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ABSTRACT

Water erosion creates rills and gullies. These water-eroded channels are focal points for
water, wind, and tillage erosion processes as they can function as pathways for sediment
transport, sources or traps of sediments and topography features that alter the nature of soil
redistribution by tillage. The linkages and interactions of different erosion processes around the
channel area are complex and dynamic, not only during the period when the channel is created
but also after it is created. There are many studies focusing on the generation and development
of channels during water erosion events. However, their effects on subsequent water and tillage
erosion events and their contribution to total soil erosion have not been examined. To fill this
knowledge gap, we carried out three studies, focusing on the role of channels in water and
tillage erosion processes and the assessment of total soil erosion.

In the first study, we examined the effects of a channel on tillage translocation. In this plot
experiment, we used point tracers to track soil movement and measured tillage translocation
under three tillage treatments: downslope tillage (DT), upslope tillage (UT), and contour tillage
(CT) with three channel treatments: no channel, 10-cm-by-10-cm channel, and 20-cm-by-20-
cm channel. We found that for DT, the presence of a channel reduced total translocation,
whereas, for UT, it increased total translocation. This trend was attributed to a decrease in
forward translocation under DT and an increase in forward translocation under UT with the
presence of channels, while lateral translocation was not significantly affected by the presence

of channels. For CT, the presence of a channel increased both forward and lateral soil



translocation and, therefore, total translocation. Process-wise, we found that the patterns of
tillage translocation can be well explained by the relative importance of the trapping effect
(channel functions like a trap for moving soil) versus the energy-intensity-increase effect
(greater energy intensity due to less soil being moved with the presence of a channel). Soil
movement decreases when the trapping effect dominates and increases when the energy-
intensity-increase effect dominates.

In the second study, we used another plot experiment to examine the effects of an existing
channel and tillage on water erosion. There were four treatments: no channel- no tillage (as the
control); with a channel-no tillage; no channel-with tillage; and with a channel-with tillage. We
found that with an existing channel, runoff discharge and sediment export have increased,
whereas, with tillage, runoff discharge and sediment export have decreased. When an existing
channel was tilled, the effects of tillage dominated, while the existing channel only
demonstrated some minor impacts.

In the third study, a modeling procedure was developed to integrate the Raster-RUSLE2
(RUSLER), Ephemeral Gully Erosion Estimator (EphGEE) and Modified Directional Tillage
Erosion Model (ModDirTillEM) for simulating sheet and rill erosion, gully erosion and tillage
erosion, respectively. In particular, knowledge gained from previous studies on the effects of
channels on water and tillage erosion were incorporated into the models to reflect the linkages
and interactions between different erosion processes. The modeling results were validated
against field measurements on two sites in Atlantic Canada. We found that individual models

provide reasonable estimations for the individual erosion processes. The integrated model was



able to provide accurate estimations of total soil erosion for most parts of the fields. However,
around the ephemeral gully areas, errors and uncertainties were high. This situation could be
due to the dynamic erosion processes in these areas, or the low resolution and accuracy of the
model input data, indicating that the gully area is a weak point for soil erosion modeling, which

calls for detailed investigation in the future.
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1. INTRODUCTION

1.1 General background on soil erosion and the interactions between different erosion

processes

Soil is the skin of the Earth that interacts with the lithosphere, the hydrosphere, the
atmosphere, and the biosphere (Brady and Weil, 2016). More importantly, soil provides a
medium for crop growth, supporting every human being’s life. Historically, soil erosion refers
to the wearing away of topsoil by natural agents such as water and wind (Brady and Weil,
2016). The studies of water erosion and wind erosion started in the 1930s, with the
establishment of the Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1965) and
Wind Erosion Prediction Equation (WEQ) (Chepil et al., 1962) as the respective milestones.
In recent decades, it has been documented that soil erosion is also caused by another erosive
agent (i.e., tillage), which moves soil downslope progressively, resulting in soil loss from
hilltops and soil accumulation at the bottom of slopes (Lobb et al., 1995; Lobb and Kachanoski,
1999). The recognition of the erosive power of tillage can be dated back to the 1920s (Aufrére,
1929).

Previously, studies of soil erosion have mainly focused on a single erosion process and
mostly at the plot scale (i.e. water, wind, and tillage erosion, separately) (Lal, 2001).
Knowledge gained from these studies has been used to develop soil conservation practices,
often targeted at a type of erosion. Therefore, these measures only work well when the targeted

1



erosion process dominates (Chow et al., 1999; Schnepf and Cox, 2006). However, these
measures might not work well for the cultivated fields suffering multiple erosion processes
(Lobb, 2003). Many fields in Canada are subject to the risk of more than one type of erosion
process. For example, the potato fields in Atlantic Canada suffer water and tillage erosion due
to the humid costal climate, rolling landscape and the high soil disturbance associated with
potato cropping (Chow et al., 1990). When both processes work together, they can result in
high rates of total soil erosion (Li et al., 2007; 2008a). Furthermore, it should be noted that the
frequency of incorporating potato cultivation within crop rotations exerts a substantial
influence on the extent of soil erosion. Primarily, the cultivation of potato crops necessitates
intensive tillage practices, a direct contributor to the phenomenon of tillage erosion. A higher
frequency of potato cultivation within crop rotations increases susceptibility to tillage erosion.
Additionally, in the context of tuber crops like potatoes, the process of crop harvesting can
yield notable soil loss, with rates ranging from 1.0 to 14.0 Mg ha® yr? across spatial and
temporal dimensions. This variability is depending upon factors encompassing soil
characteristics, agronomic methodologies, harvesting techniques, and post-harvest
interventions (Poesen, 2018). Hence, the higher frequency of potato cultivation escalates the
potential for soil loss resulting from crop harvesting activities.

Usually, different erosion forms do not occur simultaneously in one event, but they can
occur in a successive sequence (e.g. a rainfall event after a tillage operation followed by a wind
storm event), resulting in possible linkage and interaction effects between different erosion

processes (Lobb et al., 2003; Poesen et al., 2003). The linkage refers to the additive effects
2



among different processes. For example, on the upslope positions in fields, the processes of all
water, tillage and wind erosion could cause and reinforce the soil loss. On the contrary, in the
midslope or lowerslope positions, some processes cause soil loss while others cause soil
accumulation. The three erosion processes together could cancel each other, resulting in no net
soil loss or, potentially, resulting in net accumulation.

The interaction effects occur when one erosion process delivers sediment for another
erosion process to act upon or when one erosion process changes the landscape erodibility for
another erosion process. Firstly, the interaction can occur between water and wind erosion. In
arid or semi-arid areas that suffer from wind erosion, soil particles can be transported to
hillslopes or channels by the wind. These loose soil particles provide the materials to flush
away the following water erosion event (Zhao et al., 2006). In addition, wind erosion leads to
the loss of fine particles and the increase in soil coarseness and dryness (Zhao et al., 2006),
increasing the potential for scouring by water flow (Gomez and Nearing, 2005; Rémkens et al.,
2002). As a result, water erosion is reinforced. On the other hand, constant scouring by water
flow can prevent the formation of crust layer on the soil surface. Therefore, the wind erosion
is reinforced without the soil crust on the surface. Overall, the process of soil particle
transportation by water erosion can be accelerated by wind erosion and wind erosion can be
enhanced by water erosion as well (Erpul et al., 2002; Pedersen and Hasholt, 1995).

Secondly, the interaction can occur between tillage and wind erosion. Tillage erosion can
redistribute soil within a landscape, moving soil from upslope to lowerslope areas. For the

upslope area, where soil loss occurs, tillage erosion exposes more highly erodible subsoil,
3



which can lead to the high rates of wind erosion (Hevia et al., 2003; Six et al., 2000). In addition,
For the lowerslope area, where soil accumulation occurs, the loose soil transported by tillage
is highly erodible, which can result in high rates of wind erosion as well.

Lastly, interactions can occur between water and tillage erosion around the channel area.
Channels (rills and ephemeral gullies) can be created in water erosion events, which are often
filled or smoothed in the subsequent tillage operation. These channels are hollow spaces,
reshaping the local topography and thereby affecting tillage erosion. On the other hand, tillage-
induced accumulation usually occurs in contourly concave slopes. This area is subjected to
strong channelized water erosion. Therefore, tillage erosion transports soil materials for water
erosion to act upon (Lobb et al., 1995, 2003). Such interactions between tillage erosion and
water erosion could be a major contributor to the total soil erosion in cultivated landscapes of
humid climate regions like Atlantic Canada. This thesis centers on investigating the
manifestations of water and tillage erosion, a focus driven by the experimentation carried out
in the region of Atlantic Canada, where the water and tillage erosion contributed significantly
towards total erosion. It is important to note that this thesis constitutes an initial stride in the
broader exploration of erosion phenomena. Subsequent phases of research will encompass an
examination of wind erosion, thus expanding the scope and depth of the study's investigation.
Consequently, it is important to delineate that wind erosion, while integral to the research, does
not command primary focus in this thesis.

In the previous total erosion studies, the total erosion is usually modeled as the sum of

different erosion forms (Li et al., 2008a; Van Oost et al., 2000). This approach only considers
4



the linkage, not the interactions among different erosion processes. Why are the interactions
ignored in most total erosion assessments? One reason is probably that the impact of one
erosion process may have been partially accounted for in evaluating the effect of another. For
example, in water erosion modeling (USLE), tillage as part of field management has been
considered a factor affecting the estimation of water erosion rate (Renard, 1997; Wischmeier
and Smith, 1965). Such argument may apply at the plot scale, with slope gradient being one of
the dominant controlling factors. However, this argument may not apply at the field or
landscape scale because of the tillage-induced soil redistribution. The pattern of soil erosion on
a field scale can be very different from that estimated from topography alone. In addition, for
water erosion experiments conducted at the plot scale, ephemeral gully erosion was not
included in the experiments. As a result, the interactions between water erosion and tillage
erosion around the ephemeral gully areas have not been accounted for.

In recent years, many researchers have used the interactions to explain the pattern of soil
redistribution and soil properties observed (Li et al., 2008a; Poesen et al., 2003; VandenBygaart
et al., 2012). However, studies on process interactions are still rare, particularly for the
interaction between water erosion and tillage erosion (Dai et al., 2020; Zhang et al., 2014).
There is a lack of field experiments on the interactions between water erosion and tillage
erosion, especially on the critical roles channels may play.

Overall, for the cultivated fields subjected to substantial levels of both water erosion and
tillage erosion (e.g., potato fields in Atlantic Canada), the current total erosion assessment

misses an essential component — interactions between water erosion and tillage erosion. To
5



obtain a better understanding and estimation of the total erosion in cultivated fields, there is a
need to examine, characterize and quantify the interactions between water erosion and tillage
erosion processes. Since the interactions between these two erosion processes mainly occur
around the water-eroded channel area, examining the roles channels may play for the water
erosion and tillage erosion in cultivated fields is necessary.

The general objectives of this study were: firstly, to examine the effects of water-eroded
channels on tillage erosion; secondly, to examine the effects of water-eroded channels refilling
action by tillage on subsequent water erosion; and lastly, to model and validate the total erosion
(including interactions) (Fig. 1.1). In this thesis, each data chapter tries to achieve the

corresponding objective, respectively.

1.2 Effects of a water-eroded channel on tillage translocation

Tillage erosion is a predominant erosion form causing soil loss in many cultivated fields
(Li et al., 2008a). The result of soil displacement by tillage is called tillage translocation.
Tillage erosion occurs when tillage operations translocate more soil out of an area than into
that area (Van Oost et al., 2006). The local topography primarily impacts the pattern of tillage
translocation and tillage erosion (Govers et al., 1994).

In cultivated lands, water-eroded channels are usually smoothed out by tillage operation.
Since the locations of gullies are generally defined by topography, these gullies will reappear
at roughly the same location after a major water erosion event. In the subsequent tillage

operations, these gullies will be refilled by tillage again. Tillage translocation studies have been

6



focusing on the impacts of different tillage implements. The presence of gullies changes the
soil surface's morphology, affecting tillage translocation and erosion. However, no study has
been carried out to examine the tillage translocation in the presence of a water-eroded channel.

In the first data chapter of this thesis, plot experiments of tillage translocation were carried
out at the Fredericton Research and Development Centre (FRDC) in New Brunswick. Tillage
translocation under the combinations of three different tillage directions (downslope, upslope
and contour) and three different channel conditions (no channel, 10-cm-by-10-cm channel, 20-
cm-by-20-cm channel) was investigated. The movements of point tracers before and after the
tillage operation were used to measure tillage translocation.

Overall, this study aimed to characterize and quantify the effects of tillage translocation

under different tillage directions and channel sizes.

1.3 Effects of channel refilling action by tillage on subsequent water erosion

When a channel is tilled over, it is deformed and filled. This is a form of tillage erosion as
the soil has been redistributed by the action of tillage. The result of this form of tillage erosion
can affect the subsequent water erosion event. Firstly, channel filling could block the pathway
for sediment transport, reducing runoff and water erosion. Secondly, the newly deposited soil
is easily erodible, increasing the potential risk of water erosion. Further investigation is
required to determine the overall resultant effects of channel infilling by tillage on subsequent

water erosion.



In recent years, a few studies have been carried out to investigate the interaction between
tillage and channelized erosion. Wang et al. (2016) reported that tillage erosion increases soil
erodibility and delivers the soil into rills for water erosion to act. Dai et al. (2020) reported that
tillage erosion could increase the sediment yield of channelized water erosion on a hillslope.
However, in these studies, the effects of tillage on water erosion were not quantified. Therefore,
there is a knowledge gap on how existing channels and tillage individually affect water erosion
and how an existing channel can link and interact with tillage in a water erosion event.

In the second data chapter of this thesis, rainfall simulation plot experiments were carried
out in FRDC to quantify the effects of channels, tillage and their interactions on water erosion
events. Four treatments: no channel, no-tillage; with a channel, no-tillage; no channel, with
tillage; and with a channel, with tillage, were examined. Runoff and sediment samples collected
from experimental plots were used to investigate the effects of different treatments.

Overall, this study aimed to characterize and quantify the effects of: a) an existing channel,
b) a single pass of tillage, and c¢) a single pass of tillage filling an existing channel on the

generation of runoff and sediment in a water erosion event.

1.4 Modeling of total erosion, including interaction effect in cultivated fields

Many water and tillage erosion models have been developed based on field studies. Sheet
and rill erosions are often modeled with the Universal Soil Loss Equation (USLE) and its
revised version RUSLE, RUSLEZ2, or the hillslope version of the Water Erosion Prediction

Project (WEPP) (Flanagan and Nearing, 1995; Renard, 1997; Wischmeier and Smith, 1965).
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For ephemeral gully erosion, Woodward (1999) developed Ephemeral Gully Erosion Model
(EGEM) to simulate this specific erosion process. Several efforts have been made to integrate
models for all water erosion forms (e.g., watershed version WEPP, Annual Agricultural Non-
Point Source (AnNnAGNPS), The Chemicals Runoff and Erosion from Agricultural
Management Systems (CREAMS), Raster-based RUSLE2 and Ephemeral Gully Erosion
Estimator (RUSLER & EphGEE)) (Bingner et al., 2003; Dabney et al., 2015; Flanagan and
Nearing, 1995; Gordon et al., 2007; Knisel and Foster, 1981).

Tillage erosion can be modeled along hillslopes using Tillage Erosion Prediction (TEP) or
Tillage Translocation Model (TillTM) (Li et al., 2008b; Lindstrom et al., 2000). At the field
scale, tillage erosion can be modeled using Soil Redistribution by Tillage (SORET), Tillage
Erosion model (TillEM) and its upgraded version, Directional Tillage Erosion Model
(DirTillEM) (De Alba, 2003; Li et al., 2008b; Li et al., 2009).

However, not many attempts have been made to model both water erosion and tillage
erosion together. Water and Tillage Erosion (WaTEM) attempted to sum the erosion rates from
different types to calculate the total erosion rates at each grid node, accounting for the linkage
effects between water and tillage erosion rates (Van Oost et al., 2000). WaTEM only considers
the sheet, rill and tillage erosion forms. However, the ephemeral gully erosion is not included
in the model. Clearly, no existing model considers all primary erosion forms (sheet, rill,
ephemeral gully, and tillage erosion) in cultivated lands together with the interaction effects
between channelized erosion and tillage erosion. To better design conservation measures for

cultivated fields, a better estimation of total erosion is necessary. Therefore, it is necessary to
9



link the models accounting for three primary erosion forms in cultivated lands and to model
the interaction effect between channelized erosion and tillage erosion.

In the third data chapter of this thesis, three computer programs — RUSELR, EphGEE, and
DirTillEM were used to estimate rates of different erosion forms in two cultivated field sites
near Grand Falls, NB and Harrington, PE, respectively. The interactions between ephemeral
gully erosion and tillage erosion were incorporated into the original erosion models
(DIrTIlIEM). The model-predicted erosion patterns and rates were validated against air photos,
topographic features and their evolutions obtained using photogrammetry, manually measured
gully cross sections, runoff and sediment yield monitored at the outlet of the catchment, and
Cs-137 derived erosion rates from two sites, respectively.

Overall, the objectives of this study were, firstly, to model the total erosion in cultivated
fields considering all erosion processes and effects among different erosion processes using the
knowledge gained from the first two data chapters, and secondly, to validate the total erosion

model using different methods.
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Figure 1.1. A schematic outlining how the chapters of this thesis are linked.
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2.1 Abstract

A major feature of water erosion is the formation of channels such as rills and gullies. The
creation of these channels changes the local topography and, therefore, may affect soil
movement during tillage operations. To quantify such interaction between water and tillage
erosion, a plot experiment was conducted and point tracers were used to measure tillage

translocation under three tillage treatments: downslope (DT), upslope (UT), and contour tillage
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(CT) with three channel treatments: no channel (C0), 10-cm-by-10 cm channel (C10), and 20-
cm-by-20-cm channel (C20). Forward and lateral translocation, and their resultant total
translocation, were calculated by comparing the tracer locations before and after tillage. The
results indicate that for DT, the presence of a channel reduced total translocation, whereas for
UT, it increased total translocation. This trend was attributed to a decrease in forward
translocation under DT and an increase in forward translocation under UT with the presence of
channels, while lateral translocation was not significantly affected by the presence of channels.
For CT, the presence of a channel increased both forward and lateral soil translocation, and
therefore total translocation. These observed patterns of tillage translocation can be well
explained by the relative importance of the trapping effect (channel functions like a trap for
moving soil) versus the energy-intensity-increase effect (greater energy intensity due to less
soil being moved with the presence of a channel). Soil movement decreases when the trapping
effect dominates, and it increases when the energy-intensity-increase effect dominates. At the
process level, the relative importance of the trapping effect and the energy-intensity-increase
effect is determined by the shape and size of the tillage tool’s zone of influence (Zol), which
is affected by the location and orientation of the channel, and the direction of tillage. Overall,
our results suggest that if channels are formed by water erosion, CT would be better than DT
and UT in reducing tillage translocation and filling the channel. The knowledge gained from

this study can be used to improve water and tillage erosion modeling.
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2.2 Introduction

Globally, water erosion on agricultural lands has been recognized as a severe threat to the
sustainability of the agricultural industry and the environment (Lal, 2001; Morgan, 2009).
Water erosion can be in the forms of sheet, rill and gully erosion (Morgan, 2009). Both rill and
gully erosion are channelized erosion. There is not a quantitative definition to differentiate rill
and gully. Conceptually, rills are usually small parallel channels running straight down the face
of a hillslope. They can be smoothed out easily by tillage and normally do not reoccur at the
same locations in the next year (Li et al., 2013). Gullies are larger in size, resulting from the
concentration of surface runoff from across a land surface. Those can be smoothed out by
tillage operations are termed ephemeral gullies whereas those cannot be eliminated by tillage
operations are termed classical gullies (Poesen et al., 2003). The locations of gullies are usually
determined by the topography of the landform and, therefore, they will reoccur at roughly the
same locations after being smoothed out by tillage operation. Channelized water erosion is
common on agricultural lands. Poesen et al. (2003) reported that, in some areas, as high as 94 %
of total soil loss by water erosion was caused by channelized erosion. The significance of
channelized erosion has also been reported by many other researchers all over the world (Chen
and Cai, 2006; Foster, 1986; Nachtergaele and Poesen, 1999; Poesen, 1996; Poesen et al., 2011).

Another major form of erosion on agricultural lands is tillage erosion (Govers et al., 1999;
Van Oost et al., 2006). Tillage erosion is defined as the net downslope tillage translocation,

and is typically observed as soil loss on convexities and soil accumulation in concavities or as

20



soil loss on the downslope side of a field boundary and soil accumulation on the upslope side
of a field boundary (Li et al., 2009). Tillage translocation and, therefore, tillage erosion are
determined by two factors: the erosivity of the tillage operation and the erodibility of the
landscape (Lobb and Kachanoski, 1999). The erosivity of the tillage operation is affected by
characteristics of the tillage equipment (e.g., type and size of tillage tools and shanks) and
operational parameters such as tillage depth and speed. The erodibility of the landscape is
affected by the topographic properties of the landscape such as slope gradient and slope
curvature, and soil condition such as soil texture, structure and moisture content (Lobb and
Kachanoski, 1999; Novak and Hiula, 2017a, b).

Historically, soil erosion studies have been carried out with a focus on a single erosion
process, wind, water or tillage erosion (Lal, 2001). It may be possible to justify the separation
of wind and water erosion studies, but in cultivated land, tillage erosion will occur in addition
to wind and water erosion. On land subjected to water and tillage erosion, it is necessary to
examine both processes in order to provide a comprehensive estimate of soil erosion. There are
linkages and interactions between these two erosion processes (Li et al., 2007b; Lobb et al.,
2003). Linkages refer to the simple additive effects between different erosion processes,
whereas interactions between different erosion processes occur when one erosion process
changes the erodibility of the landscape for another erosion process, or when one process works
as a delivery mechanism for another erosion process. Interactions between tillage and water
erosion are likely strong around areas with channels, especially ephemeral gullies, because it

is a common practice to use tillage to eliminate ephemeral gullies. On one hand, the presence
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of a channel alters the local surface topography and, therefore, the erodibility of the landscape
through tillage translocation. On the other hand, since ephemeral gullies are mostly
topographically controlled and usually reoccur at roughly the same locations after being
smoothed out by tillage, tillage operation serves as a delivery mechanism to transport soil into
the channels to be eroded by ephemeral gully erosion.

Recently, the interaction between channelized erosion and tillage erosion has drawn a lot
of attention (Li et al., 2007b; Lobb et al., 1995; Van Oost et al., 2005; Zhang et al., 2019, 2014).
Wang et al. (2016) conducted a rainfall simulation experiment to examine the impact of tillage
erosion on hydrological characteristics, such as flow velocity and runoff depth, and soil
erodibility. The results indicated that tillage erosion increased soil erodibility and provided
sediment for the subsequent runoff event, accelerating water erosion. Dai et al. (2020) also
reported that tillage erosion altered the hydrologic process, increasing the sediment yield and
runoff, thereby accelerating water erosion. However, no study to date has been carried out to
examine the influence of channels caused by water erosion on tillage erosion. Therefore, the
objective of this study was to quantify the effect of channels on tillage translocation.
Knowledge on such effect will lead to a better understanding on the interactions between water
and tillage erosion, help the development of more efficient and better erosion control measures,

which ultimately will contribute to the enhancement of soil quality in agricultural fields.
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2.3 Materials and Method

2.3.1 Study area and plot layout

The study was conducted at the experimental farm of the Fredericton Research and
Development Centre (FRDC) in New Brunswick, Canada. The soil at the study site is classified
as a Fredericton Orthic Humo-Ferric Podzol developed on a coarse loamy ancient fluvial
deposit over coarse loamy morainal lodgement till, which has a podzolic B horizon of at least
10 cm thick and is well-drained. The topsoil is friable, yellowish brown (10 YR) sandy loam
with 10 - 25 % angular cobbles and gravels, while the subsoil is firm, dark brown (7.5 YR)
sandy loam with 10 - 20 % angular gravels and some cobbles (Rees and Fahmy, 1984). Three
tillage treatments - downslope tillage (DT), upslope tillage (UT), and contour tillage (CT) - and
three channel size treatments - no channel (C0), 10-cm-wide-by-10-cm-deep channel (C10),
and 20-cm-wide-by-20-cm-deep channel (C20) - were examined in this study. A total of six
small, narrow fields (6 m wide and 80 m long) were used. Four fields were used for DT and
UT experiments and these fields were oriented along the slope (slope gradient = 10 %). Another
two fields were used for CT and these fields were oriented along the contour lines but with a
small angle (slope gradient along the path of tillage = 3 % and across the path of tillage = 7 %).
It is a common practice for CT to have a small angle with the contour lines for the purpose of
enhancing surface water drainage. Tillage was conducted along the length of each field.
Normally, a set of three plots were situated within a field at any one time. The positions of the

plots within the field were randomly selected, but there was at least 10 m distance between
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plots and an additional at least 10 m was left in either end of the plots to allow for the
acceleration and deceleration of the tractor and tillage implement. There was a total of nine

treatment combinations and with four replicates, for a total of 36 plots.

2.3.2 Tracer installation and plot setup

Tillage translocation was measured with tracers. These tracers were made from concrete
mix and were moulded in a 20-cm-by-20-cm tray into 1 cm? cement cubes. These cubes were
then dyed with four different colours for easy identification, and labelled with a unique ID
number with an engraving tool.

For the DT and UT treatments, the plots were 1 m wide and 3 m long (Fig. 2.1). The width
of the plot was designed to equal three times of the width of the tillage tool used, a sweep,
because three sweeps formed the repeating pattern in the arrangement of tools for the
implement (Li et al., 2007a). The 3 m length of the plots was based on the fact that the
maximum tracer movement was less than 1.5 m in all test runs and, therefore, 3 m should be
enough to capture the full range of soil translocation. The centre of the plot was designated as
the channel area (20 cm wide). For CO, the channel area was left untouched. For C10 and C20,
channels 10-cm-wide-by-10-cm-deep and 20-cm-wide-by-20-cm-deep, respectively, were dug.
For the rest of the plot area, the cement cube tracers were placed on both sides of the channel
in a grid pattern as shown in Fig. 2.1. There were eight columns of tracers, four on each side
of the channel area, and at each point, tracers were placed at two depths (5 cm and 15 cm).

Tracers were placed in the plot area using two spacings. Within the first 1 m along the tillage

24



direction (from the long edge of the channel area), the interval was 10 cm, whereas beyond 1
m, the interval was 20 cm. In this study, only data for the first 10 rows (i.e., 10 cm interval) of
tracers were used whereas data for the next 10 rows (i.e., 20 cm interval) were dropped (see
section 2.5.4 for detailed explanations). For the CT treatment, the plots were 1 m wide by 6.2
m long with the channel area (20 cm wide by 1 m long) at the centre of the plot (there were 3
m before and 3 m after the channel), long edge perpendicular to the tillage direction (Fig. 2.1).

Other setups were similar to those of DT and UT.

2.3.3 Tillage equipment

Tillage was conducted with a 2-m-wide, tractor-mounted cultivator equipped with sweeps
(McKay 50 - 12 K) (Fig. 2.2), drawn with a John Deere® row crop tractor, both properties of
the FRDC, and operated by the farm services staff. This sweep was selected given its wide use
in Atlantic Canada. Also, this sweep had been used in another study, providing an opportunity
for direct data comparisons (Liu et al., 2007). There were five sweeps (numbered #1 to #5 from
left to right) arranged in three rows on the mounting frame (Fig. 2.2). Since there was a metal
bar across the centre of the mounting frame, the centre sweep had to be shifted to one side (the
right-hand side in this study). As a result, there was an overlap between the centre sweep (#3)
and the second right sweep (#4) and a large gap between the centre sweep (#3) and the second
left sweep (#2). Consequently, there was more disturbance of soil on the right-hand side than
left-hand side of tillage equipment. The asymmetric arrangement of sweeps obviously adds

uncertainty in the translocation measurements, as detailed in the discussion section below.
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However, such irregular spacing is common in the real world; it is often necessary to mount
tillage tools to the frame around wheels, hydraulics and other accessories. Although not
desirable, it was viewed as an opportunity to explore the influence of sweep arrangement on

tillage translocation.
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Figure 2.1. The layout of point tracers dyed with four different colours in: a) downslope tillage,
b) upslope tillage, and c¢) contour tillage plots. Squares indicate point tracers.
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Figure 2.2. a) The tillage equipment with sweeps (McKay 50 - 12 K) installed, and b) the
targeted layout of the sweep arrangement with the downslope tillage and upslope tillage plots.

2.3.4 Tillage operation and tracer sampling

To maintain similar soil moisture content for different runs, the fields were required to
have a weather forecast three to four days without rainfall before each run. The field was
harrowed first. The point tracers were buried at two depths in the soil after harrowing according
to the grid pattern outlined above. Two plastic sticks were inserted into the soil 1 m away from
the sides of the plot to mark the starting edge of the plot, creating a reference line for sampling.
After the preparation of plots (tracers installed), tillage was conducted. Tillage direction was
determined according to the tillage treatment (DT, UT or CT). The operator of the tillage
equipment aligned the centre sweep (#3) with the centre line of the plot (also the centre line of
the channel under DT and UT). Great efforts were made by the operator to keep the same tillage
speed (= 3.6 km hr'?) and tillage depth (= 20 cm) within each run and for all runs. Tillage speed

was recorded for each run with a stopwatch.
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A coordinate system was established for each plot to sample tracers. The x-axis was
perpendicular to the tillage direction with the zero point at the centre line of the plot whereas
the y-axis was along the tillage direction with the zero point at the start line of the plot.
Coordinates of each tracer were recorded before the tillage operation. After tillage, a 2-m-by-
2-m wooden frame was used as a reference for tracer sampling, similar to the method used by
Lietal. (2007a) and Tiessen et al. (2007b). On the x-axis, the centre line of the frame was lined
up with the centre line of the plot. On the y-axis, the frame was lined up with the plot based on
the starting line marked by the two plastic sticks on the two sides of the plots. For DT and UT,
tracer sampling started from 20 cm before the plot to capture any backward movement of
tracers, particularly during UT. For CT, tracer sampling started from the starting line of the
plot. The sampling was conducted by excavating soil and recovering tracers from 10-cm-by-
10-cm cells. For each cell, all recovered tracers were recorded and bagged. It progressed cell
by cell along the x-axis in rows and then row by row along the y-axis (tillage direction) until
the end of the frame was reached. The frame was then moved along the y-axis and a new set
of rows was sampled. The frame may be moved several times to cover the full range of tracer
redistribution. Since each tracer had its unique ID and its coordinates before and after tillage
were recorded, its movement can be calculated by subtracting the coordinates after tillage by
those before tillage. Difference in y-axis values determined forward translocation, whereas
difference in x-axis determined lateral translocation. It should be noted that because each cell

was excavated as a whole, the resolution of the translocation measurement was only 10 cm.
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2.3.5 Data Analysis

2.3.5.1 Factors affecting tillage translocation

Not all tracers were recovered. Tracer recovery rate was calculated and was used as an
indicator for the overall accuracy for each experiment run. Differences among treatments were
examined using analysis of variance (ANOVA). Tukey’s test was used to compare the
treatment means. Also, it has been well-documented that tillage speed and depth can affect
tillage translocation (Lobb et al., 1999; Van Muysen et al., 2000). Therefore, correlation
analysis was conducted between the tillage speed and the tillage translocation to check whether
tillage speed affects tillage translocation significantly in this study. Tillage depth was not
measured in the experiments. However, at each tracer position, tracers were buried at both 5
cm and 15 cm depths. If for most tracer positions, only tracers buried at 5 cm were moved but
not those buried at 15 cm, tillage depth was likely less than 15 cm. Therefore, we calculated
the percentage of positions where only the tracer at 5 cm was moved (Pscm) as follows:

Number of tracer positions with only 5 cm tracer being moved

Pery = «100% [1]

Number of tracer positions with both tracers being moved

Pscm was used as an indicator for whether or not the tillage depth was below 15 cm.

2.3.5.2 Tillage translocation analysis

As described above, forward and lateral translocation for a tracer were calculated by its
movements along the y-axis and x-axis, respectively. These two measures are vectors. For
forward translation, positive values mean that tracers have advanced along the path of tillage,

whereas negative values mean that tracers have been moved backwards. For lateral
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translocation, positive values were defined as tracers being moved to the right relative to the
path of tillage, whereas negative values were defined as tracers being moved to the left. Since
the tillage equipment used in this study was a two-way tillage tool, a sweep, it moves soil in
both left and right directions. Lateral translocation for individual tracers in a plot will cancel
each other so that the overall average lateral translocation is not a good indication for lateral
soil movement. Therefore, the absolute lateral translocation (i.e., absolute value of lateral
translocation) was calculated and used in our analysis. The total translocation represented the

resultant tillage translocations from both directions and was calculated as follows:

Total Translocation = vForward Translocation? + Lateral Translocation? [2]

The translocation data were highly skewed, so prior to statistical analysis, we first did an
outlier test on the data for each column of tracers. It was found that measurements lower than
the 10th percentile and greater than the 90th percentile were mostly outliers. To avoid bias due
to removing outliers on one side, we removed measurements lower than the 10th percentile and
greater than the 90th percentile from all datasets (see detailed discussion on experimental errors
and uncertainties in section 2.5.3). The cleaned datasets were then log-transformed as follows
to ensure normality prior to statistical analyses:

Transformed data = log;,(raw data + 20) [3]

2.3.5.2.1 Downslope and upslope tillage (DT and UT)

For DT and UT, the treatment effects of tillage direction and channel size on plot-averaged
total, forward and absolute lateral translocation were analyzed using analysis of variance
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(ANOVA). Also, linear regressions between the three translocation measures of individual
tracers were conducted separately for the two tillage directions and the three channel sizes.
Under each tillage direction, the slopes of the regression lines for different channel sizes were
compared using the analysis of covariance (ANCOVA), which was used as another way to
evaluate the impact of tillage direction and channel size on tillage translocation.

To better understand the impact of channels on individual tracer movement, tracers moved
into the channel area (the 20-cm-wide-by-3-m-long area in the centre of the plot) were
categorized based on their source areas. Horizontally, the 10 cm areas adjacent to the channel
area on both sides (each marked by one column of tracers) were defined as the Near Channel
Area (NCA), whereas the rest of the plot areas (marked by three columns of tracers on each
side) were defined as the Outside Channel Area (OCA). Vertically, the channel area was
divided into the surface layer (0 cm - 10 cm, marked by the 5 cm depth tracers) and the
subsurface layer (10 cm - 20 cm, marked by the 15 cm depth tracers). Thus, there were four
source areas: The Near Channel surface layer Area (NCADS), the Near Channel subsurface layer
Area (NCAL5), the Outside Channel surface layer Area (OCA5), and the Outside Channel

subsurface layer Area (OCAL15). Three parameters were calculated as follows:

i

2 = o X 100% [4]
Pl = o X 100% [5]
Plon = ooy X 100% [6]

Where n' is the number of tracers moved into the channel area from source area i, N”' is

the total number of tracers originally in the whole plot, N' is the number of tracers originally in
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source area i, and N°" is the total number of tracers found in the channel area after tillage. The
value of P4 is an indication of the number of tracers (the amount of soil) moved into the channel
area (versus to outside of the channel area). The value of Pioc Is the percentage of tracers in
each source area that has been moved into the channel area. It indicates the tendency of soil
moving from the local source area to the channel area versus to outside the channel area. The
value of Pcon indicates the contribution of different source areas to the tracer moved into the

channel area.

2.3.5.2.2 Contour tillage (CT)

For CT, the treatment effects of channel size on the averaged total, forward and absolute
lateral translocation of the plot were analyzed using ANOVA, similar to that for DT and UT.
Individual tracer movement relative to the channel was also analyzed based on columns of
tracers parallel to the channel. Whereas the tracer columns for DT and UT were along the
tillage direction, the columns for CT were perpendicular to the tillage direction. The maximum
tracer movement distance for CO was used as the limit to delineate the near versus outside
channel areas. Areas within this distance before and after the channel were defined as the Near
Channel Areas (NCAs) and the areas beyond this distance were defined as the Outside Channel
Areas (OCAs). Consequently, oriented along the tillage direction, the columns were grouped
into four areas, two Before the Channel (BC-OCA and BC-NCA) and two After the Channel
(AC-NCA and AC-OCA). ANOVA was used to examine the differences among the four areas

as well as the effects of channel size on translocation measures.
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2.4 Results

2.4.1 Tracer recovery, tillage speed and depth

Tracer recovery ratio (RR) was an average of 96.6 % for all plots, ranging from 92.5 % to
98.3 %, and between different treatments, there was no significant difference. The less than
complete recovery of tracers (< 100 % RR) suggests that some tracers were missed during
sampling. It is assumed that these un-sampled tracers travelled beyond the extent of sampling,
and, as such, it is likely that tillage translocation has been underestimated in this study.
However, the RR values were still quite high compared to other similar studies (Li et al., 2007b;
Tiessen et al., 2007b). Therefore, the effect of missing tracers on the overall accuracy of the
translocation measurements was considered to be acceptable. Tillage speed varied substantially
between plots, ranging from 2.2 to 6.8 km hr with a standard deviation (SD) of 1.53 km hr.
Average tillage speeds were 4.7 km hrt, 4.2 km hrt and 4.2 km hr? for DT, UT and CT,
respectively. The differences between treatments were non-significant. The SD of replicates
for DT, UT and CT ranged from 1.5 to 1.7 km hr?, 1.8 to 2.3 km hr! and 0.5 to 0.6 km hr?,
respectively. The average speed was lower than that of the Vibrashank cultivator (6.4 km hr?)
examined by Tiessen et al. (2007b), and the variance among replicates was greater. The low
speed and high variation observed in this study were likely due to the nature of speed control
in a small plot study. The travelling speed over the experiment plot was affected by many
factors such as tillage direction, soil condition, and the lead distance before the tractor reached

the plot. The operator used gear ratio and throttle control to manage speed based on his
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experience, which might not be enough to overcome local differences between plots. The fact
that the variance in speed for UT and DT were much greater than that for CT indicates that the
operator has made an effort to adjust gear ratio and throttle according to tillage direction in
order to maintain consistent tillage speed for all plots. Nevertheless, the correlations between
tillage speed and tillage translocation for the four replicates of individual treatments were all
non-significant, suggesting that tillage speed did not affect tillage translocation measurements
significantly in this study. For tillage depth, the Pscm ranged from 0 % to 20 %, indicating that

tillage depth for all runs was deeper than 15 cm.

2.4.2 Tillage translocation for DT and UT

2.4.2.1 The total, forward and absolute lateral tillage translocation

For DT, total translocation decreased with channel size, averaging 24 cm, 23 cm and 21
cm with SDs of 2 cm, 7 cm and 5 cm for CO, C10 and C20, respectively (Fig. 2.3). For UT,
total translocation showed an opposite trend, averaging 14 cm, 16 cm and 19 cm with SDs of
7 cm, 8 cm and 8 cm for CO, C10 and C20, respectively. For both DT and UT, the differences
between channel sizes were non-significant, probably due to the high variability among
replicates. For CO, the total translocation of 24 cm for DT was significantly greater than that
of 14 cm for UT, indicating greater translocation with downslope tillage than upslope tillage,
as observed in many previous studies (Lobb et al., 1999; Montgomery et al., 1999; Novak and
Hula, 2017a, b; Xu et al., 2019; Zhao et al., 2018). For C10 and C20, the differences between

DT and UT were not significant, suggesting that the presence of a channel diminishes the effect
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of DT and UT on total translocation. Overall, the average total translocation for DT was 21 cm,
which was significantly greater (P = 0.03) than that for UT (16 cm).

As a component of total translocation, forward translocation decreased with channel size
for DT and increased with channel size for UT, which were similar to the respective trends of
DT and UT for total translocation (Fig. 2.3). For DT, forward translocation averaged 18 cm,
15 cm and 10 cm for CO, C10 and C20, respectively, compared to 7 cm, 8 cm and 11 cm for
UT. The SDs for DT were similar to those of the total translocation, whereas for UT, the SDs
were much lower. For DT, the differences in forward translocation between channel sizes were
non-significant, but for UT, measures of forward translocation for CO and C10 were
significantly lower than that for C20 (P = 0.09), suggesting that the presence of the larger
channel significantly increased forward translocation under UT. For the comparison of DT
versus UT, the patterns of forward translocation were also similar to those of total translocation.

For CO, DT was significantly greater than UT, whereas for C10 and C20, no significant
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differences were observed between DT and UT. The overall average forward translocation of

DT was significantly greater than that of UT.
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Figure 2.3. Tillage translocation measurements for all three channel sizes under all three tillage
direction treatments. a) DT, total translocation; b) DT, forward translocation; c) DT, absolute
lateral translocation; d) UT, total translocation; ) UT, forward translocation; f) UT, absolute
lateral translocation; g) CT, total translocation; h) CT, forward translocation; and i) CT,
absolute lateral translocation. Capital letters indicate the comparisons between downslope and
upslope tillage treatments, and lower-case letters indicate the comparisons between channel
sizes within each chart. Mean values with different letters are significantly different from each
other at P < 0.10 based on the Tukey test.

Absolute lateral translocation for DT showed no obvious trend with channel size and was

12 cm, 11 cm and 13 cm for CO, C10 and C20, respectively (Fig. 2.3). For UT, absolute lateral
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translocation increased with channel size, which was similar to that of total translocation and
forward translocation. The SDs for both DT and UT were similar to that of the total
translocation. For both DT and UT, the differences in absolute lateral translocation between
channel sizes were non-significant. The comparisons of DT versus UT for absolute lateral
translocation were different from those for total and forward translocation. There was no
significant difference between DT and UT in absolute lateral translocation for any individual
channel size, nor for the overall average. The net lateral translocations were close to 0 for all
individual channel sizes for both DT and UT, but the variation increased with increasing
channel size for both tillage directions (data not shown).

With the regression analysis of individual tracer movement data, for DT, the regression
coefficients between forward translocation (x) and absolute lateral translocation (y) were 0.33,
0.11 and -0.04 for CO, C10 and C20, respectively (Table 2.1). These regression coefficients
were significantly different from each other (P < 0.05). For CO, there was a significant positive
correlation between forward and absolute lateral translocation (P < 0.001). This is expected
because when the tracer is moved by a tillage implement, the energy will be exerted on both
forward and lateral directions. With C20, the correlation between forward and absolute lateral
translocation was non-significant (P = 0.24), indicating the strong impact of the 20-cm-by-20-
cm channel on the correlation. This was likely due to the impact of the large channel on the
allocation of energy in different directions. This impact is also reflected in the regression
analysis of total versus forward and absolute lateral translocation (data not shown). For CO, the

regression coefficients for total versus forward (0.87) and total versus absolute lateral
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translocation (0.97) were high. For C20, the regression coefficient for total versus forward
translocation (0.35) was significantly lower than that for CO whereas the regression coefficient
for total versus absolute lateral translocation (0.75) was slightly, but not significantly, lower
than that for CO. The impact was also observed with C10 as the regression coefficient between
forward and absolute lateral translocation for C10 was significantly lower than that of CO (P =
0.03). The mechanisms of tracer movement as affected by the channels will be discussed in
detail in section 2.5.1.

For UT, the regression coefficients between forward translocation and absolute lateral
translocation were 0.25, 0.23 and 0.34 for CO, C10 and C20, respectively. Although the
regression coefficient for C20 was slightly greater than those for CO and C10, the differences
were non-significant (Table 2.1), indicating that the presence of the channels had no significant
impact on the correlation between forward and absolute lateral translocation for UT. This result
is again reflected in the regression analysis of total versus forward and absolute lateral
translocation as there were no significant differences between C0 and C20 for both regression
coefficients (data not shown). However, this was different from DT where channels were found
to have a significant impact on the correlation between forward and absolute lateral
translocation. This is related to the mechanisms of tracer movement with the presence of a
channel under different tillage directions, which will be discussed in detail in section 2.5.1.
Overall, results for all three tillage translocation measures suggest that the presence of channels

had a strong impact on forward translocation, but not on absolute lateral translocation.
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Table 2.1 Results of the linear regression analyses between absolute lateral translocation (y)
and forward translocation (x).

T|_Ilag(_e Channel Size Linear regression N
Direction
CO y=1.1+0.25°x 494
DT C10 y=13+011°x 491
C20 y =1.5-0.04%x 499
CO y=1.1+0.25%x 494
uT C10 y=11+0.23*x 496
C20 y=10+0.34%x 417

Note: translocation values were log transformed based on Eq. [2]. N is the number of data
points used in the linear regression analysis. Regression coefficient denoted with different
letters are significantly different from each other at P < 0.10 based on ANCOVA.

2.4.2.2 Individual tracer movement relative to the channel

For DT, Pai increased with channel size in most cases, suggesting that with increased
channel size, more soil tended to be moved into the channel area (Fig. 2.4). This effect of
channel size was statistically significant for the OCA5 source area, although it was non-
significant for other source areas. Among all four source areas, OCA5 had the highest Pa
values for all three channel sizes, probably due to the fact that the size for OCA was three times
of that for NCA.. For the same reason, Pai values for OCAL5 were greater than those for NCA15,
except for C20. With respect to the soil layers, Pai values for the surface layer (represented by
tracers at 5 cm) were consistently greater than those for the subsurface layer (represented by
tracers at 15 cm), indicating the stronger movement of the surface layer soil. For UT, Pa values
for CO were consistently lower than the corresponding values for DT, indicating the greater

movement of soil with DT than UT, which agrees with the plot translocation measurement
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results shown in the previous section. Similar to that for DT, a consistent trend of Pay increasing
with channel size was observed for all four source areas (Fig. 2.4). For the two surface layer
source areas (NCAS5 and OCADb), the effect of channel size on Pay was significant, whereas for
the two subsurface layer source areas, it was non-significant. This suggests that the presence
of a channel had a stronger impact on the surface layer than the subsurface layer. In fact, this

was likely the case for DT as well because the channel size effect was significant for OCAS5 (a
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Figure 2.4. The three parameters (Pan: the percentage of soil being moved into the channel area
as oppose to outside of the channel area, Pioc: the percentage of soil in each source area being
moved into the channel area, and Pcon: the contribution of different source area to soil being
moved into the channel area) calculated to indicate individual tracer movement relative to the
channel. @) Pay for DT; b) Pioc for DT; €) Peon for DT; d) Pan for UT; €) Pioc for UT and f) Pcon
for UT. Capital letters indicate the comparisons between source areas and lower-case letters
indicate the comparisons between channel sizes. Mean values with different letters are
significantly different from each other at P < 0.10 based on the Tukey test. Only significant
comparisons are denoted.
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surface layer), but not for OCA15 (a subsurface layer). With respect to the comparison of the
two soil layers, similar to the pattern of DT, Pan values for the surface layer were consistently
greater than those for the subsurface layer except for CO in OCA.

Similar to the trend for Pa, Pioc also increased with channel size for DT in most cases (Fig.
2.4). Again, the difference in Pioc between channel sizes was significant for OCA5 only. Unlike
that for Pa, for the four different source areas, under CO, NCA5 had the highest Pioc values
whereas OCA15 had the lowest Pioc values with OCA5 and NCAL15 in between. The same
pattern was observed under C20, suggesting that the effect of the channels on increasing Pioc
was similar for all four source areas. With respect to the comparison between NCA and OCA,
Pioc Values for NCA were greater than those for OCA except for C10. This was opposite to that
for Pan, indicating that although there was more soil moving into the channel area from OCA
than from NCA, from the perspective of local source area, NCA had proportionally more soil
moving into the channel area than OCA had. For the two soil layers, the pattern of Pioc was
similar to that of Pay: the values for the surface layer were consistently greater than those for
the subsurface layer. For UT, Pioc again increased with channel size. Also, the effect of channel
size was significant for the two surface layer source areas but not for the two subsurface layer
source areas. For the comparison between different source areas, the pattern was similar to that
of DT, with the highest Pioc value for NCAS5, the lowest for OC15 and those for OCA5 and
NCA15 in between for all three channel sizes with the only exception of CO. Similar to those
of DT, the Pioc values also showed the pattern of NCA > OCA and surface layer > subsurface

layer.
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No consistent trend with channel size was observed for Pcon under DT (Fig. 2.4). For the
four different source areas, OCAS5 had the highest Pcon Value whereas NCA15 had the lowest
Pcon Value and NCAS and OCALS5 were in between, with only one exception under C20 in
NCA15 versus OCA15. This further suggests that the channels did not have a strong impact on
Pcon. With respect to the two soil layers, the Pcon Values for the surface layer (NCA5 and OCADS)
were consistently greater than those for the subsurface layer (NCA15 and OCA15). Also, the
overall Pcon Values for the surface layer were greater than 60 % for all three channel sizes. Both
suggest that more tracers in the channel area came from the surface layer than from the
subsurface layer. With respect to the comparison between NCA and OCA, the Pcon values for
NCA (NCA5 and NCA15) were lower than those for OCA (OCAS5 and OCA15) except for
C20 in the subsurface layer, suggesting that more tracers in the channel area came from OCA
than from NCA. This was probably due to the fact that OCA was three times that of NCA in
size. For UT, no consistent trend with channel size was observed either. For all four source
areas, unlike that for DT, NCAS5 had the largest Pcon except for C10. With respect to the two
soil layers, similar to the pattern for DT, the Pcon Values for the surface layer were greater than
those for the subsurface layers except for CO in OCA. Interestingly, for UT, the Pcon values for
NCA were greater than those for OCA except for C10 in the surface layer, suggesting that more
tracers in the channels came from NCA than from OCA. This pattern was different from that
for DT. This can be explained by the fact that the absolute lateral translocation for DT was
greater than that for UT, therefore, tracers from OCA had a relatively greater chance to reach

the channel area under DT than under UT. For UT, the lateral translocation was not high so
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that only a few tracers from OCA could reach the channel. As a result, the contribution of NCA

was greater than that of OCA.

2.4.3 Tillage translocation for CT

2.4.3.1 The total, forward and absolute lateral tillage translocation

For CT, average total translocation was 8 cm, 12 cm and 16 cm with the SDs of 4 cm, 6
cm, 6 cm for CO, C10 and C20, respectively (Fig. 2.3). The total translocation of C20 was
significantly greater than that of CO. The two components of total translocation, forward
translocation and absolute lateral translocation, showed similar trends to that of total
translocation. Forward translocation increased with increasing channel size and had average
values of 6 cm, 11 cm and 13 cm with SDs of 4 cm, 6 cm and 6 cm for CO, C10, and C20,
respectively. Absolute lateral translocation had average values of 1 cm, 0 cm and 3 cm with
SDs of 0 cm, 0 cm and 2 cm for CO, C10 and C20, respectively. The values of absolute lateral
translocation were one order of magnitude lower than those of forward translocation, which
were at the same level of total translocation, suggesting that the energy exerted by the tillage
tools was mostly allocated to forward translocation. Similar to total translocation, for both
forward and absolute lateral translocation, significant differences were observed between C20
and CO. These results suggest that the large channel (i.e., C20) increased tillage translocation
in both directions. Net lateral translocation in the context of CT indicates the net downslope
translocation. The values were negative (downslope) but close to 0, and there was no significant

difference between channel sizes (data not shown).
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2.4.3.2 Individual tracer movement relative to the channel

Where there was no channel (C0), with only a few exceptions, total translocation of
individual tracers was lower than 40 cm (Fig. 2.5). This indicates that if the channel is within
40 cm distance of a tracer, it will have a direct impact on total translocation whereas if the
channel is beyond 40 cm distance of a tracer, its impact will be much lower. Therefore, we
used the 40 cm lines before and after the channel to define the four areas along the tillage
direction as: the BC-OCA from the starting line of the plot to the 40 cm line before the channel,
the BC-NCA from the 40 cm line before the channel to the front edge of the channel, the AC-
NCA from the end edge of the channel to the 40 cm line after the channel, and the AC-OCA
from there on. Because tracers were installed in 10 cm intervals, there were four and six
columns of tracers for the NCAs and OCAs, respectively.

For CO, the average total translocation ranged from 4 cm to 11 cm and the differences
between the four areas were non-significant as expected, except that AC-OCA was
significantly lower than AC-NCA. This was likely due to experimental error but can also be a
result of human error on controlling tillage speed. Under C10, the average total translocation
ranged from 8 cm to 18 cm. For each column, values for C10 were consistently greater than
those for CO. For both NCAs and OCAs, total translocations for C10 were significantly greater
than those for CO, suggesting that the impact of the channel was significant around the channel
area and extended to the outside channel area. Similar to that for CO, the differences between
the four area were mostly non-significant for C10 except that AC-OCA was significantly lower

than BC-NCA. Under C20, the average total translocations ranged from 9 cm to 28 cm, and for
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Figure 2.5. The total soil translocation of individual tracers under Contour Tillage treatment
(CT) with channels in three different sizes (CO, C10 and C20). The shaded areas are NCAs
before and after the channel area. Capital letters indicate the comparisons between different
areas (within a chart) and lower-case letters indicate the comparisons between channel sizes
(across different charts). Mean values with different letters are significantly different from each
other at P < 0.10 based on the Tukey test.

each column the values were consistently greater than those for CO and C10. Grouped into
areas, for BC-NCA, C20 >> C10 >> CO0 whereas for AC-NCA, C20 > C10 >> C0, suggesting

that the channels had a strong impact on total translocation in NCAs. Also, for BC-OCA, C20
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~ C10 >> CO whereas for AC-OCA, C20 >> C10 >> CO0, suggesting that the impact of a
channel on total translocation extended to the outside channel area. Regarding the comparisons
between the four areas, the total translocation for C20 followed the order of BC-NCA > AC-
NCA > AC-OCA >> BC-OCA. The fact that total translocations for both NCAs were
significantly greater than those for OCA suggests that the impact of the channel was stronger
for NCA than for OCA. As components of total translocation, both forward and absolute lateral
tillage translocation showed similar trends as those for total translocation (data not shown).
Overall, the results suggest that the presence of a channel increased both forward and absolute

lateral translocation, particularly for soil/tracers in the NCAs, and therefore total translocation.

2.5 Discussion

2.5.1 Mechanism of soil movement around channels

During tillage, soil in front of the tillage tool is disturbed and moved. The area of soil being
impacted by the tillage tool is termed the zone of influence (Zol, Sharifat and Kushwaha, 2000).
This Zol can be represented as a simple circular-shaped area in front of the tillage tool with the
strength of impact and, therefore, soil movement from the tillage tool decreasing with distance
in both forward and lateral directions (Fig. 2.6). The size of this zone is determined by the
energy exerted by the tillage tool on the soil-the greater the energy, the larger the size of Zol,
which leads to greater total soil translocation. The shape of this zone is determined by the
relative magnitude of forward versus lateral soil translocation. When forward translocation is

greater than lateral translocation, Zol is an oval shape with the long axis along the tillage
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direction. When lateral translocation is greater, Zol is also an oval shape but with the long axis

perpendicular to the tillage direction.

2.5.1.1 Downslope and upslope tillage with a channel

During the tillage operation, tractor forward force propels soil in the direction of tillage.
Additionally, gravity plays an essential role in in facilitating macro- and micro-topographic
downslope soil displacement. On a macro-topographic scale, soil moves downslope, while on
a micro-topographic scale, the channel walls form steep slopes that guide soil movement. The
empty space created by channel functions like a trap: on one hand, lateral soil movement is
greatly increased due to bank failure; on the other hand, sliding and rolling of soil particles are
greatly reduced in the channel area, thus the overall soil movement, especially forward soil
movement, is reduced (referred to as the trapping effect herein). Secondly, if tillage depth
remains constant, there is less soil to move in the tillage layer because of the channel, whereas
the overall energy acting upon the tillage layer stays the same and, therefore, the energy
intensity increases, leading to a greater potential for soil movement (referred to as the energy-
intensity-increase effect herein). The shape of the Zol is determined by the relative importance
of these factors as well as the location of the channel relative to the tillage tool.

When the tillage tool is going through the middle of the channel, channel banks collapse
on both sides and the soil falls into the channel (especially from the surface layer). Around the
channel, the direction of soil movement is pointing towards the channel. If the trapping effect
overwhelms the energy-intensity-increase effect, the overall soil movement will decrease,
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Figure 2.6. Illustration of Zone of Influence (Zol) for a tillage tool under different channel
conditions and tillage directions. a) to d), e) to h) and i) to I) are for downslope, upslope and
contour tillage, respectively. a) no channel, forward > lateral; b) sweep going though the
channel, forward > lateral; c) sweep close to the channel, forward > lateral; d) sweep within
impact range of the channel, forward > lateral; €) no channel, forward < lateral; f) sweep going
through the channel, forward < lateral; g) sweep close to the channel, forward < lateral; h
sweep within impact range of the channel, forward < lateral; i) no channel, forward > lateral;
j) sweep before the channel; k) sweep going across the channel; and I) sweep passed the channel.
Circles are iso-intensity lines. Soil particles theoretically move in directions perpendicular to
the iso-intensity lines. The thickness of the line indicates the degree of influence (decreases
from the centre to outside).

resulting in a flattened and widened Zol with a dent in the middle of the circle. In contrast, if
the energy-intensity-increase effect dominates, the overall soil movement will increase,
resulting in a Zol with a rise in the middle of the circle. When the channel is located close to

the tillage tool (within the original Zol of the tillage tool when there is no channel), this zone
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will be deformed around the channel. In particular, because of the disruption of the channel,
the influence of the tillage tool will not go as far as when there is no channel, resulting in denser
iso-intensity lines running parallel and close to the channel. The shape of the iso-intensity lines
in the channel, again, is determined by the relative magnitude of the energy-intensity-effect
versus the trapping effect. When the trapping effect dominates, there is a dent in the middle of
Zol and when the energy-intensity-effect dominates, there is a rise in the middle of Zol. When
the channel is located outside but close to the original Zol of the tillage tool, it may still have
an effect if the zones of tillage tools overlap. Liu et al. (2007) estimated that the Zol of a tillage
tool they tested extends to approximately 30 cm from the edge of the tillage tool. Normally, for
primary tillage equipment, there is no gap between tillage tools so that Zols of adjacent tillage
tools overlap. Consequently, the channel not only can affect Zol of the tillage tool going
through it but also those of the adjacent tillage tools. The iso-intensity-lines of the Zol for the
adjacent tillage tool will be drawn toward the channel. When the channel is located far enough
from a tillage tool so that the Zol of this tillage tool does not overlap with the tillage tool going
through the channel, the impact of the channel on the Zol of this tillage tool is likely small and
can be considered the same as that for the no channel condition.

The mechanism of soil movement described above can be used to explain the results on
soil translocation and individual tracer movement observed in this study. The tillage equipment
used in this study has five tillage tools (sweeps), numbered 1 to 5 from left to right. The centre
sweep (#3) was lined up with the channel so that the Zol of this sweep is like the scenario of

tillage tool going through the middle of the channel as shown in Fig. 2.6.b and 2.6.f. For the
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adjacent sweep to the right (#4), it overlapped with sweep #3 and the edge of this sweep was
only about 5 cm away from the boundary of the channel. Using the 30 cm range of the Zol
estimated by Liu et al. (2007), the entire channel should be within the Zol of sweep #4 as shown
in Fig. 2.6.c or 2.6.g. For the adjacent sweep to the left (#2), there was a gap, and the edge of
this sweep was about 37 cm away from the edge of the centre sweep. Using the 30 cm range
of the Zol as the reference, there will be an overlap between the Zols of sweeps #2 and #3 so
that the Zol of sweep #2 is impacted by the channel and will be like the ones shown in Fig.
2.6.d or 2.6.h. The far-left sweep (#1) will have a Zol like that shown in Fig. 2.6.a or 2.6.e
since the Zol of this sweep will not be impacted by the channel whereas the far-right sweep
(#5) will have a Zol like that shown in Fig. 2.6.d or 2.6.h. It should be noted that the alignment
of the centre sweep to the centre line of the channel was not precise in the experiment and the
30 cm range of the Zol is a very rough estimate. Should the sweep be shifted to the right for a
short distance or the range of the Zol change (almost definitely will be the case, Lobb et al.,
2001), the Zols for all the sweeps, especially those for sweep #2 and #3 will change. These
variations are important but it is not possible to explore all the possibilities. Therefore, the
following discussion is based on the assumption of a 30 cm Zol from the edge of the sweep
and the precise alignment of the centre sweep with the centre line of the channel. However, the
variable nature of soil movement during tillage is taken into consideration when needed.
Under DT, when there was no channel (CQ), forward translocation was slightly greater
than lateral translocation so the Zols for all sweeps would be in an oval shape with the long

axis along the tillage direction (Fig. 2.6). When there was a channel (C10 and C20), the Zols
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for sweeps #1 through #5 would be like those shown in Fig. 2.6.a, 2.6.d, 2.6.b, 2.6.d, 2.6.d,
respectively. For sweep #1, the Zol would remain the same while those for sweeps #2, #3, #4
and #5 would have changed their size and shape. Relating to the results we observed for DT,
when there was a channel, sweeps #2, #3, #4 and #5 were likely under the impacts of both the
energy-intensity-increase effect and the trapping effect. For forward translocation, trapping
effects overwhelmed the energy-intensity-increase effect so that it decreased, whereas for
lateral translocation, the energy-intensity-increase effect was slightly stronger so that it
increased slightly, leading to an overall slight decrease in total translocation. The decrease in
forward translocation was reflected in the flattened top and the dent around the channel areas
for sweep #3 and #4. The slight increase in lateral translocation was reflected in the denser
parallel iso-intensity lines drawn towards the channel. The slight decrease in total translocation
should be reflected in the sizes of the Zol being smaller, but this was difficult to visualize from
the figures. From the perspective of individual tracer movement, comparing with-channel to
no-channel conditions, greater Pai and Pioc Values indicate the strong energy-intensity-increase
effect (more soil movement) and the trapping effect (more soil in the channel areas) whereas
similar Pcon Values indicate that the energy-intensity-increase effect and the trapping effect
cancelled each other to some degree so that the lateral translocation from different source areas
were equally affected.

Under UT, when there was no channel (CO0), forward translocation was slightly lower than
lateral translocation, the Zols for all sweeps would be in an oval shape with the long axis

perpendicular to the tillage direction (Fig. 2.6). The overall size of the Zol would be smaller
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than those under DT given that the values of the respective translocation measures were lower.
When there was a channel (C10 and C20), the Zols for sweep #2, #3, #4 and #5 changed their
size and shape. Relating to the results we observed for UT, when there was a channel, sweep
#2, #3, #4 and #5 were likely dominated by the energy-intensity-increase effect, leading to
increases in forward, lateral and total soil translocation. The increase in forward translocation
was reflected in the extensions around the channel areas for sweep #3 and #4 (Fig. 2.6.f and
2.6.g versus 2.6.e). The increase in lateral translocation was reflected in the denser parallel iso-
intensity lines drawn towards the channel whereas the increase in total translocation was
reflected in the greater sizes of Zol (Fig. 2.6.f, 2.6.g and 2.6.h versus 2.6.e). Also, greater Pay
and Pioc values for the with-channel than for the no-channel condition again indicate the strong
impact of both the energy-intensity-increase effect and the trapping effect. However, the Pcon
value was lower for NCA5 but greater for OCAS. This can be explained by the dominance of
the energy-intensity-increase effect, which increased lateral translocation so that more tracers

from OCADS5 were able to reach the channel area.

2.5.1.2 Contour tillage with a channel

When there is a channel orientated perpendicular to the tillage direction, the empty space
created by the channel can also have the energy-intensity-increase effect and the trapping effect.
Similar to that under DT and UT, the shape of the Zol is determined by the location of the
channel relative to the tillage tool. As the tillage tool moves towards the channel, the energy-
intensity-increase effect may exist at a substantial distance from the channel but should be
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minimal. When the tillage tool gets close to the channel, it will breach the channel bank,
causing it to collapse and soil to fall into the channel. If this trapping effect overwhelms the
energy-intensity-increase effect, the overall soil movement, especially forward soil movement,
will decrease, resulting in a truncated Zol. However, if the energy-intensity-increase effect
dominates, the overall soil movement will increase, resulting in a widened Zol going across
the channel with dense iso-intensity lines parallel to the channel (Fig. 2.6.k). After the tillage
tool passes the channel, the energy-intensity-increase effect still exists but there will be no
trapping effect, resulting in a larger Zol compared to no-channel condition (Fig. 2.6.1).

In this study, for CT, the channel position was the same for all sweeps except that the
sweeps in the front row reached the channel before the sweeps in the back row. However, the
effect of this time difference on the sweeps’ Zols was expected to be low. Therefore, the Zols
for all five sweeps were assumed to be the same. For the no-channel condition (CO0), forward
translocation was significantly greater than lateral translocation (P < 0.10, based on a two-
sample t-test) so that the Zol would be in an oval shape with the long axis along the tillage
direction, similar to that for DT but smaller in size (Fig. 2.6.i). When there is a channel, the
energy-intensity-increase effect seems to dominate because forward, lateral and total
translocation all increased. Evidence of this was observed in that: the forward and lateral
translocation increased for individual tracers across the length of the plot, especially in the area
right before and after the channel (Fig. 2.5). Along the tillage path, the Zol of a tillage tool will
be the same as that of the no channel condition, initially (Fig. 2.6.i). As it moves closer to the

channel, the size of the Zol may increase due to the energy-intensity-increase effect (Fig. 2.6.j).
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Once the front end of Zol reaches the channel, Zol will also be affected by the trapping effect,
with a shape affected strongly by the channel (Fig. 2.6.k). When the tillage equipment passes
the channel, Zol will again only be affected by the energy-intensity-increase effect (Fig. 2.6.1)
and the size of it will decrease along the path until it becomes the same as that of the no channel

condition.

2.5.2 Implication for conservation tillage practices

Contour tillage is one of the widely used conservation tillage practices to reduce runoff,
control water erosion and improve soil sustainability (Bogunovic et al., 2018; Stevens et al.,
2009). However, is contour tillage the most efficient way to eliminate channels such as rills
and ephemeral gullies created by water erosion? The efficiency of infilling a channel with
tillage can be assessed with the tillage translocation measures as follows: the magnitude of
tillage translocation is an indicator of the ability of tillage to smooth the soil surface; the
difference in translocation between with and without channels is an indicator of the additional
soil movement due to the existence of channel. For DT and UT, tillage was conducted along
the channel so that channel infilling is mainly determined by lateral translocation, whereas for
CT, tillage was conducted perpendicular to the channel so that the channel infilling is mainly
determined by forward translocation. Our results show that lateral translocation for DT was
slightly greater than that for UT, indicating that DT can create a smoother surface than UT.
However, there was a slightly stronger increase with channel size in lateral translocation for

UT than DT, indicating that UT may be able to fill the channel slightly better. Evidence of this
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was also observed in the sums of Pay values from the four source areas, which were 5.5 %, 6.5 %
and 16.1 % under DT and 2.2 %, 7.3 % and 18.1 % under UT for CO, C10 and C20, respectively.
Greater Pai values for CO with DT than UT indicate greater soil movement with DT, whereas
greater Pay values for C10 and C20 with UT than DT indicate more soil being moved to the
channels for UT than DT. For CT, the forward translocation where there was a channel
(especially C20) was greater than the respective lateral translocation for DT and UT. The
increase of translocation with channel size was also greater for CT than those for DT and UT.
These observations suggest that CT can create a smoother surface and fill the channel better
than DT and UT.

Based on these assessments, we recommend CT when one of the objectives for primary
tillage (using a tillage equipment similar to the one used in this study) is filling channels.
However, channels are normally oriented along the slope. If smoothing the channel is the only
purpose of the tillage pass (e.g., when ephemeral gullies occur after primary tillage), CT is not
very efficient as the equipment needs to be turned back and forth. Under such circumstances,
DT and UT may be a better choice. However, even with DT and UT, keeping the tillage
direction at an angle towards the channel may help smoothing the surface and filling the
channel better.

It should be noted that the sweep used in this study is a two-way tillage tool commonly
used for conservation tillage from the perspective of water erosion control because it does not
invert the soil thus exerts less soil disturbance and leaves more crop residues on the soil surface

than typical one-way tillage equipment does (e.g., a mouldboard plough). For the same reason
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of less soil disturbance, a two-way tillage tool is also generally believed to cause less tillage
erosion. However, Tiessen et al. (2007a) examined a similar two-way tillage tool and found
that it was as erosive as a one-way tillage tool. From the perspective of smoothing channels,
the greater soil disturbance with a one-way tillage equipment may lead to greater efficiency for
channel filling. However, the process of soil movement by a one-way tillage tool is very

different from that of a two-way tillage tool and requires further examination.

2.5.3 Experimental errors and uncertainties

The data of this study were highly variable, not only for the replicates of the same
treatments but also for different columns of tracers in the same plot and even for individual
tracers in the same column. Part of this high variability was due to the erratic nature of soil
movement during tillage but high experimental errors and uncertainties due to limitations in
experiment setup and control certainly contributed substantially to the high variability as well.
First, operational parameters such as tillage speed and depth have not been strictly controlled.
For example, tillage speed in this study ranged from 2.2 km h* to 6.8 km h. Although
statistical analysis show that tillage translocation measures were not significantly correlated
with tillage speed, large variation in tillage speed certainly can cause variations in these
measures among replicates for the same treatment. Using a lower gear ratio and greater engine
speed to have more control on the tractor speed may help to keep the tillage speed the same for
different runs. Second, the arrangement of sweeps was asymmetrical and the alignment of the

equipment with the channel was not precise. As described above, there was a metal bar across

56



the centre of the mounting frame so that the centre sweep was shifted toward the right-hand
side, leaving a large gap between sweeps #2 and #3 and an overlap between sweep #3 and #4.
Also, although extreme caution has been taken by the operator to align the tillage equipment
along the centre line of the channel, a5 - 10 cm error was possible. Together, these two factors
created large uncertainties for the same columns of tracers under different replicates (as an
extreme example, imagine in one run the channel was between sweeps #2 and #3 whereas in
another run the channel was between sweeps #3 and #4). Third, field conditions vary from plot
to plot and from time to time. Although all plots were on the same slope (less than 1 ha in area),
differences in micro-topography and soil are inevitable. Soil conditions (especially moisture)
also change depending on weather. Although efforts were made to conduct the experiment runs
in similar soil conditions, they were certainly not exactly the same. Last, the sampling was
based on a grid of 10 cm by 10 cm, which limits the resolution of translocation measurement
to 10 cm. This low resolution resulted in the rounding of tillage translocation measures and
likely contributed substantially to the high uncertainties of the translocation data.

The high variability and uncertainties of the data posed great challenges in the statistical
analysis. As described in section 2.3.5.2, in this study, extreme values were removed prior to
statistical analyses. It should be noted that extreme values should not be treated blindly as
unreal. In fact, tillage translocation experiments with bulk tracers have demonstrated that the
amount of tracers moved to the tail of the tracer distribution curve, although small, often
dominates the shape of the curve and, therefore, is very important for determining the amount

of tillage erosion (Li et al., 2007a; Tiessen et al., 2007a). In the case of this study, the point
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tracer method used had a much lower tracer density than the bulk tracer method and, therefore,
likely has much greater errors towards the tail of the tracer distribution curve (with extremely
high tillage translocation values). Since this study was designed to compare differences
between treatments, the focus was on the central tendency of the datasets. Removal of extreme
values with high errors should increase the accuracy of the central tendency estimates and,

therefore, was considered justified.

2.5.4 Future studies

Using the tracer method, there are two ways to calculate tillage translocation. One way is
to calculate it from the tracer distribution as conducted in this study, and the other way is to
use a summation curve with convolution (Lobb et al., 2001). Theoretically, the two methods
should produce the exact same value for tillage translocation. However, the distribution method
is easier to apply whereas the summation curve method is able to provide more information
regarding the dispersion of the translocated soil. In this study, tracers were buried in rows
beyond the range of expected tillage translocation. The design was to enable the use of the
summation curve method. However, this was beyond the scope of this paper, so only the first
10 rows of the tracers’ data were used. An additional study is underway to use the full range of
the tracer data to examine the dispersion of tracers along the tillage path as well as the errors
and uncertainties associated with both the distribution method and the summation curve

method.
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Another direction for future study is to incorporate knowledge gained from this experiment
into tillage erosion models. Current tillage erosion models such as the Directional Tillage
Erosion Model (DirTillEM, Li et al., 2009) and the Water and Tillage Erosion Model (WaTEM,
Van Oost et al., 2000) compute tillage erosion rate for each grid cell in a Digital Elevation
Model (DEM). None of these models take into account the effect of channels on tillage erosion.
The knowledge obtained from this study can be used to fill this gap. For example, the DEM
used in the model can be prepared to label cells where channels are located. Tillage
translocation from these channel cells can be calculated differently based on the differences
observed in translocation with and without channels in this study. This would enable the model
to simulate tillage erosion for field with channels. This not only provides a more accurate
estimation for tillage erosion but also establishes a link between tillage erosion and water
erosion via channels, facilitating a comprehensive modeling of water and tillage erosion as well

as their interactions.

2.6 Conclusion

In this study, the role of channels and tillage direction on tillage translocation was
examined. The presence of channels reduced tillage translocation during DT but increased
tillage translocation during UT. For both DT and UT, substantial channel infilling with
translocated soil occurred. The soil falling into the channels was mainly from the surface layer
for both DT and UT but for DT, it was mainly from the area away from the channel whereas

for UT, it was mainly from the area adjacent to the channel. For CT, the presence of channels
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increased tillage translocation but unlike DT and UT, the channel was oriented perpendicular
to the tillage direction so that tillage was more effective in filling the channel. For the
mechanisms involved in tillage translocation with the presence of a channel, we conclude that
the relative importance of the trapping effect (channel functions like a trap) versus the energy-
intensity-increase effect (greater energy intensity due to less soil being moved with the
presence of a channel) is likely responsible for the different patterns of tillage translocation
under different treatments. If the trapping effect dominates, the overall soil movement,
especially forward soil movement, tends to decrease, whereas if the energy-intensity-increase
effect dominates, the overall soil movement tends to increase. The relative importance of the
trapping effect and the energy-intensity-increase effect is determined by the shape and size of
the tillage tool’s Zol. The presence of a channel, its location and orientation relative to the
tillage tool, and the tillage direction can all affect the shape and size of the Zol. With respect
to sustainable soil management, the best practice is to reduce the formation of channels by
water erosion. If channels are formed by water erosion, CT is recommended because it will
induce lower tillage translocation and fill in the channel more effectively than DT and UT.
Moreover, the knowledge gained from this study on the effects of existing channels on tillage
translocation can be used to enhance the tillage erosion model so that it can be connected to
water erosion models, providing more realistic and accurate predictions of tillage erosion and

the overall soil erosion on agricultural lands.
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2.9 Nomenclature

AC-NCA

AC-OCA

ANCOVA
ANOVA
BC-NCA

BC-OCA

CO
C10
C20
CT
DT
FRDC

NCA

NCA15

the near channel area after the channel for plot under contour
tillage

the outside channel area after the channel for plot under
contour tillage

analysis of covariance

analysis of variance

the near channel area before the channel for plot under
contour tillage

the outside channel area before the channel for plot under
contour tillage

no channel treatment

treatment with a 10 cm by 10 cm channel

treatment with a 20 cm by 20 cm channel

contour tillage

downslope tillage

Fredericton Research and Development Centre

denotes the source area

the near channel areas
subsurface (10 cm - 20 cm) layer of the near channel area for
plot under downslope and upslope tillage
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NCA5

Nch

NP!
OCA
OCA15

OCA5

P5cm

Pan

PCOﬂ

Ploc

RR

SD

uT
Zofl

surface (0 cm - 10 cm) layer of the near channel area for plot
under downslope and upslope tillage

the total number of tracers found in the channel area after
tillage

the number of tracers moved into the channel area from source
area i

the number of tracers originally in source area i

the total number of tracers originally in the whole plot

the outside channel areas

subsurface (10 cm - 20 cm) layer of the outside channel area
for plot under downslope and upslope tillage

surface (0 cm - 10 cm) layer of the outside channel area for
plot under downslope and upslope tillage

the percentage of positions where only the tracer at 5 cm was
moved, used as an indicator for whether or not the tillage
depth was below 15 cm

the number of tracers moved into the channel area (versus to
outside of the channel area)

the contribution of different source areas to the tracer moved
in the channel area

the proportion of soil in each source area moved into the
channel area

the tracer recovery ratio

standard deviation

upslope tillage

the zone of influence
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3.1 Abstract

A critical time for both water and tillage erosion is the period between growing seasons
when the field is tilled and thus bare or nearly bare. During this period, there is a high risk for
water erosion, leading to water eroded channels. The existing channels, tillage operations and

the combination of these two may strongly affect runoff and sediment generations in the
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following water erosion events. However, knowledge on this is limited. In this study, plot
experiments were conducted to quantify the short-term effects of an existing channel, a single
pass of tillage and their interactions on the generations of runoff and sediment. Four treatments:
no channel, no tillage (NN, as the control); with a channel, no tillage (CN); no channel, with
tillage (NT); and with a channel, with tillage (CT) were examined. Plots under the four
treatments were placed under simulated rainfall for at least one hour. Runoff and sediment
samples were collected every 5-minutes after runoff initiation. The effects of treatments on the
amounts of runoff and sediment were analyzed with ANOVA and ANCOVA. We found that
with an existing channel, runoff initiation has accelerated and runoff discharge and sediment
export have increased whereas with a single pass of tillage, runoff initiation was delayed and
runoff discharge and sediment export have decreased. When an existing channel was tilled, the
effects of tillage dominated while the existing channel only demonstrated some minor impacts.
Applying this knowledge to a cereal-potato crop rotation common in Atlantic Canada, we
recommend spring primary tillage after cereal harvesting and late fall primary tillage after

potato harvesting to reduce the overall soil erosion.

3.2 Introduction

Soil erosion is a global environmental issue, leading to degraded soil quality and reduced
crop productivity (Lal, 2001). In general, cultivated fields are subject to water, wind and tillage
erosion, although one erosion process normally dominates (Li et al., 2012). These soil erosion

processes may interact with each other, increasing or decreasing the total amount of soil erosion.
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Therefore, the total soil erosion observed in cultivated fields is a combined result of wind, water
and tillage erosion, and their interactions (Lobb et al., 2003). In humid and subhumid climate
regions, wind erosion is often low but tillage and water erosion and their interactions can all be
high (e.g., Lietal., 2007). As a result, in order to accurately quantify the total soil erosion, both
the individual erosion processes and their interactions need to be quantified.

Water erosion can take the forms of sheet, rill and gully erosion (Brady and Weil, 2016).
Rill and gully erosion are both channelized erosions. In a rainfall event, water erosion starts in
the form of splash and sheet erosion. As rainfall progresses, runoff starts to concentrate,
incising the soil surface and forming small channels termed rills. Rills can develop into large
channels or gullies over several consecutive rainfall events (Kinnell, 2005; Morgan, 2009).
Gullies can be ephemeral or permanent. Ephemeral gullies are defined as “small channels
eroded by concentrated overland flow that can be easily filled by normal tillage, only to reform
again in the same location by additional runoff events” (SSSA, 2020). When the channels are
too big to be erased by normal tillage operations, they become permanent topographic features
and are referred to as classic gullies (Bennett and Wells, 2019).

Channels contribute to erosion in two ways: source of sediment and pathway for sediment
transport. First, concentrated water flow in the channel can detach a lot of sediments by head
cutting (Hosseinalizadeh et al., 2019a, b), channel bed incision (Qin et al., 2019), channel
widening (Wells et al., 2013) and channel wall collapsing (Zegeye et al., 2018). The USDA-
NRCS (1997) reported that channels or ephemeral gullies contribute on average 38 % of total

erosion in 17 states in the USA. Poesen et al. (2003) reported that based on data collected in
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different parts of the world, sediment contribution from channels to total sediment yield caused
by water erosion at various scales (from plot to watershed scale) ranged from 10% to 94%.
Second, channels converge flows from interrill areas and provide pathways for rapid discharge
of sediment produced by interrill and rill erosion, increasing the efficiency of sediment delivery
(Souchére et al., 2003).

Tillage is often used to clean crop residue, prepare the field for seeding, control weeds and
enhance soil conditions for crop growth (e.g., reducing soil compaction and increase water
surface retention and infiltration) (Lobb et al., 2007). All these tillage operations will cause soil
redistribution, thus, tillage erosion (Li et al., 2012). Tillage also changes the soil physical
properties thus can affect water erosion in subsequent rainfall events. Many studies reported
that tillage increases soil roughness and surface retention thus can effectively reduce surface
runoff and sediment yield (Cogo et al., 1984; da Rocha Junior et al., 2016; Gomez and Nearing,
2005; Johnson et al., 1979; Romkens et al., 2002). Tillage practices can contribute to the
creation of a rough soil surface at the micro-topographic scale through several mechanisms.
These include the disruption of soil aggregates, uneven incorporation of organic residues,
variations in tillage depth, and the displacement of soil during tillage operations. Additionally,
the choice of tillage implements, and the uneven distribution of residue cover can further
contribute to surface roughness. The extent to which tillage creates a rough soil surface depends
on factors such as soil type, equipment used, and the specific goals of tillage.

Another important but less noted function of tillage is to fill in and eliminate rills and

ephemeral gullies. Tillage practices play a vital role in smoothing the land surface at the meso-
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topographic scale, specifically in the context of filling channels or depressions within the
landscape. Through the movement of soil during tillage operations, areas of lower elevation
can be strategically filled with soil from higher ground, effectively leveling out the terrain and
minimizing the visibility of channels. This process not only helps reduce erosion risks by
compacting soil particles and preventing deeper channel formation but also prepares a uniform
seedbed for planting while enhancing water management and machinery accessibility. Process
wise, tillage filling channels is a form of tillage erosion (soil is redistributed by tillage from
surrounding areas to fill the channel). The result of this special form of tillage erosion, however,
can affect the water erosion in a subsequent rainfall event. On one hand, this may lead to
reduced runoff and water erosion as it eliminates the pathways for sediment delivery and the
source of channelized erosion. On the other hand, newly deposited soil in the channels is loose
and not well structured. As a result, during the next water erosion event, when runoff re-
converge, the newly deposited soil is easily erodible. So, there is a potential for increased
erosion due to tillage filling existing channels. Clearly, further investigation is required to
determine the overall resultant effects of tillage filling existing channels.

Given this knowledge gap, this study was designed to characterize and quantify the effects
of: a) an existing channel; b) a single pass of tillage; and c) a single pass of tillage filling an
existing channel on the generation of runoff and sediment on fields that are bare. The goal was
to better understand the underlying mechanisms leading to these effects and to develop
strategies to minimize the overall runoff and sediment losses from cultivated fields during the

critical period of soil erosion.
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Between growing seasons, for fields that are bare, channelized erosion and tillage often
occur in an alternating but consecutive sequence, so that there may be linkages and interactions
between these two processes (Lobb et al., 2003). Linkages refer to the simple additive effects
between the two processes, whereas interactions occur when one processes changes the
erodibility of the landscape for another process or when one process works as a delivery
mechanism for another process (Li et al., 2007; Li et al., 2008b; Lobb et al., 1995; Van Oost et
al., 2009). Wang et al. (2016) reported that tillage erosion increases soil erodibility and delivers
the soil for water erosion in sloping fields, accelerating water erosion. Dai et al. (2020) reported
that tillage erosion can change hillslope hydrological processes and increase sediment yield by
water erosion. However, in these studies, the effects of existing channels and tillage have not
been individually quantified, leaving a knowledge gap on how existing channels and tillage
individually affect water erosion and how an existing channel can link and interact with tillage

in a water erosion event.

3.3 Materials and Methods

3.3.1 Study area and plot layout

The study was conducted in field plots in the Experimental Farm of the Fredericton
Research and Development Centre (FRDC) in New Brunswick, Canada. The major cash crop
in this province is potato, mostly grown under rain-fed agriculture production systems (AAFC-
CHD, 2019). This area features a cold and humid continental climate with an average daily

temperature of 5.6 “C and an average annual precipitation of 1077.7 mm (ECCC, 2022). Soil
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at the study site is an Orthic Humo-Ferric Podzol developed on a coarse loamy fluvial deposit
over coarse loamy morainal lodgement till (Rees and Fahmy, 1984). The topsoil is friable,
yellowish brown (10 YR) sandy loam with 10 - 25 % angular cobbles and gravels, while the
subsoil is firm, dark brown (7.5 YR) sandy loam with 10 - 20 % angular gravels and some
cobbles. Overall, the soil is well-drained (Rees and Fahmy, 1984).

The experiment was conducted following a Latin Square design, with time being the row
block, field being the column block and four treatments allocated to the cells (i.e., specific
time-field combination) according to a randomly selected Latin Square (Table 3.1, Fig. A.1).
The four treatments were no channel, no tillage (NN), with a channel, no tillage (CN), no
channel, with tillage (NT), and with a channel, with tillage (CT). Treatment NN was used as
the control. The four fields (10-m-wide-by-80-m-long) were used to reflect spatial variations
such as soil properties and micro-topography variations. They were established on an east-
north facing slope with a slope gradient of ~10 % in the farm. The four times of the experiments
were used to reflect temporal variations of soil properties, such as soil moisture changes at
different soil layers due to precipitation. Ideally, we would like to finish the experiment in a
very short window to keep the field conditions the same for all plot experiments. This was not
possible because each plot experiment took half a day to one day to finish and rainfall is
frequent in the summer. Therefore, the plot experiments were conducted at four times in the
summer of 2016 and each time, only four plot experiments were done (Table 3.1). The time
selection was based on rainfall. At each time, the experiment was started two days after a

rainfall event with at least three days without rainfall in the weather forecast. The Latin Square
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design was used because after accounting for the two block factors (field and time), variabilities
in soil parameters that could not be measured without altering outcomes (e.g., subsoil
compaction, porosity, antecedent water content, temperature, etc.) would be included in any

statistically significant findings.

Table 3.1 The Latin Square experimental design used in this study. Time and field were used
as row and column factor to block temporal and spatial variations on experimental conditions,
respectively. The treatments (i.e., NN, CN, NT, CT) were allocated to specific time and field
based on a random selected Latin square

Field 1 Field 2 Field 3 Field 4

2016 Jul 5-7 NT CT NN CN
2016 Jul 21 - 24 NN CN NT CT
2016 Aug 10 - 11 CT NT CN NN
2016 Sep 5-6 CN NN CT NT

3.3.2 Plot setup

Before each run, each field was disc harrowed to mimic a bare soil surface after harvesting.
In each field, a 2-m-by-2-m plot area was marked. The plot surface was further smoothed using
a rake drawn in the direction perpendicular to the slope. For treatments CN and CT, a 30-cm-
wide and 30-cm-deep channel was manually excavated along the slope in the centre of the plot,
mimicking a water erosion channel (Fig. 3.1.a). The channel size of 30-cm-wide and 30-cm-
deep was used because it is the size often used to differentiate ephemeral gully and classic gully
(Poesen et al., 2003). For treatments NT and CT, tillage operation was conducted with a
cultivator (Fig. 3.1.b). The sweep (McKay 50 - 12K) mounted on the cultivator was about 30
cm wide and 25 cm long. In each tillage operation, the centre sweep was lined up with the

centre-line of the plot (also center-line of the channel in CN and CT). The tillage was always
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conducted downslope along the slope direction. Tillage speed was targeted at ~3.6 km hr! and

tillage depth was controlled at ~20 cm.

Figure 3.1. a) a CN treatment plot before tillage (the red line delineates the boundary of the
plot); b) the tractor hooked with a chisel plow used in this study; c) an NT treatment plot during
the rainfall simulation experiment; and d) an NT treatment plot after rainfall simulation.

After the plot was prepared according to the treatment (i.e., with or without channel and
with or without tillage operation), along the edges of the 2-m-by-2-m plot area, galvanized iron
sheets were punched into the soil to at least 10 cm deep (Fig. 3.1.d). About 10 cm of the
galvanized iron sheet was left above the soil surface to create a wall, which worked as a
physical boundary to prevent water and soil from moving in or out the plot area. A tube of 10
cm in diameter and ~70 cm long was installed in the middle of the wall on the downslope edge.
The tube was installed at a level flush to the base of the channel or the soil surface (depending

on the treatment), working as the outlet for runoff water and sediment.
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3.3.3 Rainfall simulation and data collection

Rainfall events were simulated with a medium sized, movable rainfall simulator (Chow
and Rees, 1994). The rainfall simulator was equipped with continuous, downward-flow, wide-
angle full-jet stainless steel nozzles (Fig. 3.1.c). Two aluminum support frames were designed
with upright holders on the top to hang two nozzles assembled on a horizontal boom. On the
boom, the middle position between the two nozzles was adjusted to approximately 2-m right
above the centre of the plot. At this height, the two nozzles can cover about a 4.0-m-by-2.5-m
area on the ground. The boom on the frame was connected to a Honda® water pump by a hose.
A pressure gauge and a valve were connected between the water pump and the rainfall
simulator.

The rainfall simulator was calibrated and factors affecting the rainfall intensity and
uniformity (such as nozzle type, slope and water pressure) have been rigorously tested (see
details in Chow and Rees, 1994). The effects of water pressure and slope were found
nonsignificant. The nozzle type did not show large impact either. Nevertheless, the same nozzle
and water pressure were used throughout the experiment. Because the ground coverages of the
nozzles overlap each other, the rainfall intensity and uniformity depend on the target area on
the ground are different. With a 2-m-by-2-m area target area in the middle as in this study, the
rainfall intensity and uniformity were estimated to be approximately 70 mm hrt and 75 %,
respectively (Chow, personal communication). These values were confirmed with

Measurements of precipitation volume with five one-litre cups placed in each plot. The surface
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area of these five cups only occupied about 1 % of the entire plot surface area. Nevertheless,
the amount of precipitation intercepted by these cups was subtracted from the total amount of
precipitation the plot received. Two tarps were used to wrapped around the frames of the
rainfall simulator to block the wind, reducing its impact on the simulated rainfall.

A stopwatch was used to record the runoff initiation and sampling times. The stopwatch
was started when the rainfall simulation started. When runoff started to flow at the outlet tube,
the time was recorded and the first runoff sample was collected with a one-litre cup. When the
cup was filled, another cup was used until it reached the 5 min after runoff initiation. Then,
runoff water samples were taken as the sum volume of cups collected in each 5-min interval.
For all plots, simulated rainfall continued for one hour after runoff initiation. Therefore, in total,
there were 13 runoff water samples collected for each plot.

All samples were sent to the Soil Hydrology Laboratory in FRDC for analysis. Volume
and weight of all water samples were measured with a graduated cylinder and a scale,
respectively. Sediment amount in each sample was determined gravimetrically by weighing

samples before and after they were dried at 120 °C for 24 hours.

3.3.4 Data analysis

Seven runoff and sediment measures: runoff initiation time (min), runoff flow rate (mm
hr'Y), runoff discharge (mm), runoff coefficient (%), sediment yield (kg m? hr), total sediment
export (kg), and sediment concentration (g L) were recorded or calculated. The runoff

initiation time was recorded when runoff started to flow at the tube outlet. The runoff flow rate
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and sediment yield were calculated for each 5-min sample as the runoff (mm) and sediment
export (kg), respectively, divided by the sample collection time (min). The runoff discharge
and total sediment export were calculated as the cumulative total runoff depth and sediment
export, respectively. The runoff coefficient was defined as the runoff discharge divided by the
corresponding total precipitation. The sediment concentration was calculated as the sediment
export divided by the runoff volume. If there was no runoff generated, the concentration data
was considered as null in the following statistical analysis.

The runoff initiation was different for each experimental run. In order to compare the
results between different treatments, except for the runoff initiation time, the data of all other
six parameters were linearly aligned to 5-min time interval points after rainfall simulation
started. Further analyses were all based on these aligned data. The runoff and sediment data
were highly skewed. To ensure normality prior to statistical analysis, the data were log-
transformed as follows:

Transformed data = log;y(raw data + 1) [1]

After the log-transformation, the General Linear Model of Latin Square was constructed:
Vijw = U+ time; + field; + treatment ) + ejjqq [2]

Where: y represents one of the parameters examined. Time; and field; are the row and
column effects of the Latin Square design, respectively. All row and column effects and
treatment) were considered as fixed effects. For paired treatment comparisons, the Fisher

Least Significant Difference method was used.
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To better characterize the changes of runoff and sediment parameters over time and the
differences between treatments, The rainfall event was divided into four stages, each 15-min
long (i.e., stage-1: 0 - 15 min; stage-2: 20 - 30 min; stage-3: 35 - 45 min; and stage-4: 50 - 60
min). For each stage, liner regressions between the runoff and sediment measures and rainfall
simulation time were conducted:

y = a+ bx 3]

Where: y represents the parameter being tested. x represents the time after rainfall initiation.
a and b represent the intercept and slope, respectively. For each parameter, the slopes and
intercepts of the regression lines for different treatments were compared using the analysis of
covariance (ANCOVA).

The runoff discharge and total sediment export values were also used to examine the
effects of rainfall events of different magnitudes. For example, at 15 min, total precipitation
was 17.5 mm. Assuming rainfall stopped at 15 min, the runoff discharge is then the total runoff
for an event with a total rainfall of 17.5 mm. Following this logic, the runoff discharge values
at 15, 30, 45 and 60 min can be considered to represent events with total rainfall of 17.5, 35,
52.5 and 70.0 mm, which were referred to as small, medium, large and extremely large events,
respectively. It should be noted that the events separated by time were not independent events
and, therefore, the discussion will be focused on the periods of transition to reflect the shifts of

different controlling processes.
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3.4 Results

3.4.1 Runoff

The runoff initiation time was highly variable for all treatments (Fig. 3.2). It ranged from
15.0 to 30.3 min, 6.0 to 18.5 min, 16.2 to 28.5 min, and 9.8 to 28.1 min, with a mean of 22.4,
11.5, 24.9 and 22.3 min and a CV of 35 %, 46 %, 23 % and 38 % for NN, CN, NT and CT,
respectively (Fig. 3.2). The mean runoff initiation time followed an order of NT > NN > CT >
CN. However, only the difference between NT and CN was statistically significant (P < 0.10).

After runoff initiation, the average runoff flow rates (RFR) increased throughout the entire
experimental periods for all treatments with only one exception (for CN, the RFR dropped from
40 to 45 min) (Fig. 3.3.a). The RFR curves for NN, NT and CT appear to follow a similar
pattern with time: in the beginning, there was a period of slight increase of RFR (15 - 30 min
for NN, 15 - 25 min for both NT and CT); then, there was a period of steep RFR increase (30
- 50 min for NN, 25 - 55 min for both NT and CT); and in the end, the RFR leveled off (50 -
60 min for NN, and 55 - 60 min for both NT and CT). For CN, the RFR increased rapidly in
10 - 25 min; then, the increase of the RFR reduced, and there was a period of steady RFR

increase from 25 - 40 min; and in the end, the RFR leveled off in 40 - 60 min.
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Figure 3.2. The runoff initiation time (minute) for different treatments (NN, CN, NT and CT).
For each treatment, the four dots represent the four repeats and the triangle represents average
values of the four repeats.

Comparing the four treatments, the RFR values followed a consistent order of CN > NN >
CT > NT with the exceptions for the first 15 min (when the RFRs for NN, NT and CT were all
close to zero) and the period from 45 min to 60 min when the RFR values for NN were greater
than those for CN and those for CT and NT were similar (Fig. 3.3.a). The differences in RFR
between the treatments at 15 and 30 min were overall significant (P < 0.10 for CN vs. NN at
15 min, CN vs. CT at 15 min and CN vs. NT at both 15 and 30 min, Table 3.2). With the
ANCOVA analyses of the four stages, there were more significant differences between the
treatments, especially for stage-3 where the intercepts for CN and NN were found to be
significantly greater than those for NT and CT (Table A.1). Overall, these comparisons indicate
that the presence of a channel facilitated a quicker runoff initiation and resulted in greater RFR
values until when it started to level off. On the other hand, tillage led to slower runoff initiation

and lower RFRs and when tillage was conducted with an existing channel, the effect of tillage

83



overwhelmed that of the channel so that the RFR curves for NT and CT were very close to each
other.

The runoff discharge (RD) for all treatments increased exponentially after runoff initiation
(Fig. 3.3.b). There was a consistent order of CN > NN > CT > NT throughout the whole period
of rainfall simulation. This order was similar to that for the RFR except that the differences
between treatments were more pronounced with the RD curves than with the RFR curves
(Table S1) and the difference between CN and NN did not reverse during stage-4 as did with
the RFR curves. The runoff coefficient (RC) followed a similar pattern to that of the RD: RC
increased exponentially after runoff initiation with a consistent order of CN > NN > CT > NT

(Fig. 3.3.c).

3.4.2 Sediment

For NN, after runoff initiation, the average sediment yield (SY) kept at a low level until
30 min when it started to increase slowly but steadily to reach 0.37 kg m hr! at 45 min (Fig.
3.3.d). There appeared to be a big jump from 45 min to 50 min and then the SY values
maintained between 0.58 and 0.65 kg m hrt. For CN, after runoff initiation, the mean SY
increased steadily to 0.59 kg m hr'! at 30 min. Then, the slope of the SY curve increased
dramatically and the SY value reached 1.41 kg m? hr! at 40 min. However, there was a
decrease of SY from 40 to 45 min and at 45 min, the SY dropped to 1.22 kg m hrl. After 45

min, the SY increased again and reached 1.71 kg m hr! at 60 min. For NT, after runoff

84



~ 5 I 30
: g | ' R
g :. 3
-
s o [l 15§20
g £° ol g
e g 2o 10 g "
2 = 2 ‘ =]
3 [a] [ Yo
= 5 I s %
3 €1 [ S s
S & I [
& 0 = 0 0
= 4y o | 505[e) I e [30 T 50
< 15 s * s 2
£ o L £ 04 & s [* 540
‘-’ ’ -
[2)] ! o ’ =
% X [ . 20 ®
S 10 s i 03 P | £30
& g T4 15 8
; Eo. E . 20
£ 05 R el 0 15 S
) 2 .;-“"—-‘ w ™ || ) = & E
E 1 - = 01 73l — = 05 310
S ' S 4 -
(7] = 4 —— o ol 2" H —
B 00| asmsar bt F 00| 8—t—grleA I 003 o
0 5 10 15 20 25 30 35 40 45 50 55 60 0 51015 2025 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min) Time (min) Time (min)

Treatment —#—NN --®-CN —--4&-NT --&-CT

Figure 3.3. Changes of: &) runoff flow rate (mm hr); b) runoff discharge (mm); c) runoff coefficient (%); d) sediment yield (kg m hr'l); e) total
sediment export (kg); and f) sediment concentration (g L™) with time for the four treatments.
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Table 3.2 The mean and coefficient of variation for runoff flow rate (RFR), runoff discharge (RD), runoff coefficient (RC), sediment yield (SY),
total sediment export (TSE), and sediment concentration (SC) at 15, 30, 45 and 60 min after rainfall simulation started

RFR RD RC SY TSE SC

Time Treatment Mean cv Mean CV Mean cv Mean cv Mean CV Mean Ccv
min mm hrt % mm % % % kgm2hrt % kg % gL? %
15 NN 0.0b 200 0.0b 200 0.0b 200 0.00b 200 0.00a 200 N/A N/A
15 CN 43a 81 05a 114 21a 93 0.12a 118 0.03a 136 15.5 55
15 NT 0.0b N/A 0.0b N/A 0.0b N/A 0.00b N/A 0.00a N/A N/A N/A
15 CT 04b 200 0.1b 200 0.3b 200 0.01b 200 0.02a 200 47.9 N/A
30 NN 7.1ab 89 l4ab 114 3.1ab 107 0.11a 107 0.10a 135 4.9 15.4
30 CN 226a 30 43a 53 11.8a 39 0.59a 79 0.45a 131 16.5 17.5
30 NT 3.6b 77 05b 142 1.1b 121 0.15a 137 0.08a 175 24.5 N/A
30 CT 6.3 ab 14 0.6ab 75 1.6ab 60 0.14a 44 0.07a 136 26.5 N/A
45 NN 319a 14 74ab 38 139ab 32 0.37b 78 0.32b 71 79b 42.8
45 CN 30.6a 18 11.6a 33 22.1a 27 122 a 45 145a 93 340a 7.0
45 NT 213a 30 3.6b 53 6.6 b 45 0.34b 68 0.30b 102 116b 10.7
45 CT 24.7a 8 52ab 7 9.9ab 6 0.32b 41 0.32b 54 11.7b 20.6
60 NN 454 a 9 182a 19 26.3a 18 0.58b 46 0.89b 59 109b 23.4
60 CN 40.8 a 14 20.7a 20 29.8a 18 1.71a 34 293a 53 36.9a 11.3
60 NT 37.7a 9 12.1a 19 174 a 18 0.42b 23 0.69b 64 109b 10.2
60 CT 36.7a 5 13.1a 5 18.8a 5 0.59b 18 0.83b 20 15.8b 10.0

Mean values with different letters are significantly different from each other at P < 0.10 based on the Fisher LSD test.
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initiation, the SY was at a very low level, slightly lower than those of the NN. After 20 min,
the slope of the SY curve started to increase. The increase in the SY was steady and the SY
reached its peak (0.44 kg m hr?) at 55 min, and then decreased slightly at 60 min. For CT,
similar to NT, the SY was low before 25 min. Then, the SY curve started to rise and reached
0.32 kg m™ hr! at 45 min, very close to those of NN and NT. There was a jump from 45 to 50
min to reach 0.52 kg m hr'! and then increased slightly to 0.59 kg m hr! at 60 min.
Comparing the four treatments, the SY curves followed a consistent order of CN > NN =~
NT = CT, with the exception of the period from 45 to 60 min when the SY value for NT was
lower than those for NN and CT. For the four times examined, the SY for CN was significantly
greater that that for NN, NT and CT, except for that at 30 min (P < 0.10, Table 3.2). In contrast,
the differences between NN, NT and CT were all non-significant at any given time. With the
ANCOVA analyses of the four stages, the differences between CN and the other treatments
were more pronounced: the intercepts for CN were significantly greater than those for NN, NT
and CT for all four stages (Table A.1). Again, the differences between NN, NT and CT were
non-significant for all stages except for that between NT and CT at stage-4 (P < 0.10, Table
A.1). The SY curves for NT and CT were almost identical to that for NN. This was different
for the RFR curves, for which NT and CT were consistently lower than NN. Overall, these
results suggest that the presence of a channel accelerated the erosion. On the other hand, tillage
did not significantly accelerate or reduce SYs and when tillage was conducted with an existing

channel, the effect of tillage overwhelmed that of the channel.
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The total sediment export (TSE) for all treatments increased exponentially after runoff
initiation (Fig. 3.3.e). This was similar to that of RD. There was a consistent pattern of CN >
CT = NN > NT throughout the whole period of the rainfall simulation except for the first 25
min which was similar to that for the SY.

For NN and NT, the Sediment Concentration (SC) had a similar decreasing trend with time
(Fig. 3.3.f). Since both RFR and SY increased with time, the deceasing trend of SC suggests
that the increase of RFR was relatively greater than the increase of SY, an effect likely caused
by changes in the erosion process (e.g., surface sealing). Such effect was stronger prior to 30
min than after as the slopes of the SC curves were greater (in terms of the absolute values)
before 30 min than after. The SC followed a consistent order of NT > NN except for the stage-
4, indicating that the soil erodibility of NT and NN followed the same order. For CN, the SC
trend with time was different: it increased continuously with time except for the beginning and
the end of the event, indicating a continuous increase of soil erodibility with time under CN.
For CT, the SC was greater than that for CN at 15 min, indicating greater erodibility for CT,
probably due to the loose soil surface with CT. From 20 to 30 min, the SC values for CT were
greater than that for CN but the SC curves were in parallel, indicating that increase of soil
erodibility during this period were similar. Then, from 30 to 45 min, the SC value for CT
decreased dramatically and became similar to that for NT. After 45 min, the SC value for CT
increased again, and became greater than those for NT and NN but still much lower than that

for CN.
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3.5 Discussion

3.5.1 Runoff and sediment generations on a bare soil surface

For the NN treatment (representing an undisturbed bare soil surface), during a rainfall
event, water is firstly infiltrated into the soil profile or detained in the small depressions on the
soil surface. Small event (e.g., an event lasts less than 15 minutes in our experiment) may not
generate runoff. Only when the rainfall intensity exceeds the infiltration rate and the surface
retention capacity, surface runoff will occur. Surface runoff begins as sheet flow, which is slow,
so that its ability to detach and transport soil particles is limited. As rainfall progresses,
infiltration decreases, mainly due to surface sealing, thus runoff increases (Fig. 3.3.a). At 60
min, the final runoff flow rate for NN was 45.4 mm hr, which translates to an infiltration rate
of 24.6 mm hr! (based on an estimated rainfall intensity of 70 mm hr?), similar to that of a
typical sandy loam soil with bare soil surface (Huffman et al., 2013).

With increased runoff, the sheet flow becomes faster, having more erosive power and
higher transport capacity. As a result, sediment yield also increases (Fig. 3.3.d). However, the
sheet flow also becomes thicker, creating a barrier for rainfall splash, resulting in less soil
detachment. This explains why sediment concentration for NN decreased from 20 to 45 minute
(Fig. 3.3.f). As runoff continuous to increase, water converges thus has more erosive power
and can incise into the soil surface to form small channels (rills), resulting in increased erosion.
The NN plots did not have well defined rills but there were clear signs of rill development (Fig.

A.2.b). The development of rills for NN likely started at around 45 min as the sediment yield
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had a jump at 45 min and the sediment concentration also started to increase slightly from 45

min (Fig. 3.3.d, 3.3.).

3.5.2 Effects of an existing channel

The presence of a channel provides an existing path for runoff water to converge. This
reduces the retention capacity of the soil surface and shortens the pathway for the surface runoff
to reach the plot outlet. As a result, the runoff initiation time for CN was much shorter than that
for NN (Fig. 3.2). As rainfall progresses, infiltration also decreased with CN as it did with NN,
thus runoff flow rate increased. The runoff flow rate for CN was slightly lower than that for
NN at the last stage (stage-4), indicating a greater infiltration with CN (Table A.1). This can
be explained by water depth in the channel: when it is high, on top of moving downward, water
can also move into the soil profile through the side walls, increasing the effective surface area
for infiltration. However, concentrated flow in the channel can cut into the channel walls,
causing channel wall erosion and, therefore, sediment yield for CN was much greater than that
for NN (Fig. 3.3.d). As the runoff increased, channel wall erosion also increased so that the
sediment concentration for CN increased continuously with time (Fig. 3.3.).

Erosion of the channel walls can also cause channel wall failure. In the case of a small
channel wall failure, the channel maintains its shape and size so runoff is not significantly
impacted. However, sediment yield will increase due to ample supply of loose channel wall
materials falling into the channel after the channel wall fails. For the CN plots in this study,
between approximately 25 and 40 min, the sediment yield increased three times during this

period, whereas the increase in the runoff flow rate was only 1.8 times (Fig. 3.3.d). This likely
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was related to small channel wall failures as field records show that visible channel wall
deformation started to occur at around the same time. When a major channel wall failure
happens, the channel may be partially blocked so that both runoff and sediment yield can be
reduced, as shown with the CN plots between approximately 40 and 45 min (Fig. 3.3.a, 3.3.d).
Towards the end of the experiment, major channel wall failure occurred to all CN plots and the
channel were mostly filled (Fig. A.2.d). During this period, the increase in the sediment yield
was 44%, whereas the increase in the runoff flow rate was only about 33%. This might indicate
a substantial erratic increase in the erodibility of the soil, caused by the major channel wall
failure.

Overall, the existing channel not only serves as a rapid pathway for water flowing to the
edge of the plot but also provides a significant sediment source due to erosion of channel walls
and channel wall failure. This finding agrees with the results reported in many previous studies
(Wuetal., 2019; Xu et al., 2019) and confirms that water erosion will be increased when there

IS an existing channel.

3.5.3 Effects of tillage

Tillage changes several soil physical properties thus affecting water erosion. First, tillage
creates a rough soil surface, leading to increased soil surface retention at the micro—
topographic scale (Fig. A.2.e). Second, tillage loosens the tillage layer soil thus increases its
porosity and hydraulic conductivity. This will lead to greater water storage capacity and
improved infiltration (Bescansa et al., 2006; Lipiec et al., 2006). Third, tillage breaks up

existing soil structure and can lead to greater soil erodibility. The effects of tillage on runoff
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and water erosion are well reflected when comparing the results of NT to NN. A delayed runoff
initiation with NT can be explained by the increased surface retention and tillage layer water
storage capacities with NT (Fig. 3.2). Similar results have been reported in many previous
studies (Alvarez-Mozos et al., 2011; Burwell and Kramer, 1983; da Rocha Junior et al., 2016;
Onstad et al., 1984; Zhao et al., 2018). The consistently lower runoff flow rates with NT was
likely due to the greater infiltration with NT. Although NT consistently had lower runoff flow
rate, sediment yield values for NT were mostly similar to those of NN, which can be explained
by the greater soil erodibility with NT (Fig. 3.3.d). This is also evidenced in that the sediment
concentration for NT was consistently greater than that for NN except for the stage-4 (Fig.
3.3.9).

It should be noted that the results from this study appear to contradict the conclusion of
reducing tillage leading to reduced water erosion reported in many studies (Lindstrom et al.,
1981; Rockstrom et al., 2009). The reason for the difference lies in that this study was focused
on the short-term effects of a single tillage pass on a bare soil surface whereas those above-
mentioned studies were comparing tillage with no-tillage conditions in the long term. First, the
references of the comparisons were completely different (tilled bare soil surface for this study
and no-till surface for the other studies). Second, the current study focused on the instant or
short-term effects but those above-mentioned studies focused on the long-term effects for
which instant or short-term effects of field operations were eliminated by keeping the timings
and field conditions the same (e.g., Lindstrom et al., 1981; Rockstrom et al., 2009). Therefore,

there is no real contradiction between this study and those long-term studies. In fact, previous
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studies on the short-term effects of tillage showed similar results to this study (Bahmani, 2019;

Mosaddeghi et al., 2009).

3.5.4 Effects of tilling an existing channel

Tillage smooths the soil surface. Small topographic features can be eliminated completely
by tillage. When a topographic feature is larger or similar in size to the tillage depth or the size
of the cutting tools of the tillage implement (e.g., sweeps of a field cultivator), it cannot be
eliminated. However, it still will be deformed and reshaped. A channel is a topographic feature,
so the effect of tillage on a channel is dependent on the size of the channel relative to the depth
of tillage and the size of the cutting tool.

In this study, the channel was 30 cm by 30 cm in size whereas the tillage tool was 30 cm
wide and the tillage depth was about 20 cm. For the CT plots, the channels had not been
eliminated by tillage but they had been mostly filled and substantially reshaped, leaving a soil
surface very similar to that of the NT, except that there was still a remnant shallow channel in
the middle of the plot (Fig. A.2.g). Runoff and sediment data also showed the dominant effects
of tillage as the runoff flow rate and sediment yield curves for CT were very close to those for
NT and very different from those for CN (Fig. 3.3). However, there was some evidence
signalling the impact of the remnant shallow channel. For example, curves for runoff, sediment
and sediment concentration for CT were mostly between those for NT and CN, although much
closer to NT than CN. These results suggest that the removal of a channel by tillage may reduce
the runoff flow rate and sediment yield induced by the channel. However, it should be noted

that many factors can affect the outcome of the experiments. The confluence of these factors
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not controlled in this experiment will be the reality in field situations, so these results may not

apply to all scenarios.

3.5.5 Implications for soil and water conservation in Atlantic Canada

Taking into account both crop management and climate conditions, we use the cereal-
potato rotation in Atlantic Canada as an example to discuss possible management adjustment
for reducing the risk of erosion. In the province of New Brunswick and much of Atlantic
Canada, agriculture is dominated by rainfed potato production systems, in which cash crop
potato is in rotation with other crops such as cereals. Crops are usually planted in early spring
(e.g., late May to early June for potato) and harvested in mid-fall (e.g., late September to early
October for potato). The period after fall harvesting to snow cover (normally October to
November, referred to as the fall critical period) and the period after snowmelt to seed
germination (normally April to May, referred to as the spring critical period) are the times when
there is no soil surface cover and the field is most susceptible to water and wind erosion.

Many tillage operations can be conducted during the two critical periods, including
primary tillage, secondary tillage (to smooth the field, prepare the seedbed or make the potato
hills) and seeding or planting operations. Primary tillage is most effective in eliminating
channels. It is traditionally conducted in the fall, mostly to save time for the busy spring season
when the time window for tillage is narrow. However, fall primary tillage buries crop residue
and leaves the field bare so that the field is more vulnerable to water and wind erosion.
Therefore, spring tillage has been promoted as a Beneficial Management Practice (BMP) to

reduce erosion (De Baets et al., 2011).
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With respect to climate in Atlantic Canada, precipitation is evenly distributed across the
year (Vasseur and Catton, 2008). Precipitation amount and intensity in the two critical periods
are similar and large events are rare. The biggest difference between the two critical periods is
probably snowmelt. In early spring, snow accumulated in the winter is melted in a short period,
often resulting in some biggest runoff events in the year. Although snowmelt does not detach
sediment, the convergence of flow as well as channel creation and development are similar to
rainfall events. Therefore, early spring is the time when channelization is the most severe. In
addition, soil is often saturated after snowmelt so that rainfall events immediately after
snowmelt often have the highest runoff coefficient. Moreover, this period often coincides with
seedbed preparation and planting so soil cover is limited.

Taking into consideration of all factors described above, to minimize erosion, we
recommend spring primary tillage over fall primary tillage after the cereal crop. The reason is
that there is usually plenty of crop residue left in the field after harvesting cereal crops. Decay
of the cereal crop residue is slow so that it provides good ground protection. If the field is not
tilled, the protection can last until the primary tillage in the next spring. With the ground well
protected, channelized erosion in the fall rarely happens. While channelized erosion may
become severe after snowmelt, the period is short and the channels are soon erased by spring
primary tillage. However, the crop following cereal is potato and farmers are often reluctant to
leave primary tillage to the spring in a potato year because it may cause delay in potato planting,
a risk most farmers will not take. Therefore, primary tillage is usually conducted in the fall. If

primary tillage has to be conducted in the fall, doing it as late as possible will prolong the period
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of residue cover. Alternatively, broadcasting some cover crop seeds along with fall tillage may
also provide some cover in the fall and in the following spring.

After the potato crop, we recommend primary tillage late in the fall over in the spring.
Residue cover after potato harvesting is poor and potato residue is much easier to decompose
so that the field is not well protected even without tillage. In such case, there is great chances
for channels to be created in the fall. If not erased, these channels will continue to develop in
the spring after snowmelt and channelized erosion will be accelerated as shown with the CN
treatment. While spring primary tillage can erase those channels, the most critical time
immediately after snowmelt is missed as tillage can only be conducted when the soil is dry,
usually weeks after snowmelt. By conducting primary tillage late in the fall, early development
of channels in the fall can be terminated. Although channels may re-develop during snowmelt
period, the severity of channelized erosion should be much lower as demonstrated with the CT

treatment.

3.5.6 Future studies

Variation among replicates in this study often exceeded the differences between treatments,
so that most of the comparisons were non-significant. The high variation was likely rooted
from differences in experimental conditions such as wind, soil texture, structure and moisture,
micro-topography and tillage speed and depth. Although efforts had been made to reduce these
errors (e.g., a tarp was used to block the wind for the rainfall simulator, experiment timing was
selected so that surface soil moisture was similar), controlling these factors in the field was

difficult. Therefore, one direction in the future is in-house soil bin study for which most
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experimental conditions can be strictly controlled. Moreover, this study examined only one
channel size and one tillage condition. Further studies on different channel sizes and tillage
conditions (different types of tillage equipment, tillage speed and depth) are needed in order to
better understand the variations under real-world conditions.

This study is a plot-scale study and the plot was only 2-m-by-2-m in size, which was too
small for processes occurring at the field scale. With a longer slope, concentrated flow certainly
will be more developed. As a result, water erosion might be underestimated in this study. A
field-scale rainfall simulation experiment may allow better examination of erosion with
concentrated flow, showing more distinct results between different treatments. However, such
experiment would be very costly and very challenging in terms of its logistics and error control.
An alternative method is probably a watershed scale study, which can be used to quantify the
overall effects of water erosion and the interactions between water and tillage erosion at the

watershed scale.

3.6. Conclusion

In the context of examining the short-term effects of an existing channel and a single pass
of tillage on subsequent water erosion events in fields that are bare, this study showed that with
an existing channel, runoff initiation is accelerated and runoff discharge and sediment export
are increased whereas with a single pass of tillage, runoff initiation is delayed and runoff
discharge and sediment export are decreased. When an existing channel is tilled, the effects of
tillage dominate so that runoff initiation may be delayed and runoff discharge and sediment

export are decreased. Applying this knowledge to guide crop management practices, for a
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cereal-potato crop rotation common in Atlantic Canada, we recommend spring primary tillage

after cereal harvesting and late fall primary tillage after potato harvesting.
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3.9 Nomenclature

ANCOVA
ANOVA
CN

CT

Cv
FRDC
NN

NT

RC

RD

RFR

SC

SY

TSE

analysis of covariance

analysis of variance

with a channel, no-tillage

with a channel, with tillage
coefficient of variation
Fredericton Research and Development Centre
no channel, no-tillage (control)
no channel, with tillage

runoff coefficient

runoff discharge

runoff flow rate

sediment concentration
sediment yield

total sediment export
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4. INTEGRATING WATER AND TILLAGE EROSION MODELS TO

SIMULATE TOTAL SOIL EROSION IN CULTIVATED FIELDS
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4.1 Abstract

Cultivated lands suffer from both water and tillage erosion and their interactions. Therefore,
it is necessary to consider all forms of erosion to better estimate total soil erosion. Individual
models have been developed to simulate sheet and rill erosion, gully erosion and tillage erosion
separately. Efforts have been made to link these models to simulate two erosion processes.
However, no study has been carried out to simulate all three erosion processes, and no model
has been developed to take into account the interaction between the two erosion processes. In
this study, we examined two field sites in Atlantic Canada (the PEI site and the NB site). The
Raster-RUSLE2 (RUSLER), Ephemeral Gully Erosion Estimator (EphGEE) and Modified

Directional Tillage Erosion Model (ModDirTillEM) were used to simulate sheet and rill
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erosion, gully erosion and tillage erosion, respectively, on these two sites. In particular, the
ModDirTIllIEM was modified from the established tillage erosion model (DirTillEM) to
incorporate the interaction between gully and tillage erosion. The model-predicted erosion
patterns and rates were validated against air photos, topographic features and their evolutions
obtained using photogrammetry, manually measured gully cross sections, runoff and sediment
yield monitored at the outlet of the catchment, and Cs-137 derived erosion rates. The results
indicate that the individual models provide reasonable estimation for the individual erosion
processes. For both the PEI site and the NB site, the pattern of total erosion was closer to that
of tillage erosion. Integrating tillage and water erosion models improved the accuracy of the
estimation for total soil erosion. However, errors and uncertainties around the ephemeral gully
areas were very high. This could be due to the dynamic erosion processes in these areas or the
low resolution and accuracy of the model input data. In either case, it indicates that the gully
area is a weak point for soil erosion modeling, and there is an urgent need to integrate water
and tillage erosion models at the process level to simulate the dynamic nature of soil

redistribution in the gully areas.

4.2 Introduction

Soil erosion is a global issue, degrading soil properties and threatening the sustainability
of the agricultural industry and the environment (Lal, 2001; Morgan, 2009). Water, wind and
tillage erosion have been recognized as the major forms of soil erosion (Li et al., 2007a; Lobb

etal., 1995).
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Historically, soil erosion studies mainly focus on the single erosion process, like water
erosion, wind erosion and tillage erosion, respectively (Lal, 2001). However, it is hard to justify
the separation of these erosion forms in cultivated lands. The cultivated lands usually suffer all
erosion types. In Atlantic Canada, the contribution of wind erosion was considered
insignificant for cropland compared to that in prairies and boreal plains in Canada, with a
relatively dry climate and cultivated land with little protection from wind (McConkey et al.,
2010). As aresult, in Atlantic Canada, water and tillage erosion forms are considered the major
contributors to soil erosion.

There are linkages and interactions between water and tillage erosion processes (Li et al.,
2007b; Lobb et al., 2003). The linkage is simply the summation of the soil loss caused by both
erosion processes. For example, water erosion mainly causes soil erosion on middle slope
positions, whereas tillage erosion can cause soil erosion on hilltops. The summation of erosion
caused by these two forms can greatly explain the soil erosion on hilltops and middle slope
positions. However, the pattern of total soil erosion is more complicated with the involvement
of the interactions between erosion processes (Li et al., 2007b). The interaction refers to that
one erosion process affects another erosion process. In cultivated lands, the interaction process
between water and tillage erosion is likely to occur around the gully area, especially the
ephemeral gully area (depression or lower slope area), because the channels are commonly
eliminated or smoothed by tillage. For example, the results of Chapter 2 indicated that the
ephemeral gullies could trap the soil translocated by tillage to decrease tillage translocation or

serve as hollow areas to increase the tillage translocation (Zheng et al., 2021).
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Numerous erosion models were developed based on the results obtained from soil erosion
studies. Still, most of them only focused on a single erosion process, like the water erosion
process or tillage erosion process. Sheet and rill erosion are often modeled with the Universal
Soil Loss Equation (USLE) and its revised version RUSLE and RUSLE?2 or the Water Erosion
Prediction Project (WEPP) hillslope model. RUSLE?2 is based on data collected from runoff
plots (22.1 m in length). Therefore, the drainage area is not large enough for channel formation
(Merritt et al., 2003; Wischmeier and Smith, 1978). The hillslope version of WEPP does not
account for runoff concentration, thereby, gully erosion (Flanagan and Nearing, 1995). For the
simulation of ephemeral gully erosion, the Ephemeral Gully Erosion Model (EGEM) was
developed for this specific process using semi-empirical formulations (Woodward, 1999).
However, this model performed poorly and has some limitations (Capra et al., 2005;
Nachtergaele et al., 2001). For example, the model requires the input of the location and length
of gullies to obtain the results.

The linkage of sheet & rill erosion and ephemeral gully erosion can be conducted using
the watershed version of WEPP (Flanagan and Nearing, 1995). In addition, the Annualized
Agricultural Non-Point Pollution Watershed model (AnnAGNPS) can be used to simulate all
water erosion forms as well (Bingner et al., 2003). Gordon et al. (2007) successfully modeled
ephemeral gully erosion using AnnAGNPS. Besides, Chemicals, Runoff, and Erosion from
Agricultural Management Systems (CREAMS) was developed to provide another approach,
estimating all water erosion forms (Knisel and Foster, 1981; Knisel, 1980). Dabney et al. (2015)

proposed a physical-based model called Ephemeral Gully Erosion Estimator (EphGEE), which
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was integrated with the raster-based RUSLE2 (RUSLER). The locations of ephemeral gullies
can be extracted from the RUSLER directly for the utilization of EphGEE. More importantly,
unlike other integrated water erosion models, EphGEE considered the interaction effects — the
impacts of tillage on gully: the variation of gully soil erodibility, the change of runoff curve
number and the condition of gullies (tillage filling).

In addition to the water erosion, many efforts were made to simulate tillage erosion. The
tillage erosion can be modeled along hillslopes using the Tillage Erosion Prediction (TEP) and
the Tillage Translocation Model (TillTM) (Li et al., 2008b; Lindstrom et al., 2000). For field-
scale modeling (2-dimensional), the Soil Redistribution by Tillage (SORET) model was
designed to predict soil redistribution of a single tillage operation or the long-term effects of
repeated operations (De Alba, 2003). The tillage Erosion Model (TillEM) was similar to
SORET in the calculation. Other than the similarities, the difference is that TIIEM considers
the effect of slope curvature on tillage translocation (Li et al., 2007b). The upgraded version of
the TIillEM — Directional Tillage Erosion Model (DirTillEM) calculates the incoming and
outgoing soil in four directions for each cell in the DEM. The tillage erosion rate can be
determined by summing up the incoming and outgoing soil (Li et al., 2009).

Regarding the combination of water and tillage erosion models, few attempts have been
made to link these two erosion forms. Water and Tillage Erosion (WaTEM) attempted to
calculate both erosion rates at each grid node (Van Oost et al., 2000). The water component of
WaTEM uses USLE, implicating that the water component does not account for the ephemeral

gully erosion (Ahmed et al., 2013). WaTEM sums the erosion rates obtained from different
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forms. Therefore, WaTEM can only estimate linkage effects between sheet, rill and tillage
erosion rates.

Overall, firstly, no existing model considered all three primary erosion forms (sheet and
rill, ephemeral gully, and tillage erosion) in cultivated lands. Most integrated models account
for, at most, two soil erosion forms. Secondly, for these integrated models, the linkage effect
was applied between different erosion processes except for RUSLER & EphGEE, considering
the impact of tillage on the subsequent water erosion event. No model was developed
accounting for the effect of ephemeral gullies on tillage erosion. Therefore, there was a gap
between the model and reality.

To better design the conservation measures for cultivated fields, a better estimation of total
erosion is necessary. Therefore, the objectives of this study are, firstly, to construct a procedure
to combine all three forms of erosion (rill & sheet erosion, ephemeral gully erosion, and tillage
erosion) occurred in cultivated lands together conceptually and operationally; secondly, to take
one step further to account for the interaction effect between erosion forms (i.e., between
ephemeral gully erosion and tillage erosion) and to model the interaction effect between these

two forms; lastly, to validate the estimates obtained from models applied in cultivated fields.

4.3 Materials and Methods

4.3.1 Study area

Two field sites were examined in this study. The first experiment site (PEI site) was

established in 2015 through 2018 at Agriculture and Agri-Food Canadas's research farm
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located at Harrington, Prince Edward Island (PEI), Canada (46°20'42.8"N 63°10'30.9"W). The
climate of Harrington is humid-continental, with a mean annual temperature of 5.7 °C and
mean monthly temperatures ranging from —7.7 °C in January to 18.7 °C in July. The mean
annual precipitation is 1158.2 mm, with 25.1 % of precipitation falling as snow. Precipitation
is uniformly distributed throughout the year, with each season receiving about 20 to 30 % of
the annual precipitation. The climate data for Harrington was obtained from the Charlottetown
Airport weather station, which is about 7.6 km southeast of the PEI site. The soil at the PEI site
consists of sandy loam soil (Orthic Humo-Ferric Podzol) developed on acidic glacial till parent
material. The particle distribution of the Ap horizon (0-30 cm) is 9.8 % of clay, 27.5 % of silt
and 62.7 % of sand, characterized by rapid infiltration and drainage in the tillage layer.

The PEI site covers about an area of 2.3 ha, located in the north section of a watershed
covering an area of 36.6 ha (Fig. 4.1). The topography of this field is rolling, with slopes
ranging from 0.1 to 18.7 % (Fig. 4.2.a). The land use of the watershed is dominated by forests
and crops. The southern, western and eastern side of the field is surrounded by the forest,
whereas the northern side of the field faces another crop field. Prior to 2003, the PEI site field
was divided into two small fields. Trees or bushes were used as a boundary to separate these
two fields. These two small fields were cultivated in the direction of the north-south. After
2003, the boundary of the trees was removed, and two individual fields were combined together.
Also, the tillage direction was shifted to the longer axis of the field (i.e., west-east) to

accommodate the larger machinery now being used. A detailed crop or management history is
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not fully available, but based on the available record, it is estimated that the field had been in
grain, hay and potato rotation.

Another experiment site (NB site) was established in 2015, located near the town of Grand
Falls, in the upper Saint John River Valley of New Brunswick (47°05'19.2"N 67°44'43.9"W).
Similar to that of the PEI site, the climate of Grand Falls belongs to the humid-continental
region. The mean annual temperature ranges from a low of -12.6 °C in January to a high of
18.0 °C in July. The precipitation varies from a low of 45.6 mm in January to a high of 179.4

mm in June, with a mean monthly value of 92 mm. About 80 % of the snowfall is contributed
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Figure 4.1. The location of the PEI site is within the watershed near Harrington, PEI.
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Figure 4.2. a) The topography of the PEI site within the watershed near Harrington, PEI; b)
the topography of the NB site near Grand Falls, NB.

from December to March. All the daily weather information of this site was gathered from the
St. Leonard weather station, which is 9.6 km away and is located northwest of the site. The
landscapes are characterized by an undulating to the rolling surface, with average slopes of 0.1
to 9.0 %. Soils in this region develop on thin deposits (usually < 2 m over bedrock) of coarse
to moderately fine textured glacial tills (gravely sandy loam to loams) and are predominantly
of the Holmesville soil association (Orthic Humo—Ferric Podzols).

The total area of the catchment of the NB site is about 6.0 ha. The north-facing slope is
about 450 m long with a mean of 5.7 % gradient (Fig. 4.2.b). The NB site is part of a field on
a commercial potato farm and has been in agricultural production since the 1950s. Before 2007,
the field was tilled along the east-west direction. Since the 1950s, the producer at this site had
majorly employed the crop rotation of potato-potato-grain. After 2007, the field was cultivated
along the contour lines (i.e., east-west). In addition, the contour strip rotation measure was
employed. Two strips were under potato-grain and grain-potato rotation, respectively, to

prevent water erosion.
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4.3.2 Integration of erosion models

The erosion that occurred in cultivated fields in Atlantic Canada includes water erosion
(sheet and rill, ephemeral gully) and tillage erosion and their interactions. All forms of erosion
mentioned can be estimated with different erosion models, including RUSLER, EphGEE, and
ModDirTillIEM. The summation of all models is used to estimate the total erosion rate in

cultivated fields.

4.3.2.1 Water erosion - RUSLER and EphGEE

In this study, a raster-based RUSLE2 model - RUSLER was utilized to estimate the
magnitude of erosion caused by the sheet and rill flow (Dabney et al., 2015). The model's flow
directions are defined using the D8 method (O'Callaghan and Mark, 1984). The flow direction
codes range from 1 to 255. For example, if the direction of the steepest elevation change is to
the bottom of the current centre cell, its flow direction will be coded as 4. The drainage area of
the cell is determined by accumulating the weight of all cells that flow into the processing cell.
Once the cell with a drainage area greater than the user-defined threshold, the cell is considered
as the location of concentred flow areas or gullies (channel cell). For cells within the defined
drainage area, their flow directions of them are converted into a computational sequence using
RUSLER algorithms. Based on the computed sequence, the RUSLEZ2 is utilized to calculate
runoff, detachment, sediment delivery, and soil loss for each cell. A cell in RUSLER is
equivalent to a slope segment in the RUSLEZ2 hillslope profile. At the bottom of the hillslope
or sub-catchment, the runoff and sediment leaving the last cell continue to move into the

channel cells.
115



The erosion caused by the ephemeral gully was estimated using EphGEE (Dabney et al.,
2015). The locations of ephemeral gullies are pre-defined using RUSLER. The runoff and
sediment moving into the ephemeral gully through the sheet and/or rill flows are also calculated
in RUSLER. For the EphGEE simulation, the soil detachment is calculated based on the shear
stress caused by flowing order; the erosion and deposition are calculated based on the sediment
transport and the changes in the cross-section area of a gully. After each major tillage operation,
the cross-section area of the gully is reset to zero (no erosion and no deposition). Then, the
process of ephemeral gully development starts all over again. In addition, according to the
algorithms in RUSLEZ2, runoff decreases, and sediment erodibility increases after tillage, which
agrees with the results obtained from Chapter 3. A detailed description of both the RUSLER
and EphGEE models can be found in the paper published by Dabney et al. (2015).

Both RUSLER and EphGEE models were used to estimate the water erosion rate in the
PEI site and the NB site, respectively. The parameters used in the RUSLER and EphGEE were
summarized in Table 4.1. For the PEI site, the topographic data were collected using a Light
Detection and Ranging (LIDAR) system. The raw data were processed to produce a 1.5-m
interval Digital Elevation Model (DEM). In order to compare and link the results of the water
erosion model to those of the tillage erosion model, the cell size of 5-m was selected as a trade-
off for both water and tillage erosion models. Therefore, the cell size of the DEM was converted
to 5-m using ArcMap® 10.1 program. Then, the 5-m DEM was imported into the Surfer® 12

program to perform 10-pass smoothing to eliminate some artificial features, such as tillage
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furrows. The catchment where the PEI site was located was clipped, and the processed

catchment DEM was the input to the RUSLER and EphGEE models.

Table 4.1 The input parameters used for RUSLER modeling

PEI site NB site

Field/catchment size (ha) 2.3 6.0

Cell size (m) 5 5

Drainage area threshold 250 280

(cell)

Climate (Plgarlottetown Alrport St. Leonard Airport, NB
Sandy Loam (medium Loam (medium to high

Soil to high organic matter,  organic matter, medium
medium to rapid permeability)
permeability)

Tillage management Grain-hay-grain-hay- Pot_ato-potato-graln/potato-
potato grain

Tillage depth (m) 0.22 0.26

Bulk density (kg m™) 1342 1174

The input climate data (mean temperature, mean precipitation, and monthly rainfall
erosivity) for the PEI site, which was used to determine the amount of runoff, was calculated
based on the 20-year climate data obtained from the weather station of Charlottetown Airport.
The soil texture of sandy loam (medium to high organic matter, medium to rapid permeability)
was selected as soil input for the PEI site. The reason for choosing this texture was because of
the results of the soil texture test for ten soil samples randomly collected across the field. The
soil texture results showed that the percentages for clay, silt and sand were 9.8 %, 27.5 % and

62.7 %, respectively, suggesting the soil texture of sandy loam.
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Table 4.2 The crop management operations for the 5-year crop rotation (grain-hay-grain-hay-
potato) used for the PEI site

Date, m/d/y Operation Vegetation

5/9/1 Disk, tandem heavy primary op.

5/12/1 Harrow, coiled tine

5/12/1 Harrow, coiled tine

5/15/1 Drill or air seeder, double disk Barley, spring

8/15/1 Harvest, grain, grow cover Clover, red/timothy, spring seed
Permanent cover not

4/1/2 Begin growth harvested/Grass, cool season
permanent not harvested

4/25/3 Plow, moldboard

5/9/3 Disk, tandem light finishing

5/12/3 Harrow, coiled tine

5/12/3 Harrow, coiled tine

5/15/3 Drill or air seeder, double disk Barley, spring

8/15/3 Harvest, grain, grow cover Clover, red/timothy, spring seed
Permanent cover not

4/1/4 Begin growth harvested/Grass, cool season
permanent not harvested

5/10/5 Plow, moldboard

5/26/5 Disk, tandem light finishing

5/29/5 Harrow, coiled tine

5/29/5 Harrow, coiled tine

5/31/5 Planter, double disk on Potato, Irish

6/20/5 Cropland/cultivators/cultivator, row

6/20/5 Bed shaper

6/30/5 Sprayer, fungicide

7/15/5 Sprayer, fungicide

7/30/5 Sprayer, fungicide

8/15/5 Sprayer, fungicide

8/30/5 Sprayer, fungicide

9/15/5 Sprayer, fungicide

9/30/5 Kill crop

10/15/5 Harvest, dig root crops res. buried

For the PEI site, the tillage management input for RUSLER within the catchment was not

the same. The western, eastern and southern boundaries of the PEI site were surrounded by

forest. For the forest area, there was no forest management built in the RUSEL2. Due to the
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protection of the forest canopy, the impact of the water erosion on the forest area was minimal.
Therefore, alternative graze management, which generated limited amount of runoff and
sediment in the system, was selected to control the water erosion generated in this area. The
fields were under crop rotation for the rest area within the catchment. Since the field land use
record was not fully available, the land use for the PEI site was assumed based on the available
records. The 5-year crop rotation (grain-hay-grain-hay-potato) for the PEI site was assumed as
input management for RUSLER. The year and crop management operations of this 5-year
rotation were summarized in Table 4.2.

The output of RUSLER was the 5-m grid-based soil loss rate (Mg ha* yr?). In addition,
the channel network and storm events stimulated by RUSLER were the inputs for EhpGEE.
The channel or ephemeral gully networks were defined with the cell contribution area threshold.
The threshold set for the PEI site was 250 cells, which was equivalent to about 0.6 ha. Namely,
when the cell had a contribution area greater than 250 cells, the cell was the location where
ephemeral gullies went through. The changes in the cross-section area in EphGEE were used
to estimate the soil erosion or deposition. Additional inputs for EphGEE were required. Firstly,
the tillage depth was needed to define the non-erodible layer. In EphGEE, until an ephemeral
gully reached the non-erodible layer, it was not developed horizontally. In this study, 0.22 m
was set as the tillage depth for the PEI site. The tillage depth was estimated using the Cs-137
inventory and the corresponding depth migration at the crest, upslope and middle slope
positions, where soil accumulation is rarely observed. Secondly, the bulk density was required

to convert the cross-section area to volume for each channel cell. The input of bulk density was
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Table 4.3 The crop management operations for 3-year crop rotation (potato-potato-grain) for

the NB site
Date, m/d/y Operation Vegetation
5/10/1 Plow, moldboard
5/26/1 Disk, tandem heavy primary op.
5/29/1 Harrow, coiled tine
5/29/1 Harrow, coiled tine
5/31/1 Planter, double disk opener Potato, Irish
6/20/1 Cropland/cultivators/cultivator, row
6/20/1 Bed shaper
6/30/1 Sprayer, fungicide
7/15/1 Sprayer, fungicide
7/30/1 Sprayer, fungicide
8/15/1 Sprayer, fungicide
8/30/1 Sprayer, fungicide
9/16/1 Sprayer, fungicide
9/30/1 Kill crop
10/15/1 Harvest, dig root crops res. buried
5/10/2 Plow, moldboard
5/26/2 Disk, tandem heavy primary op.
5/29/2 Harrow, coiled tine
5/29/2 Harrow, coiled tine
5/31/2 Planter, double disk opener Potato, Irish
6/20/2 Cropland/cultivators/cultivator, row
6/20/2 Bed shaper
6/30/2 Sprayer, fungicide
7/15/2 Sprayer, fungicide
7/30/2 Sprayer, fungicide
8/15/2 Sprayer, fungicide
8/30/2 Sprayer, fungicide
9/16/2 Sprayer, fungicide
9/30/2 Kill crop
10/15/2 Harvest, dig root crops res. buried
5/1/3 Disk, tandem heavy primary op.
5/12/3 Harrow, coiled tine
5/12/3 Harrow, coiled tine
5/15/3 Drill or air seeder, double disk Oats, spring
5/31/3 Sprayer, post emergence
8/15/3 Harvest, killing crop 50pct standing

stubble
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1342 kg m™ for the PEI site, which was obtained from soil samples across the field. The output
of EphGEE was in the form of soil erosion or deposition in mass (kg) for each cell of an
ephemeral gully. To obtain the erosion rate for each gully cell, the weight of soil loss or
accumulation (kg) was divided by the cell area (25 m?) to calculate the rate for each cell. Then,
the rate was divided by the total years of the tillage management, which was five years for the
PEl site, to produce the erosion rate per year (Mg ha* yr?).

For the NB site, the topographic data were also collected using a LIDAR system. The raw
data were processed to produce a 1-m interval DEM. Similarly, the cell size of the DEM was
converted to 5-m. Then, the 5-m DEM was imported into the Surfer® 12 program to perform
30-pass smoothing to eliminate the tillage furrows across the field. The catchment of the NB
site (within the crop field) was clipped, and the processed DEM was the input to the models.

The input climate data for the NB site was calculated based on the 20-year climate data
obtained from the weather station of Saint-Léonard. The results of the soil texture test for ten
soil samples collected in the NB site indicated the soil texture of the loam. Therefore, the loam
(medium to high Organic Matter, medium permeability) was selected as soil input for the NB
site. The tillage management input for RUSLER was different before and after 2008. Before
2008, the field was under a 3-year crop rotation (potato-potato-grain). After 2008, the field was
divided into two sections under a 2-year strip rotation (potato-grain). The year and tillage
operations of these 3-year and 2-year rotations were summarized in Table 4.3 and Table 4.4,

respectively. For EphGEE modeling, the cell contribution area threshold was set as 280 cells,
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which was equivalent to about 0.7 ha. The 0.26 m was set as the tillage depth for the NB site.

In addition, the input of bulk density was 1174 kg m™,

Table 4.4 The crop management operations for 2-year crop rotation (potato-grain) used for the

NB site
Date, m/d/y Operation Vegetation
5/10/1 Plow, moldboard
5/26/1 Disk, tandem heavy primary op.
5/29/1 Harrow, coiled tine
5/29/1 Harrow, coiled tine
5/31/1 Planter, double disk opener Potato, Irish
6/20/1 Cropland/cultivators/cultivator, row
6/20/1 Bed shaper
6/30/1 Sprayer, fungicide
7/15/1 Sprayer, fungicide
7/30/1 Sprayer, fungicide
8/15/1 Sprayer, fungicide
8/30/1 Sprayer, fungicide
9/16/1 Sprayer, fungicide
9/30/1 Kill crop
10/15/1 Harvest, dig root crops res. buried
5/1/2 Disk, tandem heavy primary op.
5/12/2 Harrow, coiled tine
5/12/2 Harrow, coiled tine
5/15/2 Drill or air seeder, double disk Oats, spring
5/31/2 Sprayer, post emergence
8/15/2 Harvest, killing crop 50pct standing

stubble

For both the PEI and NB sites, the output soil loss rate (Mg ha* yr) for each cell obtained

from RUSLER was imported into Surfer® 12 program. The kriging algorithm built-in the

program was utilized to generate a 5-m grid-based map. For the PEI site, the x-axis limit ranged

from 386403.75 m to 386608.75 m, and the y-axis limit ranged from 699365.25 m to 699515.25

m. For the NB site, the x-axis limit ranged from 2405354.00 m to 2405579.00, and the y-axis

limit ranged from 7565906.00 m to 7566341.00 m. With respect to the soil loss rate (Mg ha™
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yr1) obtained from EphGEE, the rate in the channel cells was estimated using the method
described above, and the rate in the rest cells was treated as zero erosion or deposition. Then,
the full dataset was imported into Surfer® 12 program to generate a grid-based map as same

size as that of RUSLER.
4.3.2.2 Tillage erosion - DirTillEM

A well-established DirTillEM was used to model the spatial patterns of tillage erosion for
both sites (Li et al., 2009). In brief, for all the tillage operations, soil materials can be
translocated parallel and perpendicular to the tillage direction simultaneously (referred to as
forward and lateral translocation, respectively, herein). Tillage translocation in both directions
can be calculated using DirTillEM as follows:

Ty = ag + BB + 5Py [1]
Tme = ap + BB, + v, P, [2]

Where f and € denoted forward and lateral translocation, respectively; Tm was tillage
translocation in mass per unit width (kg m™); a was tillage translocation in mass unaffected by
slope gradient or slope curvature (kg m?); B (kg m? %?) and y (kg m? (% m)) were the
additional tillage translocation due to slope gradient and slope curvature, respectively; 6 (%)
was slope gradient (positive for downslope; negative for upslope), and ® (% m™) was slop e
curvature (positive for convex; negative for concave).

The program was written in Visual Basic code and ran on a DEM, and numerically
calculated a tillage translocation into and out of a given cell in relation to its four adjacent

cardinal cells after accounting for the influence of tillage direction and field boundaries. The
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net amount of soil translocated in each cell equalled to the amount of soil translocated into a
given cell minus that translocated out of a given cell. The soil erosion rate was defined as the
net tillage translocation divided by the cell length (5-m in this case). The positive value of the
result indicated soil loss, and the negative value indicated soil accumulation (Mg ha? yr?).
Boundary cells were considered barriers to soil movement with zero soil flux, meaning that no

soil was allowed to move into a boundary cell or move out from a boundary cell.
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Figure 4.3. The grid points (red cross) along the tillage directions are generated for the tillage
erosion modeling for the PEI site.

The input data for DirTillEM included 5-m DEM, the tillage direction (i.e., 1-right, 2-

bottom, 3-left, 4-up), tillage tool information (1-one-way tillage or 0-two-way tillage) and its

associated tillage translocation parameters (a,  and vy).

Firstly, for the PEI site, the input 5-m DEM data was obtained from the DEM used for
RUSLER and EphGEE. The current DirTillEM was only capable of dealing with the true north-

south or east-west tillage direction. However, the PEI site was along the direction of southwest
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northeast. Therefore, the DEM used for RUSLER and EphGEE was not totally suitable for
DirTillEM. Along the tillage or field direction, the 5-m grid was assigned in the PEI site (Fig.
4.3). Then, the elevations of these grids were extracted from the original DEM (used for
RUSLER and EphGEE) using the Surfer® 12 program. For the NB site, input 5-m DEM was
the same as that for RUSLER and EphGEE since the NB site was along the direction of the

north-south.

Table 4.5 The tillage translocation parameters (a, B, y and lateral throw direction) used in the
ModDirTillEM with different sites, crop rotations, and tillage tools

One-way  Two-way Channel

tillage tillage removal tillage

of (kg m?) 89.4 257.2 31.1
PE] site Bs (kg m‘ll %‘? 3.2 8.5 1.3
5-yr rotation vr (kg m™ (%™ m)) 21.2 -47.3 -15.8
é%;?:}nhg?y Lateral throw direction Right Left-right  Left-right
potato) ¢ (kg m?) 44.7 128.6 15.6

Be (kg m?t %t 1.6 4.3 0.7

ve (kg m?t (%1 m)) 10.6 -23.7 -7.9

of (kg m?) 44.7 435.3 44.7/31.1

Bs (kg mt ot 1.6 13.4 1.6/1.3
NB site 77 (kg mt (%1 m)) 10.6 -65.6 10.6/-15.8
3-yr rotation
(potato-potato- Lateral throw direction Right Left-right Right/Left-right
grain) a¢ (kg m?) 22.3 217.7 22.3/15.6

Be (kg mt %t 0.8 6.7 0.8/0.7

ve (kg m?t (%1 m)) 5.3 -32.8 5.3/-7.9

of (kg m?) 44.7 251.5 31.1

Bs (kg mt ot 1.6 8.2 1.3

-1 -1

NE site vr (kg m™ (%™ m)) 10.6 -48.2 -15.8
?-z:at[(;tatrlo_n Lateral throw direction Right Left-right Left-right
potato-grain) g m) 223 125.8 15.6

Be (kg m™ %) 0.8 4.1 0.7

e (kg m?t (%1 m)) 5.3 -24.1 -7.9
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forward tillage is denoted as f, lateral tillage is denoted as {.

Secondly, for the PEI site, the model was run to simulate the tillage from 1963 to 2015 (53
years). As mentioned in 4.3.1, from 1963 to 2003, the tillage was along the direction of north-
south, and the tillage was switched to the opposite direction once a year. From 2004 to 2015,
the tillage was along the direction of east-west, and the tillage direction still changed once a
year. For the NB site, the model estimated the tillage from 1963 to 2017 (55 years). From 1963
to 2007, the tillage was along the direction of north-south. From 2008 to 2017, the tillage
direction switched to the west-east.

Lastly, for both the PEI site and the NB site, the tillage implements used in the DirTillEM
were based on the crop management operations for RUSLER. The corresponding tillage
translocation parameters (o, B and y) were collected from field experiments conducted in
Manitoba and New Brunswick and the parameters were summarized in Table 4.5 (Li et al.,
2007a; Tiessen et al., 2007a; Tiessen et al., 2007b; Tiessen et al., 2007¢). As mentioned in
4.3.2.1, 5-year crop rotation (grain-hay-grain-hay-potato) was assumed for the PEI site, and 3-
year crop rotation (potato-potato-grain) and 2-year crop rotation (potato-grain) were utilized
for the NB site. One-way tillage operation was conducted using a right-handed mouldboard
plough, and two-way tillage implements were used for other tillage passes.

Similar to those of RUSLER, for both the PEI site and the NB site, the soil loss rate (Mg
hat yr?) for each cell obtained from DirTillEM was imported into Surfer® 12 program. The
kriging algorithm built-in the program was utilized to generate the same 5-m grid-based map

as that for RUSLER.
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4.3.2.3 Gully effect on tillage erosion - ModDirTillEM

On one hand, the effects of channel infilling on water erosion were not adjusted into any
models since the EphGEE model had considered these effects to some extend. The EphGEE
model assumes that, after each tillage operation, the channel was refilled to its original surface
layer with the same tillage layer soil. Hence, the soil condition after channel infilling was same
to that after tillage operation. In the Chapter 3, we found that the water erosion under the
channel infilling condition was similar to that under tillage erosion. Therefore, the adjustment
for EphGEE was not carried out in this thesis. On the other hand, the effects of water-eroded
channels on tillage translocation were incorporated into DirTillEM. The code of DirTillEM
was written in Visual Basic. For an easier modification, all codes were translated into the R
environment. Then, a channel adjusting function was added to the DirTillEM to account for
the impact of a channel on tillage translocation. The channel location and flow direction were
defined using RUSLER. The cell size of DEM was 5-m, which was wider than most of the
ephemeral gullies observed in fields. The channel width of 20 cm was assumed for all
ephemeral gully estimated. In Chapter 2, Zheng et al. (2021) conducted a plot experiment to
quantify the impact of a channel on tillage translocation. The results indicated that, for a 20-
cm-by-20-cm channel, when tillage was along with the channel, 90 % of absolute lateral soil
translocation was less than 50 cm. This distance can be explained by how far the channel can
influence tillage translocation. The total distance affected by the channel was equal to two
distances (both sides of the channel) plus channel width (50 cm + 50 cm + 20 cm = 120 cm).

Therefore, for each 5-m cell, only 24 % area of the cell was affected by the presence of a
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channel which was along the tillage direction. Namely, the influence area was 24% of the
channel cell under this scenario. When tillage was perpendicular to the channel, 90 % of
absolute lateral translocation was less than 120 cm. Therefore, the total influence distance was
120 cm + 120 cm + 20 cm = 260 cm. When tillage was perpendicular to the channel, the
influence area was 52 % of the channel cell. Since no experiment was conducted when tillage
was angled with the channel, the assumption was made that the influence distance was the
average of 120 cm and 260 cm (190 cm). As a result, the influence area was 38 % of the channel
cell.

For the influence area within each channel cell, the product of a Distance ratio (DR) and a
Mass ratio (MR) was multiplied by the original tillage translocation obtained from DirTillEM.
The DR was calculated based on the results obtained from Chapter 2:

DR = Translocationc,, / Translocationc, [3]

Where Translocationczo (m) was the tillage translocation (forward or absolute lateral) with
a presence of 20-cm-by-20-cm-channel; Translocationco (m) was the tillage translocation
(forward or absolute lateral) with no channel. Similarly, the MR was calculated as follows:
MR = Massc,, / Massc [4]

Where Massc2o (kg) was the affected soil mass with the presence of a 20-cm-by-20-cm
channel; Massco (kg) was the affected soil mass with no channel.

The downslope and upslope tillage were conducted along the 10 % slope. Therefore, the
DR values obtained from the experiment were only applied to the slope with a 10 % gradient.

In order to extend the application of the DR for different slope gradients, the linear regression

128



equations were generated for the following scenarios: Tillage Parallel to Channel and Tillage
Diagonal to Channel, respectively. When the tillage was perpendicular to the channel (contour
tillage), it was assumed that the slope gradient was consistently 0 % along the tillage direction.
Therefore, the DR forward and DR lateral for this scenario was 2.17 and 3.00, respectively.
For the tillage parallel to the channel, the DR values applied to the forward and lateral
translocations were:
DR; = —5.08 X S + 1.06 [5]
DR, = —0.69 x S + 1.15 [6]
Where f and | denoted the forward and lateral translocation, respectively; S was the slope
gradient (%). For the tillage diagonal to channel, the DC values applied to the forward and
lateral translocations were:
DR; = —2.54 X S + 1.62 [7]
DR, = —0.35 x S + 2.08 [8]
The channel adjusting function (CAF) was the final function applied to the influence area
of the channel cell, which was defined as the product of DR and MR (DR x MR). The detailed
parameters for each scenario are summarized in Table 4.6. Overall, based on the respective
direction between tillage and channel, for the channel cell, the CAFs were applied to the tillage
translocations obtained from DirTillEM.
The CAF was only applied to the channel removal tillage pass since other passes did not
directly eliminate or smooth the existing channel. For example, for the PEI site, a disc tillage

pass was responsible for the channel removal; therefore, the additional channel component was
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added to the tillage translocation related to this pass. For the NB site, particularly for 3-year
crop rotation, the channel component was applied to a mouldboard plough and a disc tillage
pass. Therefore, the tillage parameters were categorized into three groups and summarized in
Table 4.5, including one-way tillage, two-way tillage, and channel removal tillage. With the
consideration of the CAF, DIirTillIEM was named Modified DirTillEM (hereinafter

ModDirTillEM).

Table 4.6 The channel adjusting function applied for the channel cell in ModDirTillEM with
different tillage directions, channel directions (the distance ratio and mass ratio are obtained
from the experiment described in Chapter 2, and the channel adjusting function is obtained
from the calculation of distance ratio x mass ratio)

Distance ratio Mass ratio Channel adjusting function
(m m™) (kg kg™) (mkg m*kg™)
Tillage Forward -5.08 xS +1.06 Forward -4.23 x S +0.89
parallel to 0.83
channel Lateral  -0.69 x S+ 1.15 Lateral  -0.58 x S + 0.96
Tillage Forward 2.17 Forward 2.00
perpendicular 0.92
to channel Lateral 3.00 Lateral 2.77
. Forward -2.54 xS+ 1.62 Forward -2.27 xS +1.45
Tillage
diagonal to 0.90
channel Lateral  -0.35x S +2.08 Lateral  -0.31x S + 1.86

Note: 1) the distance ratio and mass ratio are calculated from the translocated soil distance and
impacted soil mass with the presence of channel (20 cm deep by 20 cm wide) + the translocated
soil distance and impacted soil mass without channel, respectively; 2) the soil mass is obtained
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based on the soil volume (20 cm deep) and uniform bulk density; 3) S stands for slope gradient
of the cell (%).

4.3.2.4 Integrated total erosion

To assess the total erosion rate that occurred in cultivated fields, all models of different
erosion forms (sheet and rill erosion, ephemeral gully erosion, tillage erosion, and interactions)
were integrated together. The combination of all erosion models was simply the summation of
results obtained from all models. The outputs of these three models shared the same grid line
geometry (xy limits and spacing). All three models were imported into Surfer® 12 program,
and the built-in function “Math” was utilized to sum up the grid map of RUSLER, EphGEE
and ModDirTillEM together. Therefore, the soil loss rate (Mg ha* yr?) in each grid represented
the integrated rate caused by water and tillage erosion and their interactions.

Overall, the comprehensive framework for modeling total soil erosion primarily rested
upon the integration of three erosion models (RULSER, EphGEE and ModDirTillEM), thereby
encompassing a more holistic understanding. Beyond the simple summation approach, these
individual erosion models were interconnected. The RUSLER model played a pivotal role in
delineating channel areas based on predetermined thresholds for upslope contribution area.
This identified channel area was subsequently adopted by both the EphGEE and
ModDirTillEM models. In the case of EphGEE, its input dataset was derived from RUSLER,
rendering any alterations to RUSLER's input data capable of influencing EphGEE's outcomes,
such as the size of channel, the sediment amount produced by erosion. Similarly, for
ModDirTillEM, changes in the channel area's location directly impacted the manifestation of

interaction effects. Notably, the present model has yet to incorporate the morphological
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evolution of channels within agricultural fields. However, a promising avenue exists for the
coupling of EphGEE and ModDirTillEM, facilitating an assessment of the impact of varying
channel sizes on tillage erosion. This potential coupling could significantly enhance the model's

comprehensiveness.

4.3.3 Validation

4.3.3.1 Photo visual observation data

The photo visual observation data were used to validate the estimated pattern of water
erosion using RUSLER and EphGEE. A series of drone photos was taken using a DJI phantom
4 PRO with a CMOS sensor and 20 megapixels. The photos were taken at approximately 80 m
to 100 m above the ground. The camera faced the ground. Generally, one drone photo is unable
to cover the entire field. Therefore, several photos were required to cover the whole area. After
the photo was taken, the built-in mosaic function in ArcMap® 10.1 program was conducted to
combine all photos together.

The photos were taken several times within a year, including after snow melting, after
spring tillage, after harvest, and before snowfall. Also, a few more series of the photo were
taken after major storm events. The sediment accumulation can be observed in the drone photo
by its brighter colour and delta shape at the end of the hillslope. In addition, the locations of
the channel caused by water erosion can be observed in images. The locations of the channel

in images can be compared with those of the estimated channel visually.
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4.3.3.2 Field survey and photogrammetry data

The field survey and photogrammetry data were used to validate the estimated ephemeral
gully volume using EphGEE. For both sites, the ephemeral gullies generated after every major
runoff event were measured and recorded using two methods: manual measurement and drone-
based photogrammetry, respectively. Regarding manual measurement, the measurements were
taken at an interval ranging from 10 m to 50 m along the gully, depending on the variations of
the gully size. For each measuring location, a straight ruler was placed on the top of the gully.
The gully depth was measured from a vertical measuring tape resting on the bottom of the gully
to the straight ruler on the top. The depth measurement was recorded starting from the left side
(facing upslope) to the right side at a 10 cm interval along the transect. The cross-section area
(m?) of each transect was calculated based on the summation of all depth measurements and
width. The measuring location information was collected using DGPS. In addition, the gully
length (m) was recorded by walking along the gully with DGPS. The gully volume (m®) was
estimated using averaged cross-section area and gully length. The resolution of this method
was coarse. The photogrammetry method could provide a much finer result.

Regarding drone-based photogrammetry, the DJI phantom 4 PRO was used to conduct the
survey. The flight routing was planned using Pix4D installed on the mobile device to cover the
entire field. The drone flew 30 m above the ground, and image overlapping rate was set at 70 %.
The camera faced the ground at a slight angle (10°). Five 1-m-by-1-m ground control points
were randomly placed in the field, and their positions were recorded with DGPS for further

image processing. All images collected were imported into PhotoModeler® for processing to
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generate a 3D model. The volume of ephemeral gullies was extracted using the built-in tool

“Define Volume” in the PhotoModeler® program.

4.3.3.3 Water gauging station data

The runoff and sediment discharge measured by the water gauging station can be used to
validate the estimated runoff and sediment data using RUSLER and EphGEE. The water station
and 2.5-foot H flume were set for both of the PEI and NB sites. For the PEI site, since the field
was located within a watershed, two water monitoring systems were installed at the inlet and
outlet of the field, respectively. The stage height sensor, in conjunction with a CR10 data logger
(Campbell Scientific Inc.), was used to monitor the water depth in the flume at a 5-minute
scanning interval and recorded on a 1-hour basis. If the change in the stage height was greater
than 1 cm compared to the previous record, the ISCO 6712 automated water sampler (Teledyne
ISCO) was triggered to take samples. The data logger also recorded the sample number, time
and water depth for each collected sample. The collected samples were removed from the
sampler and transferred to the laboratory in Fredericton Research and Development Centre
when the sampler was full. The collected samples were analyzed the next day after collection.
The sediment for each water sample was measured in the lab. The measured sediment and
runoff data were utilized to validate the estimated water erosion data obtained from RUSLER
and EphGEE. However, due to weather limitations, the water station only collected water

samples after snow melting and before snowfall.
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4.3.3.4 Cs-137 data

The Cs-137 data obtained from soil samples can be used to validate the estimated total
erosion using the summation of RUSLER, EphGEE and ModDirTillEM. By far, this is the
most commonly used method to validate total erosion.

For the PEI site, 50 soil samples were collected in June 2015. Six transects were designed
across the field. Each transect covered the different slope positions, including upslope,
midslope, lowerslope and depression, which were defined using the LandMapper program
(MacMillan et al., 2003). In addition, some random sampling points were designed across the
field where transects did not cover. Therefore, all soil samples were able to represent the entire
field (Fig. 4.4.a). The coordinate of each sample location was generated using Surfer® 12
program (Golden Software, LLC) and was imported into the Trimble Geoexplorer 6000
Differential Global Position System (DPGS). In the field, each sample location was surveyed
using DPGS with an accuracy less than 10 cm. For the NB site, 67 soil samples at the NB site
were collected in October 2017. Eight transects and additional random points were designed

across the field (Fig. 4.4.b). Also, these points were surveyed using DGPS.
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Figure 4.4. a) The locations (black dot) of sampling points (n=50) in the PEI site; b) the

locations (black dot) of sampling points (n=67) in the NB site.
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For each soil sample location, three cores were collected using a 7.6-cm diameter soil
probe mounted on the Gidding System. Each soil core was taken to at least C horizon (about 1
m) and was divided into four increments (0 - 15 cm, 15 - 30 cm, 30 - 60 cm, and > 60 cm).
Sampling below the tillage layer (20 to 25 cm) was to ensure that all the Cs-137 inventory
could be recovered in soil samples. Based on the sample location and increment, soil samples
were mixed and then collected soil samples were air-dried at room temperature (about 20°C).
Dried soil samples were grounded using a grinding machine to pass through a 2-mm sieve,
separating the soil solids from the rock fragments. The soil samples were analyzed for soil dry
bulk density (p).

A Broad Energy Germanium Detector (Canberra BEGE, Fredericton Research and
Development Centre, Canada) with a detection error < 10% was utilized to detect Cs-137
radioactivity for each sample. Cs-137 inventory at each location was determined by the
summation of area-based Cs-137 radioactivity of all the samples taken from different soil layers.

After the calculation of Cs-137 inventories for each sampling point, all inventories were
imported into Proportional Model (PM) in the Cs-137 Erosion Calibration Models program to
calculate soil erosion rates (Walling and He, 1999). The PM uses a simple linear function to
convert the loss and gain of Cs-137 inventory to a loss or gain of soil mass, respectively
(Walling and He, 1999). This model simulates both the water and tillage erosion process and
only requires basic input data, which are the reasons for the popularity of this model in the
literature. Regarding the input data for the PM, for both sites, the year of tillage commencement

was set at 1963 (the year of the highest peak of Cs-137 fallout). As mentioned in section 2.2,
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The tillage depth was estimated using the Cs-137 inventory and the corresponding depth
migration. The tillage depth (m) was estimated at 0.22 and 0.26 m for the PEI site and the NB
site, respectively. The bulk density of tillage layer was measured 1324 and 1174 kg m™ for the
PEI site and the NB site, respectively.

Regarding the reference Cs-137 level used in the PM, the values for both sites were
obtained from literatures (Kachanoski and Carter, 1999; Tiessen et al., 2009), which were 1572
Bg m2and 1369 Bq m™ for sites near the PEI site and the NB site, respectively (the PEI site
level was adjusted to 2015 January 1% and the NB site level was adjusted 2017 January 1%).
The inventory of Cs-137 is considered a moderately variable soil property with a CV ranging
from 15 % to 35 % (Sutherland, 1996). In addition, the reference sites were not designed for
the field sites in this study. Therefore, the values obtained from the literature were unable to
perfectly represent the reference level for both sites. For the better performance of the PM, the
range of Cs-137 reference level was estimated. Then, the middle value of the lower and upper
limits was calculated and applied to the PM to estimate the erosion rates. For the lower limit,
it was estimated by assuming that there was no net erosion from fields. The kriging
interpretation was utilized to calculate the field average of the Cs-137 inventory. The calculated
field average was the lower limit of the Cs-137 reference level, which was 1789 Bq m and
1185 Bq m for the PEI site and the NB site, respectively. For the upper limit, the 25 % (the
average value of the CV range) greater Cs-137 reference level (obtained from literature) was

utilized. The estimated upper limit of the Cs-137 reference level was 1965 Bq m and 1643 Bq
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m2 for the PEI site and the NB site, respectively. Therefore, the averaged Cs-137 reference
level for the PM was 1877 Bq m and 1448 Bq m™ for the PEI site and the NB site, respectively.

Similar to those of RUSLER and ModDirTillEM, for both the PEI site and the NB site, the
estimated total erosion rate (Mg ha yr?) for each point was imported into Surfer® 12 program.
The kriging algorithm built-in the program was utilized to generate the same 5-m grid-based
map as that for RUSLER and ModDirTillEM.

The soil sampling points did not coincide with the grid points used for modeling. For the
comparison purpose, the built-in tool “Residuals” in Surfer® was used to interpolate the
erosion rate data estimated from different models onto the sampling points. The sampling
points were grouped into four categories based on landform position (upslope, middle slope,
lower slope, and depression).

The relationships between the estimated erosion data and Cs-137 derived total soil erosion
were examined with R using the “stats” package (Team, 2013). The weighted paired t-test was
used to indicate the mean difference between paired observations. Thereby, the difference of
the erosion magnitude between the models could be captured. Additionally, Pearson correlation
coefficients (r) were used to indicate the correlations between the estimated water and tillage
erosion rates and the total erosion rate. The discrepancy of the erosion pattern between the

models could be observed.
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4.4 Results

4.4.1 Modeling water erosion, tillage erosion and their interactions

4.4.1.1 Sheet and rill erosion

For both sites, the pattern of RUSLER-modeled sheet and rill erosion rates (ErusLer) Was
that the lowest soil losses occurred in the upslope areas (averaged 2.5 and 5.4 Mg ha* yr for
PEI and the NB site, respectively), whereas the greatest soil losses occurred in the middle slope
areas (averaged 2.7 and 14.5 Mg ha* yr! for PEI and the NB site, respectively, Fig. 4.5, Table
4.7). For the PEI site, the soil accumulation occurred in the major part of the lower slope and
depression areas. The highest soil accumulation rates (averaged -4.9 Mg ha yr?) occurred in
the lower slope areas, where the ground was nearly level. Whereas for the NB site, the soil
accumulation (averaged 11.1 Mg ha yrt) was not dominated in the depression areas, probably
suggesting that the soil erosion was greater than soil accumulation. For the NB site, the water
erosion rates were consistently greater than those for the PEI site at all landforms, probably
because of the longer slope length (~400 m vs. ~100 m) and tillage management with less

canopy coverage, leading to the land more vulnerable to water erosion.
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Soil Loss (Mg ha' yr')

Figure 4.5. a) The predicted soil loss rate (Mg ha* yr!) from RUSLER for the PEI site; b) the
predicted soil loss rate (Mg ha yr!) from RUSLER for the NB site (the green/blue and dark
colour indicate soil accumulation, whereas the brown and light colour indicate soil loss).

4.4.1.2 Ephemeral gully erosion

For both sites, two gullies were simulated through modeling: one major gully (G1) and
one tributary (G2) (Fig. 4.6.a). In addition, soil accumulation was not observed at the outlets
of both sites. For the PEI site, most (56 %) of the gully developed in the depression area.
Meanwhile, 10 % and 34 % of the gully developed in the middle and lower slope areas,
respectively. For most of the cases along G1, erosion rates (Eephcee) gradually decreased from
the inlet position (south) and then slightly increased towards the outlet position. The lowest
Eephcee (475.6 Mg ha? yr, based on the 5-m-by-5-m cell) occurred at the location of the
confluence of G1 and G2, probably because the sediment delivered from G2 subdued the net
soil loss in this area. Along G2, Eepncee increased steadily to the highest value (497.4 Mg ha!

yrt) from the gully head to the middle section of G2, then Egpncee Started to decrease.
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Table 4.7 The average soil erosion rate and its associated standard deviation (SD) obtained from different erosion models for overall and different
landform positions for both of the PEI and NB sites

Site  Model All landforms Upslope Midslope Lowerslope Depression
(Mg halyr?) (Mg halyr?) (Mg halyr?) (Mg hat yrt) (Mg hat yrt)

RUSLER 1.2 (10.9) 2.5 (1.3) 2.7(2.2) -3.3(21.8) -4.9 (22.5)
EphGEE 28.7 (160.2) 0 (0) 3.4 (57.7) 35.3 (134.9) 262.0 (444.2)

pg|  DIrTIlIEM -0.1(8.3) 10.4 (9.8) -0.9 (4.0) 7.7 (2.9) -7.8 (5.3)
ModDirTillEM -0.1 (8.4) 10.4 (9.8) -1.0 (4.0) 7.7 (3.49) -7.5(5.7)
RUSLER + ModDirTillEM 1.1 (14.6) 12.9 (10.2) 1.7 (4.4) -11.1 (22.5) -12.4 (23.3)
RUSLER+  EphGEE 29.8 (159.6) 12.9 (10.2) 5.2 (57.7) 24.3 (139.3) 249.6 (447.8)
ModDirTillIEM
RUSLER 12.9 (13.5) 5.4 (3.6) 145 (14.9) 14.4 (13.1) 11.1(8.8)
EphGEE 18.8 (110.0) 0 (0) 3.2 (50.0) 53.9 (170.4) 95.7 (278.4)

NB  DirTillIEM 0.1 (6.0) 4.8 (5.8) 0.8 (4.2) -3.2 (6.6) -8.3(5.2)
ModDirTillEM 0.1 (6.0) 4.8 (5.8) 0.7 (4.3) -3.1(6.7) -8.1 (5.4)
RUSLER + ModDirTillEM  13.0 (14.0) 10.3 (6.3) 15.2 (15.1) 11.3 (14.3) 3.0 (10.4)
RUSLER + EphGEE + 31.8 (110.1) 10.3 (6.3) 18.4 (52.2) 65.1 (170.1) 98.7 (279.9)

ModDirTillEM
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For the NB site, unlike the PEI site, 84 % of the gully was in the lower slope areas. In
addition, 6 % and 10 % of the gully were in the middle slope and depression areas, respectively
(Fig. 4.6.b). The major gully (G1) was in the direction of south-north, flowing to the outlet of
the field (north). For G1, Egphcee averaged 606.5 Mg hat yr?, and for the tributary (G2),

Eephcee averaged 236.2 Mg hat yr,

Soil Loss (Mg ha' yr')

Figure 4.6. a) The predicted soil loss rate (Mg ha yr?) from EphGEE for the PEI site, with
the average soil erosion rate of 936.0 and 243.4 Mg ha* yr for the G1 and G2, respectively;
b) the predicted soil loss rate (Mg ha* yrt) from EphGEE for the NB site, with the average soil
erosion rate of 606.5 and 236.2 Mg ha yr! for the G1 and G2, respectively (the green/blue
and dark colour indicate soil accumulation, whereas the brown and light colour indicate soil
loss. G1 indicates the main channel and G2 indicates the tributary channel).

4.4.1.3 Tillage erosion

For the PEI site, the pattern of tillage erosion rate (Epirrinem) was varied with the local
relief as expected (Table 4.7). The highest soil loss rates (averaged 10.4 Mg ha* yr?) occurred
in the upslope area. For the middle slope area, the field average of Emodpirrinem was about -0.9
Mg ha® yr?, which was close to zero. For the lower slope and depression areas, as opposed to
the upslope area, Epirriem averaged -7.8 Mg ha! yr?, indicating the soil accumulation in these

areas. The highest soil accumulation was found in the depression area near the field outlet.
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Similar to the PEI site, for the NB site, the pattern of Epirtinem was varied with the local
relief. Except for the depression area, the magnitude of tillage erosion for the NB site was
consistently less than those for the PEI site, probably because of the lower slope curvature for

the NB site.

Soil Loss (Mg ha' yr)

Figure 4.7. a) The predicted soil loss rate (Mg ha* yr?) from DirTillEM for the PEI site; b)
the predicted soil loss rate (Mg ha* yr) from DirTillEM for the NB site (the green/blue and
dark colour indicate soil accumulation, whereas the brown and light colour indicate soil loss).

4.4.1.4 Gully effects on tillage erosion

The basic pattern of Emodpiriniem Was similar to that of Epirrinem (Fig. 4.7, Fig. 4.8). The
gully effects only can be observed in the gully locations, which most in the lower slope and
depression areas (Fig. 4.8). For both sites, there was a consistent trend that the soil
accumulation rates obtained from ModDirTIllEM were lower those from the DirTIlIEM (Fig.
4.8, Table 4.7). In addition, for the middle slope area, the erosion rates became less. The results
suggested that, with the consideration of the effect of the gully, the soil accumulation in the
gully area experienced a decrease. A greater amount of soil was translocated out of the gully

and deposited in the surrounding area of the gully.
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Soil Loss (Mg ha' yr')

Figure 4.8. a) The predicted soil loss rate (Mg ha* yrt) from ModDirTillEM for the PEI site;
b) the predicted soil loss rate (Mg ha* yr'!) from ModDirTillEM for the NB site (the green/blue
and dark colour indicate soil accumulation, whereas the brown and light colour indicate soil
loss).

4.4.1.5 Total soil erosion

For the PEI site, the total soil erosion rates (Erusier+epnoeesmomirriniem) averaged 29.8 Mg ha't
yr!, with a SD of 159.6 Mg ha! yr! (Table 4.8.a) The majority of the land was dominated by
the tillage erosion process (Fig. 4.9.a). The order of the erosion rate was followed as
Depression > Lowerslope > Upslope > Midslope. The highest erosion rate, 249.6 Mg ha* yr?,
occurred in the depression area, which was about 48 times greater than the lowest erosion rate
(5.2 Mg ha! yr?) occurred in the midslope area. Clearly, the depression area was strongly
influenced by the ephemeral gully erosion. The impact of the channel on tillage erosion was
not clearly observed since the ephemeral gully erosion dominated the area where interaction
effects occurred.

For the NB site, Erusier+epceesmomirmiem averaged 31.8 Mg hat yrtwith a SD of 110.1 Mg

hal yr! (Table 4.7). The order of the erosion rates was slightly different from that for the PEI
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site. The order was followed as Depression > Lowerslope > Midslope > Upslope. Similarly,
the depression area was dominated by ephemeral gully erosion.

Soil Loss (Mg ha'' yr')

Figure 4.9. a) The predicted soil loss rate (Mg ha yr?) from the combination of RUSLER +
EphGEE + ModDirTillEM for the PEI site; b) the predicted soil loss rate (Mg ha* yr?) from
the combination of RUSLER + EphGEE + ModDirTillEM for the NB site (the green/blue and
dark colour indicate soil accumulation, whereas the brown and light colour indicate soil loss).

4.4.2 Model Validation

4.4.2.1 Visual observation for water erosion using photographic images

The pattern of estimated water erosion was visually compared with the observation from
photographic images. For the PEI site, after snow melting in 2018, the sediment accumulation
caused by the rill erosion was observed at the end of the slope (Fig. 4.10), which agreed with
the results derived from RUSLER (Fig. 4.5). The predicted ephemeral gully using EphGEE
was about 5 m away from the observed gully in the image. In addition, the predicted tributary
gully was not clearly observed in the image. At about 20 m below the predicted tributary gully,
there was a possible tributary gully observed in the image. These could be attributed to the fact
that, firstly, the Lidar data was obtained about 20 years ago. Therefore, it can not reflect the
evolution of the micro-topography properly. Secondly, the location of channels could be a
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result of the snow topography during the winter period. Thirdly, the tillage-induced change in
topography leads to the migration of concentrated flow.

For the NB site, the photo showed the sediment accumulation at the end of the slope caused
by the ephemeral gully erosion (Fig. 4.11). Unlike the PEI site, the result of RUSLER showed
that the soil loss near this area was probably because the soil losses were greater than soil
accumulations or the EphGEE model was unable to predict the sediment accumulation properly.
In addition, similar to the PEI site, the location of the predicted gully using EphGEE was not

exactly the same as that of the gully observed in the image, but it is close to that of the observed

gully.

Predicted ephemeral gully

Sediment deposition

30 Meters

Inlet

Figure 4.10. The drone-derived photo for the PEI site in 2018 after snow melting (the blue
lines are the predicted ephemeral gully using EphGEE, and the red dash circled area is the
sediment accumulation caused by rill erosion).
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Figure 4.11. The drone-derived photo for the NB site in 2017 after snow melting (the blue
lines are the predicted ephemeral gully using EphGEE, and the red dash circled area is the
sediment accumulation caused by ephemeral gully erosion).

4.4.2.2 Gully morphology observation for gully erosion using field survey and
photogrammetry

The field survey and photogrammetry method were used to validate the estimated volume
using EphGEE for both the PEI site and the NB site. For the PEI site, in May 2018, after snow
melting, a well-defined gully was observed at the location of G1 during the field visit (Fig.
4.10). Additionally, according to aerial imagery, this gully originally occurred in November
2017 after a major storm event. During the period from November 2017 to May 2018, no tillage
operation was conducted. Therefore, the volume of the gully can reflect the soil loss by
ephemeral gully erosion during this specific period. For the manual measurement, the

calculated volume was approximately 15.7 m®. For the photogrammetry, the volume of the
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gully extracted from PhotoModeler® software was 23.1 m®. These values were used to validate
the estimated gully volume using the EphGEE model. For the same period (November 2017 to
May 2018), the estimated volume of G1 was 25.0 m3, which is slightly greater than the
photogrammetry-derived volume and much greater than the manual estimated volume. The
difference between the estimation of the manual measurement and model prediction could be
attributed to the area near the outlet, where the gully boundary was not well-defined with visual
observation. Therefore, the erosion from this area was mostly neglected when the measurement
was conducted. For the photogrammetry method, it is easier to define the boundary of the gully
with a higher point of view.

As for the NB site, a similar validation process was conducted. The data was collected on
May 10™ 2018. Two gullies were observed at the locations of G1 and G2. For these gullies,
the development period was from October 2017 to May 2018. For a similar period, the manual
measurement estimated volume was approximately 8.9 m*, which is lower than the model-
estimated volume (11.2 m?), and the photogrammetry-derived volume was 13.8 m?, which is
greater than the model-estimated volume. The locations of estimated gullies were near the
observed gullies for both sites. The discrepancy in the volume between EphGEE-estimated and
photogrammetry-derived was about 8% and 19% for the PEI site and the NB site, respectively,

suggesting that EphGEE can produce a reasonable ephemeral gully erosion rate estimation.
4.4.2.3 Total runoff and sediment discharge measured using gauging stations

For the PEI site, during the experiment period (2015 - 2018), the change in micro-

topography led to a shift in the pathway of concentrated flow. Therefore, the concentrated flow
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did not flow through the flume installed at the outlet position. As a result, no sediment samples
were collected from the PEI site. Thereby, no data was available for water erosion model
validation. For the NB site, the runoff discharge volume was estimated using the water level
measured in the flume. For example, the runoff discharge volume calculated from May 5 to
Nov 2", 2017, was 272. 3 m®. For the same period, the RUSLR-derived runoff volume from
the catchment was 999.3 m?, which was 3.7 times greater than the measured data. Similarly,
for the same period, the sediment was over-estimated by the model. The estimated sediment
from water samples was only 866.1 kg, whereas the modeled sediment was about 20 times
greater. The much greater estimated sediment yield using RUSLER and EphGEE was

attributed to the greater runoff volume and sediment concentration.
4.4.2.4 Estimated total soil loss and accumulation using Cs-137

For the PEI site, based on the Cs-137 reference value of 1877 Bq m, the Cs-137-derived
total soil erosion rates (Ecsi37) averaged 2.6 Mg ha* yr! with a SD of 18.0 Mg ha* yr?. About
54 % of the area showed soil erosion, whereas approximately 46 % of the area showed soil
accumulation (Fig. 4.12.a). The pattern of the results showed that the upslope area had the
highest soil erosion rate (16.4 Mg ha* yr?), whereas the middle slope area had the lowest soil
erosion rate (3.5 Mg ha* yr?). For both lower slope and depression areas, the soil accumulation

occurred, which averaged -15.7 and -7.3 Mg ha* yr?, respectively.
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Soil Loss (Mg ha'' yr')

Figure 4.12. a) The estimated soil loss rate (Mg ha* yr?) based on Cs-137 inventory using
Proportional Model for the PEI site; b) the estimated soil loss rate (Mg ha* yr?) based on Cs-
137 inventory using Proportional Model for the NB site (the green/blue and dark colour
indicate soil accumulation, whereas the brown and light colour indicate soil loss, and the black
dots indicate soil sampling points. The reference Cs-137 level is 1877 Bq m and 1448 Bq m
2 for PEIl and NB site, respectively).

By comparing the Ecs137 with different modeled erosion rates at each sampling point, Ecs137
was significantly greater than ErusLer (P < 0.05) and Emodpirtiiem (P < 0.05), with a difference
of about 6.1 Mg ha yr! and about 6.8 Mg ha® yr?, respectively (Table 4.8). The difference
between Ecsia7 and ErusLer+EphGEE+ModDirTilEM WaS -5.9 Mg ha™ yr, which was non-significant.

The differences between Ecs137 and the rate of different erosion forms varied with
landform positions. For the upslope area, all differences between Ecsiz7 and individual erosion
rate were significant (P < 0.05) except for the tillage erosion rate. Regarding the difference
between Ecs137 and the sum of water and tillage erosion rates, it decreased to -1.1 Mg ha* yr?,
and the difference was non-significant, suggesting that the sum of three models might provide
better performance on estimating erosion rates in the upslope area.

For the middle slope area, all differences between Ecsi37 and other erosion rates were
significant (P < 0.1). As expected, the smallest difference occurred between Ecsi37 and ErusLer

(7.7 Mg ha yrl). Regarding tillage erosion, the largest significant difference (10.7 Mg ha yr
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1) was observed. For the sum of the models, the difference became smaller than EmodpirTillEm
and Eepncee, but greater than ErusLer, When compared with Ecsia.

For the lower slope area, the pattern of consistent under-estimation was observed. All
differences between Ecsi137 and rates derived from other erosion forms were significant (P <0.1)
except for the difference between Ecsiz7 and ErusLer+MmodpirTiem. The largest difference was
observed between Ecsis7 and Egphoee (-118.6 Mg hat yrt), whereas the smallest difference was
observed between Ecsis7 and Emodpirriiem (-15.2 Mg ha® yrt). A similar pattern was observed
for the depression area.

The correlation analyses for erosion estimates showed that EwmodpirTilem,
ErusLer+ModDirTinEM Were significantly correlated with Ecsiz7 (Table 4.9). The r-value of both
Eruster (r = 0.19) and Egpncee (r =-0.15) was lower than the r-values of Emodpirtiniem (r = 0.46**)
when correlated with Ecsis7. Overall, the correlations were not strong, and each model
explained part of the variance of the total soil erosion. The results suggested that the pattern of
tillage erosion was closer to the pattern of total erosion than that of sheet and rill erosion and
ephemeral gully erosion. The r-value of ErusLer+ephGEE+ModDirTiEM (I = -0.10**), when
correlated with Ecs137, was less than all three erosion forms because the ephemeral gully erosion

(r = 0.99**) contributed much more than other erosion forms in ErusLER+EphGEE+ModDirTilIEM.
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Table 4.8 The differences (Mg ha™ yr') between erosion estimates obtained from sampling
points for overall and different landform positions for both of the PEI and NB sites (Ho:
difference = 0, Ha: difference # 0)

Site All Upslope  Midslope Lowerslop  Depression
landforms e

n 50 14 21 7 8
Ecs137-ERusLER 6.1* 12.5+% 7.7+ -19.9* -11.5
Ecs137-EephGEE -2.9 14.9* 10.1* -118.6+ -149.1*
Ecs137-EModDirTillEM 6.8* 14 10.7* -15.2* -9

PRl Ecasr 4.9+ 41 83%  -124 37
ERUSLER+ModDirTillEM
Ecs137- -5.9 -1.1 8.3* -109.6+ -135.3*
ERUSLER+EphGEE+ModDir
TillEM
n 67 4 36 22 5
Ecs137-ERusLER 2.9 -8.7 8.2** -13.2**  -30.1
Ecsi37-Eephcee 4.0 -15 20.4**  -46.9% -149.4
Ecs137-EModDirTillEM 14.9** -4.5 18.9** 4.0 -8.3

NB  Eegsr- 2.9 117  6.8* -7.9+¢ -20.8
ERUSLER+ModDirTillEM
Ecs137- -8.0 -11.7 6.8* -54.0* -153.5

ERUSLER+EphGEE+ModDir
TillEM
+, *, ** indicate significance levels of 0.10, 0.05 and 0.01, respectively.

For the NB site, based on the 1448 Bq m™ reference level, the was averaged of 10.3 Mg
ha! yr! with a SD of 15.8 Mg ha yr. Overall, 78% of the field area showed soil loss, and
22 % of the area showed soil accumulation (Fig. 4.12.b). The order of soil erosion rate followed
as Midslope > Lowerslope > Upslope > Depression. The soil accumulation was observed on
the top and the middle section of the catchment (Fig. 4.12.b). Particularly for the middle section
of the field, the locations of the soil accumulation were closely associated with the location of

the ephemeral gully. The accumulation might be related to channel refilling action conducted
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by the farmer. The farmer usually used the topsoil from other locations to refill channels. As a

result, the Cs-137 concentration became higher than the original soil.

Table 4.9 Correlation coefficients for different erosion estimates obtained from all sampling
points for both of the PEI and NB sites

Site Ecs137 ErusLER Eephcee  EmodDirTillEM
ErusLer 0.19
EephceE -0.15 -0.58**

PEl  EModpirTillEm 0.46** 0.33* -0.25+¢
ERUSLER+ModDirTillEM 0.44** 0.69** -0.45**  0.91**
ERUSLER+EphGEE+ModDirTillEM -0.1 -0.51** 0.99** -0.14
ErusLER 0.21+
EephceE 0.10 0.13

NB  EModpirTillEM 0.50** -0.08 -0.19
ERUSLER+ModDirTillEM 0.49** 0.77** -0.01 0.56**
ERUSLER+EphGEE+ModDirTillEM 0.15 0.20 0.99** -0.13

+, *, ** indicate significance levels of 0.10, 0.05 and 0.01, respectively.

By comparing the Ecs137 with different modeled erosion rates, Ecsiz7 was not significantly
different from rates from all models except for the tillage erosion model (Table 4.8). Ecs137 was
significantly greater than Ewmodpirrinem (P < 0.01), with a difference of 14.9 Mg ha* yr.

For the upslope area, all differences between Ecsi37 and rates derived from other erosion
forms were non-significant. The largest difference was observed between Ecsiz7 and Eruster (-
8.7 Mg ha! yr?), whereas the smallest difference was observed between Ecsis7 and Egpnee (-
1.5 Mg hatyr?).

For the middle slope area, all differences between Ecsiz7 and rates derived from other
erosion forms were significant (P < 0.05). The largest difference was observed between Ecsi37

and Egphcee (20.4 Mg hat yrt), whereas the smallest difference was observed between Ecsizz
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and ErusLer (8.2 Mg ha yrY, as expected. By summing the three individual erosion forms,
the difference between Ecsiz7 and ErusLer+EphceE+Modpirtiliem Was 6.8 Mg ha™* yr, which was
less than all other erosion forms.

For the lower slope area, the largest difference was observed between Ecsi37 and Egphcee
(-46.9 Mg hal yr?), whereas the smallest difference was observed between Ecssz and
Emodpirtiiem (4.0 Mg hat yrt). Similarly, for the depression area, the largest difference was also
observed between Ecsis7 and Egphoee (-149.4 Mg hat yrt), whereas the smallest difference was
observed between Ecsi37 and Emodirrinem (-8.3 Mg hat yr?).

The correlation analyses for erosion estimates showed that ErusLer, Emodpirtiiem, and
ErusLer+ModDirTinEmM Were significantly correlated with Ecsiz7 (Table 4.9). The r-value of both
ErusLer (r = 0.21%) and Egpncee (r = 0.10) was lower than the r-values of Emodpirtiem (r =
0.50**) when correlated with Ecsi37. For the combination, the r-value of
ErusLer+EphcEE+ModDirmiiEM (I = 0.15), when correlated with Ecsis7, was less than all three
erosion forms except for the ephemeral gully erosion because the ephemeral gully erosion (r =

0.99**) contributed much more than other erosion forms in ErusLER+EphGEE+ModDirTillEM.

4.5 Discussion

4.5.1 Erosion processes

The erosion processes in cultivated lands can be described by examining the gully area
separately from the non-gully area. For the non-gully area, the linkage effect dominates the

area. For the upslope, the sheet flow does not have much power to detach soil particles but is
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capable of transporting sediment detached by rainfall splash. Therefore, the soil loss in the
upslope is relatively low. When tillage erosion occurs on the upslope position due to the convex
shape of the slope, soil loss typically occurs. Therefore, for the upslope position, the total soil
loss is majorly attributed to tillage erosion. This pattern was observed for the PEI site. The
average water erosion rate was about 24% of the average tillage erosion rate in this location.
However, this pattern was not observed for the NB site. The water erosion rate was slightly
greater than the tillage erosion rate, probably because of the landscape topography or the
defects in landform classification.

For the middle slope, the runoff amount and velocity gradually increase in the upslope and
reaches the peak. As the amount and velocity of water build up in the middle slope area, flow
begins to channelize and cuts into the soil to form rills. The channelized flow is more erosive
than the sheet flow. For both sites, the estimated water erosion rates for both sites show the
trend of Midslope > Upslope. Regarding tillage erosion, the middle slope position is a transition
zone, receiving and transporting a similar amount of the translocated soil. Therefore, there is
usually no net soil gain or soil loss. For both sites, the results agreed with this theory that water
erosion dominates the form in this area. The interaction effect might occur in this area because
of the rill removal action by tillage. The additional soil erosion caused by interaction is already
included in the results obtained from the USLE experiments.

In the lower slope and depression areas, where the slope gradient is reduced, the runoff
amount and velocity usually reach plateaus, which do not increase. The water erosion shows a

similar pattern. It gradually decreases in lower slope areas. Towards the lower end of the lower
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slope or in the depression areas, soil accumulation induced by runoff usually occurs as the
runoff amount and velocity reach plateaus (Li et al., 2008a). This pattern is observed in the PEI
site. Regarding tillage erosion, soil accumulation occurs in the concave area (e.g., depression).
Both sites showed a similar pattern as described.

For the gully area, the interaction effect dominates this section. During a large storm event,
concentrated runoff occurs, thereby, the ephemeral gully erosion. Although the major tillage
operation can refill the gully, preventing the gully developed into a classic gully. Meanwhile,
the tillage operation continues to provide a fresh soil source for runoff water to act upon.
Therefore, for both sites, ephemeral gully erosion is the largest contributor to total soil erosion.
From the tillage erosion perspective, gully mostly tended to play the role of hollow space,
leading to a further tillage translocation (Zheng et al., 2021). In other words, when tilling the
gully, less translocated soil moved into gullies, and more soil moved to areas surrounding
gullies when compared with the tillage erosion without channel effects. After tillage operation,
there should be less soil for concentrated runoff to erode. In the long term, the interaction effect
could facilitate the concave shape in the gully section, enhancing the generation of

concentration flow.

4.5.2 Model performance based on Cs-137

The use of Cs-137 as a tracer of soil redistribution has proven to be a useful tool worldwide
(Zapata, 2002). In this study, the Cs-137 method is the only way to evaluate the performance

of the model on the total erosion prediction. The result indicates that, for both sites, the
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difference between Ecs137 and ErusLer+EphcEE+ModDirTiEM WaS non-significant statistically,
suggesting that the overall estimated total erosion rate is reasonable.

In the non-gully area, theoretically, with the assumption that Cs-137 derived total erosion
rate is accurate, for the upslope area, the difference between Ecsi37 and ErusLer, Eephcee, and
Emodpirtinem supposed to be all greater than zero, with an order of Ecsi37- Eephcee > Ecsiz7-
ErusLer > Ecs137-Emodpirminem. The same trend was observed for the PEI site but was not
observed for the NB site. For the NB site, the difference between Ecsi37 and ErusLer, Eephcet,
and Ewmodpirtinem Were all less than zero, probably because the farmers dig and haul the surface
topsoil from somewhere else and fill them on the upslope area. As a result, soil accumulation
was observed in the upslope area. Thereby, Ecsi37 was a negative value, which was less than
the soil erosion rate (positive value).

For the middle slope area, similar to the upslope area, the difference between Ecsi37 and
ErusLER, Eephcee, and Emodpirtinem Supposes to be all greater than zero. The order follows as
Ecs137- Eephee = Ecs137-Emodpirtiiem > Ecsia7- ErusLer. In addition, Ecsiz7-ErusLer should be
close to zero since sheet & rill erosion is the dominant erosion process in the middle slope area.
For both sites, the same trend was observed. However, the Ecs137- ErusLer Was significantly
greater than zero, probably suggesting that the water erosion was under-estimated using
RUSLER at the midslope areas.

For both lower slope and depression areas, the difference should follow the order of Ecsi37-
Eephcee < Ecs137- ErusLer < or = Ecs137-Emodpirtiiem. In addition, Ecsiz7 supposes to be greater

than zero. For both sites, the trend was observed. However, the differences between Ecs137and
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the erosion rate estimated from different models were mostly less than zero, probably
suggesting that there was an underestimation of the water erosion using RUSLER.

For the gully area, Ecs137- Eephcee Was mostly greater than 100 Mg ha yrt. This could be
due to the dynamic ephemeral gully erosion process. In this study, the sampling points were
designed based on the landform positions. For each transect, one sampling point was assigned
to each landform position. In addition, each transect is about 20 m away from the other,
depending on the field size. Ephemeral gullies generally occur in the lower slope and
depression areas. Thus, for each transect, only two sampling points might have a chance to
capture the gully erosion process. The location of the gully is not exactly the same from event
to event due to the magnitude of the storm event, micro-topography and so on (Lentz et al.,
1993). The selection of the sampling points in the gully area needs to be cautious. It could be
difficult to capture the long-term history of ephemeral gully erosion due to the dynamic erosion
processes. Therefore, the current soil sampling plan needs to be improved. The denser layout
of soil sampling points might be necessary in order to capture the long-term spatial variation
of ephemeral gully erosion. The 10-m buffer zone can be established for the gully area,
including all the areas that might be affected by the interactions. Within the buffer zone, ten
sampling samples (about 0.5 m intervals) should be taken from the top of the buffer zone
towards the centre of the gully. The density of the transect depends on the total length of the
gully, but they are typically 10 to 20 m away from each other. Other than the spatial resolution,
the temporal resolution could be finer as well. To better assess the ephemeral gully erosion, the

timing of the soil sampling should be before the primary tillage operation to avoid disturbance.
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In addition, after the tillage operation, another set of soil samples should be taken to estimate
the interaction effect. With these improvements, the Cs-137 data might be able to provide a
more reasonable estimation for ephemeral gully erosion. However, the cost of this soil
sampling strategy is noticeable, which could be extremely high. On the other hand, the large
difference of Ecs137- Eephcee could be attributed to the low resolution and accuracy of the model
input data. In this study, the resolution of the input DEM was 5 m, which is much wider than
most of the ephemeral gully observed in fields. Therefore, a denser resolution could facilitate
the accuracy of the model.

There is another possibility that the selection of the Cs-137 reference level can disturb the
final total erosion estimation, thereby, the validation process. However, this is not the case for
this study. For the PEI site, the possible reference level ranged from 1789 Bq m to 1965 Bq
m2.  With these two extreme levels, the difference between Ecqasz and
ErusLEr+EphGEE+ModDirTilIEM @t €ach sampling point held a similar pattern. For erosion points,
Ecs137 Was consistently greater than ErusLer+ephcee+ModpirTillEm UNder all scenarios, whereas for
accumulation points, Ecsizz was consistently lower than ErusLer+EphGEE+ModDirTillEM. Similar to
the PEI site, a similar pattern was observed for the NB site. Overall, Ecsisr-

ErusLer+EphcEE+ModDirTiliEM hOldS the same pattern with different Cs-137 reference levels.

4.5.3 Model performance based on other validation methods

In this study, other validation methods can be used to evaluate the performance of the
model on the single erosion prediction. To validate the result derived from ephemeral gully

erosion models, the appropriate way is to monitor ephemeral gully development, which is to
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quantify the change in gully morphology. The traditional and simple approaches (measuring
tape, ruler, profile meter) require additional interpolation since the measurements are spatially
discontinuous (Capra et al., 2009; Casali et al., 2006; Castillo et al., 2012; Di Stefano and Ferro,
2011). The well-documented end area method (EAM) is needed to estimate the gully volume
(Capra and La Spada, 2015). These methods are unable to represent the entire volume of a
gully. The total station survey and ground-based light detection and ranging (LiDAR) scanner
survey are able to overcome this shortcoming (Castillo et al., 2012). However, these methods
are both time- and cost-consuming. The newly developed technique — photogrammetry has
been utilized widely in erosion studies due to its high resolution with relatively low time and
cost consumption (Carollo et al., 2015; Castillo et al., 2018; Ciprian Margarint et al., 2019;
d'Oleire-Oltmanns et al., 2012). The photogrammetry has been proved to be a reliable tool to
reconstruct the surface geometry (Zheng et al., 2020). Therefore, theoretically, the
photogrammetry-derived volume should perform better than the manual measurement-
estimated volume. In this study, the error of the NB site (19%) was greater than that of the PEI
site (8%), which could be associated with the tillage management in the fields. For the NB site,
the field was under strip rotation (potato-grain). Hence the field was divided into two sections
with a different crop. The section cropped with grain was actually covered with canopy, which
caused difficulties for photogrammetry to correctly reconstruct the surface geometry. Whereas
for the PEI site, the whole field was under one crop management. Therefore, the tillage

management might be one major source of error in the photo interpretation procedure.
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The water samples collected at the outlet of fields were designed to validate the sediment
estimated from water erosion models (Williams et al., 2016). In this study, the water station
was set up at the outlet of the field based on the DEM. However, the DEM was generated about
ten to fifteen years ago using LIDAR. With continuous tillage operations and water erosion
events, the topography near the outlet had been altered. As a result, waterways were changed.
The newly developed waterway delivered mostly runoff water from the field. Therefore, much
less runoff water flows through the water gauging station. For an example of the PEI site, no
water data was collected from the outlet station. It is better to build the manmade ridge on the
field boundary to force the runoff water flowing through the flume. In addition, the model
estimated runoff event is based on the long-term (i.e., 20-year) climate data. However, the
water station installed in the field only collects short-term data (i.e., 1 to 2-year runoff data).
Therefore, the short-term data is unable to represent the climate pattern properly. To better
validate the results derived from models, the long-term monitor would be necessary, or the

input climate data for the model should be as same as the monitoring period.

4.5.4 Further studies

From the aspect of model development, particularly for ModDirTillEM, many
improvements can be expected. Firstly, for ModDirTillEM, the tillage operation has to follow
horizontal or vertical directions. The diagonal tillage cannot be operated in the model.
Therefore, for the cultivated field, which is not along the true north or east direction, another
set of grid points needs to be generated to line up with the field direction. The incorporation of

diagonal tillage into the model can help the user to utilize the original DEM (e.g., 5-m
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resolution) other than generating the new set of grid points along the field. Secondly, the data
used for the interaction component was based on Zheng et al.’s (2021) research. For this
research, the single primary implement (chisel) was utilized. Therefore, the interaction
component is closely associated with the chisel plough. The design of another primary tillage
— mouldboard plough is different from that of a chisel plough. For chisel plough, it breaks up
the surface layer of soil, whereas, for mouldboard plough flips the surface soil over and brings
up the soil from a deeper layer (Johnson and Moldenhauer, 1979). With respect to erosion, a
chisel plough causes less soil erosion when compared to a mouldboard plough. Therefore,
different tillage implements could have different impacts on the channel infilling process.
Thirdly, the impact of the channel on tillage translocation was not fully tested. For example,
for contour tillage, the experiment was only conducted when the tillage direction was
perpendicular to the channel direction. However, in reality, the tillage might hit the channel
with an angle (e.g., 30 degrees). Therefore, additional data are necessary to fill the knowledge
gap. Lastly, for modeling purposes in this study, the cross-section size of the channel was
assumed to be 20 cm by 20 cm along the channel. The channel size varied along the channel,
which can be estimated using EphGEE. Accounting for the channel size variation, the more

sophistical ModDirTillEM, considering the complexity of the channel can be developed.

4.6 Conclusion

Water and tillage erosion has been recognized as the major erosion forms deteriorating the
soil in cultivated fields. This chapter is the first one to combine all models of erosion forms

that occurred on the cultivated field to estimate total soil erosion. This study uses a 2-
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dimensional version of RUSLEZ2, which is called RUSLER and a newly developed ephemeral
gully erosion model (EphGEE), and a modified directional tillage erosion model (DirTillEM),
with an additional component accounting for the interaction effect between water (ephemeral
gully) and tillage erosion. These tools rely on 1) detailed topographic elevation data, 2)
databases in RUSLE2, 3) runoff, sediment yield, Manning roughness coefficients estimated
from RUSLEZ2, 4) channel critical shear stress and erodibility varying with clay content and
time since tillage, 5) tillage management information and 6) detailed tillage implement
information. The modeled results indicated that the individual models provide reasonable
estimation for the individual erosion processes. For both the PEI and NB sites, the pattern of
tillage erosion was better associated with total erosion than water erosion, except for the gully
area. For the gully area, the ephemeral gully erosion dominates. The integrated tillage and water
erosion models improved the accuracy of the estimation for total soil erosion to some extent.
However, the interaction effects (which occurred in the gully area) were difficult to be validated
using the current Cs-137 method. Further testing and development of the model for the dynamic
erosion process simulation and better validation methods are necessary to improve the
performance of models and to approximate observation over a broader range of climate, soil,

landscape, and tillage managements in other areas in Canada.
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4.9 Nomenclature

CAF channel adjusting function

Cv coefficient variation

DEM digital elevation model

DirTillIEM directional tillage erosion model

DR distance ratio

Ecsia7 soil erosion estimated from Cs-137 data

Eephcee soil erosion estimated from EphGEE model
EModDirTillEM soil erosion estimated from ModDirTillEM model
EphGEE ephemeral gully erosion estimator

ErusLER soil erosion estimated from RUSLER model

ERUSLER+EthEE+M0dDirTiIIEM

ERUSLER+ModDirTillEM

total soil erosion estimated from the combination of
RUSLER, EphGEE and ModDirTillEM models

soil erosion estimated from the combination of RUSLER
and ModDirTillEM models

ModDirTillIEM modified directional tillage erosion model
MR mass ratio
NB New Brunswick
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PEI Prince Edward Island
revised universal soil loss equation, version 2 — raster

RUSLER based

SD standard deviation
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5. GENERAL CONCLUSIONS

5.1 The context of the research

Different aspects of the interaction effects between water erosion and tillage erosion were
examined in this study: from the effects of the gully on tillage translocation to the effect of
channel refilling by tillage on the following water erosion event. The field experiments
provided quantitative data for the interaction effects between water and tillage erosion. These
data were used to check and upgrade the current tillage erosion and ephemeral gully erosion
models, so that the modeling can take into account those aspects of water and tillage erosion
interactions examined in the experiments. The upgraded tillage erosion model, coupled with
water erosion models, was used to estimate total erosion in two field sites. The total erosion
estimates, determined using the Cs-137 method, were used to validate the integrated erosion

estimates of water erosion, tillage erosion, and their interactions.

5.2 Major findings

According to the results of the first study, the presence of channels reduced tillage
translocation during downslope tillage but increased tillage translocation during upslope tillage.
Substantial channel infilling with translocated soil occurred for both downslope and upslope
tillage. The soil falling into the channels was mainly from the surface layer for both downslope
and upslope tillage, but for downslope tillage, it was mainly from the area away from the

channel, whereas for upslope tillage, it was mainly from the area adjacent to the channel. For
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contour tillage, the presence of channels increased tillage translocation. The channel was
oriented perpendicular to the tillage direction so that tillage was more effective in filling the
channel.

The patterns of tillage translocation under different treatments are likely attributed to the
relative importance of the trapping effect (channel functions like a trap) versus the energy-
intensity-increase effect (greater energy intensity due to less soil being moved with the
presence of a channel). If the trapping effect dominates, the overall soil movement, especially
forward soil movement, tends to decrease, whereas if the energy-intensity-increase effect
dominates, the overall soil movement tends to increase. The relative importance of the trapping
effect and the energy-intensity-increase effect is determined by the shape and size of the tillage
tool’s zone of influence (Zol). The presence of a channel, its location and orientation relative
to the tillage tool, and the tillage direction can all affect the shape and size of the Zol.

A critical time for channel generation is the period between growing seasons when fields
are bare. Farmers usually till fields to effectively eliminate these channels. Both channel, tillage
and their combination can affect the subsequent water erosion event. According to the results
of the second study, firstly, runoff initiation was accelerated with an existing channel, and
runoff discharge and sediment export were increased. Secondly, with a single tillage pass,
runoff initiation was delayed, and runoff discharge and sediment export were decreased.
Thirdly, when an existing channel was tilled, the effects of tillage dominated so that runoff

initiation was delayed and runoff discharge and sediment export are decreased.
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The findings of the first two data chapters provided solid evidence that interaction effects
between water and tillage erosion can affect the total erosion rates around the channel area in
cultivated fields. The knowledge gained from these two chapters can be used to couple tillage
and water erosion models, providing more realistic and accurate predictions of tillage erosion
and the overall soil erosion on agricultural lands.

In the third study, all erosion processes and the interaction effects between the water-
eroded channel and tillage erosion processes were integrated in a modeling framework that
uses the same set of topographical, climatic and management data. The model predicted total
erosion was validated against total erosion estimated with the Cs-137 measurements. For the
non-gully area, the individual models (RUSLER and ModDirTillEM) provide reasonable
estimations for the individual erosion processes (sheet and rill, tillage erosion). Simple addition
of the tillage and water erosion models improved the accuracy of the predicted total soil erosion.
For the PEI and NB sites, the pattern of total erosion was associated greater with tillage erosion
than water erosion, suggesting the strong contribution of tillage erosion towards total erosion.
For the gully area, the errors and uncertainties are very high. The interaction effects, modeled
in the ModDirTillEM and EphGEE, were difficult to validate using the current Cs-137 method.
This could be due to the dynamic erosion processes in these areas or the low resolution and
accuracy of the model input data. In either case, for the total erosion modeling, the gully area
is a weak point, and there is an urgent need to integrate water and tillage erosion models at the

process level to simulate the dynamic nature of soil redistribution in the gully areas. Based on
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the current estimation in the gully area, we could observe a pattern of more soil loss in the gully

while more soil accumulation around the boundary of the gully.

5.3 Implications for soil and water conservation

The basic reason for farmers to eliminate water-eroded channels is to control further water
erosion and prevent small channels from developing into larger channels, and, ultimately,
gullies. Contour tillage is a widely used conservation practice. Chapter 2 confirms that contour
tillage can create a smoother surface and fill the water-eroded channel better than downslope
and upslope tillage practices. Therefore, we recommend contour tillage for primary tillage
(two-way tillage equipment used in this study) when one of the objectives is filling channels.

In Chapter 3, the results suggest that refilling water-eroded channels can reduce water
erosion in the short-term. This observation provides a possible tillage management adjustment
for the cereal-potato rotation in Atlantic Canada to reduce the risk of water erosion. After the
cereal crop, we recommend spring primary tillage over fall primary tillage. There is usually
plenty of crop residue left in the field after harvesting. The residue could provide good ground
protection from channelized erosion. This protection can last until the primary tillage in the
next spring. Even if the channelized erosion occurs after snow melting, the channels can be
erased quickly by spring primary tillage. After the potato crop, we recommend primary tillage
late in the fall. Residue cover after potato harvesting is poor so the field is not well protected
from channelized erosion. Therefore, there is a great chance that channels will be generated in
the fall. If channels are not erased, they may develop into gullies later in the fall, causing great

soil loss due to gully erosion.
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In Chapter 4, for the non-gully area of both sites, the pattern of total erosion was associated
with tillage erosion more so than water erosion. Both sites were located in Atlantic Canada,
which has a humid coastal climate and rolling landscapes, and high soil disturbance associated
with potato cropping. Therefore, conservation measures targeting tillage erosion could have
greater impact in reducing total erosion for the non-gully area in potato fields. Soil-landscape
restoration could be a useful conservation measure to enhance soil quality in areas subject to
tillage erosion. In this practice, the soil is moved from where it accumulates by tillage erosion
to where soil is lost by tillage, creating an opportunity for soil quality restoration. For the gully
area, the current Cs-137 validation method is not suitable. The density of the sampling points
in the gully area (i.e., 1 point per transect) was insufficient to capture to capture the dynamic
erosion process occurring in the gully area. Therefore, it was hard to validate the model
predicted erosion rates in this area. However, according to our results, the soil loss caused by
ephemeral gully erosion was significant. Therefore, it is necessary to apply some conservation
practices to reduce gully erosion. For example, grassed waterways, terraces, cover crops, and
no-till are proven measures to control gully erosion that could be used.

In the context of sloped fields, the spatial variability of soil is significantly influenced by
tillage practices, both in the short-term and the long-term. In the short-term, the immediate
consequences of tillage operations, such as plowing, harrowing, or cultivating, trigger
alterations in soil distribution. Topsoil is removed from the knolls and accumulating in the
depressions. In the medium-term, tillage erosion can escalate to the point of completely

removing topsoil from knolls. Simultaneously, depressions accumulate thick layers of topsoil
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due to soil build-up. Since the tillage erosion process does not degrade the soil accumulated at
depression areas, this soil redistribution can lead to pronounced yield disparities across the
landscape. While the soil displaced from hilltops due to tillage erosion doesn't exit the field, it
accumulates in the lower portions (depressions). However, these depressions happen to be the
focal points of intense ephemeral gully erosion. Consequently, tillage operation supplies the
topsoil for water erosion to act upon. This displaced topsoil from hilltops could eventually
traverse downstream, becoming linked with water contamination. Additionally, a common
practice to restore soil productivity and reduce crop yield variation involves redistributing some
of the accumulated topsoil from depressions back to hilltops. However, due to water erosion,
portions of this accumulated topsoil can be transported into the water system, thus remaining
inaccessible to the hilltops.

Over the long-term, if the tillage erosion is allowed to continue, it will move subsoil from
knolls onto the depressions, burying the topsoil underneath. Consequently, productivity in
depressions diminishes as well. This extended process leads to a more uniform spatial
distribution of soil across the landscape. Subsoil from hilltops starts dominating the soil surface.
At this juncture, the sediment carried by channelized erosion in depressions differs from that
witnessed during short-term or medium-term tillage events.

Ultimately, understanding the complex interplay between short-term and long-term
changes induced by tillage and water erosion is crucial for sustainable land management

decisions. The choice of tillage intensity and frequency should be carefully considered to
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balance the need for immediate soil preparation with the preservation of desirable spatial

variability in the long run.

5.4 Suggestions for future studies

In this study, the experimental results of both Chapter 2 and Chapter 3 were associated
with high variations and errors. The uncertainties of data could be rooted in the variation in
experimental conditions (e.g., wind, soil texture, micro-topography, tillage depth, tillage speed
etc.). Due to the nature of field experiments, it is difficult to control all conditions in the same
strict manner. The in-house soil bin could be a possible option to better control all conditions.
In addition, the logistics for in-house experiments are much easier than that for field
experiments.

The experimental results of both Chapter 2 and Chapter 3 were designed to be incorporated
into erosion models. Ideally, the greater the range and variety in channel sizes and tillage
conditions (tillage equipment, tillage speed and depth) included in models, the more accurate
the modeling results could be. However, due to resource limitations, the experiments of both
chapters only examined one or two channel sizes and one tillage condition. To better
understand the variations under real-world conditions, future studies on tillage translocation,
runoff discharge and sediment export are needed for broader channel sizes and tillage
conditions. These results can be used to model interaction effects between water and tillage
erosion more accurately.

Regarding the modeling process, the developed ModDirTillEM model in this study

considered the interaction effect between tillage erosion and gully erosion. The first weak point
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of this model is that the tillage operation has to follow horizontal or vertical directions. If the
tillage direction is diagonal, a new data point must be extracted from DEMs for tillage erosion
modeling. This extraction step could cause additional errors in the results. In addition, some
cultivated fields in triangle shape need to be tilled in both diagonal and horizontal/vertical
directions for easier operation. Therefore, the incorporation of diagonal tillage into the model
is needed for modeling the tillage erosion in different scenarios. Eventually, the goal should be
to have any tillage direction be simulated in ModDirTillEM.

This study assumed a universal channel size for the current version of ModDirTillEM. The
channel size is variable under real-world conditions. When the channel is tilled, the tillage
translocation varies due to different channel sizes. The variable channel size can be modeled
using EphGEE. The variable channel size can increase the accuracy of modeling interaction
effects.

More importantly, the errors and uncertainties of the modeled results are very high around
the gully areas. This could be rooted in the dynamic erosion processes in these areas (e.g., the
size and location of gullies are not exactly the same from year to year) or the low resolution
and accuracy of the model input data. There is an urgent need to integrate water and tillage
erosion models at the process level to simulate the dynamic nature of soil redistribution in the
gully areas. For example, how the soil at different layers is translocated into the gully areas by
tillage. A better understanding of the erosion process and mechanism around the gully areas is

required.
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A better design of the validation method around the gully area is necessary. Regarding the
Cs-137 method, the current sampling point density is insufficient to capture the dynamics of
erosion processes in some areas of the landscape. Based on the landform classification, there
will be one sampling point close to the ephemeral gully in each transect. It is hard to understand
the erosion process with such few sampling points. In addition, the frequency of drone-based
air photo taken should be added. In this study, the drone photos were only taken after each
major rainfall event. In other words, the surface morphology after tillage operation was missed.

Visual observation can help us to better understand the erosion processes.
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APPENDIX
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Figure A.1. lllustration of plot layout for the field experiment following the Latin Square
design. Times of the experiments (shown in different colours) were listed in Table 3.1.

185
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Figure A.2. Photos of soil surface before and after the rainfall simulation experiments for the
four treatments.
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Table A.1 The p-values of comparisons between paired treatments for runoff flow rate, runoff discharge, sediment yield, total sediment export

and sediment concentration obtained from the analysis of covariance (ANCOVA) for the four stages of the rainfall event

Runoff Flow Rate

Runoff Discharge

Sediment Yield

Total Sediment Export

Sediment Concentration

CN NT CT CN NT CT CN NT CT CN NT CT CN NT CT
1 2 NN 0.03" 0.22 0.23 0.05 0.22 0.22 0.05° 022 0.23 0.09° 0.22 0.22 N/A N/A N/A
s CON - 0.03" 0.09* - 0.05t 0.131 - 0.05 011 - 0.08" 0.73 - N/A N/A
“ NT - - 0.23 - - 0.22 - - 0.22 - - 0.22 - - N/A
£ NN 002 0.32 0.22 0.06" 0.32 0.30 0.06° 0.32 0.26 013 032 0.29 N/A N/A N/A
; CN - 0.02" 0.05 - 0.06" 0.11% - 0.06" 0.11% - 0.127 0.70 - N/A N/A
= NT - - 0.22 - - 0.30 - - 0.26 - - 0.29 - - N/A
2 2 NN  0.89 0.91 0.66 0.90 047 0.44 0.58 0.59 0.35 0.48 0.88 0.59 0.07 0.38 0.02*
s CON - 0.74 0.40 - 043 0.40 - 0.82 0.90 - 0.44 0.37 - 0.70 0.97
@ NT - - 0.66 - - 0.96 - - 0.82 - - 0.69 - - 0.21
2 NN 004" 019 021 002" 0.8 0.28 0.06 0.65 0.26 008" 055 079 027 <0.01™  0.08
E e - EL L e - -
2 CON - <0001 <0.001 - <0.001 <0.001 - 0.03 0.01 - 0.05% 007 - 0.25 0.31
= NT - - 0.83 - - 0.64 - - 0.57 - - 0.73 - - 0.38
3, NN 057 0.70 0.95 0.75 0.98 0.93 0.85 0.86 0.60 0.68 0.99 0.92 0.66 0.99 0.81
g oN - 0.41 0.52 - 0.75 0.59 - 093 0.94 - 0.69 0.70 - 0.51 0.35
“ONT - - 0.62 - - 0.88 - - 0.77 - - 0.93 - - 0.75
& NN 056 0.081 0.21 0127 .08 0.22 <0.01" 0.89 0.60 0.02* 0.86 095 <0001 0.17 0.16
2
g CN - 0.05" 0.09* - <001  <0.01™ - <0.01"  <0.01" - 0.02*  0.02 - <0.001***  <0.001""
= NT - - 0.24 - - 0.20 - - 0.73 - - 0.89 - - 0.86
4 2 NN 0.80 0.70 0.65 0.80 0.79 0.98 0.70 0.86 0.84 0.89 0.84 0.95 097 0.99 0.91
s CN - 0.93 0.97 - 0.61 0.71 - 0.76 0.75 - 0.80 0.85 - 0.95 0.81
“ONT - - 0.94 - - 0.74 - - 0.99 - - 0.85 - - 0.80
E NN 047 0.16 0.05" 0.44 0.07t 007t <0.01" 0.28 0.93 <0.01"™  0.50 0.80 <0001 092 0.14
3
g ON - 0.6 0.45 - 0.02* 001" - <0.001"** =0.001"*" . <001" <0.01" - <0.001"*  =0.001™"
= NT - - 0.90 - - 0.43 - - 0.07t - - 0.52 - - =0.01"

Significance level codes: 0.001 “***°/0.01 “**’/0.05 “**, 0.1 “§’, 0.15 “f7’.
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