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Abstract
As a requisite to determining management practice effects on stored soil organic
carbon (SOC) stock in a landscape unit, the baseline SOC stock with depth must be
determined and the land use, management practices and erosion-induced changes
measured periodically or over a period of time. The SOC loss and additions due to
soil erosion, transport and deposition must be accounted for or be quantified when
determining the real impact of the management practices on net SOC stock over
time. Quantifying the SOC loss due to erosion will help avoid over estimation of the
management practice performances. Appropriate soil sampling designs and sampling
procedures are needed to establish a SOC stock baseline and to monitor and verify
new SOC storage or sequestration as a result of a management practice. The Dinesen
Prairie landscape in western Iowa, USA was sampled to provide a SOC stock baseline
and then the adjacent cropland was sampled to determine the past impact of land use
change, management practices and erosion on SOC stock retention. After 100 to 150
years of farming, the entire cropland landscape retained only 49% of the baseline
prairie SOC stock. Only the cropland toe-slope (TS) retained more SOC stock than
the prairie TS as a result of the erosion, transport and deposition of SOC rich sediment on the TS.
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1. Introduction
The conversion of prairie and forest to cultivated cropland has decreased the land’s capacity to produce and maintain the soil’s original organic carbon (SOC) stocks and
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created a paradox in attempts to achieve sustainable agricultural intensification, human
food security and ecosystem resilience [1], [2]. Soil degradation processes, including
soil erosion, in cropping systems have affected SOC stocks and are limiting agricultural
productivity. SOC stocks are critical to the production of food, fresh water, air quality,
erosion prevention, nutrient cycling, and support of wildlife habitat. The degradation of
soil can be a result of soil erosion, transport and deposition of soil sediments and loss of
SOC stocks. Cihacek et al. [3] proposed using universal standards for methods and
procedures for measuring and verifying SOC stored in a terrestrial system.
De Gruijter et al. [4] provided a comprehensive overview of monitoring land resources. These researchers describe the many and varied decisions that must be made
in the design and implementation of a monitoring strategy. As prerequisite to demonstrating the stored SOC stock in a landscape unit, Chappell et al. [5] suggested measuring changes in SOC stock in a landscape unit (entire or part of a field) over a period of
time. In this case, the measurements represent the net balance between the storage and
loss of SOC caused by management practices [6] and the loss and addition due to soil
erosion. The impact of soil erosion must be documented to determine (quantify) the
real impact of the management practices on SOC stocks [7], [8]. When net removal of
SOC by soil erosion exceeds net addition by management practices, no real SOC gain
would be documented even when management practices proven to enhance SOC stocks
are implemented [9], [10]. Quantifying SOC loss due to erosion can avoid overestimation of the management practice performances. Appropriate soil sampling designs and
sampling procedures are needed to monitor and verify SOC net storage or sequestration [3], [11].
Areas of permanent vegetation near wind-eroding soils can capture substantial quantities of SOC containing sediments [12]. Direct deposition of fresh or aged plant materials occurs where the materials move along with soil sediments in wind erosion events,
sliding across the soil surface until a leeward face of a drift is reached. At this point, the
plant materials drop out of the wind stream and are buried within the sediment deposit
enriching the SOC as the plant materials decompose at a later time. Soil erosion is
caused by energy from water, wind, gravity and chemical reactions. However, water
erosion, receives most attention because its after-effects are more noticeable, and it is
linked to other negative outcomes, such as impacted water quality and loss of productivity that resonate with the general populations of the US through its link with food
production and security. Transport of SOC and nutrients by wind-blown soil particles
is of potential relevance to water quality [13].
Most soil sampling techniques use distance from the soil surface as a primary metric.
The soil surface, however, is a reliable datum only for measurement of C concentration
characteristics directly related to distance from the soil surface at the time of sampling
especially when evaluating near surface soil samples [14]. Deep SOC in soil profiles differ between the tillage treatments and various land uses. Deeper sampling will not
completely overcome a bias caused by bulk density variations and resultant change in
soil surface elevation except when the SOC constituent is universally absent at lower
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depths. Equivalent soil mass (mass-depth) instead of linear depth can be used to correct
for tillage and land use treatment differences in soil bulk density, allowing more precise
and accurate quantitative comparison of SOC constituents [14], [15]. It is recommended to sample to a lower soils depth, where SOC concentration is negligible. In
most soils SOC concentration is uniformly absent at depths ranging from 0.5 to 1.0 m
[3]. The SOC data should be expressed on an equal soil mass per unit area to the appropriate depth where SOC concentration is absent. An example of such units would be
Mg∙C∙ha−1 to a 1 m depth [16].
SOC losses can occur from land use change, water erosion, conventional tillage use,
oxidation and mineralization of organic matter, disturbance during planting, and disturbance when fertilizers or manure injection take place. This loss can be offset by the
SOC gains from plant and root growth and residue decomposition and returned to the
humus or soil organic matter (SOM). Previously eroded soils with low SOC content
were identified as having significant potential to sequester SOC [17]. Olson [18] studied
previously eroded soils on 6% slopes with low SOC content in an attempt to quantify
the amount and rates of SOC storage and retention as a result of a conversion to a NT
system.
Pre-treatment SOC baseline of the landscape unit, tract, field or plot should be determined prior to the study [6]. No SOC sequestration can actually occur in a landscape
unit if SOC level was higher at the start of the experiment than at the end of the study.
A pre-treatment SOC baseline is essential in all landscape studies to determine the
amount and rate of SOC sequestration, steady state or loss. A pre-treatment SOC baseline is needed when determining the amount and rate of SOC sequestration, storage,
retention or loss, especially on sloping and eroding landscape units (Figure 1) with
more intensive cropping rotations (more row crops and fewer years of forages) during
the study than in the previous years.
The primary objective of this paper is to present strategies to evaluate changes in
SOC stock in a landscape unit over a period of time. A prairie grassland landscape was
selected and sampled to establish the SOC stock baseline and the adjacent cropland
landscape SOC stock was measured with depth to determine the effects of land use
change, management practices and erosion on SOC stock retention. The impact of soil
erosion on SOC stocks must be documented to determine the true impact of management practices. In this study, we examine the SOC stock monitoring protocols and the
impact of soil erosion, transport and deposition on SOC stocks. There is a great deal of
variation in crop rotations and management practices among land uses and cropping
systems. It is these variations which influence whether SOC is retained, enhanced, and
potentially sequestered or the SOC stock is simply lost to the atmosphere and aquatic
ecosystems. Soil degradation within intensified agricultural systems will deplete SOC
stocks and nutrients and result in a decline in soil structure, loss of soil resilience as soil
functions and services decline, a loss of soil, a loss of soil biodiversity, and disruption to
key biotic and a biotic processes necessary for intensive cropping system productivity
[19].
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Figure 1. Map of the Dinesen Prairie study sites near Harlan in western Iowa (US) [2] (modified
from Salemme 2015).

2. Material and Methods
Site Description and Sampling Procedure
The Dinesen Prairie study site is located in western Iowa near the city of Harlan [2]
(Figure 1). The mean annual temperature for the area is 8.6 degrees C and the mean
annual rainfall is 84.7 cm. Two treatments were used, prairie and agriculture, both on
sloping landscapes. A monument marker at the prairie site suggests the location has not
been farmed since at least 1946 and also states that the area has never been plowed.
However, the area was seeded with legumes at some point and is believed to have been
used for grazing in the past. Presently, controlled burns are used to manage the prairie
in years when weather permits and the area is generally mowed in the fall. In the crop
plot a corn and soybean rotation and no-till management are used. The plots were located adjacently with a south facing aspect. The prairie plot is on Marshall silty clay
loam with slopes ranging from 5% to 14%. The summit of the crop plot is on Marshall
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silty clay loam but the majority of the catena is on Exira silty clay loam with slopes
ranging from 5% to 14%.
Soil bulk density samples (mass per unit volume) were collected from the same locations using a Model 200 Soil Core Sampler manufactured by Soil Moisture Equipment
Corp. The inner dimensions of the sampling ring were 5.4 cm by 6 cm. The soil bulk
density samples (mass per unit volume) were oven-dried at 110 degrees C for 48 hours
prior to weighing for bulk density determination. SOC was determined using a modified version of the Walkley-Black wet oxidation method, procedure number 6A1 [20].
Statistical analysis was done using SAS version 9.4 [21]. T-tests were used to compare
the different positions and depths of the two land-use treatments. The Wilcoxon rank
sum test was used for any data that were not normally distributed. In all instances an
alpha of 0.05 was used to declare significance.
Two treatments were used, prairie and cropland with both sides on sloping and
eroding landscapes. The sampling scheme consisted of three parallel transects spaced
10 m apart and running up and down the slope from the summit (SU) to the TS. Transects for the prairie plots were 140 m in length while the adjacent crop transects were
130 m. Each transect was sampled at the SU, SH, upper backslope (UBS), lower backslope (LBS), footslope (FS), and TS. Two soil cores were collected to a depth of 1 m at
each landscape position on both land use treatments. Soil cores were divided into five
intervals: 0 - 15 cm, 15 - 30 cm, 30 - 50 cm, 50 to 75 cm and 75 - 100 cm for SOC stock
measurements. Soil bulk density samples (mass per unit volume) were collected from
the same locations and layers.

3. Results
The SOC stock for the prairie site was significantly higher than the cropland site for all
landscape positions except for the TS (Table 1). The SOC mass was determined using
bulk density data [2]. SOC stock was also weighted by landscape segment length to account for the different transect lengths when comparing the land use treatments. The
UBS, LBS and FS of the cropland had the largest differences in SOC stock and averaged
73% less SOC than the prairie. The TS of the cropland showed a 9% increase in SOC
stock over the grassland site reflecting the deposition of SOC rich sediments. The cropland at the Dinesen site retained 49% of the SOC in the landscape, and contained SOC
stock in 1 m layer of soil at 230 Mg∙C/ha. Aland use change to cropland with erosion
reduced the SOC stock in 1 m of soil to 114 Mg∙C/ha. Only the cropland TS retained
9% more SOC stock than the prairie TS as a result of erosion of the upper landscape
positions and deposit of SOC rich sediment on the TS. Based on high SOC stock in the
0.50 to 0.75 m and the 0.75 to 1.00 m layers [2] of the cropland TS, there would have
been significantly more SOC stock in the 1.0 to 3.0 m layer. The cropland TS SOC stock
was underreported as a result of protocol of sampling to a 1 m depth on all landscape
positions to get a net SOC stock value for same depth for each land use treatment. The
cropland adjacent to the Dinesen Prairie was only able to retain 49% of the SOC in the
entire landscape to a 1 m depth.
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Table 1. SOC mass at Dinesen Prairie site by landscape segment weighted for segment length.
Mass of SOC

Landscape

Landscape

Weighed mass of SOC

Cropland

Landscape

in 1 m layer

Segment

Segment %

in Landscape Segment

impact on SOC

Position

Mg∙C/ha

Length in m

of Transect

Mg∙C/ha

%

Prairie Plots
Summit

214a

26.7a

0.15

32.6a

Shoulder

218a

30.6a

0.17

38.0a

U. Backslope

221a

31.3a

0.18

39.4a

L. Backslope

242a

26.1a

0.15

36.1a

Footslope

223a

27.2a

0.16

34.7a

Toeslope

261a

33.4a

0.19

49.8a

Total

1379a

175a

230a

Cropland Plots
Summit

109b

22.9a

0.14

14.8b

−55

Shoulder

99b

27a

0.16

15.9b

−58

U. Backslope

58b

30a

0.18

10.2b

−74

L. Backslope

35b

26.9a

0.16

5.5b

−85

Footslope

85b

26.5a

0.16

13.3b

−62

Toeslope

257a

35.8a

0.21

54.4b

9

Total

642b

169a

114b

−51

Values with the same letter for the same landscape segment, same layer depth, and different land uses are not significantly different at the 0.05 probablility level.

4. Discussion
4.1. Impact of Soil Erosion Processes on SOC Cycling and Accounting
Models
Landscape position affects the A horizon, root zone thicknesses and depth to the parent
material. The A horizon and root zone were the thickest on the SU and TS. If one had
sampled only the 20-cm layer, the SOC located below that depth on the SU, SH, FS and
TS (Figure 2) would not have been included. Landscape position affects original soil
formation processes with thicker development on higher, drier positions and thicker
development on the lower more moist positions. Landscape position also affects natural
SOC levels. In addition, the root zone below the 20-cm layer also contained significant
SOC stock for all landscape positions [22], [23].
There are also erosion, transport and depositional effects on FS, TS and depressional
sites through deposition of sediment and burial of topsoil, pollution by agrochemicals,
inundation, and anaerobiosis leading to methanogenesis and nitrification/denitrification
that lead to land degradation. An important strategy for sloping lands is to reduce risks
of soil erosion and sedimentation by adoption of best management practices (BMPs)
and reducing risks of soil erosion, transport and deposition. The outcomes of soil ero126

K. R. Olson et al.

sion are processes destructive to soil resilience and productivity, which are represented
by SOC loss through increase in GHGs emissions [24], pollution of water, and contamination of coastal ecosystems by sedimentation and other non-point source pollutants
(Figure 3) [25].
The redistribution and loss of soil through different pathways within eroding, depositional and landscape units and water bodies creates new soil conditions, where
SOC-rich sediments are transported from the upper landscape to lower positions. This
will create changes in soil hydrological conditions where low depressional areas can
lead to both anaerobic conditions conducive to N2O and CH4 gas production and subsequent emissions while highly erodible uplands result with more oxidative potential
for SOC and low productivity [26].
These changes in agricultural practices have been documented by several studies

Figure 2. A horizon thickness, root zone thickness and depth to parent material is shown for a
hillslope landscape [16] (modified from Olson and Al-Kaisi 2015). Published with copyright permission from Catena.
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Figure 3. Major pathways by which biodiversity loss and other disservices from soil erosion occur [23] (modified from Lal et al. 2004).

[27]-[29] where land intensively cultivated is associated with medium to low agro-biodiversity due to the conversion of natural ecosystem to cropland and the increase of soil
degradation as a result of soil erosion [30]. Figure 3 shows the major pathways by
which biodiversity loss services from soil erosion can occur. An increase in land degradation, due to lack of conservation of natural resources and the increase in soil erosion
leads to a reduction in SOC sequestration due to loss of primary productivity and biodiversity [29].
Chappell et al. [5] identified the common misconceptions used to justify and perpetuate the exclusion of soil erosion, transport and deposition by wind and water from C
cycling and C accounting models. These included: 1) soil erosion is no longer a threat
to food production and the environment; 2) soil erosion need not be measured because
it is accounted for by landscape use and management practices; and 3) soil erosion can
merely redistribute SOC in a field or landscape or deliver it to a stream or to the atmosphere. The fact remains that while soil erosion processes may be related to land use
and management practices, it exacerbates soil degradation and loss of productivity.
Therefore, it must be accounted for when monitoring a landscape unit for accurate assessment of soil C dynamics and the pathways that affect its fate. Soil erosion contribution to SOC stock loss is driven by management practices. This highlights the coupled
nature of management practices and water and wind erosion processes that ultimately
lead to permanent and significant loss of SOC stock (30%) [17].
Wind erosion, dust transport and CO2 emission from cultivated fields are readily
moved to great distances [12] and it is not uncommon for water erosion to remove soil
from the terrestrial ecosystem to the ocean [5]. Water erosion removes soils on sloping
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land [31] and deposits material on floodplain bottomlands or in the ocean. Olson et al.
[32] showed that nearly level (<1%) upland plots were subject to erosion, transport and
deposition of SOC-rich sediments. Even small amounts of soil erosion can make a significant difference to the SOC stock change over time because the eroded material has
higher ER (enrichment ratio) and is typically considered to be enriched relative to the
soils from which the material has been removed [5], [18], [31], [32]. Because soil erosion is highly variable in space and time, it must be monitored or measured at the same
time as SOC stock is measured. Otherwise, it will not be possible to unequivocally
demonstrate that measured changes in SOC stocks can be attributed to land use and
management practices alone.
Chappell et al. [5] reported changes in SOC stocks over time using simulation models as the difference between outputs of C and losses due to decomposition process of
existing SOC stocks with rate modifiers applied to an intrinsic decay constant. Chappell
and colleagues found that erosion of topsoil changed the composition and structure of
the soil at the eroded location. Sediment deposition on soil from elsewhere can modify
the soil micro-environment (i.e., temperature change, hydrology, SOC decomposition
rates, etc.). This makes a strong case that erosion should be included in C cycling and C
accounting models [33]-[36].
Sometimes, a slow rate of erosion leads to soil formation and creation of fertile alluvial plains. When accelerated by anthropogenic activity, erosion becomes a destructive process with numerous adverse on-site and off-site effects (Figure 3). Among
on-site effects is a decline in the soil quality of eroded land and reduction in agronomic
productivity and decrease in plant nutrient availability [37] and water use efficiency
[38]. With erosion being a selective process, soil subjected to accelerated erosion is regressively depleted of its topsoil, SOC (concentration and stock) and nutrient reserves.
Decline in the root depth zone and reduction in available water capacity (AWC) increase the susceptibility of crops grown on eroded soils to pedologic and agronomic
droughts [39].

4.2. SOC Stock Measuring Challenges in Eroded Landscapes
Soil erosion causes SOC redistribution within terrestrial ecosystems, to the atmosphere
and oceans. Li et al. [40] and Chappell et al. [5] reported that dust export is an essential
component of the SOC and carbon dioxide (CO2) budget because wind erosion contributes to the C cycle by selectively removing SOC from vast areas of Australia and
transporting C dust quickly offshore and augmenting the net loss of C from terrestrial
systems. Li et al. [40] found reduced SOC erosion and/or SOC dust accumulation by
vegetation-cover crop must be induced by changes in land use and management practices. Li et al. [40] reported that C sequestration resulted from a reduction of C erosion
and dust-C trapped by vegetation-cover crop. Chappell et al. [35] mapped net (1950s1990) SOC redistribution across Australia and estimated that water and wind erosion
represent 2% of total C stock in the 0 - 10 cm soil layer. Soil erosion is not explicitly included in Australian national SOC stock accounting, which renders estimates of CO2
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K. R. Olson et al.

flux from soils highly uncertain. The inclusion of an erosion component may reduce
that uncertainty [34], [36], [41] and improve the accuracy for the reporting of GHG
emissions. Measuring wind-eroded SOC in the dust cycle is therefore essential to quantify the release of CO2 from SOC dust to the atmosphere and the contribution of SOC
deposition to downwind C depositional sites.
Measuring SOC stocks change across a land unit, such as eroding, depositional or
landscape units with different land use practices require sufficient soil samples within
each landscape unit to ensure that individual temporal and spatial SOC changes are
representative of the entire land unit [5], [36]. If insufficient soil samples are taken, it is
unlikely that the measured values of SOC will be representative of the landscape unit
spatially and may lead to greater variability.
If variance in measured SOC stocks at the first sampling period is larger than that in
the second sampling period, it will be difficult to assess change in SOC stocks over the
land unit [4], [5]. Analytical methods changes or measurements by different laboratories can affect variability. Setting up and implementing a sampling design can be a
challenge when little information is available on the variability of SOC within the land
unit. Consequently, it is difficult to establish what type of sampling design to use and
how many samples to take in each sampling round [9], [10]. Therefore, a consistent
and standardized protocol should be followed each time samples are collected to minimize variability due to sampling protocol within each sampling time or period.
Chappell et al. [5] produced a technical document based on literature and defined the
statistical justifications for recommendation of SOC monitoring in a landscape unit. The
three distinct phases included: 1) setup sampling design and the assumptions/decisions
necessary for implementation to determine magnitude of a detectable change in SOC
over time and at an acceptable cost, 2) modify the sampling design after measurements
of SOC are made in the first round of sampling (i.e., more or less SOC variance than
expected), and 3) determine the actual detectable change in SOC by comparing SOC
measurement from the first round of sampling with the second round of sampling (e.g.,
5 years later) using a mean difference or other analytical test.
De Gruijter et al. [4] and Chappell et al. [5] restricted their consideration of sampling
designs and their use over time to the most basic and easily adopted approaches. There
is an expected variation in SOC if the approaches are formed from a series of decisions
that were used to estimate the minimum detectable change (MDC). Assuming that spatial and temporal variations occur in land unit, the likely measurement error associated
with quantifying SOC can affect the confidence in the results. Chappell et al. [5] estimated the variance of the detectable mean change in SOC. The procedure should help
address spatial variability as a basis for detecting temporal changes. One approach to
reduce variability over time is to use a system of geo-referencing sampling points which
remain constant on the landscape regardless of changes in land use or management [3].
The final assumption by of this methodology relates to variability of SOC with depth
[5]. The SOC stocks typically decline with increasing soil depth. However, this is not
always the case. Variation of SOC across a land unit is most likely to be the largest in
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the surface soil layer which has the largest SOC stock depending on soil bulk density.
Benefits of a sampling design that reduces the number of samples for the greatest depth
can be outweighed by the need to visit more locations to collect samples near the soil
surface. When sampling soil, it is typical to collect soil samples from all layers at the
same time. Since the surface layer is usually the most variable in SOC stocks, a soil
sampling protocol design for this layer should be adequate for collecting soil at depths
where SOC is less variable.

5. Conclusions
A landscape soil sampling protocol was developed to establish the native prairie baseline SOC stock (230 Mg∙C/ha) to a 1 m depth for the entire native prairie landscape.
The cropland SOC stock was determined for each landscape position and the entire
landscape to determine cropland retention of SOC stock (114 Mg∙C/ha). The cropland
landscape adjacent to Dinesen Prairie had less SOC stock than the baseline prairie
landscape except for the TS which retained 109% of the SOC stock in the upper 1 m as
a result of erosion from the upper landscape positions and the deposition of SOC rich
sediment on the TS. For the entire landscape the cropland retained only 49% of the
baseline prairie SOC stock.
If the intention of monitoring SOC stocks is to detect change and attribute the
change to a particular land management practice/use then samples must be obtained
over the entire landscape unit (area upon which the management practice is applied).
In this case mean change and its variability determine level of detectability of such
change. Consequently, this will dictate the intensity of soil sampling across the landscape unit to determine SOC stocks at different locations. When implementing, attention must be paid to the processes which maintain and form SOC stocks to ensure soil
productivity and reduce the degradation processes, such as erosion, which drive SOC
depletion. These processes are influenced by both natural and anthropogenic drivers.
Soil erosion should be viewed as SOC redistribution not only across landscape, but also
in the larger context of impacts on soil function and ecosystem sustainability and services and disservices. Appropriate soil sampling designs and sampling procedures are
needed to determine SOC change and verify SOC net storage or sequestration. Quantifying the SOC loss due to erosion will help avoid over estimation of the management
practices on net SOC stock over time.
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