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Abstract

Maintaining the future sustainability of agriculture and ensuring soil security is of primary concern
across Canada. Understanding the state of soil erosion and determining the vulnerable areas are
essential measures in combatting future soil erosion and avoiding soil degradation. Therefore, the
general goal of this thesis was to quantify soil erosion rates and develop an improved
understanding of erosion processes within the Canadian Prairies. To fulfill the aim of the research
project, typical agricultural and native prairie landscapes of the region were studied within three
watersheds including the Red River Valley and the Broughton’s Creek watershed in Manitoba,
and the Bigstone Creek watershed in Alberta.

Initially, passive uni-directional wind erosion sediment samplers were employed to assess wind-
eroded soil movement in agricultural lands of the Red River Valley. Cesium-137 (*¥'Cs)
measurements were conducted to quantify total soil loss and deposition rates within the wetland
landscapes in the Broughton’s Creek and Bigstone Creek watersheds. In addition, soil and
sediment properties were characterized to understand tillage-, water- and wind-induced sediment
transport dynamics and distinguish between eroded and depositional zones. Landform
classification maps of the studied wetland catchments were also created to assist developing
sediment budgets of soil loss and accumulation, and quantify sediment flux rates from agricultural
fields to wetland environments. Furthermore, soil erosion models were used to characterize spatial
patterns of soil loss by tillage, water, and wind erosion and assess relative contribution of these
processes towards total soil erosion.

This study found that: i) Measured soil loss and sedimentation caused by wind erosion are very
small in the Red River Valley. Moreover, abrasion of crops by wind-transported sediment was not

observed in this study; ii) Using the measurements of *3’Cs, average annual soil losses in cultivated



fields were estimated at about 1.2 kg m? yr! and 0.9 kg m? yr! in Manitoba and Alberta,
respectively, with approximately 70% of cultivated field being classified as eroded zone in both
provinces; and iii) On the knoll of hummocky landscapes, tillage erosion dominates the pattern of

total soil erosion and the effects of water erosion and wind erosion are minor.
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1.1. Soil erosion and degradation

The introduction of agriculture to the Canadian Prairie Pothole Region by European settlers in the
late 1800s and early 1900s brought about many dramatic changes in the natural landscape. Soil
erosion is a naturally occurring phenomenon and is part of soil and landscape formation; however,
anthropogenic activities and interventions have considerably exacerbated this process through the
removal of native vegetation cover, expansion of farming onto marginal lands and overgrazing
(Borrelli et al., 2017). According to the Food and Agriculture Organization of the United Nations
(FAO), soil erosion is considered the major threat to the sustainability of soil management (FAO,
2019). Soil erosion is of global environmental concern due to its direct and indirect negative impact
on ecosystem services, agricultural productivity, and soil security. Soil erosion processes result in
the removal of fertile topsoil and its deposition elsewhere in the surrounding environment, which
further degrades soil fertility and ecosystem functions. On a larger scale, soil erosion can lead to
contamination of aquatic environments (e.g., wetlands) through nutrient loss and other agro-
chemicals, and delivery to waterways and water bodies (Blanco-Canqui and Lal, 2008a).

Soil erosion and sedimentation are a widespread form of lateral soil redistribution (Lal, 2019). The
redistribution of soil within landscapes due to erosion processes modifies soil physical, chemical,
and biological characteristics. The loss of topsoil and exposure of subsoil on upper slopes amplifies
the variability in soil properties, which has major impacts on crop production, biophysical
processes and greenhouse gas emissions. Unproductive subsoil that is exposed on eroded is then
hilltops is dragged down by erosive agents the hillslope and buries productive topsoil at the lower
part of the hillslope, which creates an “inverted” soil profile (Lobb, 2011). Accelerated soil erosion

also sets-in-motion a process, which can impact the soil carbon budget through breakdown of
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aggregates and exposure of soil organic carbon to climatic elements and microbial enzymes (Lal,
2019).

Additionally, changes in climate conditions directly affect soil erosion risk. With drier weather
conditions, Canadian Prairies are currently experiencing a reduction in soil vegetation cover and
an increase in the number of extreme erosional events (Leys et al., 2018). For example, 2019 was
a record-breaking year for extreme environmental conditions around the globe (World
Meteorological Organisation, 2019). As a result, in Canada, low ground cover, dry conditions and
strong wind gusts in spring can lead to increased frequencies of dust storms across the Prairie
Pothole Region. Furthermore, long-term climate trends in low rainfall regime areas can also cause
aeolian processes to be more dominant than fluvial ones, leading to extreme wind erosion risk
(Field et al., 2011).

Water and wind erosion were assumed to be the major forms of soil erosion on cultivated
landscape. According to Meyer and Moldenhauer (1985), the first scientific investigation of water
erosion was conducted by the German soil physicist, Ewald Wollny, who was a pioneer in soil and
water conservation research in the late 19" Century. However, the soil loss caused by wind did not
gain attention until the early 20" Century when it was studied by Edward E. Free (Free, 1911). In
North America, the major water and wind erosion research effort began in 1930s, with the
establishments of Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1965) and Wind
Erosion eQuation (WEQ) (Woodruff and Siddoway, 1965) as the respective milestones. The
movement of soil downslope due to the mechanization of agriculture, referred to as tillage erosion,
was recognized as an important factor that influenced soil erodibility as early as the 1920s, but
primarily in a qualitative manner. However, the systematic studies on tillage translocation and

erosion were conducted in the late 20" Century (Lindstrom et al., 1992). Recent studies have
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demonstrated that the direct movement of soil by tillage implements is a significant erosive
process, distinct from wind and water erosion (Lobb et al., 1995; Li et al., 2007; Tiessen et al.,

2009).

1.1.1. Soil erosion in the Canadian Prairie provinces

Soil loss by erosion processes has been identified as a major threat to sustainability of food
production in Canada (McConkey et al., 2010) and still remains a concern within the various agro-
ecosystems across Canada, specifically in the western Prairie provinces. Soil surveys in the Prairie
provinces started in 1935, where drought and soil erosion presented the main problems (McKeague
and Stobbe, 1978). Although there is substantial qualitative evidence of serious wind and water
erosion in the Canadian Prairies, but few studies were conducted under natural conditions to assess
the magnitude and spatial distribution of erosion on the Canadian Prairies prior to the 1980s (de
Jong et al., 1983). Toogood (1963) conduced a long-term study (1950 to 1960) in Alberta on water
erosion and reported the maximum soil loss of 4.5 t ha yr on summer fallow lands. Nicholaichuk
and Read (1978) estimated annual water erosion of 2 t ha® yr? from fall-fertilized summer fallow
lands in southwest Saskatchewan. In Manitoba, Shaw (1980) predicted soil loss ranging from 12.6
to 16.6 t ha! yr! and from 66.7 to 86.7 t ha® yr! under continuous fallow and crop rotation of
small grains, respectively, using USLE.

Quantitative assessment of soil erosion using *3’Cs technique in the Canadian Prairies began in the
early 1980s. de Jong et al. (1983) estimated soil loss using **'Cs technique and documented that
upper slope positions lost between 10 and 30 t ha yr; whereas, the lower slopes gained between
-12 and -40 t ha't yr't over the period of 20 years in Saskatchewan. In 1984, Jenkins et al. quantified
soil erosion in southern Manitoba using *’Cs in which they reported severe soil loss from knoll

position and soil accumulation on the mid-slope and depressional positions of the landscape.
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Gregorich and Anderson (1985) documented soil erosion rates ranging from 6 to 44 t ha yr using
137Cs on three hillslopes in the Black soil zone along the Saskatchewan/Alberta border. In one
study in Saskatchewan, Martz and de Jong, (1987) reported soil losses as high as 57 t ha™* yr?,
which were observed over 60% of the basin with 90 % of the total soil accumulation occurring in
less 3% of the basin. Southerland and de Jong (1990) in another study in Saskatchewan estimated
maximum net sediment flux ranging from 37.5 t ha* yr to -46.5 t ha* yr during a period of 30
to 35 years, resulting in net sediment output of 1.5 t ha® yr from cultivated land. These studies
have identified water erosion as a serious problem in the Canadian Prairie Pothole Region and
indicated severe soil loss mostly from crest, upper slope, and middle slope positions. It is clear that
on- and off-site effects associated with water erosion have been in scientific and political focus.
Consequently, other soil erosion drivers like wind and tillage were somewhat out of the scope of
most studies. Sparrow (1984) reported that more than one-half of the total annual soil loss due to
wind and water is ascribed to wind erosion in Canada. The use of *’Cs in wind erosion studies is
less common in Canada, but Sutherland et al. (1991) estimated soil redistribution on near level
landscape using **’Cs in Saskatchewan and documented mean net sediment output ranging from
0.8 to 38 to ha yr. Larney et al., (1995) have quantified soil loss by wind, for the first time in
Canada, using wind erosion samplers and the total wind erosion of 144.4 t ha! (ranging from 0.3
to 30.4 t ha!) was documented on summer fallow lands of Alberta for a period of 2 years (April
1990 to May 1992).

Tillage erosion was a mostly ignored soil erosion process; however, substantially contributes to
on-sites effects on soil properties and productivity. It was only in the early 1990s that systematic
studies of tillage translocation and erosion were made (Lobb et al., 1995). Thereby, with the

knowledge that tillage erosion is a major erosive agent, recent studies were performed to assess
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soil redistribution by tillage erosion in Canada (Lobb and Kachanoski 1999; Li et al., 2007; Li et
al., 2008; Tiessen et al., 2009). For example, Li et al., 2007 determined that their tillage erosion
model accounted for most of the soil lost from the convex upper slope positions (as estimated by
137Cs) from a field site located in southern Manitoba, suggesting that tillage erosion was the
dominant soil redistribution process in that region. In general, these studies have documented that
the patterns of tillage and water erosion within the landscape are primarily dependent on
topographic complexity, with water erosion dominating on steep mid-slopes and upper lower
slopes where the water flow converges, while tillage erosion dominates on convex landscape
positions. The Prairie Pothole agroecosystem (e.g., wetland catchments) are characterized by
complex landscape structures, generating high local variability in terms of erosion processes. Thus,
due to such spatial heterogeneity, we still face a lack of knowledge to decipher dominant soil
erosion processes in that region. Since the spatial patterns of soil loss by tillage, water and wind
erosion are fundamentally different, it is possible to model their relative contributions towards
combined tillage, water and wind erosion, hereinafter referred to as total soil erosion, within a
cultivated landscape.

1.1.2 Potential impacts of sedimentation on wetland health and function

The rise in worldwide crop production has primarily been achieved through intensive farming
activities (e.g., Monoculture cropping, fertilizers and pesticide application, drainage systems,
tillage methods, and livestock intensification) (Watmough and Schmoll, 2007), which play an
undeniable role in causing widespread pollution, leading to environmental concerns (i.e., excessive
sediment loadings in floodplains and depressional wetlands). The majority of the depressional
wetlands in the Prairie Pothole Region of Canada are embedded within an agricultural landscape,

making them vulnerable to different levels of sediment accumulation (Gleason and Euliss, 1998;
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Preston et al., 2013). The farming of uplands surrounding these depressional wetlands can
exacerbate downslope translocation of soil and associated constituents into wetland ecosystems
(i.e., riparian area and waterbody), leading to increased rates of soil erosion through terrestrial
fluxes and atmospheric deposition of sediment originating from the local and regional sources
(Gleason and Euliss, 1998; Santhi et al., 2006). On watershed scales, depressional wetlands
physically control runoff by increasing surface storage and reducing effective contributing areas,
while at the individual wetland catchment scales, the ponds and associated riparian vegetation
physically slow the movement of runoff causing sedimentation (Blann et al., 2009; Baulch et al.,
2019).

Depressional wetlands are especially fragile and there has been a gradual increase in the drastic
degradation of such natural systems over the past century due to sediment accumulation. The most
significant impacts of soil erosion arises when sediment accumulation fills the central area of
wetlands (i.e., waterbody) to the extent that they no longer hold water, causing a loss of their
primary natural functions (e.g., production of aquatic macrophytes and algae) through reducing
water clarity. Furthermore, increased sedimentation in wetlands surrounded by agricultural
landscapes can lead to degradation of wetland invertebrate egg and seed banks, through sediment
burial, which can limit emergence of invertebrates from egg banks. Moreover, the impact of
sedimentation on wetland wildlife is likely indirect through alteration of composition of
vegetation, vegetation cover, and aquatic invertebrate communities (Gleason and Euliss, 1998;
Gleason et al., 2003). In addition, sedimentation can cause notable changes in riparian areas
surrounding wetlands, altering their composition, structure, and functionality as transitional zones

between the aquatic and terrestrial areas of a landscape.
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1.2. Soil erosion processes

More than 70 years ago, Ellison characterized soil erosion as “a process of detachment and
transportation of soil constituents by erosive agents” (Ellison, 1948). The development of soil
erosion processes has a detrimental effect on soil quality for agricultural production because it
degrades soil functions for crop growth. Soil erosion is a complex process because of the many
factors affecting the rate of erosion, including topography, soil erodibility, vegetation cover,
weather conditions and soil management practices (Blanco-Canqui and Lal, 2008a). Soil
management methods (e.g., farming operation) is a key component to the success of site-specific
soil erosion control. Additionally, this factor is important in seedbed preparation (e.g., land rolling)
and sustainable production within an individual field (Carter and Johannsen, 2017). This
assumption is particularly accurate for regions with higher soil erosion risk, especially in early
growing season, such as Prairie provinces. Hence the study of soil erosion in such areas represents
a great interest for the farming community as well as governmental agencies.

1.2.1. Water erosion

Soil loss due to water erosion is the removal of soil from one location and its movement to another,
usually downbhill, by the action of rainfall or snowmelt and surface runoff. Water erosion processes
have been classified into five classes including rain splash erosion, sheet erosion, rill erosion, gully
erosion and stream bank erosion. At the initial stage, soil particles are detached from aggregates
by the impact of falling raindrops (splash erosion) or overland flow (sheet-inter-rill erosion). The
concentration of water as it flows over the surface cuts into the soil, detaching even more soil,
forms small, well-defined channels (rill erosion). The detached soil particles are deposited when
the velocity and depth of the flow decreases. These eroded channels can later grow and develop

into ephemeral and permanent gullies from repeated runoff cycles (Vrieling, 2006; Kothyari, 2008;
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Blanco and Lal, 2008b). Rills are differentiated from gullies by the fact that they are small enough
to be erased easily with normal tillage practices (Kothyari 2008). Water erosion and runoff remove
fertile topsoil leading to a decline in nutrients and soil organic carbon. These nutrients can either
be deposited in nearby fields, thus enrich them, or be carried away until they reach waterways and,
ultimately, water bodies (e.g., wetlands), where they can lead to eutrophication. Siltation (sediment
accumulation) of water bodies can also be a significant off-site consequence of water erosion,
leading to a reduction of storage capacity and an increase in the expenses related to cleaning up
the affected area (Nearing et al., 2017). Additionally, in cold winter climates (e.g., Canadian Prairie
provinces) freeze-thaw processes and snowmelt over frozen soils influence the structure of soil,;
thereby, increasing soil erodibility to erosion by runoff (Liu et al., 2014).

1.2.2. Wind erosion

Wind erosion is the loss and movement of coarse and fine soil particles by airflow across a
landscape at various heights above the soil surface. The wind-eroded sediment moves along the
soil surface via three mechanisms: creep, saltation, and suspension (Lyles, 1988). Particles moving
by creep roll over the ground for a few centimeters to a few meters within a localized area, and
they have a diameter of 0.05 to 2 mm. Particles moving by saltation have a diameter of 0.1 to 0.5
mm, and can be lifted into and bounce in the airflow at heights generally below 1 m, and be
transported many meters before they come to rest. The suspended particles (e.g., very fine silt and
clay particles and organic matter) have diameters of less than 0.1 mm and are subject to long-range
(regional) transport, with some material being transported across continents and even around the
globe (Fryrear et al., 1991). Wind-eroded sediment transport is omnidirectional as airborne
material can be conveyed in all wind directions but follows prevailing winds. The on-site and off-

site effects of wind eroded particles released into the environment depends on the composition and
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size of the particles as well as the distance transported (Goossens and Riksen, 2004). Wind erosion
can lead to a reduction of agricultural productivity by depleting soil nutrients content. As well,
saltating coarse particles can injure plants by abrasion and desiccation due to infection and sparse
and/or short plant canopies during early growing season (Bennell et al., 2007). Dust storms can
also adversely affect visibility and air quality, negatively impacting human health (e.g., irritation

of eyes and skin).

1.2.3. Tillage erosion

Tillage erosion is the soil redistribution that occurs within a landscape, whenever soil is moved or
translocated as a direct result of tillage. Tillage disturbs the soil vertically and throws soil in the
tillage direction mostly. Soil displacement by tillage implements occurs at rates varying according
to the local slope gradient, as a primary factor, and operational factors, including: implement type
and size; tillage depth, speed, and orientation relative to the slope; and soil condition before tillage.
Typically, tillage results in the progressive downslope movement of soil over time, causing severe
soil loss on convexities and the upslope field boundaries, and causing soil accumulation in
concavities and downslope field boundaries. In topographically complex landscapes, composed of
convexities and concavities, soil losses by tillage erosion are most severe near convexities (e.g.,
hilltops, knolls and on upslope field areas), while soil accumulation occurs at slope concavities
and hill bottoms (Lindstrom et al., 1992; Govers et al., 1999, Lobb et al., 1999; Papiernik et al.,
2005). Tillage erosion has been reported as an important soil degradation process and a major
contributor to the total soil erosion in cultivated fields (Li et al., 2007).

Soil erosion studies are generally carried out through field observation, tracer studies,
experimental plots, and soil erosion modelling (Walling and Quine, 1990; Li et al., 2007;

Wainwright and Mulligan, 2013). It is important to carry out field measurements of fallout
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radionuclides (e.g., **’Cs) and employ soil erosion models to differentiate patterns of tillage

erosion from water and wind erosion within a landscape (Li et al., 2010).

1.3. Soil erosion modelling

Modelling can be considered as quantitative representation of complex environmental systems.
Environmental models are not an alternative to field-measurements but, under certain
circumstances, can be a powerful tool in understanding environmental processes and in developing
and testing various scenarios (e.g., characterizing driving forces of change across landscape, under
a wide range of conditions). Most of the environmental models used in soil erosion research are
classified as the empirical “grey-box” type model, which are based on characterizing the most
important factors and, through the use of observation, measurement, experiment and statistical
techniques, relating them to soil loss. Environmental models employed in soil erosion and
conservation studies can assist to fulfill three primary purposes including: (a) to understand the
scope of the problem over a landscape and to quantitatively track soil erosion changes over time,
and (b) to help policy-makers choose sustainable agricultural practices (Morgan, 2010; Braizer,
2013).

For decades, research on water erosion was by far the most studied process using the soil erosion
models worldwide. Most of these global studies performed water erosion predictions using
(R)USLE family models (Borelli et al., 2021). The USLE is an empirical model derived from a
correlation between soil erosion measured on experimental plots and environmental parameters
(e.q., topography, climate, soil properties and land use). The USLE was later improved, Revised
USLE, to account for more modern farming practices and make use of computer technologies
(Renard et al., 1997). Furthermore, the most commonly used spatially distributed, process-based

model is Water Erosion Prediction Project (WEPP), which was designed by USDA to improve the
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empirically-based USLE to provide a continuous simulation of soil erosion predictions (sheet-
inter-rill erosion) from distributed parameters (Nearing et al., 1989; Borelli et al., 2021).
Although the Dust Bowl of 1930 proved to be a low point in North American environmental
history, wind erosion modelling has not been as common as water erosion modelling. The most
applied wind erosion models are Wind Erosion eQuation ((R)WEQ), the Single-event Wind
Erosion Evaluation Program (SWEEP) and the Wind Erosion Prediction System (WEPS) (Borelli
et al., 2021). The WEQ and RWEQ are empirical models with a similar structure to the USLE,
while SWEEP and WEPS are process-based models that can produce daily and sub-hourly
simulation of wind erosion at a field scale (Tatarko et al., 2016). One of the main limitations of
the models mentioned above is that these models can only be applied to field scale and a large
amount of detailed input parameters are required for modelling. However, up scaling wind erosion
models from the plot- to regional-scale is time-consuming, expensive, and difficult to calibrate and
validate over a large region (Youssef et al., 2012).

Development of tillage erosion models started in early 1990s by a growing awareness of tillage as
another important deriver of soil redistribution within agricultural field; however, tillage erosion
modelling is still understudied compared to water and wind erosion modelling. Lindstorm et al.
(1992) developed the first tillage erosion model as a statistical relationship between soil
displacement and slope gradient and documented that tillage translocation distances are inversely
proportional to slope gradient. This led the introduction of a diffusion-type approach that simulates
tillage erosion as a function of local slope and a tillage transport coefficient (Govers et al., 1994),
which resulted in the development of Water and Tillage Erosion Model (WaTEM) by Van Oost et
al. (2000). While these previous models focused primarily on the effect of slope gradient on tillage

translocation, researchers in Canada have also documented that slope curvature can significantly
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influence tillage erosion within topographically complex landscapes (Lobb et al., 1995; Lobb and
Kachanoski, 1999a); therefore, these researchers recommended that slope curvature be included
as a second topographic variable in development of tillage erosion models. In response, researchers
in Canada developed Tillage Erosion Model (TillEM, Lobb and Kachanoski, 1999b; Li et al.,
2007), Tillage Translocation Model (TillTM, Li et al., 2008), The Directional Tillage Erosion
Model (DirTillEM, Li et al., 2009) and Soil Constituent Redistribution by Erosion Model
(SCREM, Lietal., 2010). There are more complex models of tillage erosion exist (Tillage Erosion
Prediction model (TEP, Lindstrom et al., 2000), Soil Redistribution by Tillage (SORET, De Alba
et al., 2004), TILDA: Quine and Zhang, 2004, Cellular Automata model for Tillage Translocation
(CATT, Vanwalleghem et al., 2010), (Tillage Erosion and Landscape Evolution Model (TELEM,
Vieira and Dabney, 2009; 2011)), which additionally require more input parameters such as tillage
direction, the interaction between complex topography and soil translocation, opertational settings,
on-field objects or complex field boundary effects. These models provide excellent tools to assess

the effectiveness of different management strategies to combat soil erosion.

1.4. Aims and objectives of the thesis

The overarching aim of this study is to quantify the atmospheric and terrestrial fluxes of soil mass
and associated constituents from agricultural fields into wetlands and their surrounding riparian
areas, and demonstrate the benefit of tillage, water, and wind erosion modelling approaches to
identify the spatio-temporal variability of soil erosion and sedimentation within the Canadian
Prairies. The information gained by assessing wind erosion under conditions that are considered
highly prone to wind erosion (Objective 1) provided critical background for assessing soil erosion
and sedimentation under the conditions of the wetland landscapes (Objectives 2 and 3), where

constraining the upper limits to what should be expected for soil erosion, especially wind erosion.
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In developing this thesis research, the study consisted of two projects, which was mainly focused
on three main sets of specific objectives to meet the overall aim:

1. To assess the impact of land rolling on soil properties, soybean yields and growth
characteristics, and on the detachment and transport of wind-eroded sediment using passive
uni-directional samplers;

2. To assess the severity and variability of soil loss and deposition, and develop sediment
budgets within wetland landscapes using *’Cs; and

3. To assess contributions of tillage, water and wind erosion to total soil erosion within
wetland landscapes, and soil and sediment properties (e.g., ultimate particle size
distribution and spectral reflectance).

The objectives were met throughout the chapters using different approaches (i.e., experimental,
observational, and modelling). Each approach answers a specific research question, which can be
related to the objectives as follow:

1. How soil management impacts crop yield and wind erosion potential through changing
transitory properties of soil? (objective 1)

2. What is the state of soil erosion within wetland catchments of agricultural landscape?
(objective 2)

3. Can sediment budgets be used to constrain uncertainties associated with assessment of soil
erosion? (objective 2)

4. Can erosional and sedimentary features (patterns) be identified and used to improve
assessment of soil erosion? (objective 2)

5. What are the relative contributions of tillage, water and wind erosion to soil movement and

flux within the cultivated wetland catchment? (objective 3)
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6. What is the relative contribution of runoff transfers (i.e., sediment) to the total quantity

stored in wetlands and their surrounding riparian areas? (objective 3)

1.5. Thesis structure

This thesis is composed of five chapters that address the research aims (Fig. 1.1).

This chapter, Chapter 1, presents a general introduction to soil erosion processes and the diverse
modelling approaches applied to study this phenomenon as well as the motivations behind the
research. This chapter also presents the research objectives and the outline of the thesis. This
chapter is followed by three chapters written in the form of scientific journal manuscripts.
Chapter 2 describes the field experiments conducted to assess the effects of land rolling on
transport of soil particles by wind and crop growth in soybean production in the Red River Valley,
Manitoba. This chapter seeks to understand the impact of soil management on wind erosion
potential. The development and fabrication of a wind erosion sampler is discussed in this chapter
as well. Chapter 2 was published in a peer-reviewed journal.

Expanding on the work in Chapter 2, the next two chapters consider soil loss and sedimentation
by tillage, water and wind within the Prairie Pothole Region of Manitoba and Alberta.

Chapter 3 evaluates the magnitude of soil loss and sedimentation within wetland catchments using
137Cs. The developed budget of soil losses and accumulations is also discussed in this chapter.
Using the soil erosion measurements described in Chapter 3 and established tillage, water and
wind erosion models, the fourth chapter improves our understanding of the relative contributions
of tillage, water and wind erosion within Prairie Pothole Region. Additionally, this chapter defines
the adaptations of each model to local conditions and describes the interaction between each
erosional process and their influencing factors. Chapters 3 and 4 have been submitted for

publication in a peer-reviewed journal; Chapter 3 is undergoing its second review, and Chapter 4
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its first review. Finally, Chapter 5 summarizes the key findings of this study, limitations and

broader implication of the research and the recommendations for further exploration in the field.



Chapter 1

Introduction and literature review

<< 4
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Project | (Chapter 2)

Impacts of land rolling on wind
erosion in the Red River Valley

Project Il (Chapters 3 and 4)

Atmospheric and terrestrial fluxes
of soil in the Prairie Pothole Region

) 4

Assess the effects of land rolling on the
potential for wind erosion.

) 4

Quantify soil loss and sedimentation.

Assess the effects of land rolling on soil
loss by wind (wind erosion samplers).

Develop budget of losses and
accumulation of soil mas (Spatial pattern
Analysis).

Assess the effects of wind erosion and land
rolling on soybean.

Compare the relative contributions of
tillage, water and wind erosion to total
soil erosion (Modelling study).

et

Chapter 5

Summary and Conclusions

Fig. 1. 1. Schematic of the thesis structure linking the chapters to the objectives
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Chapter 2

Assessment of the effects of land rolling on
wind erosion and crop growth in soybean
production in the Red River Valley, Canada
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2.1. Abstract

Land rolling has become a popular practice in soybean and pulse production in the Northern Great
Plains. The practice of land rolling is simply pulling a large-scale cylindrical roller over a
cultivated field to push down stones and improve seed-to-soil contact. Many soybean farms in
Manitoba are routinely rolled either immediately after seeding or at the very early stages of crop
development. There has been considerable concern regarding the potential effects of land rolling
on wind-induced soil loss, soil properties, and plant growth in soybean production. To address this
concern, an on-farm research project was conducted at eight different field sites in the Red River
Valley of southern Manitoba, Canada, in 2018 and 2019. Trials were established with rolled and
non-rolled treatments arranged using a randomized complete block design. To examine the
environmental and agronomic impacts of land rolling, data was collected to characterize wind-
transported sediment (passive uni-directional samplers), soil properties (e.g., surface roughness
and moisture content), yield, and plant growth parameters. Despite the land rolling reducing
surface roughness the results showed no significant difference in the amount of collected wind-
transported sediment between the two treatments. In addition, the particle size of the wind-
transported sediment ranged between 0.002-0.1 mm suggesting that this size fraction was the most
susceptible to wind erosion. Furthermore, there was a small, but significant, increase in soybean
yield in the non-rolled treatment, despite having significantly lower volumetric soil moisture
content (~ 30 cm soil depth). Overall, while land rolling reduced soil surface roughness and
increased the wind erosion risk, it did not result in an increase in the amount of wind-transported
soil loss. Lastly, within the Red River Valley the practice of land rolling to support higher soybean
yield was not supported; however, the exact reasons for the small yield reduction is not fully

understood.
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2.2. Introduction

Soybeans (Glycine max L Merril) are a valuable food source and are an important agricultural
commodity globally. Soybean production in Manitoba, Canada, has increased substantially over
the past few decades, and contributes to the growing significance of the Prairie Region in Canada’s
soybean production. In 2020, the province of Manitoba produced about 20% of the total annual
production in Canada (Soy Canada 2020). Seeded area of soybean production in Manitoba
increased from 20,200 ha in 2001 to 465,200 ha in 2020 (Soy Canada, 2020), representing < 1%
and ~ 6.5% of the province’s annual cropland (~ 7,137,698 ha), respectively (Statistics Canada,
2016; 2020). This increase is primarily driven by the development of short growing season
varieties, and the continued development of varieties will likely result in further expansion of the
soybean crop and will demand advances in soil and crop management practices to ensure
sustainable production.

The sustainability of soybean productivity depends on many interacting factors including soil
quality, agricultural management practices, and local climatic conditions (Faé et al., 2020). Soil
quality decline through human activity can lead to reduced health and productivity of natural
ecosystems and agro-ecosystems, which impacts global socio-economic systems (Lal, 2009). Bai
et al. (2008) reported that around 24% of agricultural land globally was affected by various types
of land degradation (e.g., soil erosion, nutrient loss, salinity, soil physical problems, and chemical
contamination). Conversion from native grassland to annual crop production in the Canadian
Prairie provinces of Manitoba, Saskatchewan, and Alberta has resulted in a cumulative loss of
native grasslands from pre-colonial levels by 99.9%, 81.3% and 61%, respectively (Samson and

Knopf, 1994). This has resulted in extensive areas being exposed to increased risk of soil erosion.



50

Soil erosion due to land conversion and intensive farming operations, therefore, represents a great
threat to soil health and productivity (Thangavel and Sridevi, 2017).

Farming operations, such as rolling (e.g., smooth, notched and coil drums), cultipacker (e.g.,
smooth and notched wheels), planking, and press-wheels are practiced to improve seedling
emergence by achieving optimal seed-to-soil contact and seedbed firmness according to field
conditions and management requirements (e.g., soil texture, stoniness, planting depth, preceding
crop, and climate) (Couture et al., 2004; Barker et al., 2012). Rolling improves the initial
consolidation and increases capillary moisture movement, especially in a dry spring, which is
necessary for seed germination (Hakansson et al., 2002; Romaneckas et al., 2010). A study was
carried out in Canada (Quebec) by Couture et al. (2004) and demonstrated that rolling of soil prior
to seeding on coarse texture soils with a seeding depth of 2 cm can be beneficial for flax fibre
production. Similarly, a plot-scale soybean study documented a small yield increase when soybean
fields were rolled at the first and second trifoliate stage of plant growth (Bohner, 2018). However,
Boyers et al. (2020) reported that land rolling did not influence soybean yield when done before
or after emergence (2", 39, 4™ trifoliate stage of plant growth). Although agronomic benefits of
land rolling have not been fully studied in a wide variety of crop production and climatic regions,
producers practice land rolling to improve harvesting efficiency.

The practice of rolling in pulse and soybean production has become popular in the Prairie Region
of Canada over the past couple of decades. This technique was promoted and adopted as a practice
to push stones down into the soil and smoothing the ground for harvesting. The coil- and notched-
drums leave the soil rougher than the smooth-drum system (Al-Kaisi et al., 2011; DeJong-Hughes
et al., 2012), which can reduce the risk of wind erosion. Although land rolling is beneficial where

deep tillage may be conducted and the soil surface contains more than 5% of clods bigger than 50
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mm (Durr and Aubertot, 2000), producers recognized that rolling corn root-balls with a coil drums
or notch system increases the rate of breakdown by improving soil to plant residue contact
(DeJong-Hughes et al., 2012). However, there has been considerable concern regarding the
potential effects of land rolling on increasing the risk of soil loss by wind erosion.

Soil erosion by wind is a common phenomenon that occurs in many arid and semi-arid regions,
and results in both on- and off-site impacts (Lal, 1998). In the Northern Great Plains Region of
North America, the months with the highest risk of wind erosion mostly occur in the spring season,
when surface protection by vegetation cover is at a minimum, particularly post seeding (Shao,
2008). Wind erosion is a concern in many areas of Canada, from the sandy soils along the Fraser
River in British Columbia to the coastal areas of the Atlantic Provinces. However, it has been a
major concern in the Canadian Prairie Region which stretches from southwestern Manitoba to
southwestern Alberta and north to central Saskatchewan (Rennie, 1985; Lobb et al., 2017). The
risk for wind erosion is the greatest in the more arid south of this region due to lower precipitation
and lower crop and crop residue cover (Huffman et al., 2000).

Wind erosion can also cause considerable crop damage, and economic losses associated with
increased herbicide, pesticide and fertilizer costs, degraded drainage systems and road ditch
cleaning costs (Parry et al., 1988). Physical crop damage has been reported when seedlings suffer
from abrasion and/or being buried by sand-sized particles during windstorms. In addition, plants
damaged by the scouring effect of creeping and saltating sand particles are more vulnerable to sun
burn and diseases which can result in poor crop yields (Bennell et al., 2007; Michels et al., 1995;
Riksen and De Graaff, 2001). Soil loss through wind erosion can transport soil-bound herbicides
to non-target areas (e.g., field boundary and ditches) as research has shown that risk for removal

of surface-applied chemicals by wind erosion is higher than that of soil-incorporated chemicals
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(Clay et al., 2001). Off-site physical and economic effects include adverse health impacts caused
by dust storms over residential areas (e.g., high fine particulate matter levels), and damage to
reservoirs, irrigation, drainage, transportation and communication infrastructure (Riksen and De
Graaff, 2001).

Risk of wind erosion on agricultural land can be affected by relatively stable properties including
surface soil properties, topography, vegetation cover, climate and land management (e.g., farming
operations) (Larney and Bullock, 1994; Shao, 2008). Soil surface properties affecting soil
erodibility by wind include relatively stable properties, including texture and organic matter
content, as well as more transitory properties (i.e., rapid changes over time) including surface
roughness, aggregate size, and crusting. The stable soil properties, land management practices, and
their interactions influence the transient soil surface properties, which affect the wind erosion risk
(Pi et al., 2021). Both non-oriented soil surface roughness (e.g., random distribution of large soil
aggregates) and oriented soil surface roughness formed by active farming operations (e.g., crop
rows and tillage furrows) can affect wind erosion (Fryrear, 1984; Zobeck, 1991). Random
roughness is associated with soil surface micro-relief, which can impact surface aerodynamic
roughness and shear stress (Shao, 2008). Oriented roughness is one of the directional wind erosion
control methods, which can control the organic geochemistry of sediment, in addition to the
amount of wind-transported sediment (Hou et al., 2021). Aggregate size distribution controls the
magnitude of wind erosion because it is directly linked to the entrainment threshold velocity
(Kheirabadi et al., 2018; Zobeck, 1991). Beyond the influence of the more stable soil properties,
farming operations (e.g., tillage and land rolling practices) are the primary factors influencing the
disruption of surface crusts and breakdown of macro aggregates making the soil more vulnerable

to wind erosion (Hevia et al., 2007, 2003; Guo et al., 2017).
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The physical and biogeochemical characteristics of wind-transported sediment (e.g., particle size
distribution, organic matter content, spectral reflectance and *3'Cs activity of wind-transported
sediment) and the patterns of soil redistribution can facilitate identifying the predominant
mechanism(s) of wind erosion in agricultural lands. However, the characteristics of wind-
transported sediment have been shown to vary with height. In particular, the concentration and
particle size distribution of wind-transported sediment changes with height above the eroding
surface as a result of gravitational and drag forces that oppose the upward movement of larger and
heavier particles into the atmosphere (Zobeck and Fryrear, 1986; Sharratt, 2011). The wind-
transported sediment flux profile is measured to characterize the movement of sediment particles
by airflow in different height and trajectories (Dong and Qian, 2007). For example, Van Pelt et al.
(2007) demonstrated that in wind-transported sediment, ¥'Cs activity increased and median
particle diameter decreased with height within the first meter above the eroding soil surface.

The impacts of land rolling on crop production, soil properties, and soil susceptibility to wind
erosion have been raised as concerns associated with this practice. While changes in the soil
surface properties due to land rolling can affect the magnitude of wind erosion, the impact of this
practice on wind erosion risk in the Canadian Prairies has not been well studied. As a result, there
is still a lack of consensus among agronomists and environmentalists regarding the short- and long-
term impacts of land rolling. Given the growing interest in the practice of land rolling in soybean
production systems, and the lack of scientific information about its agronomic and environmental
impacts in the Canadian Prairies, or in other regions of North America, a study was initiated to
provide the information needed to ensure the sustainable production of soybeans in Manitoba. The
objectives of this study were to measure the impacts of land rolling on soil properties, soybean

yields and growth characteristics, and detachment and transport of wind-eroded sediment. In order
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to achieve the objectives, the following research hypotheses were tested in this study; (1) land
rolling increases the volumetric soil moisture content; (2) land rolling increases transport of wind-
eroded sediment when soil surface is not protected; and (3) rolling the land immediately after

seeding improves soybean yield.

2.3. Materials and methods

2.3.1. Study area

The study was conducted in the Red River Valley of southern Manitoba (Fig. 2.1). The Red River
Valley extends over 17,000 km? from northeastern South Dakota through northwestern Minnesota
and eastern North Dakota into southern Manitoba, ending at the southern end of Lake Winnipeg.
The valley spans from the Manitoba Escarpment (also known as the Pembina Escarpment) in the
west to the Canadian Shield in the east (Environment Canada and Manitoba Water Stewardship,
2011).

The Red River Valley is a glacio-lacustrine plain, the remnant of glacial Lake Agassiz. The
advance of Pleistocene ice sheets blocked the drainage to the north, leading to the formation of the
glacial lake. The soils of the valley are vertisolic, derived from the clay-rich (>60 %) glacio-
lacustrine deposits, and chernozemic, typical of the tall-grass prairie ecosystem (Bluemle, 1988;
Yates et al., 2014, 2012). Seasonal freezing and thawing, and wetting and drying interact with
these clay- and organic-rich soils to form 0.5- to 1.0-mm-sized aggregates that are vulnerable to

wind displacement by saltation (Cihacek et al., 1993).
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Fig. 2. 1. Location of the study area within Manitoba, Canada. Circles are the location of fields included in the
study.

The study area is characterized as mixed prairie agriculture with extensive production of cereals
and oilseeds. The growing season is relatively short, ranging from 100 to 140 days, commencing
with spring seeding in April/May and fall harvesting in August/September. The region has a sub-
humid continental climate with cold and dry winters and warm summers with moderate
precipitation falling predominantly during the summer months in the form of intense rainstorms
(Bossenmaier and VVogel, 1974; Stoner et al., 1993). Annual precipitation averages 579 mm, with
22% occurring as snow (1980-2010 climate normals for Starbuck, Manitoba, ID: 5022770)
(ECCC, 2019).

The wind erosion risk in the Red River Valley is a result of the region’s unique combination of
geological, climatic, and surface cover conditions (Todhunte and Cihacek, 1999). The minimal

aerodynamic roughness provided by the regional low-relief topography creates a wind regime that



56

is generally active and frequently experiences gusty conditions. It has been reported that a wind
speed of 6.2 m s is required to entrain and displace fine-textured soils (Chepil, 1945). In the study
area, mean monthly wind speeds are approximately 5 m s and marginally higher during the
months of March, April, May (pre- and post-seeding) and October (post-harvest), but do not
exceed threshold wind speed that particles motion begin (~ 6.2 m s) (1980-2010 climate normals
for Winnipeg, Manitoba, ID: 5023222) (ECCC, 2019). However, the average maximum hourly
wind speed (~ 22 m s) and maximum gust speed (~ 32 m s) are far in excess of this threshold
value for all months of the year.

The seasonal frequency of wind speed and direction during the experimental period (winter, spring,
summer and fall of 2018-2019) for the study area are provided in wind rose diagrams shown (Fig.
2.2) (Winnipeg, Manitoba, ID: 5023222). The wind roses also show the percentage of the total
wind speed values that fall within a given category of intensity. The prevailing wind direction in
spring within the study area comes from the north, northwest and south reaching a yearly average
of 5 m s%; however, winds also blow from northeast of the study region. A smaller percentage of

the wind data (5-10 %) accounts for winds from the west, southwest, southeast and east.
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Fig. 2. 2. Average annual wind speed and direction for the study area over the study period (2018-2019).
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2.3.2. Experimental design

This research was conducted in 2018 and 2019 on eight farm cooperators’ fields. In 2018, four
field sites were selected near Dencross, Rosenfeld, Culross, and Randolph. In 2019, two field sites
near Macdonald and two field sites near Brunkild were selected for this on-farm study. The sites
selection was performed based on their location within the Red River Valley of Manitoba, the
availability of land roller equipment, and the farmers’ willingness to participate in this study. One
field-scale paired strip trials of rolled and non-rolled treatments within each field were established.
Strip sizes varied from field to field, depending on field dimension and farmer preference, ranging
from 0.2- to 1.5-ha. The experiment was arranged as a randomized complete block design (RCBD)
with field as a replicate and located on land with similar conditions. Soils, topography, climate,
and crop management conditions were characterized, but were similar by design and not
considered as experimental factors. There was a total of eight replicates over the two years of the
study.

2.3.3. Soybean crop management

Farm cooperators were responsible for field preparation and performing all tillage, seeding and
spraying operations during this on-farm research study. The farmers used their own seeders and
equipment, and managed the trials as they normally would their fields. They also chose their own
soybean varieties and tillage practices. The diameter of the land rollers used by cooperating
producers ranged from 0.91 to 1.1 m with roller length of 15 m. The roller was pulled at the speed
ranged between 12.7 and 15.8 km hrt. The producers planted their soybeans from May 11 through
May 14 and rolled their fields within two to three days of planting. The planted soybean varieties
were classified as mid-season maturity varieties, falling into maturity group (MG) of 00.5. Each

year, the preceding crops in all the fields were different. Farmers applied fertilizers at a rate to
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match fertility level and target yields within their fields (Table 2.1). The collaborators utilized a
post-emergence herbicide and pesticide program to manage weeds, disease and insects followed
by best management practices for the region. The soybeans were harvested using producer-owned
commercial harvesting equipment from mid- to late-September.

All the selected sites have a history of conventional or minimum tillage management.
Conventional tillage management included fall tillage after harvest, followed by additional
finishing implements (e.g., disks) in spring prior to seeding, and use of synthetic chemical
herbicides and tillage to control weeds. Minimum tillage management included the placement of
seed into crop residue that was untilled or moderately tilled (Table 2.1). Minimum tillage usually
results in fewer tillage operations than for conventional tillage, which led to reduced soil
disturbance and higher crop residue cover. Although the specific operating conditions varied from
cooperator to cooperator, they were selected by the funding agency from their on-farm research
network and were considered representative of farming conditions used in soybean production in

the study area.



Table 2. 1. The location, tillage history, soybean variety and management practices for study fields
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. Tillage Fall Spring Preceding Soybean Treatment Seeding Fertilizer
Year Location . : b . . . . d
System Tillage? Tillage Crop Variety Orientation® Equipment (N-P-K-S)®
Culross (1) Conventional ~ High Speed Disc  none Canola 24-10RY N-S 1220 Case Planter none
Dencross (2) Conventional  Deep Till Harrow Soybean  S006-W5 N-S Press Drill 11-52-0-0
201 . . t- E-wW L
018 Rosenfeld (3) Conventional  Deep Till Harrow Wheat 23ailable* Air Drill 0-45-0-0
Randolph (4) Conventional ~ High Speed Disc  none Corn DKBO005-52 E-wW 1245 Case Planter  not-available
. . . w s
Macdonald-A (5)  Conventional High Speed Disc  none Wheat Syigenta E-W Air Drill 12-51-0-0
. . not- not- . . .
Macdonald-B (6)  Conventional  not-available . . not-available N-S not-available not-available
2019 available available
. . Fertilizer . .
Brunkild-A (7) Minimum L none Oats DKBO005-52 N-S Disc Drill 0-30-30-0
Application
Brunkild-B (8) Conventional ~ Heavy Harrow none Wheat 24-10RY E-wW not-available not-available

* Information is not available.

2 Deep Till and Heavy Harrow are referred to as Chisel plow.
®Harrow is referred to spring-tooth harrow.
°N-S and E-W are referred to as North-West and East-West orientations.
41220 and 1245 Case Planter is equipped with disk opener along with rubber closing wheels.
¢ Fertilizer type required to meet target yield and fertility level based on the agronomic recommendation for the region.
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2.3.4. Design and fabrication of uni-directional sediment sampler

Passive, uni-directional sediment samplers, specially designed and fabricated for this study, were
used to collect wind-transported sediment moving over the soil surface along the length of each
treatment (Fig. 2.3). The samplers were fabricated from cylindrical plastic pails with height and
diameter of 368 mm and 286 mm, respectively. Each pail was fitted with a horizontal rectangular
collection opening at one of two different heights (5 cm and 20 cm). Sediment-laden air entered
through the horizontal, 20-mm high by 100-mm wide (2,000 mm? cross-sectional area) collection
opening. Air discharged from the pail through an outlet made of large plastic pipe with an inner
diameter of 70 mm (3,848 mm? cross-sectional area) that was covered with geotextile mesh (150
pum). In order to further reduce the air speed and trap smaller particles, a washable fiberglass filter
was placed inside the sampler. Coarse-mesh (1 cm) screens were used to cover the collection
opening and the outlet of the sampler to prevent larger pieces of residue and animals from entering.
A solid concrete block sealed within a washable plastic bag was placed inside the sampler to

stabilize the pail in strong winds.

(a) ‘ (b)

@ | 36.8cm
Fig. 2. 3. (a) the sampler with inlet height at 5-cm, and (b) the sampler with inlet height at 20-cm. [A sealed solid
concrete block, fiberglass filter and coarse mesh on the inlet and outlet not shown].
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Collection efficiency is dependent on design characteristics, wind speed and direction during the
measurement process, soil particle size distribution, and other factors (Fryrear, 1984; Dong et al.,
2004; Goossens and Offer, 2000). Therefore, detailed consideration focused on the intrinsic spatial
and temporal variability of sediment transport associated with collection efficiency (e.g., collected
mass), mainly in field conditions. Passive sediment samplers (e.g., Modified Wilson And Cooke
(MWAC, Wilson and Cooke, 1980), Leach sand trap (White, 1982), Big Spring Number Eight
(BSNE, Fryrear, 1986), and SUspension Sediment TRAp (SUSTRA, Kuntze and Beinhauer,
1989)) with narrow collection openings may not provide a desired sampling of the mass flux, as a
result of the variability in air flow pattern that is normally observed in nature (Nickling and
McKenna Neuman, 1997; McKenna Neuman and Maxwell, 1999). Rectangular-shaped opening
collections ranged from 200 mm? to 1000 mm?, and sediment samplers with circular-shaped
opening collection had an inner diameter range from 7.5 mm to 50 mm. Therefore, the collection
opening of the developed sediment sampler was adjusted and expanded to 2,000 mm? (20 mm x
100 mm) so as to achieve the desired sampling mass and facilitate the efficient trapping of
particles. The samplers with collection opening at 5-cm and 20-cm heights above the ground were
specifically designed to collect particles that are moving in creep and saltation modes. It has been
documented that saltation and creep can make up to 72% and 40% of the transported mass,
respectively, and mostly rise less than 30 cm above the soil surface (Chepil, 1945; Zobeck et al.,

2003).

2.3.5. Measurements
Gravimetric soil moisture content and soil bulk density were measured biweekly during the
growing season from May to September at the soil surface (0-1cm) and at three soil depths (0-10,

10-20 and 20-30 cm). Samples were collected using a foot-operated stainless steel JMC Backsaver
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soil sampler (with a 45.7-cm-long, 3.17-cm-diameter slotted sampling tube). Sample collection
was repeated at four different spots at random to cover the whole length of each treatment.
Particular care was taken to select sampling locations representative of the entire trials and avoid
sampling areas close to field edges. Samples were weighed, oven-dried at 105°C, and reweighed
for measuring gravimetric soil moisture content (Topp et al., 2007). Bulk density was calculated
as the weight of oven-dry soil divided by the total soil volume (Blake and Hartge, 1986). The
conversion into volumetric soil moisture content was determined by multiplying the gravimetric
soil moisture content by the ratio of the bulk density of the samples to the density of water. A high-
density terrestrial laser scanner (Trimble Faro TX-5, Trimble Inc., Sunnyvale, CA, USA, at
Science and Technology Branch, Agriculture and Agri-Food Canada, Winnipeg, Canada) was used
to measure soil surface roughness in this study. Soil roughness data was collected on rolled and
non-rolled trials in spring 4-5 days after land rolling, and in fall after harvest. At least five different
spots were selected for scanning at random locations within each treatment at all sites.

Measurements of soil surface roughness and data processing were conducted by Agriculture and
Agri-Food Canada personnel at the Science and Technology Branch, Winnipeg, Manitoba for two
consecutive years (2018 and 2019). The root mean squared height (RMSH) of the surface was
characterized for each of the treatments (rolled and non-rolled) using LiDAR point clouds (Bryant
et al., 2007; Chabot et al., 2018). Regions of interest were cropped from the point clouds to
calculate RMSH. The RMSH is a descriptor of the vertical roughness component. The definition

of the RMSH is given by:

RMSH =

Where n represents the number of data points, z; is the elevation of the i" data point and Z is the

mean elevation of all (n) data points.
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The wind-transported sediment samplers only collected sediment during the growing season
following rolling the land for the comparison of the rolled and non-rolled treatments on the
production of wind-eroded sediment. The uni-directional sediment samplers were installed
immediately after rolling the sites every year and collected one week before the scheduled time
for harvest. In total, four sediment samplers were installed in each treatment (rolled and non-rolled)
at all sites. The collection openings of sediment samplers were oriented based on the direction of
soybean rows. Two sets of sediment samplers with collection opening at 5-cm and 20-cm height
above the ground were placed at each end of the trial to achieve maximum coverage of fetch length.
The collection opening of sediment samplers were faced each other in each treatment covering the
whole length of the trial to accommodate wind events along the treatment length in both directions.
The positions of sediment samplers were identical between rolled and non-rolled treatments
allowing side-by-side comparison between treatments (Fig. 2.4). Visual observations of deposited
sediment in the roadside ditch at the edge of fields were used to document field-scale wind erosion

before and after the growing season.
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Fig. 2. 4. Location of wind erosion samplers within strip trial fields. The strips ranged from 200- to 500-m in length
and 10-m in width. Fields are replicates in the experimental design. Direction of wind-eroded sediment movement is
shown with arrows. Wind erosion samplers were located centrally within each strip and oriented based on the
direction of soybean rows. Inlets of wind erosion samplers were faced to each other within each treatment. [Inlet
shown with black rectangle].

To quantify wind-induced sediment transport dynamics and to characterize the properties of
sediment, samples collected from field sites were returned to the lab for analyses, which included
measuring mass, particle size distribution, *’Cs activity, spectral reflectance, and organic matter
content. The samples were oven dried prior to analysis. The activity of $¥’Cs in sediment samples
was measured by gamma-ray spectrometry, using a high-resolution Small Anode Germanium
(SAGe) well detector (Mirion Technologies (Canberra) Inc., Meriden, CT, USA, at the Landscape
Dynamics Laboratory, University of Manitoba, Winnipeg, Canada). The samples’ *’Cs activity
was determined using 661.6 keV gamma emissions and counted for 24 hours (Li et al., 2007). Loss

on ignition, a dry combustion method, was used to determine percent organic matter (%OM).

Samples were oven dried at 105°C for 24 hours; then, samples were ignited at 400°C for 16 hiin a
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muffle furnace (Thermolyne Largest Tabletop Muffle Furnace, Thermo Fisher Scientific,
Waltham, MA, USA, at the Landscape Dynamics Laboratory, University of Manitoba, Winnipeg,
Canada) (Nelson and Sommers, 1996). Reflectance spectrometry readings were collected
following the procedures described by Barthod et al. (2015), using a spectroradiometer (ASD
FieldSpec Pro, Analytical Spectral Device Inc., Boulder, CO, USA, at the Landscape Dynamics
Laboratory, University of Manitoba, Winnipeg, Canada). The absolute particle size distribution of
samples was obtained after oxidizing organic material with hydrogen peroxide (H202, 30 %), and
using hexametaphosphate as a dispersant (Gray et al., 2010) by laser diffraction in water using a
Mastersizer 3000 (Malvern Instruments, Malvern, England, at the Landscape Dynamics
Laboratory, University of Manitoba, Winnipeg, Canada).

To evaluate the effects of rolling on grain yield, plant biomass and plant density, plants were
counted and harvested by hand in five 1-m lengths of the seeding row with row-spacing ranging
from 18 to 76 cm. Hand harvesting was conducted a week before the scheduled harvest time. Leaf
abrasion, plant height, number of pods per plant and lowest pod height were monitored and
measured on ten randomly selected plants. Leaf abrasion was monitored by sampling soybean
leaves from rolled and non-rolled treatments. The collected leaves were photographed using a
digital camera (Canon EOS 60D with EF-S18-135mm 3.5-5.36 lens, at the Landscape Dynamics
Laboratory, University of Manitoba, Winnipeg, Canada) immediately after returning to the
laboratory. The photos were analyzed to identify signs of leaf abrasion (e.g., necrosis of the leaf
edge and deformity of leaf shape) for further qualitative analysis. Lowest pod height was assessed
by measuring the distance between the bottom of the lowest observed pod and the ground at

harvest. The distance from the ground to the lowest pod was chosen as this determines whether



66

the pod can be caught by the combine header. In order to cover the whole length of the trials, all
the measurements were repeated in five randomly selected spots within each treatment strip.
2.3.6. Statistical analysis

Analysis of variance was conducted to compare land rolling treatment differences in soybean
growth characteristics, soil moisture, and movement of wind-eroded particles using the Proc
Glimmix procedure (SAS version 9.4, SAS Institute, Cary, NC). The effect of land rolling was
considered fixed, while the site-years were considered as a random effect in the ANOVA. Mean
separation between treatments was determined using the Tukey-Kramer test with a probability
level for significance of 0.05. Assumptions of ANOVA were tested using the Proc Univariate
procedure of SAS to test for normality of the residuals and to see if residuals had homogenous
variances. Analysis of soil moisture, soybean population and number of seed pods were conducted
with the Proc Glimmix procedure with a Beta and Poisson distribution, respectively.

Colour coefficients of collected sediment were calculated and analyzed using R (version 4.0.1, R
Core team, 2020) following the method described by Boudreault et al (2019) and colour analysis
scripts (Koiter, 2021), and were compared using a student t-test. Weather data for the weather
station (Winnipeg, Manitoba, ID: 5023222), were downloaded from Environment and Climate
Change Canada's website using the Weathercan package in R (LaZerte et al., 2018). All figures

were created using the ggplot2 package (V3.3.3; Wickham, 2016).

2.4. Results and discussion

2.4.1. Impact of land rolling on soil properties
The effect of land rolling on the volumetric soil moisture content at soil surface (0-1 cm) and
subsurface layers (0~30 cm soil depth) was measured over the growing season in 2018 and 2019.

Rolled and non-rolled treatments effects on volumetric soil moisture content were not statistically
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significant at the 0-15 cm depth layer in 2018 (Fig 4). The results indicated that the practice of
rolling had greater impacts on soil properties in the surface layers (the top 10 cm). The ANOVA
results showed that volumetric soil moisture content at the 0-10 cm depth layer was affected
significantly by the rolling treatment in 2019 (P < 0.05) (Fig. 2.5). Volumetric soil moisture
content of this layer of soil is higher in rolled trials compared to non-rolled trials. However, no
statistically significant differences were observed in volumetric soil moisture content at the soil
surface (0-1 cm), 10-20, and 20-30 cm soil depth in 2019. Unfortunately, soil moisture content at
deeper layers of soil was not measured in 2018; therefore, soil moisture content was analyzed

separately for each year.
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Fig. 2. 5. Impact of land rolling on soil moisture measured in September, 2018 and biweekly from May to
September in 2019. * denotes a significant difference (P-value < 0.05) at the 0-10 cm soil depth. The circle and
triangle symbols show observations for non-rolled and rolled treatments, respectively.

It seemed reasonable to expect that the significant difference in volumetric soil moisture content

at the 0-10 cm soil depth was linked to higher capillary rise that transfers water more efficiently
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from deeper layers to the surficial layers. The increased capillary moisture movement is likely due
to the consolidation of soil (i.e., smaller pore sizes) during land rolling. During the growing season,
the volumetric soil moisture content remained almost constant at depths between 10 cm and 30 cm
in both treatments and decreased substantially only in the top 10 cm in non-rolled treatment owing
to better air exchange and larger surface area for evaporation (i.e., higher absorption of solar
radiation), which led to more rapid drying. The whole profile, layers as deep as 30 cm, had lower
moisture content in non-rolled treatment, although the drying phenomenon was more considerable
in the top 10 cm. Although volumetric soil moisture content at the 0-10 cm soil depth increases
with increasing compaction and capillary rise, due to land rolling, the gravimetric soil moisture
content remained constant. This suggests that land rolling practice may not have changed the total
amount of available water. The results of this study are supported by other studies (e.g., Tong et
al., 2015; Gursoy and Turk, 2019), who reported that soil compaction by land rolling or planking
encourages capillary rise of water from subsoil to topsoil. Compaction has long been recognized
to increase penetration resistance (Altikat and Celik, 2011; Wen et al., 2016; Gursoy and Turk,
2019) and reduce infiltration capacity (Rueber and Holmes, 2012). Increased penetration resistance
can reduce root growth, which may limit water and nutrient uptake (Halde et al., 2011). It has been
also demonstrated that crushing the aggregates on the soil surface by land rolling can result in
reduced water infiltration capacity (Al-Kaisi et al., 2011). In addition, soil roughness can affect
the infiltration capacity through increasing surface detention capacity and surface sealing (Lal,
1997; Vermang et al., 2015; Zhao et al., 2018). This can be attributed to the fact that rough surfaces
(e.g., non-rolled trials) have a larger effective surface area and lower sealing potential. Field
surveys were performed to monitor the features of ponding in trials; however, runoff and ponding

water were not observed over the course of this study.
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RMSH is the most commonly used measure of surface roughness, especially for scattering
elevation data such as laser scanning point clouds (Nield and Wiggs, 2011; Hugenholtz et al.,
2013). The RMSH values of rolled and non-rolled treatments obtained with the terrestrial laser
scanner are shown in Fig. 2.6. The results of the ANOVA test indicated that the practice of land
rolling significantly decreased soil surface roughness (P < 0.05). The mean RMSH values
decreased between the roughest (non-rolled) to the smoothest surface (rolled). Similar to research
conducted by Thomsen et al. (2015), data gathered by field-scale terrestrial laser scanners has been
demonstrated to be effective in evaluating surface characteristics arising from different soil

management practices.
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Fig. 2. 6. Impact of land rolling on soil surface roughness (2018-2019). There is a significant difference (P-value <
0.05) between the RMSH values on non-rolled and rolled trials.

2.4.2. Impact of land rolling on wind-transported sediment
At the plot scale, transient soil properties (i.e., surface roughness, soil moisture content, aggregate

size, crusting) can influence wind-driven soil particle entrainment, transportation, and deposition.
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Therefore, evaluation of physicochemical characteristics of wind-transported sediment (e.g., mass,
particle size distribution, *¥'Cs activity, organic matter, and spectral reflectance) can help to
determine soil susceptibility to erosion by wind in landscapes affected by the practice of land
rolling. The amount of sediment collected by samplers placed in rolled and non-rolled trials over
the course of this study ranged between < 1.0 and 9.0 g (Fig. 2.7a and b). The amount of soil
movement by wind was lower in non-rolled trials than rolled trials, but the numerical difference is
not statistically significant (P = 0.34). The influence of soil surface heterogeneity on wind-
transported sediment is mainly reflected by the effect of surface roughness elements. It was
anticipated that there would be a significant difference in soil movement by wind between rolled
and non-rolled trials, as it was reported that the rougher a surface is, the higher the amount of wind-
transported sediment is trapped by roughness (Zhang et al., 2004). The findings revealed that
rolling the land did not increase soil movement by wind at all, although it can reduce soil surface
roughness significantly. The roughness resulting from the tillage may have provided little
protection against wind erosion. Moreover, the wind-transported sediment characteristics were not
significantly affected by the practice of land rolling. The results of this study are not consistent
with the findings of previous studies (e.g., Chepil and Milne, 1941; Armbrust et al., 1964; Labiadh
et al., 2013), who found that oriented roughness can reduce wind erosion rates above a relatively

flat soil without ridges (e.g., friction velocity).
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Fig. 2. 7. (a) Impact of land rolling on soil movement by wind, and (b) wind-transported sediment collected by

samplers with different collection opening heights. * denotes a significant difference (P-value < 0.05) between

collected wind-transported sediment by samplers with different collection opening heights (5-cm and 20-cm).
The ultimate particle size distribution of the wind-transported sediment over the growing season
is shown in Fig. 2.8. Wind-transported sediment, at both heights, was largely composed of silt-
sized particles (0.002-0.063 mm), as it has been documented that these particles are more erodible
and have the lowest threshold velocity in comparison with other size fractions (Basaran et al.,
2011; Yan et al., 2018). The median particle size diameter (Dso) of wind-transported sediment
collected at non-rolled and rolled trials are 22 and 16 um, respectively. However, we would have
expected a difference due to the destruction of coarse aggregates and their transformation into fine
aggregates by land rolling. In addition, the results demonstrated that the preferential movement of
clay particles by wind is higher on the rolled treatment, but the numerical difference is not
statistically significant. It was expected that there would be a significant difference due to the
adverse effects of the practice of land rolling in trapping clay particles, in soils with high clay

content, by smoothing soil surface roughness.
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Fig. 2. 8. Particle size composition of wind-transported sediment trapped at heights of 5-cm and 20-cm in rolled and
non-rolled treatments. Particle size composition is represented by the clay (< 0.002 mm), silt (0.002-0.063 mm) and
sand (0.063-2 mm) content of collected wind-transported sediment.

Sediment characteristics can also provide better understanding of wind-induced sediment transport
dynamics in agricultural landscapes affected by different soil management practices (e.g., land
rolling). The samplers collected a sufficient amount of wind-transported sediment (up to 9.0 g) at
each of the two heights (5 cm and 20 cm) during growing seasons to perform chemical analyses

(discussed below). This suggests that the performance of samplers in trapping wind-eroded

sediment under natural condition was adequate.
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The experimental evidence on the amount of wind-transported sediment collected by samplers
with collection openings at two different heights is illustrated in Fig. 2.7b. Sediment samplers with
a collection opening at 5-cm height above the ground collected significantly (P < 0.001) more
sediment than samplers with a collection opening at 20-cm height above the ground. This finding
suggests that saltation/creep can be considered the dominant modes of transport. The results of this
study are supported by other studies (e.g., Chepil, 1945; Lyles, 1988), who reported that the bulk
of total transport is by saltation (50-80 %).

Further analysis showed that there is a significant difference between the *’Cs activity and organic
matter content of sediment collected at 20-cm height and those of the sediment collected at 5-cm
height. The sediment collected by samplers at each of the two heights above the soil surface
demonstrates a decrease of *3’Cs activity with height (Fig. 2.9a), while the organic matter content
of wind-transported sediment increased with height (Fig. 2.9b). The organic matter content of
wind-transported sediment from our study sites varied from 9.5 to 27.5% for sediment trapped at
the 5-cm height, and from 18.1 to 39.1% in suspended sediment at 20-cm height. The organic
matter collected at the higher opening was identified as being plant residue. This is likely related
to low density of the organic particles as the smaller and/or less dense particles are transported
higher from the soil surface. These findings indicate that the composition of sediments collected
at each of the two heights (5 cm and 20 cm) was affected by sorting effects during erosive wind
events. This agrees with the preferential transport of low-density organic particles at high height
and of minerogenic particles at lower heights. Similarly, Webb et al. (2013) reported that size-
selective sorting of soil organic carbon during transport may lead to further enrichment of organic
carbon of dust emissions. Iturri et al. (2021) demonstrated that organic and mineral elements are

differently distributed in height by the wind. They reported that organic carbon was transported at
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greater height as they are elements of low-density organic substances like plant debris. In addition,
lower 3'Cs activity of collected sediment at 20-cm height was contrary to the expectations and
suggests that this can be attributed to the dilution action by plant debris, which has no **’Cs
activity. This outcome is also contrary to that of Van Pelt et al. (2007) who found an increase of
137Cs activity in collected wind-transported sediment with height from 0.05 to 1.0 m above the

eroding soil surface.
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Fig. 2. 9. (a) ¥Cs activities (Bq kg™) and (b) organic matter (%) of wind-transported sediment captured in sediment
samplers with collection opening at two heights above the soil surface. * denotes a significant difference (P-value <
0.05) between the *¥’Cs activity and organic matter values of wind-transported sediment captured by samplers.

Spectral signatures of materials can be distinguished by their reflectance, or absorbance, as a
function of wavelength (Brown et al., 2006). The reflectance of the collected sediment at 5-cm and
20-cm heights were quite similar in the 350- to 450-nm wavelength range; however, the sediment
collected at 20-cm height was enriched with plant residue having slightly higher reflectance than
sediment collected at 5-cm height (Fig. 2.10). This means that collected sediment at 20-cm height
is brighter or lighter in appearance and confirms the composition of collected sediment. This
finding is consistent with that of Gausman et al. (1975), who reported that crop residue littered on

the soil had higher reflectance than bare soil. The statistical analyses showed that colour
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coefficients of collected sediment were significantly different between the two samplers’ heights,
except for the Z, a and B. The distinct reflectance bands at 660 nm can be attributed to soil organic

matter, which can be seen in Fig. 2.10.

Reflectance (-)

Collection Opening Height

' — 20cm
e S5cm

500 1000 1500 2000 2200

Wavelength (nm)

Fig. 2. 10. The mean spectral reflectance for wind-transported sediment collected by samplers with different
collection opening heights (5-cm and 20-cm).
Agricultural lands are most susceptible to wind erosion in the spring when the soil has been
disturbed (e.g., breakdown of soil structure) by field operations (including seeding) and surface
cover is minimal. Ditches adjacent to farms and field edges can be considered a hotspot for the
local deposition of wind-eroded sediment. The bottoms of the ditches are about one meter below
the surrounding landscape. Thereby, the settling grains can be deposited and resuspended in the
lower part of these topographic obstacles where wind velocity and turbulence are reduced is
minimal. Surveys were conducted to monitor the features of wind erosion (e.g., deposition of
sediment in nearby vegetation cover, abraded plants and buried plants). Field surveys following

soybean harvest and land rolling, after wind events, and at the time of seeding the subsequent crop
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in the following spring revealed very little evidence of sediment blowing off the fields. There were
no measurable amounts of sediment found in any of the roadside ditches at any site during the year

of the soybean crop, specifically in the spring following soybeans.

2.4.3. Impact of land rolling on soybean yield and growth characteristics

Grain yield and soybean growth characteristics such as plant density, plant biomass, number of
seed pods differed significantly between the treatments. However, other growth characteristics
such as plant height, lowest pod height and 1,000-kernel weight indicated no significant

differences between the treatments (Table 2.2).

Table 2. 2. Effect of management practices on soybean yield and growth characteristics

. Plant Plant 1,000- Plant Number of Lowest
Yield height population kernel biomass seed pods  seed pod
weight
Treatment tha' cm Plants m* g/1000 thal Per 10 plants
Management
Rolled 2.2+0.3b 64+6.11 34+0.1b 100.3+6.5 8+1.5b 26+2.84b 4.7+0.4
Non-Rolled 2.5+0.3a 64+6.11 38+0.1a 100.9+6.5 9+1.5a 34+2.84a 5.0+0.4
ANOVA P value
Management 0.0012 0.1159 0.0048 0.7253 0.0019 0.0001 0.2583

Average grain yields for rolled and non-rolled treatments were around 2.2 and 2.5 t ha?,
respectively. Although the rolled treatment had higher volumetric soil moisture content, the grain
yield in rolled treatment was lower than non-rolled treatment. Non-rolled treatments had higher
plant population, above ground biomass and number of seed pods than rolled treatments. Although
land rolling has been shown to increase crop yields in studies in other regions of North America
(e.g., Al-Kaisi et al., 2011; DeJong-Hughes et al., 2012; Bohner, 2018), a decrease in yield with
land rolling was observed in our study in the northern Red River Valley. Endres and Henson,
(2004) evaluated land rolling timing on soybean growth in Carrington, North Dakota, which is in
the southern Red River Valley, and indicated that land rolling did not influence soybean yield and

plant population. Bohner (2018) carried out a study to assess the influence of land rolling on
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soybean in Ontario, Canada, and reported that a small soybean yield increase was observed when
soybeans were rolled at the first trifoliate stage with weak statistical confidence. A recent study
was conducted by Boyers et al. (2020) to study impact of land rolling on soybean in Mason,
Michigan. These researchers identified that despite decreasing reproductive nodes and pods on
main stems, land rolling did not influence soybean grain yield. Walther (2017) reported that
number of seeds per pod and seed weight were important yield components that significantly
influence the overall yield response in their study. In a study in Turkey, Girsoy and Turk, (2019)
reported that the chickpea grain yield was influenced by the ground pressures of the land roller,
but the effect of the rolling time was not significant.

Plant height and lowest pod height is of great interest to farmers, as low pods result in harvest
losses. Plant heights were higher in the non-rolled treatment and the rolled treatment had slightly
lower pods compared to non-rolled treatment, 0.3 cm lower. The pod height difference was less
than 1 cm and is therefore not of agronomic importance. The abrasion of crops by wind-transported
sediment can impose economic impacts; however, we did not observe any evidence of plant
abrasion by soil particles during the study.

A power analysis on grain yield and growth characteristics data revealed that the study required a
minimum sample of 26 site-years of data to achieve sufficient power with a 95% confidence
interval. Therefore, a longer-term study, with same experimental units over a longer period of time,
would be necessary to fully assess the potential agronomic and environmental impacts of land
rolling. The effects of land rolling on crop performance and soil erosion should be separately
investigated during wet and dry years to assess climatic interactions. In addition, the costs
associated with the practice of land rolling in soybean production are dealt with in another

complementary study (Prairie Agricultural Machinery Institute, Winnipeg, Manitoba, Canada,
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2018). These researchers reported that rolling the land did not minimize header loss (grain lost
during the harvesting operation), which ranged from 0.09 to 0.26 t ha™* across treatments (rolled
and non-rolled) and site-years. It has also been documented that the average cost of rolling the land
ranged between $11 and more than $12 ha™* when an appropriately- and over-sized tractors were

employed, respectively (Manitoba Pulse & Soybean Growers Association, 2020).

2.5. Conclusions

Land rolling is a practice that has value in soybean production, as well as in the production of other
crops, where stones, corn root-balls and large clods on the soil surface can cause serious equipment
damage and delays in field operations. Even on the clay-rich soils of the Red River Valley, most
fields have some stones that are large enough to warrant land rolling. The protection gained by this
management practice may justify the expense of the land rolling equipment and operation.
However, costs associated with the practice of land rolling were not examined in this study as these
costs were the focus of a complementary study by another research group. Although land rolling
has been shown to increase crop yields in studies in other regions, we were unable to observe any
positive effect in our study in the Red River Valley; in fact, we observed a small decrease in yield
with land rolling. Results of a statistical power analysis suggested that the number of observations
needs to be larger to provide definitive conclusions on the impacts of land rolling on crop
production and related economics. Further, rolling after planting led to a change in bulk density
and soil drying rate and subsequently the volumetric soil moisture content differed between rolled
and non-rolled treatments.

Land rolling smoothes the soil surface and increases wind erosion risk, and this increased
vulnerability occurs at or shortly after seeding, after the period of greatest wind erosion risk in the

spring when the soil is bare and disturbed. However, this study demonstrated that any increased
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risk of wind erosion caused by land rolling is unlikely to translate into a measurable increase in
soil loss or decrease in crop yield. In general, observed soil loss and sedimentation caused by wind
erosion are very small in the Red River Valley and Manitoba. Although the abrasion of crops by
wind-transported sediment could have significant agronomic and economic impacts, we did not
observe this in our study. Our assessment of off-site sedimentation was observed to be very small,
and the costs associated with off-site sedimentation are presumed to be very small as well. It is
also worth mentioning that the variation in mass of collected sediment at two heights above the
ground was observed, which demonstrates the acceptable efficiency of the wind-transported

sediment samplers.
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Chapter 3

Agricultural activities lead to sediment
Infilling of wetlandscapes in the Canadian
Prairies: Assessment of soil erosion and
sedimentation fluxes
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3.1. Abstract

Wetlandscapes are vulnerable to land conversion and sediment infilling from upland agriculture,
causing them to act as sinks for sediment deposition and putting at risk their ecosystem services.
Wetlandscapes in the Canadian Prairie agroecosystem are particularly susceptible to sediment
infilling because of the intensification of human activities and agricultural practices. The rising
risk of soil erosion in cultivated landscapes has generated a need to estimate soil redistribution
rates and soil loss monitoring tools and techniques. This research examines the effects of
agricultural activities on soil loss and sedimentation rates within agricultural landscapes in the
Canadian Prairies. Land and atmospheric fluxes of sediment into wetlands are quantified over the
past 60 years using catchment-scale tracing (**’Cs) and budgeting techniques. Findings indicate
that the pattern of *’Cs erosion/deposition varies along catchment toposequences, with erosion
near the top of the toposequences (the average annual soil erosion rates were found to be 1.1 kg
m2 yr for Manitoba and 0.3 kg m yr for Alberta) and deposition within the wetland ecosystem
(total deposition rates were estimated at about -3.6 kg m2 yr-*for Manitoba and -0.9 kg m yr* for
Alberta). The sediment delivery ratios were approximately 57% and 35% in Manitoba and Alberta,
respectively, indicating that a noticeable amount of the mobilized sediment exits the field. These
transfers from cultivated fields into wetlands reveal that wetlandscapes in Canadian Prairies are
vulnerable to sediment infilling, and soil erosion control practices are needed to achieve

sustainable management of agricultural landscapes.

3.2. Introduction

Agricultural landscapes of the Prairie Pothole Region (PPR) of North America cover nearly
777,000 km? and contain millions of wetlands embedded within intensively farmed cropland

(Doherty et al., 2016). The Canadian portion of the PPR is the nation’s largest and most intensive
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grain crop production area, spanning 312,746km? across three provinces (Manitoba,
Saskatchewan and Alberta) and accounting for about 83% of Canada’s agricultural land area and
about 5% of Canada’s total land base (National Wetlands Working Group, 1988; Environment
Canada, 1996; Statistics Canada, 2017). Prairie wetlandscapes are amongst the most valuable
ecosystems in the world (Creed et al. 2017), providing ecosystem services such as carbon storage,
hydrologic regulation, water purification, biodiversity conservation, and recreation and tourism
opportunities (Mitsch and Gossilink, 2000; Thorslund et al., 2017; Creed et al., 2022).
Agricultural activities [e.g., land conversion, wetland infilling, surface draining (ditching),
subsurface drainage (tiling), channelization and basin consolidation] (Watmough and Schmoll,
2007) within the PPR place these prairie wetlands at risk from soil erosion. As agricultural
activities intensify, wetlands are subject to natural and anthropogenic agents acting on the soils
over a broad range of spatial and temporal scales (Johnston, 1991; Santhi et al., 2006).
Consequently, the intensification of agricultural activities and the associated risk of cycles of land
abandonment (e.g., summer fallow) followed by a return to cultivation have accelerated the
processes of soil erosion from agricultural landscapes (Redpath, 1993; Dahl and Watmough, 2007;
Penfound and Vaz, 2022). Soil erosion is recognized as one of the greatest environmental threats
to sustainable management of agricultural landscapes (Montanarella et al., 2016; Thangavel and
Sridevi, 2017). Soil erosion and its subsequent sedimentation affects the eroded site, leading to the
mass movement of soil and therefore a loss of soil productivity (Schmitter et al., 2010; Lobb,
2011), as well as increased sedimentation (e.g., damage to aquatic reservoirs) (Dercon et al., 2012;
Preston et al., 2013).

In the PPR, sediment inputs into wetlands on agricultural landscapes are derived primarily from

wind, water, and tillage erosion of upland soil in adjacent areas (Craft and Casey, 2000).


https://www-sciencedirect-com.uml.idm.oclc.org/science/article/pii/S0048969719347564#b0345
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Historically, wind erosion has been considered a severe threat to the sustainability of crop
production on the PPR (Rennie, 1985; Lobb et al., 2017). The North American Dust Bowl era of
the 1930s is an extreme example of the potential on-farm and off-farm costs of soil erosion by
wind. Today, wind erosion continues to be a problem in drought periods throughout the PPR
(Wheaton, 1992). Soil loss by wind is most severe on exposed upper slopes of toposequences
within landscapes dominated by agriculture. The pattern of wind erosion is driven by the prevailing
wind direction including deposition of sediments on the leeward side of nearby vegetation cover,
aeolian mixture of snow and soil (snirt), dust abrades and buried plants (Li, 2021). Water erosion
is not as noticeable as wind erosion or soil drifting in the PPR (Ripley et al., 1961). However,
water runoff contributes largely to the sediment flux into wetlands (Liu et al., 2013). Spring
meltwaters represents about 80% of total annual runoff into the wetlands in the Canadian PPR
(Bourne et al., 2002; Glozier et al., 2006). Soil transport on cultivated lands not only depends on
erosion/deposition by wind and water, but also on agricultural practices, such as the tilling of soils.
Tillage erosion is a major form of erosion on agricultural landscapes of the Canadian PPR (Lobb,
2011). In contrast to wind and water erosion, tillage erosion is a nonselective process, and is the
net downslope translocation of soils resulting in soil loss over the upper parts of toposequences
and deposition over the lower parts of the toposequences, or soil loss from convex toposequence
positions and soil accumulation in concave toposequence positions (Li et al., 2008; 2021).

On agricultural landscapes, it is necessary to assess all processes of soil erosion (i.e., wind, water
and tillage) to provide a comprehensive estimate of soil erosion, as there are linkages and
interactions among these processes. Linkages are the additive effects of different erosion
processes, and interactions occur when one erosion process changes the erodibility of the

landscape for another process, or when one erosion process works as a delivery mechanism for
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another erosion process (Li et al., 2007a; Lobb et al., 2003). The catchment sediment budget is
introduced as an effective framework for characterizing the sediment mobilization, transport,
deposition, and storage within, and sediment output from, a catchment (Slaymaker, 2003; Walling
and Collins, 2008; Porto et al., 2016; Goharrokhi et al., 2021). The catchment sediment budget of
individual depressional wetlands can be highly variable because of their “closed” material cycle
and small catchment size (Hopkinson 1992; Lane and Autrey, 2017). Estimating catchment
sediment budgets of depressional wetlands is often challenging (e.g., spatial heterogeneity, limited
data availability, complex hydrological processes, and interaction with climate factors). However,
tracer-based sediment budget approach can be used to assess soil redistribution rates within, and
yields from, the catchment (Wallbrink et al., 2002).

Numerous quantitative and qualitative approaches exist to quantify erosion and sedimentation
rates. Recent improvements in remote sensing can contribute to the development of more precise
methodologies that can measure soil volumes of sedimentary features by exploiting high-
resolution topographic technologies (Cucchiaro et al., 2021). For instance, Airborne Laser
Scanning (ALS) and Terrestrial Laser Scanning (TLS) use Light Detection and Ranging (LiDAR)
technology to enable a detailed assessment of micro-topography features of soil erosion processes
and their spatial patterns. ALS permits airborne mapping of sedimentary features and
anthropogenic landforms (e.g., ridges-and-furrows, headlands, and lynchets) across large spatial
scales (Chartin et al., 2011; Godone et al., 2018). TLS permits ground-based mapping of detailed
land surface features (Hugenholtz et., 2013; Chabot et al., 2018) such as tillage-related landforms
(tillage banks/ridges/berms and lynchet) (Li et al., 2009; Turner et al., 2014), gully erosion and
alluvial fan deposits (Perroy et al., 2010), and symmetrical ridge associated with prevailing wind

direction (Sweeney et al, 2019). Thus, measuring soil surface changes at field scale is another tool
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to analyze sediment connectivity and can contribute to a better understanding of processes causing
soil detachment and transport.

Environmental radionuclides (e.g., **’Cs, #°Phey, 'Be, 1°Be) can be used to construct hillslope
sediment budgets and quantify sediment delivery ratios over a range of timescales (de Jong et.,
1983; Walling and Quine, 1992; Lobb et al., 1995; Matisoff et al., 2002; Pennock, 2003; Li et al.,
2008; Tiessen et al., 2009; Jelinski et al., 2019; Owens, 2020). The radioisotope *'Cs has been
most used as a sediment tracer (Evrard et al., 2020). *’Cs fallout was produced as a byproduct of
the atmospheric testing of thermonuclear-weapons during the period extending from the mid-
1950s to early 1960s. 3'Cs is almost non-exchangeable, and upon delivery to the land surface is
promptly and strongly adsorbed by the surface soil or sediment particles. Its subsequent
redistribution over the landscape occurs mainly through physical processes (Walling, 2012). Thus,
137Cs provides a means of measuring multi-decadal rates and distributions of soil erosion within a
catchment (Walling and Quine, 1991).

Soil erosion studies have been conducted in the PPR (e.g., de Jong et al., 1983; Li et al., 2007), but
there has been limited comprehensive assessment of soil loss and magnitude of the sediment
entering wetlands by soil erosion processes (wind, water, and tillage). Here, we quantify soil
erosion and fluxes of sediment within the Canadian PPR, which was previously identified as the
most soil erosion-prone area in the Northern Great Plains (NGP). Our objectives are to: (1) estimate
soil erosion and sedimentation rates using **’Cs; (2) develop integrated budgets of soil loss from
agricultural areas and sediment accumulation in wetlands using landscape-scale transect sampling
data; and (3) identify and discriminate sedimentary features using LIiDAR derived DEM within

wetlands.
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3.3. Materials and methods

3.3.1. Study area

The Canadian PPR occupies part of three Canadian Provinces (southwestern Manitoba, southern
Saskatchewan, southeastern Alberta, and extends westward to central Alberta) (Pennock et al.,
2010). The study focused on two sub-watersheds in the Canadian PPR, which contained drained,
undrained, and restored depressional wetlands ranging from potholes to large sloughs that formed
when subterranean masses of ice melted following the retreat of the Assiniboine and Wisconsin
glacial lobes about 20,000-12,000 B.P (at the end of the last ice age).

The Broughton’s Creek sub-watershed (26,034 ha) is in the Little Saskatchewan River watershed
(49°52'19.87" N, 100° 7'7.20" W), which is a tributary of the Assiniboine River that drains into
the Red River and then Lake Winnipeg (Manitoba soil survey report, 2011) (Fig. 3.1). The climate
of the study area is semi-arid. The mean annual temperature is 2.2 °C (ranging from -16.6° C in
January and 18.5° C in July), and the mean annual precipitation is 474 mm, of which 118 mm
(25%) is snow, lasting from November to the following April, based on the 1980-2010 climate
normals for Brandon, MB, ID: 5010480 (ECCC, 2022). The topography is hummocky till plain,
with a relief of 110 m, ranging from 490 m to 600 m above sea level. The soils are Orthic Black
Chernozem overlying moderately to strongly calcareous, loamy morainal till of limestone, granitic,
and shale origin (Manitoba soil survey report, 2011). The vegetation of native prairie landscapes
is a transitional grassland characterized by oak groves, trembling aspen, intermittent fescue
grasslands, and tall mixed shrubs (Watmough and Schmoll, 2007). The land use consists of
perennial and annual cropland (73.1%), grassland (10.8%), wetland (9.5%), forest (4.0%), and

urban development (2.6%) (Yang et al., 2008).
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The Bigstone Creek sub-watershed (725,000 ha) is in the Battle River watershed (52°43'24.71" N,
108°15'19.32" W), which is a tributary of the North Saskatchewan River (Fig. 3.1). The Battle
River traverses central Alberta and extends east into Saskatchewan, where it flows into the North
Saskatchewan River (NSWA, 2005). The study area lies within a gradient zone between a humid,
continental and semiarid climate. The mean annual temperature is 3.0 °C (ranging from -17.2° C
in January and 22.9° C in July), and the mean annual precipitation is 438 mm, with a monthly
maximum occurring in June or July, based on the 1980-2010 climate normal for Camrose, AB, ID:
3011240 (ECCC, 2022). The undulating topography results in a pock-marked pattern of poorly
drained depressions and pothole sloughs, with a relief of 240 m, ranging from 680 and 920 meters
above sea level. The soils are deep, well-drained Black Solodized Solonetz developed on a dense
yellowish brown to dark grayish brown till, overlying the non-marine sandstone, mudstone,
siltstone, and coal strata of the Horse shoe Canyon Formation. The vegetation is in the Dry Mixed
Wood and Aspen Parkland natural sub-regions, a transition between boreal and grassland
environments. The land use consists of perennial and annual cropland (69%), grassland (19%),
wetland (7.4%), forest (3%), and urban development (1.6%) (Alberta soil survey report, 1985;

Howitt 1988; NSWA, 2005).
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Fig. 3. 1. Geographic location of the studied catchments in Prairie provinces of Manitoba and Alberta, Canada. Light
brown area shows the Canadian portion of the Prairie Pothole Region and dark gray areas are Broughton’s Creek
watershed, Manitoba and Bigstone Creek watershed, Alberta.

3.3.2. Soil sampling

The soil sampling strategy was designed to integrate the spatial variability of soil redistribution
processes and the micro-scale spatial variability in *3’Cs radionuclides resulting from post-fallout

soil redistribution (Walling and Quine, 1993). Wetlands that have never been disturbed by human
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activity within the sub-watersheds were identified on a series of aerial photographs taken between
1947 and 2018 by Natural Resources Canada (NRCan), and then eight of these wetlands with
representative topography were selected for further analysis. The selected wetland catchments
were naturally enclosed, which ensured a negligible loss of sediment in runoff from the
catchments. The wetlands were embedded within annual croplands (7 wetlands) or a native prairie
(1 wetland), of which, four catchments within croplands were in the Broughton’s Creek watershed
(Manitoba), three catchments within croplands were in the Bigstone Creek watershed (Alberta),
and the catchment surrounded by a native prairie landscape was in Manitoba. Three transects were
established within each wetland catchment; along each transect, positions were selected based on
topographic attributes and dominant vegetation (e.g., upland/cultivated field, riparian and open
water/pond center). Riparian, including grass wet meadow and emergent vegetation, is usually a
dynamic transitional area between the aquatic system (i.e., open water or pond center) and the
surrounding terrestrial system (i.e., upland), with well-defined vegetation covers and soil

characteristics.

3.3.2.1. Soil and sediment core collection and processing

Sampling campaigns were carried out in summer 2016 (Alberta) and 2019 (Manitoba). In each
wetland catchment, transects were established extending from the uppermost portion of
agricultural land to the central area of the wetland, six to nine positions, representing upper slope
(or crest and shoulder), middle slope (or backslope), lower slope (or footslope and toeslope) and
depression (or wetland/open water) (MacMillan et al., 2000). For each transect within the
cultivated portion of wetland catchments, three soil coring locations were chosen to represent three
slope positions (upper, middle and lower). Fig. 3.3b is a schematic demonstrating the location of

sampling points on different toposequences within wetland catchments. Soil cores were sampled
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at 10- to 15-cm depth interval, up to a maximum of 10 depth intervals, using a foot-operated
stainless steel JMC Backsaver soil sampler (with a 45.7-cm-long, 3.17-cm-diameter slotted
sampling tube). The soil cores collected by the Backsaver soil sampler and were sectioned in the
field and transferred to the laboratory in coolers and refrigerated at 4° C until further analysis.

Soil/sediment cores from riparian areas and the central areas of the wetlands were collected using
a stainless steel JIMC Backsaver soil sampler and then sectioned into 1-cm, 2-cm, 5-cm, and 10-
cm intervals, depending on the locations of sampling. However, where water was present (e.g., in
Manitoba), a different soil coring technique was used. At these sites, to sample from the deeper
(>1 m) consolidated sediment in riparian area including grass wet meadow and cattail emergent
vegetation, a portable and lightweight gas-powered Vibracoring unit (WINK Vibracore Drill Ltd.,
Vancouver, BC, Canada, at the Department of Geological Sciences, University of Manitoba,
Winnipeg, Canada) was used that was equipped with 180-cm long and 7.62-cm diameter aluminum
tubes and extracted by a hand-operated winch device. To sample from the central area of the
wetland, which was open water, a handheld SDI Vibecore Mini unit (Specialty Devices Inc.,
Wylie, TX, USA, at the Landscape Dynamics Laboratory, University of Manitoba, Winnipeg,
Canada) equipped with 120-cm long and 7.62-cm diameter polycarbonate tubes was used (Fig.
3.2). A hoist, mounted on an inflatable pontoon boat, was used for retrieving the cores from the
open water. The retrieved cores were capped, sealed with tape, and labeled for transfer to the
laboratory. Cores were allowed to sit for a few hours to make sure any suspended sediment
associated with the collection process was allowed to settle. Before being transported to the lab
any remaining water above the sediment-water interface was removed by drilling holes in the core
tube above the sediment-water interface to reduce the amount of mixing during transportation. The

cores were transported vertically (to avoid disturbing of sediment layers) to the laboratory and
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stored at -20° C. Prior to analysis, the frozen core tubes were split lengthwise with a table saw,
then sectioned using a band-saw equipped with a diamond blade. The collected cores from the
central area of the wetland were sectioned into 2-cm intervals, and cores from riparian area were
sectioned into 1-cm intervals from the surface to a depth of 30-cm, and then at 5-cm intervals to
the bottom of the core. In general, fine versus coarse segmentations of cores were chosen to
optimize analytical throughput and to provide adequate detail for interpretation of the *’Cs data
(e.g., 1¥'Cs peak in sedimentary environment). The average percentage of material loss between
slices due to the thickness of the cutting blade (~ 0.7 mm) was estimated at about 3.5% (ranging
between 1.9% and 6.3%) in the cores sectioned using this method, which was taken into

consideration in calculations.
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Fig. 3. 2. Photographs of collected cores in Broughton’s Creek watershed, Manitoba, which are retrieved from
riparian areas of (a) wetland surrounded by cropland (wetlandA-T1), (b) wetland surrounded by cropland (WetlandJ-
T3) and (c) wetland surrounded by native prairie. The cores show the same characteristic pattern with a black
organic-rich layer overlaying homogenous parent materials.

3.3.2.2. Measurement of radionuclide activity

After collection and sectioning of the soil/sediment cores, each section was prepared by drying at
70°C for 72 hours and then hand-crushing and sieving through 2-mm mesh to remove stones/large
gravel particles and to ensure a constant sample density and geometry (Reddy et al., 2013).
Furthermore, the bulk density of each section was determined as the ratio between soil dry weight
and the volume corresponding to each section. The bulk density values were adjusted by taking

into account the weight of materials larger than 2 mm (i.e., stones and gravels) (Blake and Hartge,
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1986). Samples were transferred to plastic containers (i.e., 25-, 60- or 120-mL) based on sample
size. B¥'Cs activity was determined using gamma spectrometry. The gamma assays of the soil and
sediment (< 2-mm) were performed in the laboratory by gamma-ray spectrometry using standard
and low-background high-purity Germanium gamma detectors including Broad Energy detectors
(BE6530) and a high-resolution Small Anode Germanium (SAGe) well detector (GSW275L)
(Mirion Technologies, Canberra, Australia Inc., Meriden, CT, USA, at the Landscape Dynamics
Laboratory, University of Manitoba, Winnipeg, Canada). The counting time was 12 to 24 h,
depending upon the activity of $3’Cs in the samples, providing a < 10% detection error (Li et al.,
2008). Samples were measured on a single detector to minimize the uncertainties associated with
the precision of ¥’Cs measurement. The spectra were analyzed with Canberra Genie 2000
software. The activity of *¥'Cs in the samples were derived from the gamma-ray energy lines at
661.6 keV (Lobb etal., 1995). The *’Cs content of the soil samples may be expressed as an activity
(Bqg kg™) or on an area basis (Bq m) by dividing the total amount of **’Cs in the sample by the
internal area of the core sampler. The total inventory of a profile is obtained by the addition of the
individual inventories for each depth increment. Calibration for the fallout radionuclides was
conducted by the measurement of the mixed radionuclide reference material IAEA-447

(Shakhashiro et al., 2012).

3.3.3. 1¥7Cs reference sites selection

Reference sites are undisturbed sites established prior to 1950 (e.g., cemeteries, schoolyards,
airports, parks, lawns, vegetated livestock exclosures) (Owens and Walling, 1996; Lietal., 2011a).
In Manitoba, potential reference sites were selected in flat areas (to minimize lateral transport of
water/sediments) near the study area (to ensure that both the reference and the wetland catchment

had similar initial radioactive fallout). Historic aerial photography from 1947 to the present day,
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provided by NRCan and Google Earth Pro © images (Google Earth Pro version 7.3), as well as
information provided by residents, were used to document the history of changes in the potential
reference sites. Three reference sites were then selected, including a schoolyard and two old rural
cemeteries next to the studied wetland catchments in Manitoba. At the reference sites, sampling
points were more than 5-m away from the nearest tree to avoid the influence of snow and rain
shadowing on ¥’Cs inventories (Owens and Walling, 1996). A total of 27 soil cores (nine per
reference site) were sampled up to 60-cm using a 3.17-cm diameter JMC Backsaver soil core
sampler. Soil cores were sectioned at 5-cm increments to examine the vertical distribution of $3'Cs,
an increment that provides sufficient detail to detect soil disturbance within the reference sites (Li
et al., 2007b).

In Alberta, *¥’Cs reference data were derived from a study by Li et al. (2007b), where two
undisturbed flat sites were sampled about 60 km from the study area. A total of 24 soil cores (12
per reference site) were sampled at each reference site using up to 100-cm using a Giddings, truck-
mounted hydraulic driven probe, with a 6.6-cm-diameter and 100-cm-long soil core sampler. Soil

cores were sectioned at 5-cm increments to examine the vertical distribution of 1¥7Cs.

3.3.4. Total sedimentation and soil erosion estimation using '3’Cs measurements

Most of the *’Cs fallout across the Prairies occurred during the 1960 to 1965 period, peaking in
early 1963 (Kiss et al., 1986). The '3'Cs profile of each soil/sediment core was characterized
visually to determine key time markers that could be employed to estimate sedimentation rates.
Once these time markers were characterized, sedimentation rates were calculated by dividing the
associated depth by the number of years between deposition and collection of the soil/sediment
core (i.e., years from deposition to cores collection in 2016 for Alberta and 2019 for Manitoba

samples) (Lobb et al., 1995; Walling and Quine, 1991). Although information on *3’Cs inventories
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and depth distributions can be used directly to explore qualitative patterns of soil redistribution
rates within the landscape, quantitative estimates can provide a basis for establishing the overall
sediment budget for the field.

137Cs data were used to explore soil erosion rates, soil redistribution rates and sediment budgets.
Point-based **'Cs inventories were converted into point-based total soil erosion rates using the
Proportional Model (PM) and Mass Balance Model 2 (MBM2) on disturbed soils, and Profile
Distribution Model (PDM) on undisturbed soils (Walling et al., 2002; Li et al., 2010; Walling et
al., 2011). To run the PM and MBM2, the “start year of cultivation” was set at 1960. The “mass
plough depth” was 235 kg m™ for Manitoba and 190 kg m2 for Alberta, which was determined
from the average plough depth (~ 0.2 m) and measured bulk density. Mean bulk density values
ranged between 820 and 1380 kg m for Manitoba and between 815 to 1075 kg m™ for Alberta
throughout the 0.2 m soil profiles. Following the study conducted by Li et al. (2007a) in the PPR,
the “relaxation mass depth” (Hmemz), “proportion of annual *¥'Cs input susceptible to erosion loss”
(ymemz2), and the “particle size correction factor” (Pmemz) Were defined as 4.0 kg m?, 0.75, and 1.0
respectively.

The PM uses a simple linear function to convert the loss (or gain) of *3’Cs inventory (relative to
measured reference inventory) to a loss (or gain) of soil mass. PM does not simulate **’Cs loss
during the **’Cs fallout period and tillage dilution (vertical and lateral) of **’Cs activity due to the
incorporation of soil from below the original plough depth. Therefore, PM underestimates the
actual magnitude of soil loss in the area of maximum loss. Similarly, the actual deposition rates
for the accumulation area can be underestimated since the model does not account for the
progressive reduction in the *¥’Cs activity of the deposited soil as erosion proceeds upslope. The

PM also holds approximately closer to the actual budget of *3’Cs activity within a landscape, which


https://www-sciencedirect-com.uml.idm.oclc.org/science/article/pii/S0016706109001074#bib55
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makes it an appropriate model to simulate soil loss or gain budgeting within a naturally closed
system (e.g., wetland catchment). The PM output erosion rates include the effects of all erosion
processes.

The MBM2 represents complex processes that account for changes in the 3/Cs activity in response
to the time-variant *3’Cs fallout input and the fate of freshly deposited **’Cs prior to cultivation
(e.g., losses/gains due to erosion/deposition, and progressive incorporation of fresh soil from
beneath the original plough depth by tillage). Thus, results obtained using the MBM2 are likely to
be more realistic for the area of maximum loss within a landscape (e.g., hilltop) in comparison
with those of the PM. The MBM2 underestimates sediment deposition in the accumulation area
like the PM, as both models were developed/designed mainly for application in eroding areas
(Lobb and Kachanoski, 1997; Li et al., 2010; Walling et al., 2011; Zhang et al., 2018).

The PDM is simple and easy to use; however, the “profile shape factor” (hoPDM) describes the
rate of exponential decrease in **’Cs activity with depth for a soil profile from a reference site.
hoPDM was estimated by fitting an exponential decay curve to the relationship between sampling
depth in cumulative mass and **’Cs activity (Walling et al., 2011).

The Erosion Calibration Model program developed by Walling et al. (2011), at the University of
Exeter, was run to calculate soil loss and deposition rates for each of the downslope transects
within wetland catchments. All models have been developed for use with data collected from

downslope transects (Walling et al., 2011).

3.3.4.1. Estimation of point-based soil erosion and sedimentation rates
Point-based soil redistribution rates (kg m yrt) were estimated using the MBM2 and based on
the degree of reduction in the *’Cs inventory relative to the *'Cs reference inventory derived from

local stable sites (off-site *3’Cs reference level) in each province. In depositional areas, although
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results indicated that average *'Cs inventories of collected cores within depositional areas were
lower than estimated off-site reference values, most of the cores showed one well-defined *3'Cs
peak, corresponding to the peak fallout of 13’Cs in 1963 from atmospheric nuclear weapons testing.

Therefore, sediment deposition rates were reported from the peak of 3’Cs activity.

3.3.4.2. Development of soil loss and accumulation budgets

Average soil loss and accumulation budgets were established by carrying out a simple mass
balance for the whole wetland catchments in Manitoba and Alberta. The average soil redistribution
rate obtained for sampling points on each toposequence position was used to calculate equivalent
values of soil loss or deposition (kg yr?) for the individual position, extending from a particular
sampling point to the adjacent sampling point in each direction. Furthermore, the **’Cs inventory
values of the sampled points were representative of the entire toposequence position. Previous
researchers (Collins et al., 2001; Walling et al., 2003; Estrany et al., 2010; Gaspar et al., 2013)
assumed that each transect represents a 1-m wide strip. However, this methodology was modified
to adapt it to extrapolate average point values to the area of each toposequence position, which can
be calculated using LandMapR™ to take into account the contribution of each toposequence
position to soil erosion and achieve accurate sediment export rates from cultivated fields to wetland
ecosystems. The PM and catchment-level reference ¥'Cs values (on-site values) were used for the
development of the sediment budgets (Table 3.3). Since the studied wetland catchments are
naturally enclosed, it was assumed that negligible 3'Cs left the wetland catchments. Therefore,
catchment-level reference *¥’Cs values (on-site values) were calculated by adding up area weighted
available **’Cs for each toposequence position within the wetland catchments, and subsequently
dividing this sum by the total area of the wetland catchments in each of the two provinces. The

resulting areal estimates were summed to provide a sediment budget for the overall catchment,
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which comprised estimates (~ 60 years) of the total erosion, total deposition, net soil loss and the

sediment delivery ratio.

3.3.5. Characterization of landform elements and sedimentary features

High-resolution digital elevation models (1x1 m) (DEMs) were acquired from an airborne Light
Detection and Ranging (LIDAR) scanning system. LIDAR point cloud data was acquired for the
Broughton’s Creek with a vertical accuracy assessed as £0.15 m at 95% confidence level in flat
open terrain (Ducks Unlimited Canada, unpublished data). LIDAR point cloud data for Bigstone
Creek were provided by Altalis (Altalis Ltd., Calgary, Alberta, Canada, www.altalis.com). All
digital elevation data contain some degree of errors and uncertainties, and the DEM errors could
be classified into two distinct groups (e.g., random and systematic errors) (Liu and Jezek, 1999).
Systematic errors are usually corrected before release of the DEM (Li et al., 2011b). Random errors
are relatively hard to detect and still exist in the DEM. Therefore, data noise suppression can be
conducted by smoothing the DEM before using it for landscape classification and hydrological
modeling (Li et al., 2011b). DEMs with a cell size of 5 to 10 m are common for characterizing the
landform classes and hydrological entities (MacMillan et al., 2003). Therefore, prior to landform
characterization, DEMs for both study areas were resampled to a 5-m grid and smoothed using
three passes of a mean filter with dimensions of 5 x 5,5 x 5, and 7 x 7 (MacMillan et al., 2003).
After generating the smoothed DEMs, nested hierarchical wetland depressions were identified and
their corresponding catchments were delineated using the “Wetland Hydrology Analyst” tool in
ArcGIS® 10.6.1, which uses three stand-alone subprograms sequentially (wetland depression tool,
wetland catchment tool and flow path tool) (Wu and Lane, 2017).

The smoothed DEM was used for delineation of toposequence positions. Toposequence positions

were defined using the LITAP package (V0.6.0; Lazerte and Li, 2021) in R, which is based on the
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LandMapR™ software developed by MacMillan et al. (2003). The resulting 15 toposequence
classes were grouped into four classes based on typical toposequence positions (upper slope,
middle slope, lower slope and depression areas). Fig. 3.3a illustrates the landscape classification
map for a quarter section of land in Broughton’s Creek Watershed, which includes three studied
wetland catchments. The landscape classification maps were produced using Surfer® software
(V17; Golden Software, LLC) by over laying on the 5-m DEMs.

LiDAR data were used to identify natural- (wind and water) and human-induced (tillage)
depositional features on the agricultural landscapes (Langewitz et al., 2021). The original
(unsmoothed) 1-m LiDAR DEMs were used to visually identify depositional patterns around the
wetlands (e.g., riparian areas) and to estimate the volume of deposits associated with soil erosion
(wind, water and tillage). Depositional patterns were identified through visual assessment of
features on the DEMs. The volume of deposits at the boundary of the cultivated field and the
riparian area (i.e., wet meadow), which is a transitional zone, were estimated by extracting actual
elevation profiles of the depositional features using Surfer® software for multiple transects within
wetland catchments. The length, width, depth, and as well as shape of these deposits were
characterized on the DEMSs and extracted elevation profiles. The mass of deposits was then

calculated using the measured bulk density.
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Fig. 3. 3. Three-dimensional (3D) view illustrating the landscape classification in Broughton’s Creek Watershed,
Manitoba (a) and schematic representation of wetland catchment sampling locations relative to the wetland fringe
and boundaries (b). The three studied wetland catchments in a section of land were identified using borderline that

was extracted by “Wetland Hydrology Analyst” in ArcGIS®.
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3.3.6. Data treatment and statistical analysis

One-way analysis of variance (ANOVA) was performed to investigate the *’Cs inventory
variations along different toposequence positions within wetland catchments. Before performing
a one-way ANOVA, variables were subjected to the Kolmogorov-Smirnov test for normality and
a Levene test for homogeneity of variance. Mean separation between toposequence positions was
evaluated using the Tukey-Kramer test with a probability level for significance of 0.1. Analysis of
variance was conducted with the Proc Glimmix procedure (V9.4; SAS Institute, Cary, NC) with a
lognormal distribution. In addition, descriptive statistics including sample mean, sample standard
deviation and coefficient of variation were calculated for each toposequence position within each
land use in both provinces. All figures were created using the ggplot2 package (V3.3.3; Wickham,

2016) in R (V4.0.1; R Core team, 2020) and Microsoft Excel 2016.

3.4. Results and discussion

3.4.1. ¥¥7Cs reference data

In Manitoba, the depth distribution of *’Cs in two of the three reference sites (the school
playground and one of the old rural cemeteries) revealed that soil disturbance had occurred in these
two sites since 1954. Therefore, one old rural cemetery was selected as the reference site. The
137Cs areal activity inventory of the reference site had a mean value of 1,430 +123 Bq m™2 decay-
corrected to 1 January 2021 with a coefficient of variation of 8.6%. This mean value is close to
that estimated by others who reported a value of 1,502 Bq m™2 (Li et al., 2008). One of the important
indicators of an undisturbed reference site is the expected exponential decrease of *’Cs activity
with soil depth (Walling and Quine, 1991; Collins et al., 2001). The *’Cs depth distribution
profiles associated with the reference site are depicted in Fig. 3.4 with maximum activities at the

surface of the soil. The depth distributions of *'Cs in the reference profiles conform to that
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expected for a stable undisturbed site, with around 80% of the total inventory occurring in the top

15 cm and a sharp decline in 3'Cs activities below this depth.
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Fig. 3. 4. Depth distribution of *¥’Cs in soil profiles collected from an old rural cemetery at the Broughton’s Creek
watershed, Manitoba. Two bulk cores were collected from this reference site, which are not shown in the figure, but
were used for estimation of average **’Cs reference inventory.

In Alberta, the 3Cs areal activity inventory of the reference sites (n=24) ranged from 546 to 3,628
Bgq m2, with a mean value of 1,684 +834 Bq m™ decay-corrected to 1 January 2021, and a
coefficient of variation of 49% (L. et al., 2007b). Similar means and coefficients of variation were
reported in studies by Basher and Matthews (1993), Owens and Walling (1996), and Baldwin

(2015). Baldwin (2015) assessed wind erosion on a low-relief hummocky landscape in southern
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Alberta and documented an average *3’Cs reference inventory of 914 +376 Bq m2, decay-corrected
to 1 January 2021, with a coefficient of variation of 41% (n= 19). The regional variability of the
measured 3'Cs reference inventories between central and southern Alberta can be mainly related
to heterogeneity within a reference site (Owens and Walling; 1996) and variability of precipitation
in the Canadian Rockies (Haines, 2012). According to Owens and Walling (1996), the **'Cs
inventories variability can be attributed to random heterogeneity (i.e., small-scale heterogeneity in

topography, soils, and the plants) within reference sites.

3.4.2. 1¥7Cs transect data

Descriptive statistics of *’Cs data collected from the 165 sampling locations along 24 transects
within the studied wetland catchments are presented in Table 3.1. In cultivated catchments, the
largest variability of 3’Cs activities was found at the upper and middle slopes and, in general, the
variability decreased to the lower slopes and inner riparian (i.e., emergent vegetation) area. In
Manitoba, within cultivated field area about 66% of the '3'Cs inventories were significantly
smaller than the reference site, indicating soil loss, and 17% were significantly larger, indicating
soil deposition. The remaining 17% of the 3’Cs inventory values were not significantly different
from the reference site, indicating that these sites were essentially stable, experiencing neither loss
nor deposition. In Alberta, 78% of the *’Cs inventories were smaller than the reference site, but
the differences were not statistically significant. This result could suggest that soil loss and
deposition occurred at roughly equivalent rates. The noticeable reduction in the **’Cs inventory,
especially in Manitoba, indicated that the majority of the sampling locations have experienced
significant soil erosion since 1963, which can cause significant soil redistribution. Lobb (2011)
has reported soil erosion as the dominant soil redistribution process within topographically

complex landscapes.
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Table 3. 1. Descriptive statistics for the 13’Cs inventories documented for the sampling points along the transects
within wetland catchments with different land uses in Manitoba and Alberta.

13Cs inventory (Bq m?)

Toposequence Number of Standard Coefficient of
position cores Average Deviation Variation Range

Manitoba- Cultivated catchments
Upper Slope 12 569 461 81 0 1610
Middle Slope 12 1055 1269 120 0 4826
Lower Slope 12 2493 1902 76 403 6919
Outer Riparian 12 2782 1733 62 200 6099
Inner Riparian 9 1606 718 45 642 2917
Inner Wetland 12 1240 843 68 337 2717
Manitoba- Native prairie
Upper Slope 3 1580 27 2 1557 1610
Middle Slope 3 2116 848 40 1284 2980
Lower Slope 3 426 229 54 162 575
Inner Riparian 3 1011 471 47 637 1539
Inner Wetland 3 557 56 10 523 622
Alberta- Cultivated catchments
Upper Slope 9 940 687 73 0 2399
Middle Slope 9 1152 475 41 650 2011
Lower Slope 9 1896 1073 57 257 4056
Outer Riparian 9 1831 1283 70 91 3724
Middle Riparian 9 1460 759 52 143 2671
Inner Riparian 9 1506 816 54 366 2804
Outer Wetland 9 1331 501 38 646 2093
Middle Wetland 9 913 508 56 0 1634
Inner Wetland 9 1318 603 46 0 1954

Toposequence position was a significant factor (P < 0.1) in determining the *¥’Cs inventories
within wetland catchments embedded in cultivated fields (Fig. 3.5a). *3’Cs inventories of the upper
slope position were significantly (P = 0.022) smaller than the lower slope position but there was
no statistically significant difference between upper and lower slope positions with the middle
slope position. The extent of the reduction of *’Cs inventories varied along different transects in
the wetland catchments surrounded by cultivated land but followed a similar pattern (Fig. 3.6).
This pattern was characterized by a low **’Cs inventory (indicating maximum erosion) near the
top of transects with 3’Cs inventories increasing downslope. The highest 3’Cs inventory values,
which exceed the local reference inventory, indicating soil deposition, were found at sampling

points near the base of transects. Therefore, due to the combined action of tillage erosion and water
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erosion, a large amount of soil was deposited at the lower segment of slope (lower slope and/or
outer riparian/grass wet meadow). Tillage erosion typically occurs in the upper slope position, and
water erosion gradually increases down the slope until it reaches the highest rate in the middle
slope or upper lower slope position (Li, 2021; Li et al., 2008; Lobb et al., 1995; Lobb et al., 2007).
Despite the lack of statistical significance difference in average *'Cs inventory values between
the riparian area (i.e., grass wet meadow and emergent vegetation) and the central area of wetland
on theses cultivated catchments, higher 3’Cs deposition occurred in the outer riparian (i.e., grass
wet meadow) and inner riparian (emergent vegetation) areas, respectively. In addition, this might
suggest that more cores may be required for detection of statistical difference within the wetland
ecosystems. Furthermore, it is reasonable to argue that the clay particles that made it to the center
of the wetland preferentially carry more 3’Cs than the larger particles that were deposited at the
wetland fringe (He and Walling, 1996). This could be addressed by measuring particle size

distributions of those samples.



118

a)
ab
6000
— a
o~
v 4000
€ ‘ . ab ab 5 ab
o, ab - a
@ 2000 b — — = ab
b Lﬁ - ‘ l ‘ !
S 0 ‘
qc) @ g 2 o o & O O O
> ,,)\0\\ o 9\"‘ 2 A X \\v‘\ L:_-\.@‘ c:\\"‘”(\
E & & & & & & ¢
. 3 X S 2 <& % N\ )
g OV - P O\\\" K X\\L\& \\\‘?‘ Q‘\\ ‘b\_b &
Q b)
L2
'p
© 6000
@
=)}
© 4000
Q a
z ab - [
2000 — bc
i — - e ' bc
———
0
2 - 2 O r5
& o S @ R
Q',\(o @ ‘Z('{) ) &
K A3 4 A
0\?% \:\\L\. S < \\\‘1 » < (\Q“—
Topographic landform position

Fig. 3. 5. Difference comparison (P < 0.1) of the downslope spatial variations in *3’Cs inventories along different
toposequence positions in wetland catchments surrounding by (a) cultivated land and (b) native prairie. [Yellow,
green and blue colours shown upland, riparian and pond center].

Toposequence position was also a significant factor affecting the *'Cs inventories within wetland
catchments embedded in native prairie (Fig. 3.5b). However, the distribution of **’Cs inventory on
this undisturbed landscape was distinct from the distribution of ¥'Cs inventories on cultivated
landscapes. In the undisturbed landscape, 3'Cs depletion was observed in the lower slope of the
wetland catchment, while in the cultivated landscape, **’Cs enrichment was observed in the lower
slope. The depositional zone (e.g., lower slope position and riparian area) would be expected to be
an area of deposition, thus enriched in *¥’Cs. However, this was not the case in this study. This

could suggest that sediment redistribution within the undisturbed site has been negligible over the
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past ~ 60 years. Another possible explanation for this discrepancy could be attributed to the
location of sampling points and soil surface condition (e.g., micro-relief and vegetation cover).
Furthermore, the spatial variability of *3’Cs in the native prairie surrounding the wetland has not
been documented as rigorously, although it appeared to be significantly lower than the variability
at disturbed locations (Table 3.1). This finding supports evidence from previous observations (e.g.,
Sutherland, 1994; Kaste et al., 2006) that were conducted across the undistributed prairie landscape
of the NGP and reported lower *'Cs inventory values on concave landforms. Furthermore, Dalzell
et al. (2022) conducted a study in Fillmore County, MN, USA, and reported that agricultural sites
exhibited greater variability in total *’Cs inventory compared to grassland sites, which is

consistent with the finding of this study.
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Fig. 3. 6. Spatial variation of ¥’Cs inventories within wetland catchments in Manitoba and Alberta. The red line
shows the reference inventories of the study areas in Manitoba and Alberta.

Fig. 3.7 presents a summary of the observed pattern of the *’Cs inventories on three transects
within one wetland catchment located in Broughton’s Creek watershed, Manitoba (figures for the
other wetland catchments are presented in Appendix A-Al to -A7. Fig. 3.7 shows that the depth
distribution of *¥’Cs across all soil cores exhibits a decrease in activity, but with different

configurations (i.e., the shape of the ¥'Cs depth profile). The differences in the resulting patterns
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of 1¥'Cs depth distributions within the wetland may be due to agricultural activities that influence
hydrological and biological properties within the soil profile (Paramonova et al., 2017). From
upper slope to lower slope positions, the *3'Cs depth distributions show a uniform variation in the
activity of ¥'Cs within the plough layer (ranging from 20 to 30 cm) that is characteristic of
cultivated land. The *3’Cs depth distribution for the depositional areas (i.e., riparian area and pond
center) conforms to the normally expected characteristics of a depositional site, in which **’Cs was
found at greater depths and greater activities than eroding sites because of soil sedimentation. The
collected sediment cores from inner-riparian (i.e., emergent vegetation) and -wetland were
characterized by a substantial increased activity of *3’Cs down the soil profiles. However, some
sampling locations (e.g., Fig 3.7. e), which could be expected to have characteristics of an
undisturbed core, are characterized by a near-uniform **’Cs activity down the profile. This can be
attributed partially to physical disturbance by animal activities (e.g., ducks and gophers) and
intensive agricultural activities over the dry years when water recedes and allows to expand
agricultural activities. It is worth mentioning that although the *’Cs depth distributions of soil
profiles from different toposequence positions are characterized by different inventory values, they
have a similar shape that conforms to that expected for a cultivated landscape and undisturbed land
(Meliho et al., 2019). Furthermore, within the wetland catchments, *’Cs was not detected below
the ~ 20-cm depth in eroded profiles or the depositional profiles. These results, together with the
pronounced accumulation of *¥'Cs in the top ~ 10 cm of the accumulation areas (i.e., inner-riparian
and -wetland), could indicate that very little downward movement of fallout 3’Cs has occurred

through leaching.
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Fig. 3. 7. Depth distribution of *¥’Cs and their variation according to toposequence positions on three transects
within one wetland catchment (Wetland K) embedded in cultivated land in Manitoba. The points are showing
analyzed depth of each core. *¥’Cs activity was measured down to 80-cm depth in some cores, but are not shown in

the figure. The dashed line shows the approximate depth of tillage that is the zone of frequent mixing in the

cultivated land.
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Wetland catchments displayed oscillating behaviour of the *3’Cs inventories (Fig. 3.6), suggesting
a variation of soil erosion and deposition along transects. Since, accordingly to historic aerial
photographs, the central area of the studied wetlands has not experienced disturbance by
anthropogenic activities, it was anticipated that **'Cs inventories associated with open water would
be at least close to non-eroded off-site reference *3’Cs values (i.e., local stable sites). However, the
sediment cores from the pond center of wetland catchments showed lower **Cs inventories than
reference sites. There are a few possible reasons to explain this inconsistency. ¥’Cs dynamics
between sediment and the overlying water column within the pond center could have contributed
to this pattern. Remobilization of **'Cs can be caused by physical disturbances, chemical (e.g., ion
exchange) and biological processes (e.g., foliar uptake). The physical disturbances can be caused
by bioturbation of sediments (e.g., salamanders, snakes, turtles, and aquatic insects) that result in
resuspension of low-density sediment and organic matter, and by wind, both of which lead to lower
137Cs inventories within the pond center. Remobilization may also occur due to the ion-exchange
replacement of Cs* from sediment by cesium competing cations (e.g., K™ and NH4*), which can
be released in anoxic settings, associated with the wetland ecosystems (Ries et al., 2019; Funaki
et al., 2022). For example, NH4* that is formed by the decomposition of organic matter under
anaerobic environments (e.g., wetlands) could be a more important competing ion to Cs* than K*
because NH.* is nearly five times more selectively bound to clay particles compared to K*
(Wauters et al., 1996); NH.* is therefore more likely to displace Cs* from binding sites.
Remobilization of *’Cs can also occur by foliar absorption of Cs* by aquatic macrophytes (e.g.,
vascular plants, mosses, and algal bloom) (Sarosik et al., 1980; Pinder et al., 2006). Moreover, the

feeding habits of ducks on algal blooms can create a dynamic connection among different wetland
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areas, resulting in the movement of nutrients (e.g., carbon, nitrogen, and phosphorus) as well as

137Cs out of the system, although it is likely a small portion of the “missing” **’Cs inventory.

3.4.3. Soil erosion and sedimentation rates

Table 3.2 presents the mean 3’Cs loss/gain and point-based soil erosion and deposition rates using
the MBM2 and non-eroded off-site reference *'Cs values along the transects within the wetland
catchments. The soil erosion rates are presented as positive values, while the deposition rates as
negative values. The mean soil erosion rate within the boundary of the cultivated field was 1.7 kg
m2yrin Manitoba and 1.2 kg m? yr? in Alberta. If each transect represents a 1-m wide strip, the
total soil loss from the eroding area of the cultivated field was estimated at 18 kg yr* in Manitoba
and 22 kg yr't in Alberta. The eroding zone covered around 73% of the upland field area in both
provinces, mostly located in the upper and middle slope positions. The mean soil erosion rates in
the cultivated field decreased downslope (see Table 3.2), providing evidence of the downslope
movement of the eroded soil and deposited in the lowest part of the slope (lower slope and outer
riparian/wet meadow areas) at rates of -1.7 kg m? yr in Manitoba and -1.5 kg m? yr in Alberta.
The depositing zone covered the remaining 27% of the upland field area. The nature of the
presented results in this section will be discussed in the next section (3.4.) to further characterize
soil redistribution within wetland catchments. Appendix A-A8 displays detailed results for

individual wetland catchments in Manitoba and Alberta.
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Table 3. 2. Point soil loss and deposition rates within the wetland catchments using *¥’Cs reference value estimated
from individual local stable sites.

137Cs loss or

137 . .

i Toposequence  \UMPe -GS gain (% of  Soil loss (+) or deposition ~ Scdimentatio
Province Dosition rof inventory S O g m2 e N rate

cores (Bgq m?) 131Cs) g y (kg m2 yri)

Power Power Linear
model’ model?> model®

Individual reference site

Manitoba Flat landscape 9 1430 - - - - -
Alberta Flat landscape 24 1684 - - - - -
Cultivated catchments

Manitoba Upper Slope 12 569 39.8 2.6 - 2.4 -
Manitoba Middle Slope 12 1055 73.8 0.8 - 1.0 -
Manitoba Lower Slope 12 2493 174.3 -2.9 - -2.9 2.0
Manitoba Outer Riparian 12 2782 194.5 -3.7 - -3.7 2.3
Manitoba Inner Riparian 9 1606 112.3 -0.5 - -0.5 14
Manitoba Inner Wetland 12 1240 86.7 0.3 - 0.4 1.0

Native prairie

Manitoba Upper Slope 3 1580 110.5 - n.d. n.d. 1.1
Manitoba Middle Slope 3 2116 148.0 - n.d. n.d. 0.8
Manitoba Lower Slope 3 426 29.8 - 74 2.8 0.0
Manitoba Inner Riparian 3 1011 70.7 - 2.1 1.2 0.3
Manitoba Inner Wetland 3 557 39.0 - 5.6 2.4 1.0
Cultivated catchments

Alberta Upper Slope 9 940 55.9 15 - 15 -
Alberta Middle Slope 9 1152 68.6 0.9 - 1.1 -
Alberta Lower Slope 9 1896 112.9 -0.4 - -04 1.4
Alberta Outer Riparian 9 1831 109.0 -0.3 - -0.3 2.1
Alberta Middle Riparian 9 1460 86.9 0.4 - 0.5 2.8
Alberta Inner Riparian 9 1506 89.6 0.3 - 0.4 1.3
Alberta Outer Wetland 9 1331 79.2 0.6 - 0.7 1.3
Alberta Middle Wetland 9 913 54.4 1.5 - 1.6 1.3
Alberta Inner Wetland 9 1318 78.5 0.6 - 0.7 1.8

'Power model: Mass Balance Model (MBM2) was used for wetland embedded within agricultural landscape.

2Power model: Profile Distribution Model was used for wetlands embedded in native prairie.

3Linear model: Proportional Model was used for wetlands embedded in agricultural and native prairie landscapes.
“4Sedimentation rate was calculated using the peak of *¥'Cs activity.

n.d.: not determined by developed excel add-in software.

3.4.4. Soil loss and accumulation budgets

Table 3.3 displays the mean *¥"Cs loss/gain and point-based soil erosion and deposition rates using

the PM and catchment-level (on-site) reference *¥Cs values along the transects within each

wetland catchment (see Appendix A-A9 for individual wetland catchments’ results in Manitoba
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and Alberta). Most of the exported sediment beyond the cultivated field was deposited in the

riparian areas and a small amount of sediment moved to the open water or pond center.

Table 3. 3. Point soil loss and deposition rates within the wetland catchments using catchment-level *¥’Cs reference

value.
137 187Cs loss or : .

. Toposequence  Number . Cs gain (% of  Soil loss (+) or deposition Sedimentation

Province Position of cores Inventory reference (-) (kg m2yr?) rate
(Bq m?) wCy) (kg m?yri)*
Power Power Linear
model' model> model®

Cultivated catchments
Catchment-level ref. *¥Cs 1310
Manitoba Upper Slope 12 569 50.7 2.3 - 2.2 -
Manitoba Middle Slope 12 1055 80.2 0.6 - 0.8 -
Manitoba Lower Slope 12 2493 182.5 -3.4 - -3.6 2.0
Manitoba Outer Riparian 12 2782 239.2 -4.3 - -4.4 2.3
Manitoba Inner Riparian 9 1606 116.2 -0.7 - -0.9 1.4
Manitoba Inner Wetland 12 1240 117.7 0.1 - 0.1 1.0
Native prairie
Catchment-level ref. *¥Cs 1460
Manitoba Upper Slope 3 1580 109.0 - n.d n.d 1.1
Manitoba Middle Slope 3 2116 145.9 - n.d n.d 0.8
Manitoba Lower Slope 3 426 29.4 - 7.5 2.8 0.0
Manitoba Inner Riparian 3 1011 69.7 - 2.2 1.2 0.3
Manitoba Inner Wetland 3 557 38.4 - 5.7 24 1.0
Cultivated catchments
Catchment-level ref. *¥Cs 1221
Alberta Upper Slope 9 940 77.4 0.6 - 0.8 -
Alberta Middle Slope 9 1152 94.2 0.1 - 0.2 -
Alberta Lower Slope 9 1896 154.1 -1.5 - -1.9 1.4
Alberta Outer Riparian 9 1831 149.6 -1.4 - -1.7 2.1
Alberta Middle Riparian 9 1460 120.1 -0.5 - -0.7 2.8
Alberta Inner Riparian 9 1506 122.2 -0.6 - -0.8 1.3
Alberta Outer Wetland 9 1331 114.2 -0.2 - -0.3 1.3
Alberta Middle Wetland 9 913 75.7 0.7 - 0.9 1.3
Alberta Inner Wetland 9 1318 108.3 -0.2 - -0.3 1.8

Power model: Mass Balance Model (MBM2) was used for wetland embedded within agricultural landscape.

2Power model: Profile Distribution Model was used for wetlands embedded in native prairie.

3Linear model: Proportional Model was used for wetlands embedded in agricultural and native prairie landscapes.
“4Sedimentation rate was calculated using the peak of ¥’Cs activity.

n.d.: not determined by developed excel add-in software.

Furthermore, Fig. 3.8a and b clearly show that there is evidence of both soil loss and deposition

within the wetland catchments. The mean soil erosion rate in the cultivated fields was 1.2 kg m

yr! (gross erosion rate of 1.1 kg m? yr!) for Manitoba and 0.3 kg m yr? (gross erosion rate of
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0.3 kg m2 yr?) for Alberta. The mean soil deposition rates within the boundary of cultivated fields
were -3.6 kg m? yr (gross deposition rate of -0.4 kg m? yr?) for Manitoba, whereas those for
Alberta were around -1.9 and -0.2 kg m2 yr!, respectively. The overall net soil loss rates associated
with the cultivated field was about 0.6 (equivalent to 12,287 kg yr™) and 0.1 (equivalent to 3,530
kg yr!) kg m? yrt in Manitoba and Alberta, respectively (see Appendix for detailed results on
sediment budgets for individual wetland catchments in Manitoba (Appendix A-A10) and Alberta
(Appendix A-Al11)). The resulting sediment delivery ratio, which corresponds to the ratio of the
net sediment output to the gross erosion, was around 57% and 35% in Manitoba and Alberta,
respectively. This indicates that a relatively high amount of the mobilized sediment was exported
beyond the cultivated fields towards the wetland ecosystems, mostly deposited in riparian areas.
Furthermore, the disparity between soil erosion rates in Manitoba and Alberta could be attributed
to regional farming practices (e.g., tillage equipment) in different provinces, and differences in
sediment deposition caused by changing land use. In addition, considering the variable climate and
the alternating drawdown and emergent phases of PPR wetlands, constant sedimentation rates
seem unlikely (Freeland, 1999). Previous studies in Canada (e.g., Kachanoski et al., 1992; Lobb et
al., 1995; Lobb and Kachanoski, 1999; Li et al., 2007a; Tiessen et al., 2009) have found that soil
erosion rates from cultivated fields ranged from 2.5 to 15 kg m yr? exceeding the soil loss
tolerance limit of 0.6 kg m? yr! (~ 6 t hal) that is typically considered sustainable for most soils
in Canada (van Vliet et al., 2005), and that the soil deposition rates in cultivated fields ranged from
-2.7 to -15.4 kg m2 yr'. Additionally, in accordance with the present results, a study by Freeland
et al. (1999) in Stutsman County, North Dakota, USA reported that the mean soil erosion and
deposition rates ranged from 3.5 to -1.6 kg m yr! within cultivated fields surrounding the

northern prairie wetlands.
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Fig. 3. 8. Soil redistribution assessment estimated from?*3’Cs measurement along transects using catchment-level
reference value and PM in Manitoba (a) and Alberta (b).

Within the wetland ecosystems (riparian area and water body), total soil deposition rates were -3.6
kg m2 yr! in Manitoba and -0.9 kg m? yr in Alberta, respectively. Overall, the results confirm
that the upper and middle slope positions are indeed net sediment exporting units, and that the

lower slope position and riparian area experienced deposition. These findings indicate that almost
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all the exported sediment beyond the cultivated field deposited in riparian area with only a small
amount of sediment moving to the central open water area of the wetlands. Research conducted by
VandenBygaart et al. (2012) within depositional areas in different agroecosystems across Canada
including Alberta, Saskatchewan, Manitoba, Ontario, New Brunswick, and Prince Edward Island,
reported that soil deposition rates ranging between -4.0 and -15.2 kg m yr!, with the greatest
rates occurring in New Brunswick and Saskatchewan. The findings of this study compare
favourably with those of Craft and Casey (2000), who studied deposition rates in depressional
wetlands in Baker County, Georgia, USA and reported average soil deposition rates of -0.12 kg m
2yrtand -0.95 kg m? yrt using **'Cs (~ 30 years) and 2*°Pbex (~ 100 years). However, the findings
of this study do not compare favourably with those of Buris and Skagen (2013) and Skagen et al.
(2016), who concluded that a large percentage of wetlands (e.g., depressional and playas) would
be filled by > 50% with sediment within the next 100 years.

The estimates of soil erosion and deposition rates were sensitive to the conversion model. The
results acquired by the PM in this study could be seen as being more realistic, in spite of the fact
that the PM is the simplest model and requires little input data, avoiding large errors introduced in
soil erosion estimations. The model’s simplicity could be important, especially if the model is to
be used to establish sediment budgets for catchments. Although the MBM2 requires the most
comprehensive set of input data that can lead to the introduction of errors, the model normally
provides the most realistic results for the area of maximum loss within the catchment.

There are uncertainties associated with the ' Cs-estimated erosion rates derived from the reference
137Cs levels. The conversion models were highly sensitive to the input values of the reference *Cs
and tillage depth. Two reference *Cs values (off-site and on-site reference *3’Cs levels) were used

to estimate point-based soil erosion rates and sediment budgets. The on-site and off-site reference
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137Cs levels were close, especially in Manitoba (See tables 3.2 and 3.3 for *3’Cs reference values),
which confirms the almost “closed” material cycles of the catchments. Off-site reference **’Cs
levels may be biased, due to local and regional variability of *3’Cs fallout, which can be reduced
by taking multiple samples within a site (Li et al., 2011a). Therefore, in a closed system (e.g.,
depressional wetlands), on-site reference **’Cs can lead to more accurate erosion rate estimates, in
spite of random errors associated with this method. However, the random errors can be reduced
by increasing the number of cores per site and using the spatially averaged erosion rates for data

interpretation.

3.4.5. Sedimentary features

Linear sedimentary features, also known as lynchets, were observed within the studied wetland
catchments surrounded by cultivated fields in the unsmoothed 1-m DEMs. There was a break-in
the slope that was 2- to 8-m wide and reached about 0.15- to 0.3-m height, creating a discontinuity
in the landscape. The sedimentary features were oriented perpendicularly to the steepest slope and
were predominantly shaped by the progressive accumulation of soil materials at the bottom of the
slope by tillage, water, and wind erosion (see Fig. 3.9). The mean mass of soil materials stored in
the sedimentary features was estimated at ~ -131,000 kg for Manitoba and -114,000 kg for Alberta,
representing < 1% by mass of the total soil material present in the studied catchments in both
provinces. The results showed that the DEM-estimated soil accumulation was not consistent with
the 13’Cs-estimated net soil loss associated with the cultivated field. However, given the amount
of soil stored at the bottom of the slope and mainly profile of the depositional feature, it can be
attributed to tillage erosion process. In addition, it has been documented that with each tillage pass,
the tillage ridge/berm height increases while the berm's top width decreases (Fig. 3.9¢) (Vieiraand

Dabney, 2011). Furthermore, the evaluation of DEMs revealed that one wetland catchment in
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Alberta (Wetland INT1) had no detectable tillage-induced berms or lynchet, which could have
resulted in the deposition of sediment further down-gradient. However, spatial variation of **’Cs
inventory values along transects (Fig. 3.6) indicated that most of the mobilized sediment was
deposited in the outer riparian or wet meadow area within this wetland catchment. Several reasons
might have contributed to the formation and continued reinforcement of tillage berms in one field

and not in the other such as farming practices.
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Fig. 3. 9. Original unsmoothed 1-m DEM of one wetland catchment: (a) three-dimensional (3D) view of the
catchment, (b) colour relief view of the catchment and (c) geometrical characteristics of the sedimentary features for
the shown transect in the colour relief view.

Lynchets are common in the depressional wetlands of the Canadian Prairies. Interaction between
erosion and deposition processes at the interface between the cultivated field and the riparian area

can lead to the development of sedimentary features of several meters in width (e.g., tillage
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ridges/berms and steps, headlands, and lynchets). In other studies, lynchets had a mean thickness
of ~1.08 m and contained ~15% of the total soil material in the studied field (Chartin et al. 2011).
These lynchets acted as barriers to water and sediment fluxes, and sites of large carbon

sequestration within cultivated hillslopes (Chartin et al., 2013; Zadorova et al., 2018).

3.4.6. Potential error sources in discrimination of sedimentary features using LIDAR DEM
Identifying and understanding the limitations of the LIDAR-based estimation of soil accumulation
in the lynchet areas at the lower part of hillslopes is necessary for improving estimation accuracy
and establishing standard estimation designs and procedures. The advantages that LiDAR
technology provides for the identification of sedimentary features include: accurate and high-
resolution DEM data, a relatively cost- and time-effective method of data collection, the capability
of penetrating vegetation; and an adequate representation of human-induced and topographic
features. However, there are several factors that can contribute to uncertainties associated with this
method. The accuracy of DEMs can be impacted by the interpolation methods and the filtering
algorithm to categorize LiDAR points as ground or non-ground (Simpson et al., 2017). In addition,
transformation of raw LiDAR points into elevation surfaces requires interpolation from points onto
a grid cell, which can present a level of uncertainty into DEMs, although LiDAR points are
collected at very short separation distances (Sailer et al., 2013). The uncertainty associated with
grid size variations for resampling can also impact a DEM’s accuracy. The accuracy of DEMs can
also be affected by the shape of the interpolator than the actual terrain (e.g., interpolation artifacts
will become significant) (Albani et al., 2004). Most accurate DEMs can be generated from grids,
which have an identical spacing to the original points. The vertical accuracy of DEMs can also be
affected by the field conditions including vegetation cover and morphological properties (e.g.,

slope gradient and surface roughness). Dense canopy vegetation can lead to large vertical errors in
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LiDAR derived DEMs due to the reduced ground point density (Sailer et al., 2013; Salekin et al.,
2018). Furthermore, horizontal-scanning LIDAR can do well to go through dense canopy (e.g.,
forests), but vertical or airborne LIDAR can be affected by vegetation density. Recently, advances
in new technologies, such as ground-based LIiDAR and backpack LiDAR will hopefully improve
the accuracy of ground surveys.

3.5. Conclusions

Identifying areas according to the level of soil erosion risk is imperative in agriculture-intensive
regions such as the Canadian PPR. This study attempted a comprehensive overview of soil erosion
in wetlandscapes using a 3’Cs tracer to provide important insights into the rates and processes of
erosion acting on the hummocky landscapes. The results showed that **’Cs inventories at all the
sampling points on the upper and middle slope positions were reduced relative to the reference
inventories in both provinces, indicating that erosion had occurred. In addition, the inventory of
137Cs decreased with depth and its penetration increased along the slope and became higher in the
depositional areas. These results clearly show increased soil loss in the upland catchments (upper
and middle slope positions) of wetlands surrounded by cropland, with deposition occurring on the
lower slope position and riparian areas. Additionally, with increased soil redistribution within
cropland catchments, there might be considerable potential for soil carbon movement along
toposequence positions towards the wetland ecosystem resulting in carbon sequestration in the
riparian area surrounding the wetland. The large quantities of soil redistributed in these landscapes
indicate that a large part of eroded soil remains within the field and/or field-riparian borders, which
is attributed to tillage erosion. Furthermore, little sediment is delivered to the central open water
of wetlands, which suggests that the accumulation of carbon at the center of the wetland basin is

more likely autochthonous in nature and generated by the accumulation of plant and algal litter.
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As the average annual soil erosion rates for the studied catchments were found to be higher than
the tolerable value of soil loss, well-planned watershed management activities are vital to restoring
degraded areas and combating soil erosion from the watershed. Improvement of erosion control
measures, which are feasible and can be easily implemented by the agricultural producers (e.g.,
counter tillage, topsoil replacement, buffer strips and riparian corridors), can assist to counteract
the downward soil redistribution and maintain the field erosion rate within the tolerance limit.
Further modelling studies are necessary for better understanding of soil redistribution and erosion

processes within cultivated Prairie landscapes.
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Infilling of wetlandscapes in the Canadian
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4.1. Abstract

Soil erosion and sediment delivery models have been increasingly employed in studies of
catchment sediment dynamics in current years. These models are also used to represent the spatial
interaction of soil erosion and sediment transport processes, thereby providing spatially-distributed
predictions of soil redistribution rates for agricultural landscapes. It has been widely recognized
that individual soil erosion processes and their interactions contribute towards total soil erosion;
however, quantifying the rates and patterns of soil erosion processes and their interactions within
topographically complex landscapes is challenging. Therefore, the objective of this research was
to estimate and model the relative contributions of tillage, water and wind erosion towards total
soil erosion in the Canadian Prairie provinces of Manitoba and Alberta using **’Cs, a fallout
radionuclide tracer, and three well-established models: (i) Tillage Erosion Model (TillEM); (ii)
Revised Universal Soil Loss Equation, version 2 (RUSLE2); and (iii) Single-event Wind Erosion
Evaluation Program (SWEEP). The findings indicate that the patterns of *’Cs-estimated soil
erosion closely matched with the erosion pattern predicted by TillEM and suggests that tillage
erosion dominates the pattern of total soil erosion on the knolls of hummocky landscapes.
Additionally, soil particle size variation within the wetland catchments reflected the modeled
patterns of water and tillage erosion. Furthermore, our findings confirmed that colour coefficients
are useful in identifying spatial heterogeneity of soil within wetland catchments and reflect the
patterns of soil loss and gains. These results indicate that water and tillage erosion, and also their
interactions, are main erosion processes in the Canadian Prairie Pothole Region (PPR), but that

soil movement by tillage practices has been the predominant redistribution process.



153

4.2. Introduction

Soil loss by erosion processes has been recognized as major threats affecting soil health,
agricultural productivity, and ecosystem services, and this concern still persists across diverse
agro-ecosystems (Panagos et al., 2020). Soil erosion refers to process of detachment, transport,
and deposition of soil and associated particles by erosive forces, while soil loss defines as the
quantity of soil materials removed in a specified time period across an area of land (Nearing et al.,
1994). Soil erosion is a natural process that contributes to soil formation and landscape evolution.
However, anthropogenic activities have dramatically accelerated soil erosion rates mostly due to
increased removal of vegetation cover and expansion of farming on marginal lands, resulting in
widespread soil degradation throughout the world's agricultural regions (Borrelli et al., 2017).
Total soil erosion rates and patterns across the landscape is the result of combined impacts of
distinct processes: water erosion, wind erosion, tillage erosion and/or erosion due to crop
harvesting (Kuhwald et al., 2022). Historically, soil erosion due to wind and water were assumed
to be the main forms of soil erosion. However, during the past decades tillage erosion has been
identified as another major form of soil erosion within sloping cultivated fields in many different
agro-environments (e.g., Lobb et al., 1995; Li et al., 2007b; Tiessen et al., 2009). Harvest erosion
usually occurs in potato and sugar beet production, where soil is in direct contact with the harvested
product (Ruysschaert et al., 2004). Overall, each soil erosion process has its characteristic pattern
across the landscape and each will contribute partially to the total soil erosion within agricultural
landscapes (Papiernik et al., 2005; Li et al., 2007b).

Water erosion occurs when a landscape experiences erosive rainfall events and snowmelt runoff
(Ghadiri, 2004). Particles detached by raindrops are entrained and transported downhill by

overland flow (e.g., sheet and interrill erosion), which form small and ephemeral concentrated
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flow paths (rill or ephemeral gully erosion). Water erosion increases down the slope and reaches
the highest rate in the middle slope and/or upper-lower slope segment, and then it gradually
decreases towards depressional areas (Blanco-Canqui and Lal, 2008). In cold-climate areas, such
as the Canadian portion of PPR of the Northern Great Plains, snowmelt runoff often exceeds
rainfall runoff on an annual basis. As a result, snowmelt erosion can contribute considerably to
annual soil losses. Freezing and thawing of soil are the main mechanisms detaching soil particles.
Further, snowmelt usually occurs over frozen soil with little infiltration, in a short period of time,
resulting in high runoff volumes (Tiessen et al., 2010). Plot-scale soil erosion research was
conducted by Knisel (1980) in Morris, Minnesota, USA, and documented that only about seven
percent of the annual erosion at that location was associated with erosion by snowmelt during the
spring thaw.

Wind erosion is most common in arid and semiarid regions, occurring when soil is dry and wind
velocity is higher than the threshold wind speed (Lal, 1998). Soil loss in landscapes dominated by
wind erosion is most severe on exposed upper slope segments and the pattern of loss is driven by
the prevailing wind direction. Generally, the pattern of wind erosion is normally asymmetric with
maximum soil loss on the windward upper slope areas. Therefore, wind erosion pattern can be
distinguished from that of tillage erosion; where, directionality is evident, but does not match the
prevailing wind direction (Lobb, 2011). Furthermore, the pattern of wind erosion is evident within
prairie wetland landscapes can be observed as deposition of sediment in nearby vegetation on
leeward side of fields (e.g., treed wind breaks, grassed/treed riparian areas), aeolian mixture of
snow and soil (snirt), infilling of roadside ditches, and dust abraded and buried plants.

Tillage erosion is defined as redistribution of soil within a landscape by tillage operations (Lobb

and Kachanoski, 1999; Govers et al., 1999). The magnitude and severity of tillage erosion rates
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are dependent on the erosivity of the tillage system and the erodibility of the landscape (Lobb and
Kachanoski, 1999). Tillage induced soil loss occurs on the upper-convex portion of slope, whereas
tillage-induced soil accumulation occurs on lower concave portions of the slope. The middle linear
portion of slope serves as a transition zone where translocation occurs, with no net gain or loss of
soil (Li, 2021). Tillage erosion also leads to undercutting of field boundaries (fences, hedges,
diversion terraces and grass strips) on the downslope side and burial on the upslope side (Li, 2009).
The pattern of soil erosion exhibits complexity due to the interactions and linkages between the
erosion processes. Linkages refer to simple additive effects between different forms of erosion,
which may reinforce each other on the upper slope positions (i.e., wind erosion and tillage erosion
reinforce each other); whereas, erosion processes may cancel each other on the middle and lower
slope position (i.e., tillage erosion and water erosion can cancel each other). Interactions between
distinct erosion processes occur when one erosion process changes the erodibility of the landscape
for another process and/or when one erosion process works as a delivery mechanism for another
process. For example, soil accumulated on lower slope position may be poorly structured and
therefore more susceptible to water induced soil loss and/or tillage operation may deposit
sediments into ephemeral gullies that can subsequently be moved by water erosion (Lobb et al.,
2003; Li et al., 2013). Therefore, the observed soil redistribution pattern in agricultural land is an
integrated result of all forms of soil erosion.

In general, modelling is intended to quantitatively characterize the complex earth-surface
processes (e.g., soil erosion and flooding) (Croke and Nethery, 2006). Soil erosion can be
quantified through modeling or field measurements (Heuvelink et al., 2006). Modelling soil
erosion is the process of mathematically illustrating soil materials detachment, entrainment,

transport, and deposition across landscape (Nearing et al., 2017). Soil erosion models are aimed at
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constructing watershed- and field-scale sediment budgets, improving our understanding of soil
erosion processes, and enable us to test different scenarios (e.g., identify dominant driving forces
of change for specific periods, under various conditions). Erosion is a complex process as it is,
influenced by interactions between various factors (e.g., soil properties, landscape, management
practices, and climate) and their spatial and temporal variability. Due to this complexity, models
were developed to assess water, wind, and tillage erosion processes individually (Li et al., 2007b).
However, the accuracy of model-predicted total soil erosion, including all forms of erosion, has
been limited due to high uncertainty associated with erosion models and overlooked linkages
and/or interactions between different erosion processes (Van Oost et al., 2000; Heuvelink et al.,
2006).

Although field measurements provide another approach to quantify soil erosion, there are
limitations associated with these field-based methods due to various variables, including temporal
and spatial variability, resolution of the collected data, operational constraints, cost and reliability
of results (Mabit et al, 2014). The use of environmental fallout radionuclides (e.g., **'Cs, 21%Pbex
and 'Be) as tracers has proven to be an excellent approach in soil erosion studies and possesses
many advantages compared to other methods (e.g., experimental plots and air photo interpretation)
(Millard et al., 2009). The use of *'Cs as a tracer has been, and continues to be, widely adopted
and successfully applied in soil erosion studies because of its properties and behaviour in the
environment (e.g., de Jong et al., 1983, Quine et al., 1997, Lobb et al., 1999, Pennock, 2003; Li et
al., 2007b; Tiessen et al., 2009; Cabrera et al., 2023). Based on the fact that 1*’Cs-estimated erosion
includes all three soil erosion processes and their interactions, it is possible to assess the relative
contributions of various erosion processes towards the total soil erosion by comparing model

estimates to the 13’Cs-estimates.
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The preferential adsorption of 3’Cs by the fine-grained and organic-rich fraction of soil and
sediment coupled with the preferential mobilization, transport, and deposition of particles based
on size and organic matter content results in unique patterns that reflect the erosional history of
the landscape (Koiter et al., 2013; Zarrinabadi et al., 2023). It has been documented that the degree
of selectivity is a function of environmental factors including physico-chemical properties of the
soil, surface characteristics and more importantly the nature of the eroding process (e.g., tillage,
water and wind) (Asadi et al., 2011). Typically, the greater the energy of the erosive process, the
lesser the particle selectivity. Agricultural activities and erosional processes redistribute the soil
down through the soil profile (i.e., vertical redistribution) and across the landscape (i.e., horizontal
redistribution). Therefore, natural soil/sediment properties (e.g., *'Cs activity, particle size
distribution, organic matter content and spectral reflectance) can facilitate the discrimination
between riparian and cultivated areas and eroded and depositional zones as well as aiding in the
identification of the dominant erosional process (Koiter et al., 2013).

Quantitative assessment of soil erosion using **’Cs technique in the Canadian Prairies started in
the early 1980s. Despite qualitative evidence of significant wind and water erosion, limited studies
were conducted prior to the 1980s to assess erosion in the Canadian Prairies, with reported soil
losses ranging from 0.2 to 8.7 kg m yr*, mostly associated with water erosion (Toogood, 1963;
Nicholaichuk and Read, 1978; Shaw, 1980). Subsequent investigations by other researchers (e.g.,
de Jong et al., 1983; Jenkins et al., 1984; Southerland and de Jong, 1990) using the *3’Cs technique
revealed soil loss on upper slope positions and soil accumulation on lower slope and depressional
positions, with soil erosion rates ranging between 3.0 and -4.6 kg m yr'* over a 20-year period.
In a recent study by Li et al. (2007b) in Manitoba, average soil erosion rate was reported at about

1.2 kg m2 yr (ranging between 4.2 and -2.7 kg m2 yr?).
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Since agricultural landscapes in the PPR are continuously recognized as soil erosion-prone region,
it highlights the ongoing challenges associated with soil erosion in this region. Therefore, concerns
over accelerated soil loss due to farming activities and climate change have emphasized the need
for improved characterization and understanding of the patterns, and relative contribution of the
three soil erosion processes within these landscapes. As the typical spatial patterns of soil loss by
tillage, water, and wind erosion are not fundamentally similar, it is possible to predict their relative
contributions towards total soil erosion in a wetland landscape using erosion models. To date, there
has been little comprehensive study on the application of erosion models to these environments
for characterizing soil erosion processes, especially wind erosion models. The general aim of this
study was to characterize the impacts of agricultural activities on soil redistribution processes using
soil erosion models and field measurements of soil loss within the Canadian Prairie provinces of
Manitoba and Alberta. The specific objectives of this study were to: (1) predict tillage, water, and
wind erosion rates and patterns within agricultural wetland landscape using currently accepted
models; (2) compare the relative contributions of predicted tillage, water and wind erosion to total
soil erosion estimated by 3’Cs within wetland landscapes; (3) validate estimated soil erosion using
mass budget models of predicted wind, water and tillage erosion; (4) identify the relative
contributions of tillage, water and wind erosion using **’Cs activity, particle size distribution, and

colour in soil/sediment.

4.3. Materials and methods

4.3.1. Description of the study area
The study area includes two sub-watersheds in the PPR, within the Canadian portion of the
Northern Great Plains. The two sub-watersheds are Broughton’s Creek and Bigstone Creek

watersheds, which are located in Manitoba and Alberta, respectively (Fig. 4.1). The PPR of Canada
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spans southeastern Alberta, southern Saskatchewan, and southwestern Manitoba. It was formed
between 20,000 and 12,000 years ago when glaciers retreated (Wisconsin and Assiniboine glacial
lobes) and left behind numerous small potholes (wetlands) and fertile soil parent materials.
Geomorphologically, surficial properties of the study area are broadly characterized by irregular
undulating to hummocky terrain, composed of chaotically arranged knolls and depressions
(Pennock et al., 1987).

The climate of the PPR is characterized as semi-arid to sub-humid with the total annual
precipitation increasing from 250 mm to 550 mm along a west to east gradient. Long, cold winters,
short growing seasons, and dry wind further characterize the region (Coupland, 1973). The
watersheds are located within the Canadian Aspen Forests and Parklands ecoregion, which extends
in a broad arc from southwestern Manitoba, northwestward through Saskatchewan to its northern
limit in central Alberta. The parkland is a transitional region between the boreal forest to the north
and the grasslands to the south (Millet et al., 2009).

The Broughton’s Creek watershed is a sub-watershed of the Little Saskatchewan River watershed
located in southwestern Manitoba. Based on the climate normal (1981-2010; Brandon, Manitoba,
ID: 5010480), the average annual precipitation is 474 mm, with monthly maximum average
rainfalls of 80 and 73 mm occurring in June and July, respectively, and maximum average
snowfalls of 25 and 23 mm in December and January, respectively. Overall, around 118 mm
(~25%) of the average annual precipitation manifests occurs in the form of snow, lasting from
November to the following April. The annual temperature average is 2.2° C with the mean monthly
temperature reaching a high of 18.5° C in July, and dropping to a low of -16.6° C in January

(ECCC, 2022). The soils throughout the study area are characterized as Orthic Black Chernozem
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soils (Newdale Soil Association) with solum depth ranging from 25- to 98-cm (Manitoba soil
survey report, 2011).

The Bigstone Creek watershed is the western-most sub-watershed of the Battle River watershed
located in east-central Alberta. According to the 1981-2010 climate normal data (Camrose,
Alberta, 1D: 3011240), average annual precipitation is 438 mm, with monthly peak precipitation
of 74 and 85 mm in June and July, respectively. Snowfall represented ~25% (113 mm) of the
annual precipitation, extending from October to April. The mean monthly maximum and minimum
temperature are 22.9° C (July) and -17.2° C (January), respectively, with annual mean of 3.0° C
(ECCC, 2022). Soils in this area of Alberta are dominated by well-drained Black Solodized

Solonetz soils, which have loam texture (Alberta soil survey report, 1985; Howitt 1988).
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Fig. 4. 1. Geographic location of (a) the Prairie Pothole Region (PPR) in North America and (b) the studied wetland
catchments in Prairie provinces of Manitoba and Alberta, Canada.
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The hourly historical wind velocity and direction data were obtained from the weather stations in
Manitoba (Brandon, Manitoba; ID: 5010480) and Alberta (Camrose, Alberta, 1D: 3011240). Fig.
4.2a and b show the historical wind direction and speed of the selected stations in Manitoba and
Alberta over all seasons (winter, spring, summer and fall) and the months of April, May and June.
The main wind directions for all winds over the entire year are northwest and west in both
watersheds, whilst the most frequent direction of erosive winds during the months of April, May
and June are the Northwest and Southeast in Alberta, and Northwest, Northeast and East in
Manitoba. The erosive winds from the South and Southwest directions are less erosive. It has been

reported that a wind speed of 6.2 m s-1 is required to entrain and displace fine-textured soils

(Chepil, 1945).
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Fig. 4. 2. Historical distribution of wind speeds and directions for each season in the Broughton’s Creek (Manitoba)
and Bigstone Creek (Alberta) watersheds, measured at ECCC stations (ID: 5010480, Brandon, Manitoba and ID:
3011240, Camrose, Alberta). Historical wind data for the months that soil surface is not fully protected are presented

4.3.2. Soil sampling and laboratory analysis

as well.

A total of eight wetland catchments were selected for this study. Five wetland catchments were

located in the Broughton’s Creek watershed (Manitoba) and three wetland catchments were
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located in the Bigstone Creek watershed (Alberta). The wetland ecosystems were individual
depressions (i.e., closed basins) with topography typical of the cultivated land in the two prairie
watersheds. Seven of the selected wetlands were embedded within agricultural landscapes and one
was embedded within a native prairie landscape. The catchment within the native prairie landscape
is located in the Broughton’s Creek watershed and has not been cultivated since at least the 1950s.
Furthermore, the aerial photographs showed that the selected agricultural landscapes were under
cultivation since 1947. Depending on the water balance, these wetlands vary from being shallow
and seasonal to relatively permanent.

To evaluate the spatial variability of soil redistribution processes using '*'Cs, a multiple
independent transect approach, extending from different directions, was adopted as the sampling
strategy. Three transects were established within each wetland catchment to capture the variability
resulting from the topographic complexity of these landscapes. In each wetland catchment, 15 to
27 cores were collected along the three transects from six to nine toposequence positions extending
from the uppermost portion of the catchment to the central area of the wetland. Toposequence
positions were selected based on the topographic attributes and dominant vegetation (e.g., upland,

riparian and open water) as shown in Fig. 4.3b.
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Fig. 4. 3. Three-dimensional (3D) view illustrating the landscape classification of (a) one section of land and (b) one
individual wetland landscape (WetlandA) located within the section of land in Broughton’s Creek Watershed,
Manitoba. Sampling points on three individual transects extending from upper slope position to the central area of
wetland are shown.
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Soil/sediment cores from upland field (upper, middle, and lower), riparian area and the central area
of the wetland were collected using a foot-operated stainless steel JIMC Backsaver soil sampler
(with a 45.7-cm-long, 3.17-cm-diameter slotted sampling tube). However, where water was
present (e.g., in Manitoba), a different soil coring technique was used. At these sites, a portable
and lightweight gas-powered Vibracoring unit (WINK Vibracore Drill Ltd., Vancouver, BC,
Canada, at the Department of Geological Sciences, University of Manitoba, Winnipeg, Canada)
equipped with 180-cm long and 7.62-cm diameter aluminum tubes was used to collect deeper (>1
m) consolidated samples in the wetland riparian area (i.e., riparian grass and cattail). A handheld
SDI Vibecore Mini unit (Specialty Devices Inc., Wylie, TX, USA, at the Landscape Dynamics
Laboratory, University of Manitoba, Winnipeg, Canada) equipped with 120-cm long and 7.62-cm
diameter polycarbonate tubes was used to sample from the central area of the wetland, which was
open water. In order to retrieve the cores, a hoist mounted on an inflatable pontoon boat and a
winch device were used in the central area of the wetland and the riparian area, respectively. The
cores collected using the Backsaver sampler were sectioned into 1-cm, 2-cm, 5-cm, 10-cm and 15-
cm intervals in the field, and samples were transferred to laboratory in coolers and refrigerated at
4° C until further analysis. The remainder of the collected cores were kept and transported
vertically (to avoid disturbing sediment layers) to the laboratory and stored at -20° C. The frozen
cores from the central area of the wetland were sectioned into 2-cm intervals, and cores from
riparian area were sectioned into 1-cm intervals from the surface to a depth of 30-cm, and then at
5-cm intervals to the bottom of the core. These frozen cores were sectioned using a band-saw
equipped with a fine grit-size diamond blade. The mass that was ground away between slices by
the diamond blade cut (~ 0.7 mm) was ranged between 1.9% and 6.3% (averaged 3.5%), which

was taken into consideration in calculations.
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Following sectioning, each increment was dried at 70°C for 72 hours and sieved through 2-mm
mesh (in order to remove stones/large gravel particles and to ensure a constant sample density and
geometry) (Reddy et al., 2013). In order to quantify soil erosion rate, discriminate type of erosional
processes, and characterize the properties of soil/sediment samples, *'Cs activity, ultimate particle
size distribution, and spectral reflectance were measured in the laboratory. The radioactivity of
137Cs in soil and sediment samples was measured by gamma-ray spectrometry, determined using
661.6 keV gamma emissions on standard and low-background high-purity Germanium gamma
detectors (including Broad Energy detectors and a high-resolution coaxial HPGe well detector)
(Mirion Technologies (Canberra) Inc., Meriden, CT, USA, at the Landscape Dynamics
Laboratory, University of Manitoba, Winnipeg, Canada). The samples were counted on the
detectors for approximately 12-24 hours, depending upon the radioactivity of the samples,
providing a detection error < 10% (L. et al., 2007b; 2008).

The reference site used for determining the 3'Cs baseline value (non-eroded off-site value) was
selected in an unused portion of an old rural cemetery in Manitoba, which was not disturbed since
the 1950s and located within a distance range of 1 to 5 km of the studied wetland catchments. At
the reference site, nine soil cores were taken in 5-cm depth increments to 60-cm. The average
inventory of 1430 +123 Bq m decay-corrected to 1 January 2021 was estimated as the reference
137Cs level (non-eroded off-site value) for the studied catchments in Manitoba. In Alberta, Li et al.
(2007c¢) reported the *’Cs reference inventories of 1684 +834 Bg m decay-corrected to 1 January
2021, which was used as the reference *Cs level (non-eroded off-site value) in this study and
located around 60 km northeast of the study area. Additionally, it was assumed that *3’Cs loss out
of the wetland catchment was negligible because of the enclosed topography. Thereby, catchment-

level reference *'Cs values (on-site values) were calculated to develop field-based mass budgets
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and further comparison with mass budget models of wind, water, and tillage erosion. The on-site
values of 3’Cs varied from 931 to 1450 Bq m™ in Manitoba, and from 1086 to 1488 Bq m in
Alberta.

Reflectance spectrometry readings were collected and colour coefficients (i.e., Commission
Internationale de I'éclairage (CIE) colour space models) were calculated following the procedures
described by Barthod et al. (2015), using a spectroradiometer (ASD FieldSpec Pro, Analytical
Spectral Device Inc., Boulder, CO, USA, at the Landscape Dynamics Laboratory, University of
Manitoba, Winnipeg, Canada). The ultimate particle size distribution of samples was obtained
after oxidizing organic material with hydrogen peroxide (H202, 30%), and using
hexametaphosphate as a dispersant (Gray et al., 2010; Zarrinabadi et al., 2022) by laser diffraction
in water using a Mastersizer 3000 (Malvern Instruments, Malvern, England, at the Landscape

Dynamics Laboratory, University of Manitoba, Winnipeg, Canada).

4.3.3. Total soil erosion estimated from *¥’Cs Measurements

The Mass Balance Model2 (MBM2) and Proportional Model (PM) were used to convert point
137Cs inventories into point total soil erosion rates. The MBM2 represents complex processes that
accounts for changes in the **Cs concentration in response to the time-variant **’Cs fallout input
and the fate of freshly deposited *’Cs prior to cultivation (e.g., losses/gains due to
erosion/deposition, and progressive incorporation of fresh soil from beneath the original plough
depth by tillage) (Walling et al., 2011). Results obtained using this model are likely to be more
realistic for the area of maximum loss within a landscape (e.g., hilltop) in comparison with those
of the PM (Lobb and Kachanoski, 1997). Furthermore, the MBM2 underestimates sediment
deposition in the accumulation area, as this model was developed/designed mainly for application

in eroding areas. The PM was used to develop soil loss and accumulation budgets, since it assumes
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that all the *’Cs deposited in the year 1963, when the majority of the fallout was accumulated on
the surface, and the **Cs concentration at the soil surface available for erosion remains relatively
constant through time. Furthermore, the loss or gain of ¥'Cs in the profile is linearly and directly
proportional to the loss of soil in the profile (Li et al., 2010; Walling et al., 2011).

To run the PM and MBM2, the “‘start year of cultivation” was set at 1963. The “mass plough depth”
was determined from the average plough depth (~ 0.2 m) and bulk density of the collected
soil/sediment cores (235 kg m2 and 190 kg m for Manitoba and Alberta, respectively). Mean
bulk density values ranged between 820 and 1380 kg m™ for Manitoba and between 815 to 1075
kg m™ for Alberta throughout the 0.2 m soil profiles. Following the study conducted by Li et al.
(2007a) in the PPR, the “relaxation mass depth” (Hmemz), “proportion of annual 3’Cs input
susceptible to erosion loss” (ymemz) and the “particle size correction factor” (Pmem2) Were assumed
to be 4.0 kg m?, 0.75 and 1.0, respectively. These two models were implemented within the
Erosion Calibration Model program developed in Visual Basic by Walling et al. (2011). The
program was run to calculate soil loss and deposition rates for each of the transects within wetland
catchments.

Although average **Cs inventories in some of collected cores within depositional areas were lower
than estimated off-site reference values, the cores showed one well-defined *’Cs peak,
corresponding to the peak fallout of **’Cs in 1963. In such cases, sediment deposition rates were
calculated by dividing the associated depth with the peak of *’Cs concentration by the number of
years between deposition and collection of the core (that is, years from deposition to sample
collection in 2016 and 2019 for Alberta and Manitoba samples, respectively) (Lobb et al., 1995;
Walling and Quine, 1991). The calculated sediment deposition rates were converted to sediment

masses using representative values of sediment bulk density and area of the topographic position.
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4.3.4. Modelling tillage, water, and wind erosion

Three established models were employed to predict tillage, water, and wind erosion in this study.
These models include (i) the Tillage Erosion Model (TillEM) developed by Li et al. (2007a); (ii)
the Revised Universal Soil Loss Equation, version 2 (RUSLE?2), developed cooperatively by the
United States Department of Agriculture (USDA)-Agricultural Research Service (ARS), the
USDA-Natural Resources Conservation Service (NRCS), and the University of Tennessee
(USDA-ARS, 2008); and (iii) the Single-event Wind Erosion Evaluation Program (SWEEP)
developed by USDA-ARS (USDA-ARS, 2020).

4.3.4.1 Tillage erosion- TillEM

TillEM is based on the tillage translocation model, which was developed and introduced by Lobb
and Kachanoski, (1999) to predict tillage erosion in topographically complex landscapes. Li et al.
(2007a) expanded on the work of Lobb and Kachanoski (1999) and further developed the TIlIEM,
which uses a multiple linear function of slope gradient and slope curvature to simulate tillage
erosion in the direction of tillage following the equation:

Ty=a+p0+ yp 1)
where: T, is the translocation in mass per unit width of tillage (kg m™ pass™); The coefficient
is the intercept of the linear regression equation, representing translocation unaffected by slope
gradient and/or slope curvature or the tillage translocation that occurs on level ground (kg m™ pass™
1. B is the erosivity coefficient, describing additional translocation resulting from slope gradient
(kg m? % pass™?); 0 is slope gradient, negative when upslope and positive when downslope (%);
y is the erosivity coefficient for slope curvature, describing the additional tillage translocation due
to slope curvature (kg m?* (%* m) pass™); and ¢ is slope curvature, negative for concave and

positive for convex (% m™).
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TillEM runs on lines both parallel and perpendicular to the direction of tillage, representing
forward and lateral tillage translocation, respectively. TIlIEM simulates point-tillage erosion rates
for each grid point/cell across the landscape using a diffusion/dispersion equation similar to that

used by Govers et al. (1994). Tillage erosion is calculated as:

= _9Tm_ _ (g2, 9
Eri = as (ﬁ as T yas) )

Where: E; is the predicted tillage erosion rate, negative for soil accumulation and positive for soil
loss (kg m2 yrl); M is the mass of soil per unit area (kg m); t is time (year); s is the distance in
any specified horizontal direction (m).

TillEM assumes that tillage operations (over time) are conducted equally in opposing directions.
Therefore, tillage erosion is predicted at each point across a landscape based on the changes in
slope gradient and slope curvature between adjacent points and one-half of their separation
distance (Lobb and Kachanoski, 1999). The values of «, § and y coefficients for a full sequence
of tillage operations (one pass of deep-tiller, one pass of light-cultivator followed by air-seeder
and two passes of spring-tooth-harrow) were adopted from a field study conducted by Li et al.
(2007a) in the PPR. Furthermore, it was assumed that extra pass of farming operations had been
conducted in the lower slope and outer riparian positions during dry years when water had receded
(see Appendix B-B1).

4.3.4.2 Water erosion- RUSLE?

RUSLE2 was developed and enhanced after its predecessors, Universal Soil Loss Equation
(USLE) (Wischmeier and Smith, 1965, 1978) and Revised Universal Soil Loss Equation, version
1 (RUSLEZ1), in 2001 (Renard et al., 2010). RUSLE?2 is a process-based daily time-step and land

use independent model that simulates the effects of agricultural cropping practices and rotations


https://www-sciencedirect-com.uml.idm.oclc.org/science/article/pii/S0341816220302952#b0075
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on field-scale soil erosion and sediment delivery by rainfall and overland flow path (USDA-ARS,
2008).

RUSLE2 can simulate erosion over irregular and complex topography landscape (e.g., rolling,
undulating and hummocky) with spatially variable overland flow (converging and diverging
flows). Hillslope profile is conceived as being composed of three layers of variable (topography,
soil, and management) and each of these layers can be segmented independently to compute both
temporal and spatially variable effect on soil movement (USDA-ARS, 2008; Dabney et al., 2010).
Thereby, RUSLE2 can represent any complex hillslopes as a series of segments comprising each
unique combination of the variables (Dabney et al., 2010). The effects of spatial variation of soil
erodibility, slope steepness and curvature, and soil cover management along a hillslope profile on
detachment, transport, and deposition can be predicted in this model (Dabney et al., 2011). This
model predicts the sediment yield resulting from rill and inter-rill erosion at the base of the
drainage area by considering variations in transport capacity across segmented hillslope.
Furthermore, contributions from multiple events are used to determine overall cumulative
sediment yield over time (USDA-ARS, 2008; Dabney et al., 2013).

RUSLE?2 is supported by extensive databases that include information describing the climate (e.g.,
precipitation, temperature, erosivity density (the Elso per unit quantity of rain)), soils (e.g., texture,
organic matter, soil erodibility, soil hydrologic class), vegetation (e.g., growth over time), residue
(decomposition and biomass/cover relationships), cropping systems (e.g., rotations), and field
management scenarios. Each scenario was developed by combining field operation descriptions
that take place on specified dates (e.g., tillage, planting, applying synthetized fertilizers,

harvesting, burning, frost, ripping, grading, and grazing events) and impact hydrologically
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important properties (e.g., soil surface roughness and residue cover) (USDA-ARS, 2008; Dabney
etal., 2012).

Databases of five counties (i.e., Towner, Renville, and Bottineau in North Dakota, and Toole and
Glacier in Montana) in the PPR of Northern United States (e.g., climate data, soil database, location
database, and management operations) were imported for use with RUSLE2 program. The counties
were selected based on geographic characteristics to represent a range of topographic, climatic,
and agricultural land conditions nearly identical to the Canadian PPR. The climate data for the
selected counties were imported from the climate database provided on the NRCS website. In
addition, the soil type for the studied wetland catchments was identified from the Soil Survey
database for each county. Based on Manitoba Agricultural Services Corporation (MASC) data
spanning 2000-2021, the most widely practiced crop rotations in Manitoba was spring wheat and
canola (MASC, 2021). Therefore, the input variable of a multi-year phase rotation (spring wheat
and canola) was selected for the cultivated segments of the wetland catchments as an agricultural
management practice. As for field management operations, two regional scenarios along with
associated dates for each operation were developed using the extensive agricultural practices and
crop rotations database in RUSLE2. The tillage direction has been selected as one way to right or
down in the management databases. The proposed agricultural practices’ scenarios were designed
to simulate regional development of tillage practices over two different periods of time for the past
60 years (see Appendix B-B2): (i) 1960 to 1990 (conventional tillage practices), and (ii) 1990 to
2020 (conservation tillage practices).

4.3.4.3 Wind erosion- SWEEP

The Single-event Wind Erosion Evaluation Program (SWEEP), a stand-alone version of the Wind

Erosion Prediction System (WEPS) Erosion submodel released in 2007 (Feng and Sharratt, 2009),
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was used to simulate topsoil loss and dust emission by wind. The SWEEP estimates potential soil
loss for user defined surface conditions and management practices (e.g., wind barriers) for a single
wind-storm event on hourly and sub-hourly basis (e.g., < 24 hour). In addition to simulating total
soil loss, the model subdivides total soil loss into three transport components that include
creep/saltation, suspension, and PM1o (Particulate Matter < 10 um) emission (Tatarko et al., 2016).
The SWEEP model has been tested and validated for total soil loss and soil discharge from
agricultural and non-agricultural lands (e.g., dam and mine tailings) around the world (e.g., Feng
and Sharratt, 2009; Jia et al., 2014; Liu et al., 2014; Pi et al., 2016; Zhang et al., 2017; Nerger et
al., 2017).

SWEEP initiates the simulation of site-specific soil movement (loss/deposition) for a single
erosion event only when friction velocity exceeds the static threshold friction velocity for soil
particles entrainment. The calculation of both the friction velocity and the static threshold friction
velocity by SWEEP is based on soil physical and surface characteristics (e.g., flat and standing
biomass, clods, crust, coarse fragments (>2 mm in diameter), soil aggregate characteristics, and
surface water content) in a rectangular region. The model determines the probability of an erosion
event and wind parameters by direction and month for defined surface conditions and selected
weather stations (Tatarko et al., 2016).

SWEEP simulates the components of wind erosion in response to input parameters required by
SWEEP for a single erosion event including site geometry (e.g., fetch length, width, orientation,
and wind barriers, if present), soil properties (e.g., particle and aggregate size distribution, volume
of rocks, and aggregate density, and stability), soil surface conditions (e.g., crust and loose material
cover, crust stability, ridge and random roughness, and surface soil wetness), standing biomass

characteristics, residue cover, and wind characteristics (e.g., wind direction and wind speed) with
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average intervals ranging from 5 to 60 minutes (Feng and Sharratt, 2009). All input parameters for
soil properties were obtained from the NRCS SSURGO soil database, which can be downloaded
in the SWEEP software. The locations in the northern United States were selected based on
geographic location, in the PPR of the United States, to represent a range of agricultural land
conditions nearly identical to the PPR of Canada.

Land management practices, soil erodibility and wind erosivity are main factors in wind erosion
assessment. In order to simulate the impacts of alternate land management practices and conditions
on wind erosion and dust emission in the Canadian PPR, three different scenarios including
conservation tillage, conventional tillage, and summer-fallow were developed to simulate the
potential of soil loss by creep, saltation, and suspension using the SWEEP model. The proposed
management scenarios were designed to simulate regional land management practices over the 60
years, beginning in 1960s.

Scenario 1, conservation tillage, was developed to simulate the effect of crop residues on wind
erosion. Conservation tillage is an effective approach to soil surface management with minimum
or no-tillage (Unger and McCalla, 1980). Conservation tillage has been well accepted as an
efficient method to minimize wind-induced erosion since it retains a significant amount of standing
and flat crop residues on the surface of soil (Buschiazzo and Zobeck, 2008). This scenario was
formulated by maintaining the surface residues from harvest (late September) to the next planting
season (late April).

Scenario 2, conventional tillage and conventional field management, was formulated to simulate
lower crop residues on the soil surface. The subsequent surface protection loss due to the removal
of surface residues and low productivity of the dryland agricultural crops greatly increases the

susceptibility of soil to wind erosion. On conventionally managed fields, tillage ridges are the most
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effective soil roughness element that contributes to reducing wind erosion in early spring, before
the plant canopy develops and protects the soil surface.

Scenario 3, summer fallow, produced a worst-case situation and was designated as a reference for
alternative management practices. Producers on the semi-arid PPR have historically selected crop
rotations that include fallow every second or third year (Campbell et al., 1990), which intensifies
the wind erosion problem by burying crop residues, drying the soil surface and destroying soil
aggregates as result of raindrop impacts. However, it is worth noting that the practice of fallowing
has been mostly discontinued in the study areas now. Furthermore, as fallow is often used as a
strategy for managing excess moisture in the soil, producers in Manitoba practice fallow when the

soil is too wet for planting.

4.3.5. Landscape segmentation

The classification of landscapes into toposequence positions was conducted using smoothed DEM
of the studied catchments and the LITAP package, Version 0.6.0, in R (Lazerte and Li, 2021),
which is based on the LandMapR™ software developed by MacMillan et al. (2003). Detailed
descriptions about the algorithms and methodology used in the LandMapR™ programs can be
found in the original publication (MacMillan et al., 2000) and previous studies (MacMillan, 2003;
Li et al., 2011b). The landscape was then classified into four classes based on typical landscape
positions (upper slope, middle slope, lower slope, and depression areas) to calculate the area of
each toposequence position so as to develop soil loss and accumulation budgets within wetland
catchments. Fig. 4.3 illustrates the landscape classification map for one section of land and one
wetland catchment (WetlandA) in Broughton’s Creek Watershed, which shows sampling points

on three independent transects within the wetland catchment as well.
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4.3.6. Statistical analysis

The predicted tillage, water and wind erosion data, soil ultimate particle size distribution, and the
137Cs estimated total soil erosion of the sampling points were statistically analyzed with SAS,
Version 9.4 (SAS Institute, Cary, NC, USA). In addition, three-dimension Principal Component
Analysis (PCA) was performed using Origin(Pro), Version 2022b (OriginLab Corporation,
Northampton, MA, USA). PCA was conducted on standardized variables to eliminate the effect of
different measurement units on the determination of factor loading. PCA shows how the data
clusters based on similarity across more than two variables. In contrast, correlation analysis
compares a pair of variables. Correlation analysis is more likely to be affected by the errors
associated with individual variables, especially when the correlations are not strong (Li et al.,
2007h).

The data from the top 20-cm depth of collected soil and sediment cores were subjected to statistical
analyses since this is the layer mainly influenced by soil erosion processes, particularly tillage
erosion. The spectral reflectance data and six colour space models were employed to determine 15
colour coefficients (parameters) of collected soil and sediment samples using R, Version 4.0.1, (R
core Team, 2020) following the approach presented by Boudreault et al. (2019) and colour analysis
R scripts (Koiter, 2021). Additionally, to aid with visualization the hue, saturation, and value (HVS
colour model) and hexadecimal color values were calculated. The non-parametric Kruskal-Wallis
test was then applied to identify which of the colour coefficients were significantly different (P <
0.1) between at least two landscape classes within studied catchments, eroded (upper, middle and
lower slope positions) and accumulation (riparian areas and the central area of wetlands); thereby,
allowing discrimination between these areas. Furthermore, Linear Canonical Discriminant

Analysis (LCDA) was used for source aggregation (Liu et al., 2017) using Origin(Pro), Version
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2022b. The canonical coefficients indicate the relative importance of each variable in
discriminating between the pre-defined groups or classes. The variables with larger absolute
canonical coefficients are considered more important in discriminating between the groups.
Weather data for the weather stations were downloaded from Environment and Climate Change
Canada's website using the Weathercan R package, Version 0.6.2 (LaZerte et al., 2018). Figures
were created using the ggplot2 package, Version 3.3.3 (Wickham, 2016), Origin(Pro), Version

2022b, and Microsoft Excel 2016.

4.4. Results and discussion

4.4.1. Patterns and magnitudes of predicted tillage, water, and wind erosion

4.4.1.1. TIIEM

Tillage erosion rates predicted by TillEM at the cultivated transect points varied from 3.0 (soil
loss) to -6.1 (soil accumulation) kg m2 yr?, and 6.3 to -5.9 kg m? yr? in Manitoba and Alberta,
respectively. The most severe soil losses due to tillage were found on upper slope positions, while
TillEM predicted soil accumulation in concave landscape positions with maximum accumulation
rates predicted at the bottom of the field (outer segment riparian area) with little change occurring
on positions with uniform or linear slopes (Table 4.1). Generally, soil redistribution pattern
predicted by TillEM varied mainly with local topography and was consistent with the findings of
previous studies conducted in Canada (e.g., Lobb and Kachanoski, 1999; Li et al., 2007b; Tiessen
et al., 2009). As tillage erosion results in soil redistribution within cultivated fields rather than
exporting soil from the cultivated fields, losses should equal gains. However, as water recedes in
wetlands during drought years, terrestrial portions and riparian zones of prairie wetlands are often
tilled to increase the crop production area. The periodic tillage of these areas can result in extra

passes of tillage operations and soil movement out of permanently cultivated fields. The TillEM
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results also indicated that the 60-year annual average soil flux by tillage erosion, from cultivated

fields to riparian areas, was approximately 25,000 kg yr? in Manitoba and 48,000 kg yr? in

Alberta.

Table 4. 1. Average point soil loss and deposition rates within the individual wetland catchments using *¥'Cs and
soil erosion models.

Average
Provi Toposequence BCs Toposequence Average soil loss (+) or deposition (-)
rovince T . ) S0
position inventory Area (m?) (kg m=yrt)
(Bqm?)
Power  Linear Tillage Water  Wind
model® model?> erosion erosion erosion
model®  model* model®
Wetland A (Cultivated catchment)
Catchment-level ref. *¥Cs 944
MB Upper Slope 6675 2.2 1.2 1.82 0.05
MB Middle Slope 819 15975 15 0.5 0.50 0.10
MB Lower Slope 1289 2425 0.3 -1.4 -0.16 0.05 0.06
MB Outer Riparian 1826 - -1.0 -3.7 -2.16 - -
MB Inner Riparian 926 - 1.2 0.1 - - -
MB Inner Wetland 1060 - 0.8 -0.5 - - -
Wetland J (Cultivated catchment)
Catchment-level ref. *¥Cs 1898
MB Upper Slope 233 5025 5.4 35 2.24 0.07
MB Middle Slope 1802 15950 -1.7 0.2 0.53 0.14
MB Lower Slope 4732 3450 -14.8 -5.9 -0.48 0.19 0.06
MB Outer Riparian 2990 - -7.0 -2.3 -2.28 - -
MB Inner Riparian 1992 - -2.5 0.2 - - -
MB Inner Wetland 794 - 1.6 2.3 - - -
Wetland K (Cultivated catchment)
Catchment-level ref. *¥Cs 1314
MB Upper Slope 901 7950 13 1.2 2.86 0.03
MB Middle Slope 1067 13425 0.8 0.7 1.42 0.13
MB Lower Slope 2605 3475 -2.7 -3.9 -0.76 0.23 0.05
MB Outer Riparian 2338 - -2.1 -3.1 -3.51 - -
MB Inner Riparian 1901 - -1.1 -1.8 - - -
MB Inner Wetland 609 - 24 2.1 - - -
Wetland X (Cultivated catchment)
Catchment-level ref. **¥'Cs 936
MB Upper Slope 478 1600 1.9 1.9 2.45 0.07
MB Middle Slope 532 4025 1.6 1.7 1.96 0.13
MB Lower Slope 1345 5225 -1.6 -1.7 -0.37 0.09 0.02
MB Outer Riparian 3971 - -11.9 -12.8 -4.05 - -
MB Inner Wetland 2626 - -6.7 -7.1 - - -
Wetland E (Native prairie)
Catchment-level ref. *¥Cs 1460
MB Upper Slope 1580 - - n.d - - -
MB Middle Slope 2116 - - n.d - - -
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Average
Provi Toposequence 187Cs Toposequence Average soil loss (+) or deposition (-)
rovince T . ) S
position inventory Area (m?) (kg m=yrt)
(Bqm?)
Power Linear Tillage Water  Wind
model® model> erosion erosion erosion
model® model* model®
MB Lower Slope 426 - - 2.8 - - -
MB Inner Riparian 1011 - - 1.2 - - -
MB Inner Wetland 575 - - 2.4 - - -
Wetland OZM1 (Cultivated catchment)
Catchment-level ref. *¥Cs 1100
AB Upper Slope 757 6800 2.0 11 2.77 0.14
AB Middle Slope 1013 23350 13 0.3 1.08 0.13
AB Lower Slope 1782 3325 -0.2 -2.1 -1.04 0.18 0.02
AB Outer Riparian 1641 - 0.1 -1.7 -2.81 - -
AB Middle Riparian 1798 - -0.2 -2.2 - - -
AB Inner Riparian 1621 - 0.1 -1.6 - - -
AB Outer Wetland 1864 - -0.4 -2.4 - - -
AB Middle Wetland 1170 - 0.9 -0.2 - - -
AB Inner Wetland 1247 - 0.7 -0.5 - - -
Wetland MCNL1 (Cultivated catchment)
Catchment-level ref. *¥Cs 1477
AB Upper Slope 1090 11325 11 0.9 2.86 0.12
AB Middle Slope 1420 28875 0.4 0.1 0.82 0.13
AB Lower Slope 2441 3325 -1.3 -2.2 -0.71 0.12 0.02
AB Outer Riparian 2265 - -1.0 -1.8 -2.98 - -
AB Middle Riparian 1683 - 0.0 -0.5 - - -
AB Inner Riparian 1942 - -0.4 -1.1 - - -
AB Outer Wetland 942 - 14 1.2 - - -
AB Middle Wetland 979 - 1.3 1.1 - - -
AB Inner Wetland 1554 - 0.2 -0.2 - - -
Wetland INT1 (Cultivated catchment)
Catchment-level ref. *¥Cs 1086
AB Upper Slope 972 4975 15 0.4 4.58 0.07
AB Middle Slope 1023 12175 14 0.2 1.71 0.08
AB Lower Slope 1464 1970 0.4 -1.2 -1.78 0.09 0.01
AB Outer Riparian 1588 - 0.2 -1.6 -4.51 - -
AB Middle Riparian 899 - 1.7 0.6 - - -
AB Inner Riparian 954 - 16 0.4 - - -
AB Outer Wetland 1188 - 1.0 -0.3 - - -
AB Middle Wetland 590 - 29 1.6 - - -
AB Inner Wetland 1154 - 1.0 -0.2 - - -

Power model: Mass Balance Model (MBM2) and off-site reference *’Cs values were used for wetland embedded

within agricultural landscape.

2Linear model: Proportional Model and catchment-level (on-site) reference *’Cs values were used for wetlands
embedded in agricultural and native prairie landscapes.
3Tillage erosion model: TillEM was used to predict tillage erosion within the cultivated portion of wetland catchments.
“Water erosion model: RUSLE?2 was used to predict water erosion within the cultivated portion of wetland catchments.
SWind erosion model: SWEEP was used to predict wind erosion within the cultivated portion of wetland catchments.
n.d.: not determined by developed excel add-in software.
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4.4.1.2. RUSLE?2

RUSLE?2 predicted water erosion rates for cultivated field within wetland landscapes varied from
0.3t0-0.14 kg m? yr?, and 0.21 and 0.04 kg m yr! in Manitoba and Alberta, respectively. The
predicted average water erosion rate for upper, middle and lower slope positions were estimated
to be 0.05, 0.13 and 0.14 kg m y* for Manitoba, and 0.11, 0.11 and 0.13 kg m yr* for Alberta
(Table 4.1). The spatial pattern of water erosion, predicted by RUSLE2, shows lower soil losses
due to water erosion at the upper slope position of the field, while maximum soil loss rates occurred
in the positions with the steepest slope gradients (middle slope and lower slope positions). The
results of this study are consistent with previous studies (e.g., Schumacher et al., 2005; Li et al.,
2007b; Tiessen et al., 2009) that predicted soil loss by water using different water erosion models
(e.g., Water and Tillage Erosion Model (WaTEM) and Water Erosion Prediction Project (WEPP).
It is also worth mentioning that the water erosion rates from the cultivated field are below the
guideline tolerable soil loss limit of 0.6 kg m2 yrtin Canada (van Vliet et al., 2005). The primary
reason for lower water erosion rates can be attributed to the shorter slope length around the wetland
environments, at the studied catchments (Demissie et al., 2022). Additionally, model-predicted
average sediment delivery by water erosion from cultivated field to riparian area was estimated at
about 2,500 kg yr? for Manitoba and 3,600 kg yr* for Alberta. The different findings observed in
Manitoba and Alberta could be explained by the variations in their respective regional climate and

soil characteristics.

4.4.1.3. SWEEP
According to the SWEEP simulation, the minimum threshold wind velocity ranged from 12.0 m s
1 (summer fallow with ridge parallel to wind direction) to 18 m s (conservation tillage with ridge

perpendicular to wind direction). Wind data analysis for Manitoba (1958 to 2021) and Alberta
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(1994 to 2021) showed that 330 and 91 erosive days occurred during April, May and June in the
Manitoba and Alberta, respectively (Appendix B-B3 and -B4). The total wind erosion rates
predicted by SWEEP averaged 0.05 kg m y* for Manitoba and 0.02 kg m yr* for Alberta (Table
4.1). The lower wind erosion rates can be attributed to a smaller effective field length and/or more
wind barriers (e.g., riparian areas) within wetland catchments. Additionally, predicted sediment
output by wind from cultivated field was predicted to be approximately 1,026 kg yr™ for Manitoba
and 617 kg yr* for Alberta. The results also indicated that wind-eroded sediment traveling in
suspension was the main component of soil loss, accounting approximately 47% (summer fallow)
to 83% (conservation tillage) of the eroded soil, and this portion for sediment moving by
creep/saltation varied approximately between 17% (conservation tillage) and 52% (summer
fallow). The proportion of PM10 particles remained very low and stable (at about 2% of the total),
regardless of the ridge orientation and height, and amounted to approximately <0.001 kg m? yr™.,
These results demonstrated that saltation and suspension processes are the dominant mode in
summer fallow practice. The findings of this research are in agreement with recent studies (e.g.,
Zhang et al., 2017; Nerger et al., 2017), that reported that the majority of wind-blown sediments
are transported by suspension in SWEEP simulation. The results also revealed that soil erosion by
wind decreased with increasing percentage of residue cover and ridge height. Although the
findings of this study are not consistent to previous studies (e.g., Chepil, 1945; Lyles, 1988) that
have suggested that between 50% and 80% of total transport is by creep/saltation depending on
soil texture, our objectives were to assess soil management scenarios affecting transitory properties
(e.g., soil surface roughness) on wind erosion risk rather than stable properties (e.g., texture and

organic matter content).


https://www-sciencedirect-com.uml.idm.oclc.org/topics/agricultural-and-biological-sciences/eroded-soils
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4.4.2. Discrimination of sources of soil erosion

4.4.2.1. Soil redistribution and spatial patterns of 3'Cs

Summary of the *'Cs data collected, and **’Cs and model estimated erosion rates of wetland
landscapes are presented in Table 4.1. The estimates of soil redistribution reflect the effects of all
erosion processes and represent mean annual values since the early 1960s. The estimated point-
based soil redistribution rates with the wetland catchments, using a power model (MBM2) and off-
site 1¥’Cs reference values, for the 84 and 81 individual sampling points ranged from a maximum
soil loss rate of 28.6 to a maximum deposition rate of -32.4 kg m? yr?, and from a maximum soil
loss rate of 25.0 to a maximum deposition rate of -7.7 kg m? yr! in Manitoba and Alberta,
respectively. This indicated that both loss and deposition rates varied greatly with the
toposequence position. The pattern of soil redistribution indicates that highest soil loss rates are
generally found on the upper slope position, while the areas characterized by deposition are largely
located in the lower slope positions and particularly the outer riparian area that receive sediment
delivered from the eroded areas. Overall, it can be seen from the data in Table 4.1 that the area
subject to soil loss greatly exceeds the area where deposition is found, and the field portion of
wetland catchments are characterized by average erosion rate between 5.4 and -14.8 kg m?2 yr?
for Manitoba, and between 2.0 and -1.3 kg m yr* for Alberta.

Fig. 4.4a and b indicate the pattern of average *'Cs estimated soil erosion, model-predicted tillage
erosion and model-predicted total soil erosion (tillage + water + wind). Using linear model (PM)
and on-site *’Cs reference values, the sediment delivery ratios for cultivated fields range from 1%
to 87% (averaged 57%) for Manitoba, and from 12% to 51% (averaged 34%) for Alberta. The
sediment delivery ratios suggest that a reasonable proportion of the sediment mobilized by erosion

processes is exported beyond the field boundary with the majority of sediment being deposited in
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the outer riparian areas, which receive extra pass of field operations during dry years. This in turn

can emphasize tillage erosion as a main driver of soil redistribution within the cultivated portion

of wetland landscapes (L. et al., 2007Db).
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Fig. 4. 4. Average soil redistribution estimated by **Cs and soil erosion models along transect using a linear model
and catchment-level reference value (on-site values) in Manitoba (a) and Alberta (b). Soil erosion models only
applied to the field portion of wetland landscapes.
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Additionally, as can be seen from the Fig 4.4a and b, the pattern of *'Cs-estimated total erosion
showed better agreement with that of the TillEM prediction compared to other erosion processes,
while model-predicted soil redistribution rates failed to exhibit any relation with 3’Cs-estimated
rates. This suggests that tillage erosion is likely the key erosional process for both watersheds. The
large discrepancy between the models (i.e., TIlEM, RUSLE2 and SWEEP) and *’Cs estimates
suggests that there might be systematic errors in these models. These errors were likely caused by
the absence of data relating to the current and historically used tillage implements and possible
discrepancies of the weather data due to the distance between the weather stations and field sites
(Lietal., 2007b). These results are consistent with previous studies (Lobb and Kachanoski, 1999;
Li et al., 2007b), who documented that tillage erosion was primarily responsible for the soil
redistribution patterns observed in their research, which dominates the eroding portion of
landscapes (e.g., hilltops and knolls). Additionally, comparison of the findings with those of other
studies (e.g., He and Walling, 2003; Warren et al., 2005) confirms that other soil erosion models
(e.g., ANSWERS, AGNPS, WEPP and USLE) yielded quite different predictions compared to
tracer-estimated erosion and deposition (e.g., **’Cs and ?°Pbex). In addition, although a greater
number of cores is required to characterize the spatial pattern of soil redistribution within wetland
catchments, the data presented in this study are still able to provide a meaningful representation of
erosional land depositional patterns.

4.4.2.2. Principal Component Analysis (PCA)

The average mean values of 10 variables for the sampling points including the **'Cs estimated
total soil erosion, model-predicted soil erosion (water, wind, and tillage), soil properties
measurements within the tillage depth (~20 cm) such as HSV colour attributes (hue, saturation,

and value), and percentage of clay, sand and silt fractions were used for PCA analysis. According
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to the results of three-dimension PCA, the first principal component (PC1) accounted for 30.2%
of the total variance within the data, while the second (PC2) and third (PC3) components explained
27.5% and 15.8% of the total variance, respectively (Fig. 4.5). The first axis (PC1) represented
hue, saturation, value and the proportions of clay and silt suggesting that soil colour was strongly
affected by these particles. For the second axis (PC2), high contribution values (coefficients),
positive or negative, were attributed to tillage erosion (Erin), water erosion (Ewat), model predicted
total soil erosion (Ean), 1¥'Cs estimated soil erosion (E1s7cs), and the proportion of sand. The second
axis differentiated the effects of water and tillage erosion given that Ein scored positively, but Ewat
scored negatively. Etin and Ean were strongly and closely correlated with E1z7cs, suggesting that
tillage erosion model was the dominant erosional process within the landscape. With respect to the
impacts of tillage erosion, Erin was closely correlated with sand content suggesting that the
variation of sand across the landscape were influenced by the pattern of tillage erosion.
Additionally, water erosion is demonstrating some particle size selectivity (see Appendix B-B5).
Including the third component (PC3) into PCA analysis was able to assist with showing the effect
of tillage erosion on variations of soil colour attributes (i.e., hue, saturation, and value) within
cultivated portion of the wetland catchment. This in turn can confirm that the spatial variability of
these variables across the wetland landscapes could be attributed to soil erosion by tillage as well.
Furthermore, it showed that the variation of *’Cs within the landscape was closely related to that
of clay. This supports the hypothesis that the clay fraction of soil has a high affinity for sorption

of 1¥Cs.
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Fig. 4. 5. Three-dimension Principal Components Analysis biplot of the measured and modelled data. Field-
measured variables (~20-cm depth) including **Cs estimated soil erosion (Ecs), hue, saturation, value, sand, silt and
clay, and model-estimated variables including tillage erosion (Evii), water erosion (Ewat) and total erosion (Ean,
tillage- + water- + wind-erosion). Eigenvalues for the first, second and third axis are 3.0, 2.7 and 1.5, respectively,
which are standardized to 1.000 and the cumulative percentage variance of each axis is shown in the following
bracket. Two-dimension Principal Components Analysis projection using PC1 and PC2 was shown in red and each

vector was labelled.

4.4.2.3. Spatial pattern of soil and sediment properties

The spatial distribution pattern of soil primary particles for sampling points along toposequene
positions within one wetland catchment (Wetland A) located in Broughton’s Creek watershed,
Manitoba is presented in Fig. 4.6 (figures associated with the other wetland catchments in
Manitoba and Alberta are presented in the Appendix B-B6 to —B11. The spatial variation of soil
particle size within the cultivated portion across the landscape exhibits almost identical

distributions on upper, middle, and lower slope positions. It seems reasonable that this pattern may
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be due to soil redistribution by erosion processes, especially tillage, since tillage erosion is known
as a non-selective erosion process. It involves the movement of soil particles across the field, where
both finer and coarser particles are transported in a relatively uniform manner. Studies conducted
in Canada (Lobb et al., 1995, 1999; Li et al., 2007a, 2007b, 2008; Tiessen et al., 2009) and
elsewhere in the world (Lindstrom et al., 1992; Govers et al., 1999; Tiessen et al., 2010) have
documented that tillage moves a tremendous amount of soil within cultivated landscapes and is
unlikely to have a high degree of particle size selectivity. However, the result of PCA analysis
showed that tillage and water erosion contributed to the variation of sand and clay across the
landscape, respectively. Furthermore, from Fig. 4.6, it can be seen that smaller particles, mainly
clays and silts, are transported further relative to larger, heavier particles, like sand into the central
area of wetland catchments that are selectively eroded during surface runoff and erosive wind
events. This mainly reflects that finer particles are less prone to deposition in the riparian area and
may remain suspended in runoff and pass straight through riparian zones with little retention

(Owens et al., 2007).
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Fig. 4. 6. Average particle size composition of collected soil and sediment samples from different toposequence
positions on three transects within one wetland catchment (WetlandA) in Broughton’s Creek watershed, Manitoba.
Particle size composition is represented by the clay (<0.002 mm), silt (0.002-0.063 mm) and sand (0.063—2 mm)

content of collected samples.

The Kruskal-Wallis test revealed that all colour coefficients were significantly different between

the two areas (eroded and accumulation), except for CIE xyZ colour space value x and the CIE
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L*a*b* colour space value a*. Furthermore, the LCDA results demonstrate that samples collected
in the upland area of wetland catchments at three various toposequence positions (e.g., upper,
middle and lower slope positions) were similar, as shown by the close grouping in Fig. 4.7, but
were separated from sediments collected at the riparian areas and the central area of wetlands. This
significant difference between cultivated upland and wetland environment could be attributed to
the upland’s soil organic matter depletion and enrichment of soil organic matter in the
accumulation zone, which is likely a result of soil and associated constituents (e.g., nutrients) flux
via dominant soil erosion process, tillage and water erosion, and production of biomass within
wetland environments. Additionally, tillage practices create a more oxidative environment, which
accelerates decomposition of crop residue and soil organic matter (Doran, 1980). In general, as
organic matter content increases, soil reflectance decreases throughout the entire visible, near-

infrared and shortwave-infrared range (VNIR-SWIR) (Baumgardner et al., 1985).
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Fig. 4. 7. Colour coefficients properties of soil and sediment collected (~20-cm depth) at different toposequence
positions (U1; upper slope position, U2; middle slope position, U3; lower slope position, R; riparian areas, W; water
body (central area)) in the studied agricultural catchments. Points are the average across studied wetland catchments.
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As can be seen from Fig. 4.8, samples collected from different toposequence positions of one
wetland catchment in Manitoba (WetlandA) were characterized by colour attributes of hue,
saturation and value, which was used to aid in distinguishing between the eroded and accumulated
zones. Therefore, according to the depth distribution of HSV colour attributes, it seems reasonable
that organic matter contents of collected cores decreased with depth. Overall, it could be argued
that soil/sediment colour can be, at least in part, determined by soil organic matter and primary
soil particles (i.e., clay and silt). It is worth mentioning that soil colour might not be a good
indicator of stability of soil structure. These findings are consistent with that of Fu et al. (2020),
who documented that the darker color of soil was highly correlated to the amount of organic matter,
which consequently exhibited lower reflectance. Depth characterization of HSV colour attributes
associated with the other wetland catchments are presented in the Appendix B-B12 to -B18.
Hexadecimal colour codes were used to visualize the colour composition of each layer of soil and

sediment cores within wetland catchments (Appendix B-B19 to -B26).
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Fig. 4. 8. Depth characterization of HSV colour attributes of hue (e.g., colour itself), saturation (e.g., colour
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brilliance) and value (e.qg., lightness/darkness) for different toposequence position within one wetland catchment
(WetlandA) in Broughton’s Creek, Manitoba. HSV colour attributes have been used for quantitative descriptions of
soil colour.

4.4.3. Uncertainties associated with the soil erosion models

Every erosion model has limitations, which can cause a level of uncertainty in the accuracy of the

predicted results. Uncertainty and variability associated with RUSLE2 and SWEEP are a product
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of error propagated through the model from input data, in the form of real parameters, boundary
conditions and effective parameters, but also from model structural errors (Kinnel, 2017). The
most important of those are the uncertainties caused by inaccuracy of input data including the
weather data, soil, management (e.g., tillage practices, surface conditions, crop rotation), and
topographic data, which can contribute errors to the models’ predictions (Li et al., 2007b).
Increasing model’s complexity can also lead to increased model uncertainty due to not examined
equations, interactions among variables, numerous input parameters, and non-availability of
accurate datasets (Brazier et al., 2000; Nearing and Hairsine, 2010). The errors deriving from more
input parameters in the models often outweigh the potential improvement in prediction.
Additionally, in contrast to RUSLE?2, the current version of SWEEP could not account for the
effects of topography (Zhang et al., 2017), which can contribute high uncertainties in predicted
wind erosion rates in topographically complex landscapes of PPR. Despite high degrees of
uncertainty and variability, water erosion models are deemed as being useful for identifying water
erosion patterns in North American PPR (Li et al., 2007b; Kinnel, 2017).

Compared to water erosion and wind erosion models, the tillage erosion model is a relatively
simple model (Li et al., 2007b). The estimated tillage erosion rates by TillEM are mainly affected
by the values of slope curvature (¢) and slope gradient (8), since these parameters vary across the
landscapes, which impacts the magnitude of the estimated tillage erosion rates. Lobb et al. (1999)
reported that predicted tillage erosion rate is likely to be more sensitive to slope gradient.
Furthermore, research performed by Li et al. (2007b) reported low uncertainties associated with
TIlIEM estimated tillage erosion rates and indicated that pattern of estimated tillage erosion was

not sensitive to slope curvature and gradient.
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4.4.5. Discrepancies between the model-predicted and ¥’Cs-estimated soil erosion

One of the main reasons for high modelling uncertainty is that soil erosion measurements contain
a considerable amount of uncertainty (e.g., each measurement technique constrained by either
spatial scale, accuracy, or repeatability of measurements) (Alewell et al., 2019). Therefore, this
uncertainty can lead to unavoidable discrepancies between soil loss rates derived from ¥'Cs
inventories and those from soil erosion models (e.g., TIIEM, RUSLE2 and SWEEP). The large
discrepancy between the models (i.e., TIlEM, RUSLE2 and SWEEP) and *3'Cs estimates can be
attributed to differences in spatial and temporal resolution of methods and possible influence of
individual extreme events on results yielded by the 3’Cs method as well as systematic errors in
the models (Belyaev et al., 2009). For example, the *’Cs technique estimated a greater soil
accumulation at the lower slope position in comparison to the predictions by soil erosion models.
There are a number of possible reasons to explain these discrepancies. The first is that the tillage
erosion could be underestimated using the parameters obtained from Li et al. (2007a) because more
intensive tillage operations might have been used at the studied wetland catchments. For instance,
speed of tillage, greater depth, larger equipment, and more tillage passes were often used before
the 1990s, which could have increased tillage erosion and the soil movement, compared to that
predicted by the models (Tiessen et al., 2009). Second, the discrepancies for RUSLE2-based
predictions arise from the temporal and spatial resolutions of the rainfall data, differences in
hydrologic processes and simplifications in vegetation and soil erodibility. An instance of this is
the utilization of climate and soil databases from different counties in this study, which aimed to
resemble the topographic, climatic, and agricultural land conditions of the studied catchments
within the Canadian PPR. Furthermore, RUSLE2 does not estimate erosion by snowmelt in late

winter and early spring, which could be the most important water erosion event in areas where
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snow covers the soil for most of the winter months (USDA-ARS, 2008). Third, previous studies
(e.g., Feng and Sharratt 2009; Zhang et al., 2017) reported that SWEEP tended to underestimate
the observed wind erosion rates, due to: (i) an overestimation of the threshold friction velocity,
and (ii) the needed model inputs were not measured, so average parameter values for the specific
soils were substituted for these inputs. Another possible reason for differences is that discrepancies
often exist between the erosion rates estimated using the different conversion models for a given
set of 13’Cs data (Porto et al., 2003; Li et al., 2010). In this study, the linear model (i.e., PM) was
used to convert the ¥'Cs inventory values into soil loss and accumulation rates. It has been
documented that discrepancy due to different conversion models is larger in the situations of higher

137Cs losses (Li, 2021).

4.5. Conclusions

Information concerning agricultural catchment soil and sediment dynamics is important for
understanding the mobilization and transfer of soil and soil-associated constituents. Therefore, to
strengthen field-based erosion assessments, the spatial patterns of soil erosion predicted by three
erosion models (TillEM, RUSLE2 and SWEEP) were complemented with the pattern of erosion
estimated using *’Cs, which allowed a spatial interpretation of the soil redistribution in the
wetland catchments. Overall, the spatial patterns of tillage- and water-induced erosion are
fundamentally different across hummocky landscapes. On the knoll of these landscapes, tillage-
induced erosion dominates the pattern of total soil erosion, and the impacts of wind- and water-
induced erosion are minor. Although close agreement between model-predicted and 3'Cs-
estimated spatial patterns of soil erosion will afford some degree of validation, it will not provide
conclusive confirmation of the validity of the magnitude of soil redistribution within the catchment

predicted by the models. The results also showed greater uncertainties with water erosion
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(RUSLE2) and wind erosion (SWEEP) models than Tillage erosion (TillEM) model. Despite the
complexity of the studied catchments, the results indicated that tillage- and water-induced soil
erosion were considered to be a major factor for the spatial variation of soil properties within the
landscapes. Besides, soil and sediment colour measurements, and close correlation between HSV
colour attributes and primary soil particles (i.e., clay and silt) confirmed soil organic matter
enrichment in the accumulation areas of the wetland catchments. Furthermore, the complexity of
soil redistribution pattern is greatly affected by tillage, which consequently can influence soil
organic matter dynamics in the topographically complex landscape. Therefore, implementing
effective soil conservation measures should be considered to minimize the effects of tillage erosion

in this region.
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5.1. Context of thesis research

In the Canadian Prairie provinces, there have been concerns among agronomists and producers
that soil erosion, specifically wind erosion is a serious form of soil degradation and consequently
a threat to the sustainability of agriculture across these provinces. The Red River Valley and Prairie
Pothole regions of Canada are an ideal study area for assessing soil erosion potential due to their
historical susceptibility to wind, water, and tillage erosion. This Ph.D. study was undertaken in the
framework of the research project “Soil erosion and fluxes of sediment within landscapes of the
Canadian Prairies”. The project was set up to understand the link between farming activities and
soil erosion rates and patterns within the Canadian Prairie Pothole Region during the last several
decades using a joint field- and model- based soil erosion assessment, providing a basis for
policymakers to apply suitable measures to combat land degradation in these areas. The field
measurement of total past soil erosion since the early 1960s was conducted using the ¥’Cs
technique, while tillage, water and wind erosion predictions were performed to discriminate the
contributions on wind, water and tillage erosion processes using accepted soil erosion models (i.e.,
TillEM, RUSLE2 and SWEEP) that were validated by comparison to the total soil erosion
estimates. In addition, soil/sediment properties were analyzed to discriminate the contributions of
individual erosion processes. This research demonstrated the importance of using an integrated
budget of soil erosion using landscape-scale transect sampling data. This study also allowed us to
demonstrate that erosion models capture the relative spatial variability of soil loss and

accumulation for topographically complex landscape.
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5.2. Major Findings

5.2.1. Assessment of the impacts of farming practices on wind erosion
This work focused on assessing the potential impacts of land rolling on plant growth,
soil/sediment properties, and the risk of wind erosion during soybean production in the Red
River Valley. This study is the first one to examine the impact of the practice of land rolling
on wind erosion risk for the agricultural region of Red River Valley. Additionally, soil surface
roughness changes affected by land rolling were measured using a terrestrial laser scanner.
Passive uni-directional wind erosion sediment samplers were developed and fabricated in this
study to assess the movement of wind-transported sediment in rolled and non-rolled fields.
One of the most surprising aspects of this study was that although land rolling smoothed the
soil surface roughness, the increased risk of wind erosion was unlikely to translate into a
measurable increase in soil loss or to decrease in crop yield. Our results also demonstrated that
field surveys following soybean harvest and land rolling, after wind events revealed very little
evidence of sediment blowing off the fields. Another important finding of this study was the
difference in sediment properties (*3'Cs, organic matter, particle size distribution, and colour)
collected by wind-transported sediment samplers at two heights (5 cm and 20 cm) above the
ground, which confirmed the acceptable efficiency of the wind-transported sediment samplers.
This study has provided a proof of concept for the design and use of the passive wind erosion
samplers.
5.2.2. Assessment of total soil loss and accumulation rates using *3’Cs

This was the first comprehensive study to measure total soil erosion rates using *3’Cs within
wetland catchments located in the Canadian Prairie Pothole Region. Mass balance budgets of

soil loss and accumulation were constructed using landscape-scale transect sampling data.
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Throughout each transect from uphill to downhill, four landform positions, including upper
slope, middle slope, lower slope and foot slope (i.e., riparian area and water body) were
investigated.

One of the important contributions of this study was the establishment of an ideal reference
site for estimating *’Cs reference level in Manitoba. The use of *’Cs along with the
characterization of terrain attributes allowed us to identify erosional patterns for each study
sites. The results of this study demonstrated that a consistent pattern in *’Cs profile from the
upslope positions in most of fields were characterized by 3'Cs inventories lower than profiles
located in the mid and downslope positions of the fields. This pattern provides strong evidence
of soil redistribution within field. This pattern of inventories is also reflected in differences in
the activity-depth distributions with lower maximum depth of elevated **’Cs activity in the
eroding zones and elevated **’Cs activity at greater depths in the downslope cores.

The results of 3’Cs analysis confirmed a high rate of soil loss in the upper slope and middle
slope positions, and a high rate of deposition in lower slope and foot slope positions of wetland
landscapes. The budgets obtained allowed for the first quantitative estimation of the potential
flux of sediments to the wetland ecosystem (i.e., riparian area and water body). The areal
average of transect data provided a sediment delivery ratio estimates of 57% for Manitoba and
35% for Alberta. Therefore, a bit more than 40% and 65% of mobilized sediment and
associated constituents (e.g., carbon) by erosion processes was deposited along the slopes
before reaching the wetland ecosystems in Manitoba and Alberta, respectively.

A significant proportion of sediment along the slopes was trapped along the hillslopes (i.e.,
riparian area) and not all the soil and associated constituents transported reached directly to the

central area of the wetland. The riparian area acts as a transitional zone between cultivated land
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and the central area of the wetland created hydrological disconnection reducing runoff and
sediment supply into wetland ecosystems. The 13/Cs tracer results also provide strong support
for the suitability of this approach for tracing and studying soil redistribution in this
environment. The integrated approach employed provides a useful basis for estimating and
improving our understanding of mobilization, transport, and storage of soil and sediment in
the landscape. This study provided valuable insight on erosion severity for the management of

natural and Prairie agricultural environments.

5.2.3. Improved understanding of soil erosion processes

This study focused on estimating and modelling the relative contributions of tillage, water and
wind erosion in the Canadian Prairie province of Manitoba and Alberta using the **'Cs
technique and three established models: (i) the Tillage Erosion Model (TillEM); (ii) the
Revised Universal Soil Loss Equation, version 2 (RUSLE?2); and (iii) the Single-event Wind
Erosion Evaluation Program (SWEEP).

This study characterized spatial patterns of soil erosion severity at a local scale for a given
landscape elements. In topographically complex landscapes, the pattern of *Cs variation
within cultivated fields is consistent with the influence of both tillage and water erosion within
the wetland catchments. The results demonstrated that tillage erosion dominated the pattern of
total soil erosion on the upper slope position of hummocky landscapes. We believe that a
reduction in both tillage- and water-induced erosion is necessary to slow and eventually reverse
soil degradation of tilled hillslopes in the Canadian Prairie Pothole Region. Furthermore,
soil/sediment properties (e.g., colour and particle size distribution) analyses provided useful
results for discriminating sources of soil erosion by tillage, water and wind. Particle size

analysis confirmed that tillage erosion is a dominant soil redistribution process in cultivated
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landscapes. Furthermore, soil/sediment colour properties were useful in discriminating
between source (i.e., cultivated field) and sink (i.e., wetland environment) within wetland
catchments.

While the use of *’Cs for soil erosion estimations is a valuable tool, it mainly depends on
accurate and comprehensive historical data on land use, cropping patterns, and tillage practices.
The limitations in available data and the potential variability in these practices over time can
introduce uncertainties into the estimated rates. Integrating *’Cs and 2°Pb data can help
mitigate these limitations and provide a more accurate understanding of soil loss and

sedimentation dynamics within wetland catchments.

5.3. Implications

The broader goal that this study sought to address was the understanding of soil physical
degradation processes (i.e., soil erosion) to ensure sustainable land use and environmental
preservation. Soil erosion, the process of soil redistribution by various erosive agents (e.g., wind,
water, and tillage), poses significant challenges to agricultural productivity, water quality,
ecosystem and human health, overall land sustainability, and economic stability. Our study in the
Canadian PPR worked toward this goal by quantifying soil loss and sedimentation rates,
identifying patterns of soil erosion, and assessing potential impacts on land productivity.

This study aimed to quantify the rates of soil loss and sedimentation within the PPR of Canada due
to the unique characteristics of this ecosystem. This study can assist researchers and land managers
to understand the extent of the problem of soil erosion and its potential impacts on the landscape.
Additionally, identifying the patterns of soil erosion across wetland landscapes is crucial
information for targeted mitigation strategies. Furthermore, the outcome of this thesis can inform

the development of effective soil conservation and erosion control strategies. These strategies
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could involve altering land management practices, implementing erosion-resistant farming
techniques (e.g., equipment selection, and reduced tillage speed and depth), and establishing
required buffer zones. Moreover, this research has the potential to enhance stakeholders’ education
by raising awareness among farmers, landowners, policymakers, and the general public, about the
importance of preventing soil erosion and adopting sustainable land management practices.
Therefore, through evidence-based recommendations, this study can encourage the adoption of
sustainable land management practices that minimize erosion within the study area, while
supporting agricultural productivity and ecological balance. The implications of this study extend
beyond scientific research, influencing conservation efforts, land management practices, and
policy decisions to ensure the long-term health of soil as an important natural resource in this

ecologically significant region.

5.4. Suggested field- and laboratory- based method improvements

From the experience gained while evaluating soil erosion within Prairie Pothole region, several
areas for potential improvement were noted.

1. Development and fabrication of passive uni-directional wind erosion samplers for
quantifying wind-eroded sediment transport in soybean production is the unique novelty
of this study, which was designed to improve sediment collection efficiency. These wind-
blown sediment samplers are affordable and can be easily fabricated on site to quantify
wind-eroded sediment transport mass during erosive wind events over growing season.
Samplers can be operated and maintained by farmers, agronomists, or community
volunteers.

2. Consolidated sample collection from the aquatic portion of wetland ecosystem was a

challenge in this study. Therefore, a portable and lightweight gas-powered Vibracoring unit
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(WINK Vibracore Drill Ltd., Vancouver, BC, Canada, at the Department of Geological
Sciences, University of Manitoba, Winnipeg, Canada) and a handheld SDI Vibecore Mini
unit (Specialty Devices Inc., Wylie, TX, USA, at the Landscape Dynamics Laboratory,
University of Manitoba, Winnipeg, Canada) were used for sampling from this
environment. An inflatable pontoon boat was used for sampling from the central area of
wetland ecosystem (i.e., water body).

3. Undisturbed sample extrusion was another issue raised during sample collection, which
was addressed by developing a new method for core extrusion. The collected cores were
transported vertically (to avoid disturbing of sediment layers) to the laboratory and stored
in a walk-in freezer at -20° C. The frozen cores’ tubes were split lengthwise with a table
saw; then, the cores were sectioned, while still frozen using a band-saw equipped with a
diamond blade. Due to presence of stones in core material, regular blades did not work
properly; therefore, a diamond blade was used that cut easily through different materials

(e.g., stones) without causing disturbance to the cores.

5.5. Recommendation and further research direction

Although this thesis has provided appreciable observations and results, there are a number of key
areas that were identified as being in need of further research.

1. While the new wind-eroded sediment collector that was developed for quantification of
sediment transport by wind (at the Landscape Dynamics Laboratory, University of
Manitoba, Winnipeg, Canada) has proved to be feasible in sediment collection in soybean
production, further investigation is needed to examine this collector under different
cropping systems and treatments. The collection efficiency of samplers should also be

investigated under controlled condition (i.e., wind tunnel experiments), and compared with
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commonly used wind-blown sediment collectors (e.g., BSNE and MWAC). It is worth
mentioning that the developed wind-eroded sediment collector has since been used by
researchers at the Agriculture and Agri-Food Canada’s wind erosion study site (e.g.,
Carbery, Manitoba) and by potato producers as well.

According to the results of this study, there is good evidence for the applicability of using
the *’Cs technique for assessing soil loss and accumulation in the study region. Therefore,
the accuracy of the estimation of soil erosion rates can be improved by additional studies
in order to obtain reliable local values of **’Cs reference inventories in different parts of
the Canadian Prairie Pothole Region.

The amount of particulate and dissolved forms of carbon, nitrogen and phosphorus within
wetlands and their surrounding riparian areas are the products of atmospheric deposition
(i.e., wind erosion) and terrestrial transport (i.e., tillage and water erosion) from
surrounding upland areas. Therefore, there is a clear need to study landscape-scale nutrients
fluxes within wetland catchments to gain insights into the relationship among soil erosion
processes, soil nutrients dynamics and soil quality, and to explore the relative importance
of erosion processes on fluxes of soil and associated constituents. Such work could
incorporate the transect data obtained in this study. Furthermore, estimating carbon
sequestration potential within the central area of wetlands (i.e., water body) is dealt with in
another complementary study; however, the carbon sequestration assessment should be
expanded to riparian areas, which was presented as a hotspot for sediment accumulation
containing two sources of carbon (i.e., input from cultivate field and biomass production
in the riparian area). Thereby, the relative contribution of the two sources to this carbon

sink can be explored in wetlands.
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4. With the remarkable increase in potato production area during the past decade over the
Prairie provinces and the greater risk of tillage erosion during the production of potatoes
compared to the other major cropping systems, it seems reasonable to expand soil erosion
assessments using 3’Cs to potato production in this region. Therefore, additional studies
are required to investigate how soil redistribution by erosion processes impact soil
properties and crop yield in potato production in complex hilly landscapes of the Prairie
Pothole Region.

5. The combined effect of tillage, water and wind erosion substantially contribute to total
erosion rates in most agricultural landscapes of the Prairie provinces. However, the impact
of these three processes is generally assess separately. Therefore, further research should
also be performed to develop integrated tillage-water-wind erosion modelling approach for
agricultural landscapes of the Canadian Prairie Pothole Region in order to estimate total
soil erosion and assess the overall effects of soil erosion processes on soil properties and
crop productivity in topographically complex landscapes. The integrated soil erosion
modelling approach to estimate the impacts of tillage, water and wind erosion in
agricultural landscapes can provide critical information for land managers and policy-
makers since wind and water erosion is more likely to increase in the face of climate
change. However, tillage erosion models are more universal because the erosive agent is
not related to climate in comparison to wind and water erosion models. Therefore, fully
integrated corrective measures are required for soil conservation.

6. Model-predicted soil loss and sedimentation magnitudes highly depend on how the erosion
controlling factors and boundary conditions is defined in the models; therefore, spatial

validation of modelled outputs still require further assessment. For example, remote
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sensing technologies (i.e., satellite sensors, Airborne Laser Scanning (ALS) and Terrestrial
Laser Scanning (TLS)) are developing rapidly, and so are their spatial and temporal
resolutions. These high-resolution cameras can produce very high-resolution (< lcm)
Digital Surface Models (DSMs). These very high-resolution DSM could also be employed
to estimate changes in surface conditions following agricultural practices (e.g., land
rolling). These estimates could also be correlated to predictions and contribute to the

validation of erosion patterns at local and regional scales.

. The impact of sediment accumulation on wetland functions, particularly within sediment-
rich riparian areas, in agriculturally-dominated ecosystem has been inadequately studied.
This research gap is notable, given the substantial accumulation of sediment due to the
combined actions tillage and water erosion. The cumulative effects of these processes make
it necessary to investigate the complex interactions between sediment deposition and the
functions of these ecosystems including disrupting ecosystem resilience and balance (e.g.,

reduced biodiversity, species extinctions, and economic and social impacts).
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Appendix A

Supplementary materials for Chapter 3
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Al. Depth distribution of **’Cs and their variation according to toposequence positions on three
transects within one wetland catchment (Wetland A) embedded in cultivated land in Manitoba.
The points are showing analyzed depth of each core.
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A2. Depth distribution of **’Cs and their variation according to toposequence positions on three
transects within one wetland catchment (Wetland J) embedded in cultivated land in Manitoba.
The points are showing analyzed depth of each core.
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A3. Depth distribution of *¥’Cs and their variation according to toposequence positions on three
transects within one wetland catchment (Wetland X) embedded in cultivated land in Manitoba.
The points are showing analyzed depth of each core.
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A4. Depth distribution of *¥’Cs and their variation according to toposequence positions on three
transects within one wetland catchment (Wetland E) embedded in native prairie in Manitoba.
The points are showing analyzed depth of each core.
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A5. Depth distribution of $*’Cs and their variation according to toposequence positions on three
transects within one wetland catchment (Wetland INT1) embedded in cultivated land in Alberta.
The points are showing analyzed depth of each core.
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AG6. Depth distribution of $*’Cs and their variation according to toposequence positions on three

transects within one wetland catchment (Wetland MCN1) embedded in cultivated land in
Alberta. The points are showing analyzed depth of each core.
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A7. Depth distribution of $*’Cs and their variation according to toposequence positions on three
transects within one wetland catchment (Wetland OZM1) embedded in cultivated land in
Alberta. The points are showing analyzed depth of each core.



A8. Point soil loss and deposition rates within the individual wetland catchments using **’Cs

reference value estimated from individual local stable sites.
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Province Toposequence 187Cs 187Cs loss or gain  Soil loss (+) or deposition  Sedimentation
position inventory (% of reference (-) (kg m2yr?) rate (kg m2 yr?)
(Bq m—Z) 137CS)

Individual reference sites

MB Flat landscape 1430
AB Flat landscape 1684
Wetland A (Cultivated catchment)

MB Upper Slope 663
MB Middle Slope 819
MB Lower Slope 1289
MB Outer Riparian 1826
MB Inner Riparian 926
MB Inner Wetland 1060
Wetland J (Cultivated catchment)

MB Upper Slope 233
MB Middle Slope 1802
MB Lower Slope 4732
MB Outer Riparian 2990
MB Inner Riparian 1992
MB Inner Wetland 794
Wetland K (Cultivated catchment)

MB Upper Slope 901
MB Middle Slope 1067
MB Lower Slope 2605
MB Outer Riparian 2338
MB Inner Riparian 1901
MB Inner Wetland 609
Wetland X (Cultivated catchment)

MB Upper Slope 478
MB Middle Slope 532
MB Lower Slope 1345
MB Outer Riparian 3971
MB Inner Wetland 2626
Wetland E (Native prairie)

MB Upper Slope 1580
MB Middle Slope 2116
MB Lower Slope 426
MB Inner Riparian 1011
MB Inner Wetland 575
Wetland OZM1 (Cultivated
catchment)

AB Upper Slope 757
AB Middle Slope 1013
AB Lower Slope 1782
AB Outer Riparian 1641
AB Middle Riparian 1798
AB Inner Riparian 1621
AB Outer Wetland 1864
AB Middle Wetland 1170

46.3
57.3
90.1
127.7
64.8
74.1

16.3
126.0
330.9
209.1
139.3

55.6

63.0
74.6
182.2
163.5
132.9
42.6

33.4
37.2
94.1
277.7
183.6

110.5
148.0
29.8
70.7
40.2

45.1
60.3
106.1
97.7
107.0
96.5
110.9
69.6

Power Power  Linear
model® model>  model
2.2 - 2.1
15 - 1.7
0.3 - 0.4
-1.0 - -1.1
1.2 - 1.4
0.8 - 1.0
5.4 - 3.3
-1.7 - -1.0
-14.8 - 9.1
-7.0 - -4.3
-2.5 - -1.5
1.6 - 1.7
1.3 - 15
0.8 - 1.0
-2.7 - -3.2
-2.1 - -2.5
-1.1 - -1.3
2.4 - 2.3
3.1 - 2.6
2.8 - 2.5
0.2 - 0.2
-7.9 - -7.0
-3.7 - -3.3
- n.d n.d
- n.d n.d
- 1.4 2.8
- 2.1 1.2
- 5.6 2.4
2.0 - 1.9
1.3 - 1.4
-0.2 - -0.2
0.1 - 0.1
-0.2 - -0.2
0.1 - 0.1
-0.4 - -0.4
0.9 - 1.0

0.4
1.9
1.3
1.7

5.6
2.4
1.6
0.5

1.6
15
1.3
0.5

1.1
3.4
1.2

11
0.8

0.3
1.0

1.2
0.3
3.6
2.5
11
1.2
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Province Toposequence 187Cs 187Cs loss or gain  Soil loss (+) or deposition ~ Sedimentation
position inventory (% of reference (-) (kg m2yr? rate (kg m2 yr?)
(Bq m-Z) 137CS)

Power  Power Linear
model® model?  model

AB Inner Wetland 1247 74.2 0.7 - 0.9 1.6
Wetland MCN1 (Cultivated

catchment)

AB Upper Slope 1090 64.9 11 - 1.2 -

AB Middle Slope 1420 84.5 0.4 - 0.5 -

AB Lower Slope 2441 145.3 -1.3 - -15 1.3
AB Outer Riparian 2265 134.8 -1.0 - -1.2 3.2
AB Middle Riparian 1683 100.2 0.0 - 0.0 2.7
AB Inner Riparian 1942 115.6 -0.4 - -0.5 1.1
AB Outer Wetland 942 56.1 1.4 - 15 0.7
AB Middle Wetland 979 58.3 13 - 1.4 1.2
AB Inner Wetland 1554 92.5 0.2 - 0.3 1.5
Wetland INT1 (Cultivated catchment)

AB Upper Slope 972 57.9 14 - 1.6 -

AB Middle Slope 1023 60.9 1.2 - 15 -

AB Lower Slope 1464 87.2 0.3 - 0.5 1.7
AB Outer Riparian 1588 94.5 0.2 - 0.2 2.8
AB Middle Riparian 899 53.5 1.6 - 1.8 2.2
AB Inner Riparian 954 56.8 14 - 1.6 0.2
AB Outer Wetland 1188 70.7 0.9 - 1.1 2.0
AB Middle Wetland 590 35.1 2.7 - 2.4 15
AB Inner Wetland 1154 68.7 0.9 - 1.2 2.3

Power model: Mass Balance Model (MBM2) was used for wetland embedded within agricultural landscape.
2Power model: Profile Distribution Model was used for one wetland embedded in native prairie landscape.
Linear model: Proportional Model was used for wetlands embedded in agricultural and native prairie landscapes.
n.d.: not determined by developed excel add-in software.
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A9. Point soil loss and deposition rates within the individual wetland catchments using
catchment-level *3'Cs reference value.

Province  Toposequence
position

137CS
inventory
(Bqm?)

137Cs loss or gain
(% of reference

137Cs)

Soil loss (+) or deposition
() (kg m?yr?)

Sedimentation
rate (kg m2 yr?)

Wetland A (Cultivated catchment)

Catchment-level ref. *¥Cs 944
MB Upper Slope 663
MB Middle Slope 819
MB Lower Slope 1289
MB Outer Riparian 1826
MB Inner Riparian 926
MB Inner Wetland 1060

Wetland J (Cultivated catchment)

Catchment-level ref. *¥Cs 1898
MB Upper Slope 233
MB Middle Slope 1802
MB Lower Slope 4732
MB Outer Riparian 2990
MB Inner Riparian 1992
MB Inner Wetland 794

Wetland K (Cultivated catchment)

Catchment-level ref. *¥Cs 1314
MB Upper Slope 901
MB Middle Slope 1067
MB Lower Slope 2605
MB Outer Riparian 2338
MB Inner Riparian 1901
MB Inner Wetland 609

Wetland X (Cultivated catchment)

Catchment-level ref. *¥Cs 936
MB Upper Slope 478
MB Middle Slope 532
MB Lower Slope 1345
MB Outer Riparian 3971
MB Inner Wetland 2626
Wetland E (Native prairie)
Catchment-level ref. *¥Cs 1460
MB Upper Slope 1580
MB Middle Slope 2116
MB Lower Slope 426
MB Inner Riparian 1011
MB Inner Wetland 575
Wetland OZM1 (Cultivated
catchment)

Catchment-level ref. *¥Cs 1100
AB Upper Slope 757
AB Middle Slope 1013
AB Lower Slope 1782
AB Outer Riparian 1641
AB Middle Riparian 1798
AB Inner Riparian 1621

70.6
87.2
137.3
194.5
924
109.4

12.3
95.1
249.7
157.8
98.4
40.7

68.6
81.3
198.4
178.1
1355
45.1

51.3
57.2
144.5
426.6
275.8

109.0
145.9
29.4
65.2
38.4

68.8
921
162.0
149.2
163.4
147.4

Power Power  Linear
model® model>  model
1.0 - 1.2
0.4 - 0.5
-1.1 - -1.4
-2.9 - -3.7
0.1 - 0.1
-0.4 - -0.5
6.3 - 3.5
0.1 - 0.2
-10.4 - -5.9
-4.0 - -2.3
-0.3 - 0.2
2.4 - 2.3
1.0 - 1.2
0.6 - 0.7
-3.1 - -3.9
-2.5 - -3.1
-1.4 - -1.8
2.2 - 2.1
1.9 - 1.9
1.6 - 1.7
-1.6 - -1.7
-11.9 - -12.8
-6.7 - -7.1
- n.d n.d
- n.d nd
- 7.5 2.8
- 2.2 1.2
- 5.7 2.4
0.9 - 1.1
0.2 - 0.3
-1.8 - 2.1
-1.4 - -1.7
-1.8 - -2.2
-1.3 - -1.6

0.4
1.9
1.3
1.7

5.6
2.4
1.6
0.5

1.6
15
1.3
0.5

11
3.4
1.2

11
0.8

0.3
1.0

1.2
0.3
3.6
2.5
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137Cs loss or gain Soil loss (+) or deposition Sedimentation
(-) (kg m2yr?) rate (kg m2 yr?)

Province  Toposequence 1¥7Cs
position inventory (% of reference
(Bq m-2) 137C5)

Power Power Linear
model® model?  model

AB Outer Wetland 1864 169.4 -2.0 - -2.4 11
AB Middle Wetland 1170 106.4 -0.2 - -0.2 1.2
AB Inner Wetland 1247 1134 -0.4 - -0.5 1.6
Wetland MCN1 (Cultivated

catchment)

Catchment-level ref. *¥Cs 1477

AB Upper Slope 1090 73.8 0.8 - 0.9 -

AB Middle Slope 1420 96.2 0.1 - 0.1 -

AB Lower Slope 2441 165.3 -1.8 - -2.2 1.3
AB Outer Riparian 2265 153.4 -1.5 - -1.8 3.2
AB Middle Riparian 1683 113.9 -0.4 - -0.5 2.7
AB Inner Riparian 1942 131.5 -0.9 - -1.1 11
AB Outer Wetland 942 63.8 1.1 - 1.2 0.7
AB Middle Wetland 979 66.3 1.0 - 1.2 1.2
AB Inner Wetland 1554 105.2 -0.2 - -0.2 15
Wetland INT1 (Cultivated catchment)

Catchment-level ref. *¥Cs 1086

AB Upper Slope 972 89.5 0.3 - 0.4 -

AB Middle Slope 1023 94.2 0.2 - 0.2 -

AB Lower Slope 1464 134.8 -0.9 - -1.2 1.7
AB Outer Riparian 1588 146.2 -1.2 - -1.6 2.8
AB Middle Riparian 899 82.8 0.5 - 0.6 2.2
AB Inner Riparian 954 87.8 0.3 - 0.4 0.2
AB Outer Wetland 1188 109.4 -0.2 - -0.3 2.0
AB Middle Wetland 590 54.4 15 - 1.6 15
AB Inner Wetland 1154 106.2 -0.2 - -0.2 2.3

'Power model: Mass Balance Model (MBM2) was used for wetland embedded within agricultural landscape.
2Power model: Profile Distribution Model was used for wetlands embedded in native prairie.
3Linear model: Proportional Model was used for wetlands embedded in agricultural and native prairie landscapes.

“Sedimentation rate was calculated using the peak of 37Cs activity.
n.d.: not determined by developed excel add-in software.



235

A10. Sediment budget based on **’Cs transect data set at studied individual wetland catchments

in Manitoba

Studied Catchments in Manitoba

Sediment budget

Wetland A Wetland J Wetland K Wetland X
Total area of cultivated field (m?) 25075 24425 24850 6375
Eroded area within cultivated field (m?) 22650 20975 21375 5625
Deposition area within cultivated field (m?) 2425 3450 3475 750
Mean erosion® (kg m2yr?) 0.71 0.98 0.92 1.76
Mean deposition® (kg m2 yr1) -1.44 -5.88 -3.87 -1.72
Gross erosion? (kg m2yr?) 0.64 0.84 0.80 1.56
Gross deposition? (kg m2 yr?) -0.14 -0.83 -0.54 -0.20
Net erosion® (kg m2 yr?) 0.50 0.01 0.25 1.35
Sediment delivery ratio* (%) 78.0 1.0 32.0 87.0
Total soil exported from cultivated (kg yr?) 12,656 269 6,322 8,625

!Mean erosion/deposition rate is equal to the total erosion/deposition divided by the eroded/deposition area of the

cultivated field.

2The gross erosion/deposition rate is equal to the total erosion divided by the total area of cultivated field.

3The net erosion rate is the rate of soil export from the sampled area, and is equal to the gross erosion rate minus the
gross deposition rate within cultivated field (gross erosion - gross sedimentation).
4The sediment delivery ratio is equal to the net erosion rate divided by gross erosion rate.
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Table A11. Sediment budget based on '3’Cs transect data set at studied individual wetland

catchments in Alberta

Studied Catchments in Alberta

Sediment budget

Wetland OZM1 Wetland MCN1 Wetland INT1
Total area of cultivated field (m?) 19120 43525 35375
Eroded area within cultivated field (m?) 17150 40200 30150
Deposition area within cultivated field (m?) 1970 3325 5225
Mean erosion® (kg m2yr?) 0.50 0.34 0.23
Mean deposition® (kg m2 yr1) -2.11 -2.22 -1.18
Gross erosion? (kg m2yr?) 0.45 0.32 0.20
Gross deposition? (kg m2 yr?) -0.22 -0.17 -0.17
Net erosion® (kg m2 yr?) 0.23 0.15 0.02
Sediment delivery ratio* (%) 51.0 47.0 12.0
Total soil exported from cultivated (kg yr?) 4,373 6,447 816

!Mean erosion/deposition rate is equal to the total erosion/deposition divided by the eroded/deposition area of the

cultivated field.

2The gross erosion/deposition rate is equal to the total erosion divided by the total area of cultivated field.

3The net erosion rate is the rate of soil export from the sampled area, and is equal to the gross erosion rate minus the
gross deposition rate within cultivated field (gross erosion - gross sedimentation).

4The sediment delivery ratio is equal to the net erosion rate divided by gross erosion rate.
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Appendix B

Supplementary materials for Chapter 4
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B1. The values of o, p and y coefficients that were adopted from Li et al. (2007a) to model the
magnitude of tillage erosion in the study area.

Coefficients

Translocation a B Y
kgm?tpass! kgm!%?!pass? kgm?(%?!m)pass?

Forward translocation 50.73 1.7 6.4

Lateral translocation 0 0.85 3.2

Lateral translocation (riparian zone) 25.365 0 0
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B2. Management input data representing typical farming practices of the study area (Manitoba and Alberta).

Farming operations

Date (m/d/y)
Moderate tillage practices Intensive tillage practices
9/4/2000 Chisel, sweep shovel Moldboard plow
4/26/2001 Fertilizer application- Surface broadcast Fertilizer application- Deep placement heavy shank
4/26/2001 Cultivator, field 6-12 in sweeps Cultivar, row
4/27/2001 Sprayer, pre-emergence Sprayer, pre-emergence
4/27/2001 Harrow, coiled tine Disk, tandem secondary operation
5/15/2001 Drill or airseeder, double disk opener, with fertilizer openers  Drill, deep furrow
6/25/2001 Sprayer. Post emergence Sprayer. Post emergence
9/10/2001 Harvest, Killing crop (50% standing stubble) Harvest, Killing crop (10% standing stubble)
9/20/2001 Chisel, sweep shovel Moldboard plow
4/24/2002 Fertilizer application. Surface broadcast Fertilizer application. Deep placement heavy shank
4/25/2002 Cultivator, field 6-12 in sweeps Cultivar, row
4/25/2002 Harrow, coiled tine Disk, tandem secondary operation
4/27/2002 Drill or airseeder, double disk opener, with fertilizer openers  Drill, deep furrow, 7 to 10 in spacing
5/8/2002 Sprayer, post emergence Sprayer. Post emergence
6/25/2002 Sprayer, fungicide Sprayer, fungicide
8/27/2002 Harvest, killing crop (60% standing stubble) Harvest, killing crop (10% standing stubble)
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B3. The cumulative days of hourly average wind speed from 1958 to 2021 over the months of April, May and June for Manitoba.

2627 Total

25-26

24-25

23-24

22-23

21-22

20-21

19-20

18-19

Cumulative days of erosive events for various wind speed (m s?)
17-18

14-15 15-16 16-17

13-14
0
5
7
4
7
7
5
3

Year

12
14

10
13
15

15

10

12

1
6
3

1
5
4
2
6
2
3
4

1
3

1
1
3

1
0
0
6

1958
1959
1960
1961

1962

1963
1964
1965
1966
1967

1968
1969
1970

1971

1972

1973

1974
1975

1976

1977

1978

1979

1980
1981
1982
1983
1984
1985
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Cumulative days of erosive events for various wind speed (m s?) Total
15-16 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26  26-27 ot

14-15

13-14

Year

10

3
2
2
2
0
0
4
0
2
0
0

1
1
1
0
0

1
0

1
0
0
0
2
0

1
2

1
4
2
5

1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001

2002
2003
2004
2005
2006
2007
2008
2009
2010
2011

2012

2013

2014

2015
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Cumulative days of erosive events for various wind speed (m s?)

Year o4 1415 1516 1617 1718 1810 1920 2021 2122 2223 2324 2425 2526 2627 '°@
2016 | 2 7 0 1 0 0 0 0 1 0 0 0 0 0 [ 11
2017 | 4 2 1 0 0 0 0 0 0 0 0 0 0 0 7
2018 | 2 1 1 1 0 0 0 0 0 0 0 0 0 0 5
2019 | 6 3 1 0 0 0 0 0 0 0 0 0 0 o | 10
2020 | 4 2 2 0 0 0 0 0 0 0 0 0 0 0 8
2021 | 1 1 0 0 0 0 0 0 0 0 0 0 0 0 2
Total | 147 66 72 16 13 3 3 5 1 3 1 0 0 1 331




243

B4. The cumulative days of hourly average wind speed from 1994 to 2021 over the months of April, May and June for Alberta.

Cumulative days of erosive events for various wind speed (m s-1)
12-13 13-14 14-15 15-16 16-17 17-18 18-19

Year Total

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
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Cumulative days of erosive events for various wind speed (m s-1)
12-13 13-14 14-15 15-16 16-17 17-18 18-19

Year Total

Total | 46 24 8 6 6 1 0o | 9
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B5. Three-dimension Principal Components Analysis biplot of the measured and modelled data.
Field-measured variables (~20-cm depth) including **Cs estimated soil erosion (Ecs), sand, silt

and clay, and model-estimated variables including tillage erosion (ETin), water erosion (Ewat) and
total erosion (Ean, tillage- + water- + wind-erosion). Eigenvalues for the first, second and third

axis are 2.7, 1.6 and 1.0, respectively, which are standardized to 1.0 and the cumulative
percentage variance of each axis is shown in the following bracket. Two-dimension Principal
Components Analysis projection using PC1 and PC2 was shown in red and each vector was
labelled.
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Broughton's Creek Watershed-Manitoba
Wetland-J
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B6. Average particle size composition of collected soil and sediment samples from different
toposequence positions on three transects within one wetland catchment (WetlandJ) in
Broughton’s Creek watershed, Manitoba. Particle size composition is represented by the clay
(<0.002 mm), silt (0.002—0.063 mm) and sand (0.063—2 mm) content of collected samples.
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Broughton's Creek Watershed-Manitoba
Wetland-K
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B7. Average particle size composition of collected soil and sediment samples from different
toposequence positions on three transects within one wetland catchment (WetlandK) in
Broughton’s Creek watershed, Manitoba. Particle size composition is represented by the clay
(<0.002 mm), silt (0.002—0.063 mm) and sand (0.063—2 mm) content of collected samples.
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Broughton's Creek Watershed-Manitoba
Wetland-X
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B8. Average particle size composition of collected soil and sediment samples from different
toposequence positions on three transects within one wetland catchment (WetlandX) in
Broughton’s Creek watershed, Manitoba. Particle size composition is represented by the clay
(<0.002 mm), silt (0.002—0.063 mm) and sand (0.063—2 mm) content of collected samples.
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B9. Average particle size composition of collected soil and sediment samples from different

toposequence positions on three transects within one wetland catchment (WetlandINT1) in
Bigstone Creek watershed, Manitoba. Particle size composition is represented by the clay
(<0.002 mm), silt (0.002—0.063 mm) and sand (0.063—2 mm) content of collected samples.
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B10. Average particle size composition of collected soil and sediment samples from different
toposequence positions on three transects within one wetland catchment (WetlandOZM1) in
Bigstone Creek watershed, Manitoba. Particle size composition is represented by the clay
(<0.002 mm), silt (0.002—0.063 mm) and sand (0.063—2 mm) content of collected samples.
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Bigstone Creek Watershed-Alberta
Wetland-MCN1
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B11. Average particle size composition of collected soil and sediment samples from different
toposequence positions on three transects within one wetland catchment (WetlandMCNL1) in
Bigstone Creek watershed, Manitoba. Particle size composition is represented by the clay
(<0.002 mm), silt (0.002—0.063 mm) and sand (0.063—2 mm) content of collected samples.
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B12. Depth characterization of Munsell colour attributes of hue (e.g., colour itself), saturation
(e.g., colour brilliance) and value (e.g., lightness/darkness) for different toposequence position
within one wetland catchment (WetlandJ) in Broughton’s Creek, Manitoba. Munsell colour
attributes have been used for quantitative descriptions of soil colour.
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B13. Depth characterization of Munsell colour attributes of hue (e.g., colour itself), saturation
(e.g., colour brilliance) and value (e.g., lightness/darkness) for different toposequence position
within one wetland catchment (WetlandK) in Broughton’s Creek, Manitoba. Munsell colour
attributes have been used for quantitative descriptions of soil colour.
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B14. Depth characterization of Munsell colour attributes of hue (e.g., colour itself), saturation
(e.g., colour brilliance) and value (e.g., lightness/darkness) for different toposequence position
within one wetland catchment (WetlandX) in Broughton’s Creek, Manitoba. Munsell colour
attributes have been used for quantitative descriptions of soil colour.
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B15. Depth characterization of Munsell colour attributes of hue (e.g., colour itself), saturation
(e.g., colour brilliance) and value (e.g., lightness/darkness) for different toposequence position
within one wetland catchment (WetlandE- Native Prairie) in Broughton’s Creek, Manitoba.
Munsell colour attributes have been used for quantitative descriptions of soil colour.
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B16. Depth characterization of Munsell colour attributes of hue (e.g., colour itself), saturation
(e.g., colour brilliance) and value (e.g., lightness/darkness) for different toposequence position
within one wetland catchment (WetlandINT1) in Bigstone’s Creek, Alberta. Munsell colour

attributes have been used for quantitative descriptions of soil colour.
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B17. Depth characterization of Munsell colour attributes of hue (e.g., colour itself), saturation
(e.g., colour brilliance) and value (e.g., lightness/darkness) for different toposequence position
within one wetland catchment (WetlandOZM1) in Bigstone’s Creek, Alberta. Munsell colour
attributes have been used for quantitative descriptions of soil colour.
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B18. Depth characterization of Munsell colour attributes of hue (e.g., colour itself), saturation
(e.g., colour brilliance) and value (e.g., lightness/darkness) for different toposequence position
within one wetland catchment (WetlandMCN1) in Bigstone’s Creek, Alberta. Munsell colour
attributes have been used for quantitative descriptions of soil colour.
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B19. Depth characterization of hexadecimal codes using combination of RGB coefficients (i.e.,
Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandA) in Broughton’s Creek, Manitoba. RGB colour space has been used for qualitative
descriptions of soil colour.
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B20. Depth characterization of hexadecimal codes using combination of RGB coefficients (i.e.,
Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandJ) in Broughton’s Creek, Manitoba. RGB colour space has been used for qualitative
descriptions of soil colour.
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B21. Depth characterization of hexadecimal codes using combination of RGB coefficients (i.e.,
Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandK) in Broughton’s Creek, Manitoba. RGB colour space has been used for qualitative
descriptions of soil colour.



262

Transect 2 Transect 3

10

20

30

40

50

60

Depth (cm)

70

80

90

100

110

B22. Depth characterization of hexadecimal codes using combination of RGB coefficients (i.e.,
Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandX) in Broughton’s Creek, Manitoba. RGB colour space has been used for qualitative
descriptions of soil colour.




263

10 4
20 4
30 1
404
50 1
60

704

Depth (cm)

804
90 +
100 +

1104

B23. Depth characterization of hexadecimal codes using combination of RGB coefficients (i.e.,
Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandE- Native Prairie) in Broughton’s Creek, Manitoba. RGB colour space has been used
for qualitative descriptions of soil colour.
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B24. Depth characterization of hexadecimal colour codes using combination of RGB coefficients
(i.e., Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandINT1) in Bigstone’s Creek, Alberta. RGB colour space has been used for qualitative

descriptions of soil colour.
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B25. Depth characterization of hexadecimal colour codes using combination of RGB coefficients
(i.e., Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandOZM1) in Bigstone’s Creek, Alberta. RGB colour space has been used for qualitative
descriptions of soil colour.
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B26. Depth characterization of hexadecimal colour codes using combination of RGB coefficients
(i.e., Red, Green and Blue) for different toposequence position within one wetland catchment
(WetlandMCN1) in Bigstone’s Creek, Alberta. RGB colour space has been used for qualitative
descriptions of soil colour.



