewan Wheat Development
Commission, SaskBarley Development Commission, Saskatchewan Flax Development
Commission, Saskatchewan Oat Development Commission, and Saskatchewan Agricultural
Development Fund. For the 2018 sampling, the University of Saskatchewan (Dr. Jeff Schoenau)
also provided important in-kind resources.

5|Page

Figure 1. The Prairie Soil Carbon Balance Project field sites.
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Figure 2. Benchmark layout. The 1999 sampling is offset 1 m from the 1996 sampling, the
2005, 2011 and 2018 samplings are offset 50 cm from the 1996 sampling. (The benchmark is
oriented to magnetic north so deviation from true north varies with site location.)

Benchmark Site Selection
The Saskatchewan Soil Conservation Association (SSCA) field staff compiled a list of cooperators in 1996 that had changed land from conventional tillage to direct seeding management
in 1996 or were planning to make that change in 1997. The sites were selected from this list so
there was representation from a full range of cropped soil conditions present in Saskatchewan.
Each site was a field of about 30-65 ha. Irrigated fields, fields having recent application of
organic amendments, or recent perennial forages were excluded so that the main factor expected
to affect SOC was change in tillage and cropping intensity under rainfed conditions.
Although the criteria was change in tillage system, it needs to be emphasized that in many cases
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a change to direct seeding was often accompanied by more intensive cropping, i.e. extended
rotations and less fallow. Many of the fields were being incorporated into the operation of an
experienced no-till farmer. Therefore, there were also usually changes to crop mix and
fertilizing practices.
Benchmark locations within field sites were chosen to avoid landscape complications. For
instance, benchmarks were placed on relatively level landscape segments to reduce soil erosion
and deposition effects. The benchmarks were typically 100 m from either field edges or
uncultivated patches and where there were several benchmarks in one field, they were separated
by a distance of at least 200 m. Field unconformities (gullies, gravel outcrops, saline seeps, etc.)
were avoided. Experienced pedologists relocated benchmarks if coring revealed atypical soil
non-uniformity such as evidence of past physical disturbances. An important initial objective of
the project was to evaluate the suitability of benchmarks for detecting SOC change over time.
To meet that objective, it was not essential that the benchmark be a representative or model soil
type for the field as a whole. Therefore the soil type was not a criterion for site selection.
A level 1 site was one benchmark in a single field. A total of 114 level 1 sites were established
(Figure 1). The level 2 sites, in addition to assessing the change in soil organic carbon due to the
adoption of direct seeding technology, were designed to provide a measure of the effect of tillage
alone on soil carbon sequestration during 1997-99. To affect the comparison between direct
seeding and conventional tillage, farmer cooperators were asked to carry out tillage operations
representative of a conventional tillage system on a small (5 ha) area within a direct seeded field
during 1997-99. Three soil sampling sites were established in the tilled area, and another three in
the adjacent direct seeded area. Twenty-three level 2 sites were established (Figure 1). After
1999, there was no more tilled strip and the whole field was managed the same and only one of
the original direct-seeded benchmarks was monitored.

Samplings
Contact with the cooperators was consistently done by SSCA. There was regular contact
between the cooperators during 1997-2004. Already in 1999, there were some sites that had
changed land operator. Frequently, new operators agreed to continue with the project. For the
2005 sampling, several cooperators could not be located from existing contact information and
some new field managers did not want to continue with the project. Hence, there were only 121
fields sampled that year. By 2011, many of the fields had changed operators and only 80 fields
were available for sampling. For 2018, more effort was made to contact cooperators, and 90
fields were sampled. For 1996, 1999, 2005, and 2011, all sampling was done in the fall after
harvest. In 2018, the sampling was in the spring, mostly before seeding with some sites sampled
after seeding but before crop emergence.
The soil was sampled to 40 cm in 10 cm increments. The 6 cores at each site were composited in
the field.
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Field Management
Field management information was collected from cooperators by SSCA. Because of change in
operators, many cooperators could not provide complete management history. Change of
operators was already observed for the 1999 sampling and by 2018 the majority of the sites had
changed operator since 1996 and many fields had had three different operators. Frequently, the
new operator became a cooperator.
During 1997-99, the cooperators received some consideration for cooperation (level 1 sites
received free SSCA membership) and most fields had management data collected, consisting of
crop type, yield, level of seeding disturbance (<20% seedbed utilization,), tillage practices, and
residue management (baling, burning). After 1999, the cooperators received no consideration
and many did not provide management data. Also, new operators could not easily provide
management data before they managed the land. For these reasons, the management data is
spotty. Currently, there is only one site with management data for every year in the project.
Sites were not dropped based on management variation with the exception of manure
application. Manure would change the SOC and there were too few sites with manure to make
any meaningful interpretation of the effect of manure application. Two sites with manure
application were sampled in 2018 and these were removed from the analysis.

Soils
The soils belonged to the Brown, Dark Brown, Black, and Dark Grey Great Groups of the
Chernozemic order and the Grey Great Group of the Luvisolic Order. To have a good number of
sites for purposes of the analysis, we divided the sites into the semiarid prairie consisting of the
Brown and Dark Brown Chernozemic soils and the subhumid prairie consisting of the Black and
Dark Grey Chernozems and the Grey Luvisols.
The horizons were also identified in 1996 sampling for each core. The Ap horizon is the “plow
layer” which equals the deepest depth of tillage in previous decade such that it was thoroughly
mixed. The A horizon is the topsoil depth. The solum depth is the extent of pronounced soil
formation and extends to the bottom of the B horizon. Below the solum depth lies the C horizon
that is visibly unaltered parent material except for possible carbonate accumulation derived from
the solum. As expected, depth of soil formation was deeper in the subhumid prairie than the
semiarid prairie (Table 1). Basically, the 0-10 cm corresponds to the plow layer. For the
semiarid prairie, the 0-30 cm depth contains the solum for about one-half of soils, while, for the
subhumid prairie, the 0-40 cm depth contains the solum for about one-half of the soils.
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Table 1. Soil genetic development by depths of Ap, A, and the depth to C horizon in 1996.
Prairie
Semiarid
Subhumid

Sites
n
61
75

Average
Ap
A
cm cm
9.8 10.9
12.1 15.1

≤20 cm
n
18
10

Depth to C horizon
>20&≤30 cm >30&≤40 cm >40&≤50 cm
n
n
n
16
12
9
18
11
15

>50 cm
n
7
21

The texture of the surface was evaluated in 1996 by experienced pedologists. The soil was then
assigned into three textural groups: coarse (sand to sandy loam), medium (very fine sandy loam
to clay loam) and fine (sandy clay to heavy clay). The majority of soils were overwhelmingly
medium textured (Table 2) reflecting the predominance of loamy parent materials of unsorted
glacial till and glaciolacustrine deposits.
Table 2 Number of sites falling into the coarse, medium, and fine soil textural groups
Prairie
Coarse
Medium
Fine
semiarid
3
46
12
subhumid
8
64
3

Soil Analysis
The SOC was analysed using three methods. In 1999 and 2018, the total carbon was determined
from dry combustion after soil inorganic carbon (SIC) was removed with acid treatment, thus the
measurements reflect soil organic carbon. However, these were done in two different labs. In
2005, the total carbon was also measured using dry combustion. However, organic carbon was
assumed to be that evolved from the sample at a temperature of 850ºC, a temperature deemed too
low to decompose SIC quickly. Lastly, in 2011, the total carbon was determined by dry
combustion from which organic carbon was estimated by subtracting SIC that was measured
separately as CO2 evolved with acid treatment. For each analysis archived soil from 1996 was
also analysed using the same method. Due to the variety of analytical methods used, SOC
differences will only be considered for the same analytical method, specifically the difference
from 1996 (initial) values.

Equivalent Soil Mass
The SOC was expressed on the basis of the average soil mass for 10 cm, 20 cm, and 30 cm for
each benchmark across samplings. Using this average allows fair comparison between
samplings. If the sampling has more mass than the average, then soil mass with its associated
SOC was subtracted from the last increment until the total mass equals the average mass. If the
sampling had less mass than the average, then mass and its associated SOC was added from the
next deepest soil increment. For the 40 cm, the minimum soil mass was used as the mass for
reporting. For samplings with more mass, then mass was subtracted. Using the minimum mass
for the last increment preventing having to estimate unmeasured SOC concentration and bulk
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density below 40 cm. The average effective depth across samplings to achieve the minimum soil
mass to 40 cm was 38.6 cm. Hence, we refer to the whole measured profile as 0-39 cm.
The SOC masses results are expressed from the surface. Therefore, the SOC is cumulative from
the surface, for example, the SOC change from 0-20 cm includes the SOC change from 0-10 cm.
The estimate for specific increments can be calculated by subtracting the SOC mass for upper
soils. For example, the estimate of the 10-20 cm depth is the 0-20 SOC minus the 0-10 cm SOC.
Note that this is for an average 10 cm depth across sampling based on soil mass and not 10 cm
depth as measured in a particular sampling.

Results
Variability of SOC
In 1996, a 1x1 m grid of cores was taken at eight of the sites. These revealed that there was
much more variability than expected over the benchmark area. Figure 3 is an example of the
variation.

Figure 3. Example of SOC variability within one benchmark.
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The result is that the spatially offset sampling will, by chance, sometimes be of soil with much
more or much less than the initial sampling. This introduces a huge amount of variability. In
fact, using a method called bootstrapping, we estimated that the variability for different
composite samples of six cores would only allow us to estimate the SOC content of the
benchmark area to ±3.6 Mg C/ha in 1996. Unfortunately, as a result, the benchmark method is
not useful for estimating SOC change on one field.
The variability was obvious from sampling to sampling within the same field. Since the SOC
change from 1996 to 2018 would be affected by the change from 1996 to 1999, 2005, and 2011,
we would expect that there would be a positive relationship between those changes. In fact,
looking at results for the 57 sites that were included in all samplings, we see that the sampling to
sampling variability is large. Further, there is no evidence of a positive relationship. Those sites
where SOC change was negative from 1996 to 2018 were just as likely to have positive as
negative change in other samplings (Figure 4). Again, there is no way to meaningfully interpret
the results over time for an individual field.

Figure 4. 0-30 cm SOC change for 1999, 2005, and 2011samplings compared to SOC measured
change for 2018 for 57 sites that were included in all samplings.
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However, when the results for many fields are combined, then statistical inferences can be made
as to the behaviour of SOC. The overall frequency distribution of changes (Figure 5) could not
be rejected from a normal distribution. Some of the measured differences between samplings are
so large negative or positive that they are unlikely due to the effect of land management and
weather conditions alone. However, since these values are consistent with the overall normal
distribution, there is no reason to discard any as outliers.

Figure 5. Histogram of the frequency of sites by class of SOC change from 1996 to 2018.

SOC
As is already known, the subhumid prairie soils contained more SOC than the semiarid prairie
soils (Table 3). The subhumid prairie SOC was 37% more over the measured profile than the
semiarid prairie but was about 60% more in the surface 10 or 20 cm.

Table 3. Average cumulative 1996 SOC (Mg/ha) for the sites by depth from the soil surface.
Depth (cm)
0-10
0-20
0-30
0-39

Subhumid prairie
39.15
63.58
73.62
81.87

Semiarid prairie
23.43
40.50
50.67
59.56

All sites
32.04
53.14
63.23
71.88
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Change in SOC
1996-1999 Level 2 sites
For the level 2 sites, SOC increased with depth from 1996 to 1999 (Figure 6). In the 0-30 cm
depth, the mean SOC for direct seeded sites was 2.32 Mg ha-1 or an average SOC change rate of
0.77 Mg ha-1 yr-1. For the conventionally tilled strips in the level 2 sites, a mean SOC was 0.74
Mg ha-1 or an average SOC change rate of 0.25 Mg ha-1 yr-1. Despite the large difference
observed between the two types of crop management, there was no significant difference in SOC
change between tilled strips and direct seeded level 2 sites. Given the large variability in SOC,
against a relatively large backdrop of soil organic carbon stores, no solid conclusions of
differences in tillage intensity could be made.

5.5
Soil Organic Carbon (Mg C ha-1)

5.0
4.5
4.0
3.5
3.0
2.5

2.0
1.5

Direct Seed
Conventional
Till

1.0
0.5
0.0
0-10

0-20 Depth (cm) 0-30

0-40

Figure 6. Soil Organic Carbon under direct seeding versus conventional tillage from 1996 to
1999 at 4 depth increments with 5% confidence limits of difference.

1996-2018 SOC Changes
For the whole network (only single direct-seeded level 2 site benchmark included), the changes
in SOC concentration and bulk density were small (Table 4). Differences in SOC, therefore,
were a result of the combination of the bulk density and SOC. Note that there were never any
significant differences in SOC concentration. In contrast, the bulk density increased from 1996
values with significantly higher bulk density in 2011 and 2018. The increased bulk density is
largest in the surface and the 30-40 cm depth. Clearly, reporting on equivalent soil mass is
essential to minimize the bias introduced by changing bulk density. On a volumetric (depth of
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sampling) basis, there would be more soil mass and hence more associated SOC in 2011 and
2014 due to higher bulk densities than reported herein on a mass equivalency basis. It is not a
fair comparison to report on SOC on a volumetric basis when bulk densities change over time.
Across all sites, the change in SOC from 1996 to 2018 was 5% of initial SOC for the 0-10 cm
layer and 4% for the whole 0-30 cm layer. Despite the SOC variability and the relatively small
changes in SOC, there were significant detectable increases in all samplings at P value of 0.05 or
lower (Table 5).

Table 4. Bulk density (BD), soil organic carbon concentration, and probability (0-1) that
difference is due to chance (P value) for the comparisons between 1996 and 1999, 2005, 2011,
and 2018. (bolded values are significantly different with P<0.05)
Depth
(cm)

Number
&
P value
n=136
0.001
0.101
0.128
0.743

Number
&
P value
n=136
0.918
0.935
0.67
0.523

0-10
10-20
20-30
30-40

BD (Mg/m3)
1996z
1999
1.254
1.305
1.422
1.399
1.406
1.383
1.395
1.39

0-10
10-20
20-30
30-40

1996
1.253
1.419
1.407
1.394

2005
1.238
1.420
1.412
1.411

n=121
0.328
0.908
0.77
0.269

1996
2.496
1.460
0.984
0.759

2005
2.548
1.455
0.957
0.76

n=121
0.684
0.943
0.600
0.977

0-10
10-20
20-30
30-40

1996
1.251
1.413
1.404
1.385

2011
1.325
1.444
1.437
1.485

n=80
<0.001
0.157
0.123
0.006

1996
2.232
1.341
1.033
0.990

2011
2.296
1.365
1.069
1.030

n=80
0.661
0.822
0.658
0.595

OC (%)
1996y
1999
2.549
2.562
1.523
1.530
0.955
0.977
0.734
0.756

1996
2018
n=88
1996
2018
n=88
0-10
1.261
1.440
<0.001
2.122
2.189
0.616
10-20
1.421
1.493
<0.001
1.376
1.289
0.302
20-30
1.408
1.492
<0.001
1.054
1.045
0.891
30-40
1.382
1.497
<0.001
0.955
0.961
0.829
z
the values of BD for 1996 vary between sampling because the sites involved differ between
samplings.
y
the values for OC for 1996 vary because of different sites as described for BD and because of
differences due to analytical procedures among samplings.
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Table 5. Change in cumulative SOC change from the soil surface, expressed on an equivalent
mass basis for 1996 to 1999, 2005, 2011, 2018 for the semiarid prairie sites, subhumid prairie
sites, and all sites. The number of sites and P value of a non-zero value are also shown. (bolded
values are significantly different from zero with P<0.05)
Semiaridz
SOC
Number
change
&
(Mg/ha)
P value

Subhumidz
All Sites
SOC
Number
SOC
Number
change
&
change
&
Depth (cm)
(Mg/ha)
P value
(Mg/ha)
P value
1996 to 1999
n=61
n=75
n=136
0-10
0.16
0.452
1.06
0.008
0.65
0.007
0-20
0.70
0.053
1.60
0.049
1.20
0.012
0-30
1.17
0.014
2.15
0.017
1.71
0.002
0-39
1.53
0.009
2.46
0.013
2.04
0.001
1996 to 2005
n=54
n=67
n=121
0-10
0.34
0.179
0.92
0.001
0.66
0.001
0-20
-0.17
0.718
1.29
0.025
0.64
0.092
z
0-30
-0.42
0.435
1.58
0.013
0.68
0.112
z
0-39
-0.60
0.344
1.72
0.016
0.69
0.161
1996 to 2011
n=33
n=47
n=80
0-10
1.09
0.020
1.03
0.149
1.05
0.021
0-20
1.50
0.061
2.45
0.006
2.06
0.001
0-30
2.85
0.023
3.15
0.001
3.02
0.000
0-39
3.86
0.021
3.67
0.001
3.75
0.000
1996 to 2018
n=42
n=46
n=88
0-10
1.59
0.007
1.21
0.195
1.39
0.013
0-20
2.68
0.011
0.95
0.461
1.78
0.034
0-30
2.85
0.013
2.01
0.178
2.41
0.011
0-39
3.06
0.024
2.64
0.141
2.84
0.012
z
Semiarid and subhumid soils were not significantly different (P<0.05) except for 0-30 and 0-39
depths in 2005.

The depth of 30 cm is considered the de facto world standard depth for estimating SOC change.
This 0-30 cm SOC change has generally increased to 2011 and may have leveled off currently
(Figure 7). The uncertainty of the estimate, as indicated by the confidence limits (Figure 7),
were highest in 2018. The confidence limits in 2011 were higher than those in 1999 or 2005.
Thus, the uncertainty has increased with time since 1996. This reflects the effect of the
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differences in the widening range of combinations of growing conditions and management across
the PSCB project with time.

Figure 7. 0-30 cm SOC change over the PSCB project with 95% confidence limits. The
confidence limits for 1996 show the expected variation for an immediate repeat sampling within
the benchmarks.

Discussion
SOC Change Duration
The 1996 to 2018 SOC changes, occurring over 21 years, should provide the best indication of
patterns in SOC behaviour. The gains from 1996 to 2018 were modest (4% of initial SOC) and
higher gains for conservation cropping (reduced tillage and reduced fallow) have been recorded
in research plots compared with a non-conservation cropping baseline. The variability in soils
and in management make it difficult to discern the effect of conservation cropping, especially
when the comparison is only against the 1996 value rather than a baseline.
The apparent drop in SOC between 2011 and 2018 could indicate that C sequestration has
stopped. However, the PSCB project is not well suited to determine C sequestration. The
general guide to estimate the effect of a change in management is to compare the changed system
with baseline without the change. That baseline could be measured or modelled. The PSCB
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lacks a baseline as all comparisons are against 1996 SOC level. If an actual baseline of
unchanged cropping conditions had dropped between 1996 and 2018, then the SOC gain using
1996 as a baseline would underestimate the relative real SOC gain. Of course, if the baseline
increased in SOC to 2018, then the reported SOC gain is overestimated. Based on one sampling
and without a dynamic baseline, it is not possible to conclude that actual C sequestration has
stopped. If sampling had stopped in 2005, we would have concluded that sequestration had
stopped by that year compared to the 1999 sampling. But the 2011 and 2018 samplings show
that C sequestration continued. Further samplings would be necessary to determine when C
sequestration stops.
One notable advantage of the constant 1996 baseline is that it reflects the C emissions and
removals to and from the atmosphere since 1996.

Influence of Initial SOC Amount
On average the soils with least SOC in 1996 gained the most SOC from 1996 to 2018 while
those with the most SOC in 1996 lost SOC to 2018 (Figure 8). This was true for the surface 10
cm and the whole measured profile.
The high variability observed may also be from the interactions between SOC amount within the
benchmark and the prevailing conditions. In particular, the soils within the benchmark with most
SOC may be losing SOC while those with least are gaining. This interaction, combined with the
variability from spatial variability, would add to the variability compared to a situation where all
soils within the benchmark had similar SOC change over time.
The apparent effect of initial SOC is consistent with a concept of C saturation. Basically, C
saturation is a limited ability of soils to store SOC and once that storage capacity is reached, the
soils will not store more SOC even if conditions, otherwise, would be expected to increase SOC
(e.g. rising C input to the soil and less soil disturbance). Therefore, gains should be greater the
lower the SOC is from the C saturation point. Soils that are above C saturation will tend to lose
SOC. Of course, the general observed relationship regarding the effect of initial SOC amount is
not conclusive proof of C saturation and there are many observed exceptions of soils with high
SOC gaining SOC and soils with low SOC losing SOC.
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Figure 8. Impact of initial SOC on final SOC.

Effect of Soil Zone
With the exception of 2005, the SOC changes were quite similar between the Brown/Dark
Brown soil zones and the Black/Dark Grey/Grey soil zones (Table 5). One reason may be that
the semiarid prairie has less SOC so, given that SOC gain was inversely proportion to total SOC,
they would tend to gain more. Another reason may be those soils were more degraded since in
past they probably were under more frequent fallow and may have suffered more erosion than
the subhumid sites.
The proportional change in SOC was about twice as high in the semiarid prairie than in the
subhumid prairie. The change in SOC from 1996 to 2018 for the semiarid prairie was 8% of
initial SOC for the 0-10 cm depth and 6% for the 0-30 cm depth. The values for the subhumid
prairie were 4% for the 0-10 cm depth and 3% for the 0-30 cm depth.

Depth of SOC Change
Small plot experiments had generally shown that the impact of cropping system changes is
concentrated in the upper 10 to 20 cm. In 2005, the entire SOC increase was in the surface depth
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with no additional C at deeper depths across all soils (the 2005 results will also be discussed later
in context of weather). But, for the other three samplings, there was significant gain below 20
cm when considering all soils. This was most evident in 1999 and 2011, when the surface depth
accounted for less than a third of sequestered C. By 2018, almost ½ of the sequestered C was
that in the upper 10 cm. This is expected since that majority of C input to the soil from plant
residues, including roots, are in the upper 10 cm of soil. By 2018 the proportion of SOC gain in
the surface 10 cm was about the same as the proportion of total SOC in the surface 10 cm (Table
3). This similarity between proportion of SOC change and SOC amount by depth is logical since
both depend on the same process of deposition and stabilization.
One possible explanation for the unexpected SOC increase at depth is that 1) the soil at the sites
was more degraded initially than that used for small plot experiments on research farms, and 2)
the sites also underwent an important decrease in fallow (the average fallow frequency in the
1990-96 period for the sites was about one year in four). Assuredly, there would be an increase
in C inputs at depth with fallow reductions that should lead to some SOC increase at depth. If
the soils were more degraded, then the relative increase would be large and more detectable.
By depth increment only the surface depth had significant SOC change for 2018 (Table 6).
Therefore, the surface depth contributes the greatest proportion of the signal. However, if the
lower depth increments were not contributing SOC signal, then the additional variability by
considering more soil would increase variability with depth and thereby make it harder to detect
SOC change as depth increases. This is what exactly what is seen for the all sites in 2005 (Table
5) and what has frequently been observed in small-plot experiments. Although each increment
below 10 cm is itself not contributing a significant amount of stored C, over the profile it is
contributing more than it is contributing variability, so it is important to include these depths.
This is the reason why it is best to consider the SOC change from the surface down rather than
by depth increment.

Table 6. SOC change from 1996 to 2018 by depth increment.
Depth (cm)
0-10
10-20
20-30
30-39

SOC change (Mg/ha)
1.39
0.38
0.64
0.43

P value
0.013
0.427
0.242
0.197

There was no evidence that reduction in tillage was causing an increase in surface SOC at the
expense of SOC below the plow layer (i.e. below 10 cm).
One thing that was apparent by 2018 was that shallow soils (solum depth <28 cm) were only
gaining SOC in the surface 20 cm whereas soils with deeper profiles (solum depth > 28 cm) were
also gaining SOC below 20 cm (Table 7). This is quite expected since the climate, soil texture,
and soil structure have combined to concentrate SOC accumulation near the surface for
thousands of years for the soils with a shallow profile. These same forces will still be
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concentrating SOC accumulation near the surface currently. In contrast, the SOC change below
20 cm was significant for deeper soils and significantly greater than for shallow soils. About
three-quarters of the total SOC increase in deeper soils occurs below 20 cm. The factors in
deeper soils that have favoured deep SOC accumulation at depth in past would also lead current
SOC accumulation at depth.

Table 7. Difference in SOC change from 1996 to 2018 by depth increment for shallow soils
(solum < 28 cm) and deeper soils (solum>28 cm). P value (0-1) is the probability of difference
by chance.
Shallow soils (n=44)
SOC change
P value
Depthz (cm)
(Mg/ha)
Non-zero
0-10
1.32
0.093
10-20
1.04
0.131
20-30
-0.87
0.240
30-39
-0.27
0.551
z
mass-weighted depth increments.

Deeper soils (n=44)
SOC change
(Mg/ha)
1.46
-0.28
2.14
1.34

P value
Non zero
0.065
0.696
0.004
0.015

P value that
shallow is
different
from deeper
0.905
0.179
0.005
0.032

Influence of Crop Yields on SOC.
The decrease in SOC for 2005 may be explained by the consequences of low yields due to
drought that occurred in the 2001-2003 period (Figure 9). Across the entire PSCB network,
there was no significant change in SOC from 1996 below 10 cm (Table 5). The SOC decline
was more pronounced in the semiarid sites. The relative effect of drought on C input must have
been larger on those sites. However, across the whole PSC|B network, the surface depth did
have significant SOC increase since 1996 in 2005. This may reflect the fact that surface SOC
was less affected by the drought and/or was quickest to rebound during 2004 and 2005 years
following the 2001-2003 drought years.
Generally increasing yields from mid 2000s onward would be expected to increase SOC .
However, there was no evidence of this response within the PSCB comparing 2011 to 2018.
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Figure 9. Saskatchewan average grain yields showing the impact of drought in 2001-2003.

Effect of Management
Currently, we have insufficient data on the field management to reliably subdivide into different
categories to see if there was an effect. Possible effects could be if occasional residue removal
by baling or burning has an effect or the frequency of tillage. From the data we have we know
many fields had several tillage operations. Unfortunately, because of years of missing
management data, we do not know with confidence which fields had basically no tillage
operations. A similar situation exists for residue removal. With more data on field management,
these sorts of evaluations could be tried.
With more management information, there is value in using existing process models of SOC
dynamics for the sites. This would also bring in weather effects. Comparing the modelled
results against measured would be useful to better understand the relative importance of
management and weather.

Comparison with National Inventory Estimates
The inventory provides factors of soil carbon change. These include effects of reducing fallow
and reducing tillage. These factors are based on a combination of results from experiments and
modelling with the Century process model of SOC dynamics. The average frequency of fallow
for the subhumid sites in the 1990-96 was 16%. The average frequency for the semiarid sites
was 31%. We assumed that the sites were one-half minimum tillage and one-half full tillage
previously and were converted to complete no-till in 1997.
The inventory estimates fell outside the confidence limits for the 1999 and 2005 samplings
(Figure 10). Specifically, the inventory factors underestimated SOC gain in 1999 and
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overestimated it for 2005. For 2011 and 2018, the inventory estimates were within the
confidence limits of the measured values.
For 2018, the estimated SOC change for the semiarid sites was 3.53 Mg/ha while it was 3.67
Mg/ha for the subhumid sites. The semiarid sites have lower estimated C change from tillage
reduction but had more due to greater fallow reduction. In contrast, the subhumid sites had more
gain in SOC from tillage reduction but less from fallow reduction. The result was similar overall
values. The measured values were also similar between soil zones (Table 5).
The inventory methods are general and not responsive to weather-related effects that were
affecting the PSCB project sites, such as the drop in SOC from 1999 to 2005 attributed to general
drought during 2001-03. Thus, there was no strong evidence PSCB SOC measurements that the
inventory estimates are fundamentally incorrect.
Of interest, the inventory methods estimate there will be further increases in SOC. If the same
management continues, the inventory methods estimate that the PSCB network would gain an
additional 1 Mg SOC/ha from 2018 to 2028, 0.7 Mg SOC/ha from 2028 to 2038, and 0.5 Mg
SOC/ha from 2038 to 2048.

Figure 10. Measured SOC change with 95% confidence limits for PSCB sites and the
estimated SOC change for the PSCB based on methods used in Canada’s national inventory.
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Recommendations
Collecting more data on field management is necessary to understand the potential influence of
management differences. Having fairly complete information (<5 years of missing data) on
about 30 sites would be necessary. Currently we have met that completeness criteria for only six
sites.
Modelling the SOC change at the sites with the process model DayCent is recommended and
planned for 2018 within the project. Better management data would greatly improve the ability
to model accurately.
The PSCB has provided new and unique information on SOC change on commercial farm fields.
Future resampling will continue to provide new data. However, as farm operators change and
with problems obtaining field management information, it becomes less clear what farming
systems are being measured within the PSCB.
The PSCB provides important learnings that should be used to start any new SOC monitoring
networks. Important learnings were that 40 cm is not deep enough to capture SOC change from
improved management, especially for soils with deep solums. Another was that more fields in
the network would be superior from the viewpoint of measuring SOC change across the network.
The benchmark design was not effective at reducing SOC variability so that the resources used to
relocate and sample that benchmark could be better used by dispersing the sampling effort
spatially, both to more fields and/or across the same field. Where the interest is in knowing SOC
for an individual field, having about 30 distributed sampled soil profiles per field would be
indicated as necessary from the PSCB results. Finally, whether PSCB is resampled in the future
or a new network is started, greater attention needs to be made to having more complete sets of
field management data.

Conclusions
1) The Prairie Soil Carbon Balance project has provided some new and unique information
about the behaviour of SOC on commercial farm fields throughout Saskatchewan. We
now have confirmation that the fields are increasing in soil carbon. We attribute these
SOC increases to reduction in tillage and reduction in fallow.
2) The SOC gains were modest. The proportional SOC gain over 21 years was only 4% of
the initial SOC for the 0-30 cm depth. The increase in SOC was due to small increases in
bulk density and/or SOC concentration. An important new finding was that C
sequestration on farm fields was occurring down to at least 40 cm. Because of the
importance of bulk density on quantifying SOC, it was essential to have accurate
measurements of bulk density. It is also essential to report SOC on an equivalent soil
mass basis.
3) The spatial variability of SOC within benchmarks was much higher than expected.
Because of the high variability the benchmark methods were not able to derive useful
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measured values of SOC change for individual fields. The spatial variability also limited
the ability to test for statistically significant differences between subsets of fields within
the PSCB. In general, a subset needs to have at least 40 fields to detect differences
statistically.
4) Several influences were identified that affect the amount and nature of SOC change.
First, soils with initially low SOC within the PSCB were the soils that tended to lose
SOC. Second, low crop yields during drought years appeared to depress SOC gain.
However, increasing yield in the last decade did not have the expected impact of raising
SOC. Third, shallow soils with limited soil development below 28 cm appeared to
concentrate all SOC gains in upper 20 cm. Soils with deeper soil development had more
SOC increases below 20 cm depth.
5) The PSCB project results did not indicate fundamental problems with the methods used
to estimate SOC change in Canada’s national inventory of greenhouse gas emissions and
removals.
6) More information on management of the fields is desperately needed to do additional
analyses that are possible to elucidate SOC behaviour in response to weather and
management on commercial farm fields.
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