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Abstract 

 

 

Soil macropores, such as root channels and earthworm burrows, constitute only a small 

fraction of the total soil volume but contribute largely to the transport of water and solutes in 

subsurface flows. One of the challenges in soil hydrology is quantification of soil macropore 

characteristics. The X-ray computed tomography (CT) is a powerful technique that allows 

quantification of the 3D soil macropore structure without altering the sample. The goal of this 

study was to quantify and characterize two-dimensional (2D) and three-dimensional (3D) soil 

macropore characteristics including, macroporosity, macropore size distribution, macropore 

length density, and interconnectivity (node density) using CT. 

The first part of this study provided quantitative information of different soil macropore 

characteristics at different topographical locations (upslope, midslope, and downslope) and depths 

in a 0.40 ha pasture field located in Alabama, USA. The downslope location had significantly less 

macropore number and macroporosity values in the 0-100 mm soil layer. In addition, macropores 

at the surface (0-100 mm) of upslope and midslope soils were highly connected as compared to 

the soils of the downslope location. The results of this study suggest that macropores at the surface 

(0-100 mm) of the downslope locations are largely affected by trampling induced compaction due 

to presence of higher soil moisture content at the downslope location, via runoff and seepage losses 

from the upper slopes. Besides, it was found that macroporosity and ECD measurements could be 

largely biased because of higher values of coefficient of variation (CV) for a smaller diameter sub-

volume cores compared to the larger diameter cores. 
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In the second part of the study, quantitative evaluation was made on both the spatial and temporal 

variability in 3D soil macropore structure in a pasture field. The results of this study showed that 

3D macropore characteristics may change significantly with time (~0.33 years) and topographical 

position in the topsoil surface (0-100 mm) layer. Also, pores smaller than 2 mm in diameter were 

found to be highly sensitive to topographical differences suggesting need of further studies using 

higher resolution X-ray CT to quantify smaller pores (<0.70 mm). 

In the third part of this study, soil macropore characteristics were quantified as a function of land 

use type and tillage practices in soil cores collected from Wisconsin, USA. The macropores in soil 

cores collected from fields under conventional tillage were smaller and mostly concentrated near 

the surface soil layer as compared to the no-till soils, which can be attributed to the disaggregation 

of the soil structure due to tillage operations. On the other hand, soil cores collected from no-till 

field and alfalfa had relatively larger and vertical macropores. Overall results of this study will 

contribute to the enhanced evaluation of soil macropore features with significant implications for 

flow and contaminant transport modeling in soils. 
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Chapter 1 

Introduction 

 

1.1 Background 

In the Sand Mountain region of north Alabama, which is one of the top poultry producing regions 

in the US, excessive buildup of phosphorus (P) in soils and contamination of nearby water bodies 

has been a serious threat due to repeated application of poultry litters to the pastures (Sen et al., 

2008). Previous studies have shown that loss of P via subsurface flows could be substantial in this 

region (Lamba et al., 2019). Preferential flow via soil macropores (e.g., root channels, earthworm 

burrows) can cause rapid transport of surface-applied fertilizers and chemicals into deep soil and 

even to the groundwater (Jarvis, 2007). Therefore, it is important to understand the macropore 

characteristics in this region to elucidate the subsurface transport of flow and contaminants. 

A relatively new technique of X-ray computed tomography (CT) is a promising approach that can 

help quantify the soil macropore structure (Katuwal et al., 2015). Although different methods like 

tension infiltrometer (Cameira et al., 2003), dye tracers (Wahl et al., 2004), and resin impregnation 

(Singh et al., 1991) have been used widely in the past, these methods are indirect, time-consuming, 

and less accurate in reflecting the subtle features of the soil pore networks (Amer et al., 2009; 

Matthews et al., 2010). X-ray CT, on the other hand, is a non-destructive technique that allows 

quantification of macropores in their true 3D (Helliwell et al., 2013). A major limitation of this 

method is that it requires a small sample volume to scan soil cores at relatively higher scanning 

resolutions (Mees et al., 2003). This restricts its usage for quantifying macropores of larger soil 

columns composed of heterogeneous soil matrices. Nonetheless, X-ray CT techniques have been 
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successfully used to determine the soil macropore characteristics like connectivity, tortuosity, 

diameter, and number of macropores (Pires et al., 2019; Luo et al., 2010). 

Topographical differences influence the soil properties by controlling the gravity-driven soil 

movements (Li and McCarty, 2019). Soil properties including moisture content and organic matter 

content, which largely vary with the topographical location in the field, promote the formation and 

stabilization of larger pores in the soil (Holden, 2009). However, limited work has been done to 

quantify the variability in soil macropore characteristics at different topographical locations within 

a field. The information on the topographical variation of soil macropore characteristics would 

improve the prediction accuracy of different transport models and understanding of the 

mechanisms underlying the impact of topography on soil macropores. Besides, macropore 

characteristics may vary over time depending upon various factors like biological activities, 

wetting and drying cycles, and management practices (Cameira et al., 2003). Hence, quantification 

of both temporal and spatial variability of soil macropore characteristics is crucial for the 

comprehensive understanding of water and contaminant transport in soils. 

Similar to the pasture field in north Alabama, repeated application of dairy manure on the row-

crop field has become a serious threat to the water bodies in Wisconsin. This necessitates the 

quantification of soil macropores to elucidate the transport mechanisms in this region. Besides, 

different factors such as land use and tillage practices can affect the soil macropore characteristics 

(Cameira et al., 2003; Luo et al., 2010). These differences in the soil macropore system may cause 

significant changes in soil hydraulic properties and the transport of different contaminants. 

Therefore, it is essential to investigate the impact of land use and tillage practices on soil 

macropore characteristics that will help us diagnose changes caused by these practices and design 

appropriate management guidelines to address the problems concerning water quality. 



3 

 

1.2 Research Objective 

The major goal of this study was to quantify soil macropore characteristics under different row 

crop fields and pasture using X-ray Computed Tomography (CT). The major goal was achieved 

by accomplishing three specific objectives mentioned below: 

1) Quantify the variability in soil macropore characteristics as a function of depth and 

topographical location in a pasture field. 

2) Determine the temporal variability in 3D soil macropore characteristics in different soil 

depth layers and topographical locations. 

3) Quantify effect of different land uses on soil macropore characteristics. 

1.3 Thesis outline 

Chapter 2 of this thesis presents the use of X-ray Computed Tomography (CT) and image analysis 

to quantify the soil macropore characteristics under different upslope, midslope, and downslope 

locations within a pasture field. In Chapter 3, detailed study of both the temporal and spatial 

variability of different 3D soil macropore characteristics in a pasture field are discussed. Similarly, 

Chapter 4 pertains to the impact of different land uses and tillage practices on soil macropore 

characteristics as quantified using CT. Finally, the conclusions of this study and recommendations 

for the future work are presented in Chapter 5. 
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Using X-ray Computed Tomography to Quantify Variability in Soil Macropore 

Characteristics in Pastures 

2.1 Abstract 

Soil macropores largely control the transport of water and solutes in subsurface flows. Preferential 

flow via soil macropores can substantially affect water quality. Hence, it is important to quantify 

soil macropore characteristics and link this information with the preferential flow behavior in soils. 

However, whether macropore structure at one slope position within a field is different than that at 

another is unclear. With differences in the macropore characteristics, each slope position can 

contribute differently to the runoff and subsurface flows. The objective of this study was to use X-

ray computed tomography (CT) and image analysis to characterize soil pore structure (>0.75 mm 

diameter) at upslope, midslope, and downslope positions within a 0.40 ha pasture field. A total of 

18 undisturbed soil columns (150 mm diameter and 500 mm depth) were collected from a pasture 

field located at the Sand Mountain Research and Extension Center, Alabama, during May 2019. 

The results indicated that both the macropore number and macroporosity values were lowest at the 

downslope position in the 0-100 mm soil layer. In contrast, a large number of macropores was 

observed at the downslope soils for depths below 200 mm. The lowest macroporosity values in the 

surface layer at the downslope position can be attributed to higher degree of trampling induced 

compaction due to higher soil moisture content at the downslope location, via runoff and seepage 

losses from the upper slopes. Likewise, it was found that using smaller diameter soil cores for 

sampling can cause bias in the soil macropore measurements due to considerably high coefficient 

of variation compared to the larger diameter soil cores. Macropore interconnectivity at the 

subsurface layer (100-500 mm) increased from the upslope to the downslope position, whereas at 
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the soil surface (0-100 mm), the interconnectivity was lowest at the downslope position as 

compared to the upslope and midslope locations. The results of this study provide quantitative 

information of different soil macropore characteristics under varying topographical locations and 

depths in a pasture field. The relevance of topographical variation of different macropore 

characteristics found in this study should be tested by investigating a wider range of soil types and 

slopes in pastures. 

Keywords: Preferential flow; Compaction; Image analysis; Grazing; Pore size distribution 

2.2 Introduction 

In recent years, there has been an increasing interest to understand loss of pollutants via subsurface 

flow pathways, specifically in areas where subsurface flows are significant (McGrath et al., 2010). 

The hydrologically active macropores (i.e., pore size > 0.3-0.5 mm diameter, Jarvis, 2007) can 

result in non-equilibrium flow conditions and therefore play an important role in the movement of 

water and agrochemicals through the soil profile (Luxmoore et al., 1990). Although, macropores 

represent only a small fraction of the overall soil porosity, they can result in transport of fertilizers 

and other contaminants to relatively deep depths in soil and even to the groundwater (Jarvis, 2007). 

Preferential flow via soil macropores in the presence of an impermeable soil layer can result in 

transport of surface applied fertilizers and other chemicals to relatively long distances within a 

watershed (Wang et al., 2011). In certain soils, preferential flows can contribute to the transport of 

more than 90% of water and contaminants (Shaffer et al., 1979). For example, a study in the 

Walker Branch watershed in eastern Tennessee, USA reported that preferential flow was the 

predominant mechanism of streamflow generation (Wilson et al., 1990). Therefore, quantification 

of macropores characteristics can improve our understanding of preferential flows and help 

develop a reasonable mathematical model (Zhang et al., 2017). 
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Topographical differences at a field level exert a strong control on soil properties including bulk 

density, moisture content, and organic matter content, which in turn may contribute to the variation 

in soil macropores (Hao et al., 2002; Oztas et al., 2003). A small difference in topography can 

cause major changes in soil development (Rezaei and Gilkers, 2005). Soil properties including 

moisture content and organic matter content, which are primarily influenced by the topography, 

promote the formation and stabilization of larger pores in the soil (Grosbellet et al., 2011; Holden, 

2009). For example, in a grazed pasture field, macroporosity of the surface soil is influenced by 

the soil water content, which affects the degree of compaction by trampling. Continuous grazing 

of pastures can cause reduction in topsoil porosity (Singleton et al., 2000) and vertical pore 

continuity (Greenwood and McKenzie, 2001) through the disruption of large aggregates and 

repacking with smaller aggregates to fill existing soil pores (Cattle and Southorn, 2010). 

Macropore structure damage by such compaction commonly occurs in surface layers and decreases 

with depth (Drewry et al., 2008). Warren et al. (1986) suggested that the impact of livestock 

trampling is generally more significant with higher soil moisture content at the time of trampling. 

However, limited work has been done to investigate how distribution of macropores will change 

as a result of topographical differences. 

X-ray computed tomography (CT) is a relatively new and promising approach to analyze the 

configuration of soil pores in the soil profile (Rab et al., 2014; Luo et al., 2010). A major advantage 

of this method is that it is non-destructive and can help quantify macropores in 3-D (Helliwell et 

al., 2013). An important limitation of this approach is that the ability to detect pores of specific 

size depends on different interrelated factors including scanner properties and the diameter of the 

soil samples (Mees et al., 2003). While reducing the diameter of the soil core increases the spatial 

resolution (i.e., smaller size pores can be detected), smaller cores may fail to capture differences 
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in the heterogeneous soil matrix. Besides, though CT method itself might be non-destructive, there 

could be some sampling induced disturbances near the edges of the soil cores, which needs to be 

addressed before performing any analyses. Other methods, such as dye tracers (e.g., Wahl et al., 

2004), resin impregnation (Singh et al., 1991), and tension infiltrometer (e.g., Mohanty et al., 1996; 

Cameira et al., 2003) have also been widely used for studying macropores in the past. However, 

measurements of macroporosity using the above-mentioned methods are indirect, time-

consuming, and less accurate in reflecting the subtle features of the soil pore networks (Amer et 

al., 2009; Matthews et al., 2010). Nonetheless, CT techniques have been successfully used to 

determine the number, size, and distribution of macropores (Warner et al., 1989; Rab et al., 2014; 

Luo et al., 2010). 

Apart from the promising application of the CT technique in the field of soil science, a consistent 

sampling strategy is needed to allow for comparison of results of different studies. Therefore, it is 

important to understand the effects of different sampling strategies, specifically effect of size of 

soil core considered for CT analysis on soil pore characteristics (Rab et al., 2014). Pires et al. 

(2004) used CT to study soil compaction induced by sampling on soil cores 26 mm in diameter, 

reported a clear heterogeneity of soil bulk density within the soil sample, with larger values near 

the edges and the lowest bulk density values along the center of the soil sample. Results of the 

study conducted by Rab et al. (2014) using a range of core diameters (50 or 65 mm) suggest that 

macropore characteristics can differ significantly with change in core size. Previous studies have 

also shown that decreasing the overall size of a soil core results in the reduction of large and 

continuous pores responsible for preferential flow (Iversen et al., 2001; Picolli et al., 2019). Hence, 

larger volume soil cores should be sampled to decrease variability in macropore measurements 

and obtain accurate measurements of the soil macropores (Picolli et al., 2019; Rab et al., 2014). 
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However, to date, all of the CT studies that specifically focused on effect of sampling volumes on 

pore characteristics used smaller diameter (<150 mm) soil cores. The smaller diameter cores may 

fail to reflect the heterogeneity evident in soils. Additionally, the compaction effect of the sampled 

soil volume is greater for cores with smaller diameter than for the larger ones (Castellini et al., 

2020). In this respect, lack of knowledge still exists on the effect of the sampling volume on soil 

macropore estimates. 

Quantification of macropore characteristics in soils, where subsurface flows are substantial, is 

important to understand pollutant transport processes. In the Sand Mountain region of north 

Alabama, which is a major poultry-producing region, excessive buildup of phosphorus (P) in soils 

and contamination of surface water bodies with P has been a serious issue due to the continuous 

application of poultry litter to the pastures (Sen et al., 2008). Sen et al. (2008) ascertained that both 

the surface and subsurface runoff generation mechanisms could be responsible for the off-site 

transport of contaminants in this region. Also, results of a study conducted by Lamba et al. (2012) 

show that less than 10% of rainfall contributed to surface runoff and more than 90% infiltrated 

into the soil, suggesting that there might be significant macropore flows in this area. Furthermore, 

previous studies reported that loss of contaminants (e.g., P, nitrogen, and metals via subsurface 

flows could be substantial in this region (Lamba et al., 2019, 2013). Therefore, it is very important 

to understand the macropore characteristics in this region to elucidate subsurface flow 

mechanisms. 

Till date, only one study (Zong-Chao Li et al., 2019) has used CT to quantify the influence of 

topography on soil macropore characteristics. The results of this study demonstrated a clear 

distinction in macropore characteristics among three slope positions in an alpine meadow. 

However, those results were based on relatively small number of replicates (n=3). Besides, their 
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study area was located in a high-altitude climate zone with mean annual temperature and 

precipitation of 0.1 °C and 400 mm, respectively, which is completely different than humid 

subtropical climate at our study site. To our knowledge, no study has reported direct measurements 

of soil macropore characteristics influenced by the topographical location in pastures. The results 

of Zong-Chao Li et al. (2019), in conjunction to this study, can provide useful information on the 

effects of topography on soil macropore characteristics and preferential flow in different land 

management systems under different climatic conditions. Therefore, the objective of this study 

was to quantify soil macropore characteristics in different soil layers and slope positions using CT 

and image analysis. A further objective was to investigate the effect of selecting different image 

cross-sections on macropore characteristics. We hypothesized that the macropore measurements 

were linked with the topographical position and depth of the soil sample. The results of this study 

would provide valuable dataset to understand flow and pollutant transport processes in a region 

where macropore flows drive the hydrology. 

2.3 Materials and methods 

2.3.1 Study site 

The soil columns investigated in this study were excavated from a hillslope pasture field (34° 17' 

02.6" N, 85° 57' 51.8" W) located at the Sand Mountain Research and Extension Center (SMREC) 

in north Alabama at an elevation of about 350 m above the mean sea level. The site where the 

study was conducted is an approximately 0.40 ha field with a slope length of 80 m. The site had 

been grazed by cattle for more than 15 years prior to sampling. Approximately 50 cattle grazed 

the entire field at a time. To ensure better development and longevity of the tall fescue plant, 

grazing was discontinued when the height of the grass was 100 mm or less. The slope of the site 

was 3.4%. The soil at study site are Hartsells fine sandy loam (fine-loamy, siliceous, subactive, 
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thermic Typic Hapludults) and Wynnville fine sandy loam (fine-loamy, siliceous, subactive, 

thermic Glossic Fragiudults). The Hartsells soil is well drained with moderate permeability, 

primarily found on broad smooth plateaus, mountaintops, or hilltops. The parent material of these 

soils is loamy residuum weathered from sandstone and shale (Soil Survey Staff, 2020). The 

Wynnville series consists of moderately well drained, slowly permeable soils also formed from 

sandstone and shale. At the study site, Sen et al. (2008) has reported presence of a restrictive layer 

near the soil surface that could cause formation of a perched water table during intense rainfall 

events. Based on an analysis of 30-year normals, mean annual precipitation in this region is 1340 

mm, and the mean annual temperature is 14.8 °C. A cool-season grass (Kentucky 31 tall fescue 

(Festuca arundinacea Schreb)) has been growing at the study site for more than 40 years. This 

grass has an extensive root system which extends to a depth of 900 mm below the soil surface, 

providing access to water and other resources, and offers better heat and drought tolerance than 

many other cool-season grasses (Cougnon et al., 2017). 

2.3.2 Soil sampling 

A total of 18 undisturbed soil columns (150 mm diameter, and 500 mm depth) were collected in 

May 2019. Six cores were collected from each of three topographical locations (upslope, midslope, 

and downslope) within the field. The samples were obtained using rigid PVC pipes driven carefully 

into the soil by utilizing a tractor-mounted soil coring system (Prior et al., 2004). After sampling, 

the airspace at each end of each soil column in PVC pipe was filled with bubble wrap packing 

material, and a PVC end cap was fitted over each end of the pipe before transportation. During 

transportation, a 150 mm thick layer of wood shavings supported the soil columns to serve as 

cushioning, to minimize disturbance of the soil columns. The samples were then stored at 4 °C 

until further analysis. In addition to the 18 cores, two extra soil columns were collected from the 
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field, to allow us to make artificial soil pores of known diameter in the soil. These cores were later 

used as a reference to allow us to distinguish between the pores and the rest of the soil matrix. 

Prior to scanning, all the soil columns were saturated with water and left to drain for about 3 days 

in order to maintain a uniform moisture condition among all cores (Luo et al., 2010). This was 

done to minimize the variability in the X-ray attenuation value histogram and to make the 

comparison between different slope positions more consistent. Thus, each soil column was 

assumed to be at approximately field capacity before scanning. The bottom of each soil core was 

checked to make sure they are dry enough to avoid any damage while transporting cores for 

scanning. 

Additional 3 soil samples were collected from each topographical location at different depth 

intervals (0-100 mm, 100-200 mm, 200-300 mm, 300-400 mm, and 400-500 mm) for the analysis 

of routinely measured soil properties (e.g., bulk density, organic matter content, and texture) 

(Table 2.1). The sand, silt, and clay percentages of soils were determined using hydrometer method 

(Bouyoucos, 1962). Organic matter content was determined by the weight loss on ignition method 

(Huisman et al., 2013). The soil bulk density was calculated as the mass of oven-dried soil divided 

by its volume. The soil texture and bulk density information was used to estimate saturated 

hydraulic conductivity (Ksat) of top soil surface layer (0-100 mm) using the Rosetta model (Schaap 

et al., 2001), which is integrated into the HYDRUS software (Šimůnek et al., 2016). Rosetta is a 

pedotransfer function (PTF) that uses neural network model to predict the soil hydraulic 

parameters based on easily measured data, such as soil texture and bulk density (Domúnguez-Niño 

et al., 2020). 
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2.3.3 CT scanning and image analysis 

The soil cores were scanned using a medical GE LightSpeed VCT 64 Slice CT scanner (GE 

Healthcare, Chicago, IL) installed in the Bailey Small Animal Teaching Hospital at the Auburn 

University College of Veterinary Medicine (AUCVM). The machine has the ability to take up to 

64 slices in one scan, thus, covering 40 mm at 0.625 mm slice thickness in one scan. The scanner 

was operated with the scanning parameters set to 140 KV, 140 mA, and 1 s exposure time, and 

this provided detailed projections with relatively little noise. The field of view (FOV) was set to 

180 mm producing 16-bit 512x512 images with a voxel size of 0.35x0.35x0.625 mm3. 

These images were analyzed using the ImageJ version 1.52t software (Rueden et al., 2017), which 

is a digital image processing program developed by the US National Institutes of Health (Bethesda, 

MD). The software was used to determine the macropore number, macropore diameter (ECD), 

macroporosity, and inter-connectivity for each stack. To avoid voids near the core walls, the 

diameter of the core was reduced from 150 mm to 136 mm, and the area beyond this region of 

interest (ROI) was deleted by using the “clear outside” tool in ImageJ. The slices from the bottom 

of the core which were void or seemed to be disturbed were excluded from the original stack for 

analysis. After adjusting the brightness and contrast of the images, a median filter with a radius of 

1 pixel was used to reduce noise in the images. The “Unsharp mask” command with its default 

values (radius of 1 pixel and mask weight of 0.6) was used to sharpen and enhance the edges. 

The images were segmented using Phansalkar’s method of local thresholding which is a 

modification of Sauvola’s thresholding method to deal with low contrast images (Phansalkar et 

al., 2011). All the images were converted to 8-bit before performing this operation. The threshold 

value T for the 8-bit images were then calculated as: 
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T = mean * (1 + p * exp (-q * mean) + k * ((stdev / r) – 1)) ……………….. (1) 

where mean and stdev are the local mean and standard deviation for a selected window size, 

respectively. The parameter k is a constant which takes values in the range [0.2, 0.5] whereas, r is 

the dynamic range of standard deviation which is equal to 0.5 for a normalized image (Phansalkar 

et al., 2011). These parameters were set to their default values in the ImageJ software (k = 0.25 

and r = 0.5) to get the best segmentation results. The values of parameters p and q were 2 and 10, 

respectively and are fixed in the plugin. The segmentation was carried out using a radius of 5 pixels 

over which the threshold was computed. All the images were visually inspected for the 

performance of the segmentation procedure in separating the pores and solids. To determine the 

parameters of thresholding (i.e., k, r, and the radius), Plexiglas thermoplastic cylinders of two 

different diameters (3.17 mm and 4.76 mm) were inserted into an undisturbed soil column to create 

artificial macropores. The Plexiglas rods were pulled out just before CT scanning. The macropore 

size of the artificial pores with known diameter based on image analysis was compared with the 

actual pore size for different randomly selected thresholding parameter values. A parameter value 

was selected if the difference between the actual and the image-analyzed pore size was less than 

1.5% for both rod diameters. 

The binary images were then analyzed using the “Analyze Particles” tool in ImageJ to determine 

the number of pores and pore area in a 2-D representation of a slice. Since the pixel resolution was 

0.35 mm * 0.35 mm, only those pores with equivalent cylindrical diameter (ECD) greater than 

twice the resolution i.e., 0.70 mm could be reliably identified using the image processing method. 

The equivalent cylindrical diameter was calculated based on the surface area using the equation: 

ECD = 2(area/π) 0.5. We considered pores with ECD >0.75 mm as macropores in this study, similar 

to Luo et al. (2008) and Luo et al. (2010). This was done to ensure that we were not quantifying 
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any noise as pores in our analyses. All the pores with ECD smaller than 0.75 mm were considered 

as noise and removed from the analysis. The number of macropores, diameter, and macroporosity 

were calculated for each slice and then averaged to quantify the variation with depths. Macropores, 

especially with diameter (ECD) > 1 mm, promote water movement through the soil profile 

(Udawatta et al., 2008). Node density, which is the sum of the number of nodes where at least two 

pore branches connect per unit volume of soil considered, was used to quantify the 

interconnectivity of the macropores (Luo et al., 2010). A high density of junctions is related to an 

extensive and well-connected pore network (Munkholm et al., 2012). For this, the BoneJ plug-in 

(Doube et al., 2010) in the ImageJ software was used. All the macropores were first skeletonized 

using BoneJ plug-in to determine the number of nodes in each 3D macropore network. 

All the pores were divided into two pore-size classes: pores with ECD greater than 0.75 mm and 

less than 1 mm, and those greater than 1 mm. Thus, both macroporosity and number of pores were 

determined for these pore classes. The total pore area covered by pores 0.75 - 1 mm, and >1 mm 

was divided by the total ROI, i.e., 14527 mm2 to estimate the macroporosity. 

In addition, depth to the most restrictive layer was determined for each soil column. For this, 

macroporosity of each slice perpendicular to the column axis (0.625 mm thickness) along the 

length of the column was calculated. The slice with least macroporosity was defined as the limiting 

layer for any particular soil column. Additional analyses were performed to investigate the effect 

of the sample volume within a core. In the previous studies, soil cores of varying diameter (40 mm 

– 200 mm) have been collected to determine macropore characteristics. However, depending on 

the size of the core, soil pore characteristics could vary. To analyze the effects of sample volume 

on macropore measurements, the thresholded images were sub-sampled twice (Figure 2.1) using 

the top 0-100 mm depth of each soil sample. Firstly, all the cylindrical cores (136 mm ROI) were 
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cropped into a concentric rectangular prism to further remove any possible edge effects. The first 

sub-sampling occurred by cropping the rectangular ROI into 4 cylindrical sub-sample cores (48.1 

mm diameter) as depicted in Figure 2.1 (a). A second sub-sampling was done by cropping the 

rectangular ROI into 16 equal sized cylindrical sub-sample cores (24.05 mm diameter) as shown 

in Figure 2.1 (b). Variability in soil macropore characteristics for each diameter sub-sample was 

quantified by calculating the coefficient of variation (CV). Since sample height affects the soil 

macropore characteristics, the depth of the samples was left unchanged for each sub-sampling. 

Hence, observed pore characteristics variability may be linked to the difference in soil sample 

diameter. 

2.3.4 Statistical analysis 

All statistical analyses were performed using SAS version 9.4 (SAS Institute, USA). The 

significance test for the effects of slope position on different soil characteristics was done using 

one-way analysis of variance (ANOVA) within the General Linear Model (GLM) procedure. The 

Tukey’s multiple comparison test was used to compare the soil characteristics as a function of soil 

depth and topographic location. The normality and homogeneity of variances for all the parameters 

were tested using Shapiro-wilk test and Levene’s test, respectively. A repeated measures analysis 

with PROC MIXED was used to account for correlation between measurements within the same 

sample. All statistical tests were conducted at the 95% confidence level. 

2.4 Results 

2.4.1 Distribution of macroporosity and number of macropores in different soil layers and 

slope positions 

The number of soil macropores followed similar trends for both the macropore size classes at all 

the topographical locations (Figure 2.2). However, for >1 mm soil pores, the number of 
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macropores was less in the 100-200 mm depth layer compared to the 0-100 mm layer. The 

macropore number of 0.75-1 mm pores showed a gradual increase with the depth. Significant 

differences (P<0.05) were found in the number of soil macropores at different topographical 

locations for a given depth (Figure 2.2). For example, in the shallow soil layer (0-100 mm), the 

number of macropores for both size classes was significantly less (P<0.05) for the downslope 

location than the midslope and upslope locations. However, at the deeper soil depths (e.g., 200-

300 and 300-400 mm), the number of macropores at the downslope location was significantly 

greater (P<0.05) than either the upslope or midslope location. 

The distribution of the macroporosity values for the three topographical locations corresponded 

well with the number of macropores. The soil macroporosity of >1 mm soil pores first declined 

sharply with increasing depth down to 200 mm and then increased gradually at all the slope 

positions, whereas a general increase with depth was observed for 0.75-1 mm soil pores (Figure 

2.3). Most of the macropores at the downslope location were concentrated in the deep soil layers 

(250-500 mm). The macropores at the upslope locations were comparatively well distributed 

throughout the entire depth of the soil column. Significant differences (P<0.05) in macroporosity 

among the three topographical locations were observed only for 0.75-1 mm pores. In the shallow 

soil layers (0-100 mm and 100-200 mm), macroporosity of 0.75-1 mm soil pores at the downslope 

location was significantly lower (P<0.05) than that of the upslope location. Quantitative data on 

the soil macropore characteristics are presented in Table 2.2. No significant differences (P>0.05) 

were noted for the overall macropore characteristics (0-500 mm) between any of the slope 

positions. 
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2.4.2 Limiting macroporosity at different slope positions 

The depth to limiting macroporosity at different topographical positions is presented in Figure 2.4. 

At the downslope location, the restricting depths were present from 100 to 150 mm, with an 

average limiting macroporosity value of 0.27%. The restricting depths at the upslope location were 

also observed within the top 150 mm of soil depth; for two cores the restricting depths were at 60 

and 63 mm, while for the other four, the depth ranged from 120 to 150 mm. The limiting 

macroporosity values for soils at the upslope locations were clearly higher than those at the 

downslope location. For all the soil columns from the midslope location, the limiting 

macroporosity values were observed at deeper depths (>150 mm) and the macroporosity values 

were much higher as compared to the soils at the downslope location. 

2.4.3 Diameter distribution of macropores in different soil layers and slope positions 

No significant differences were observed in the overall mean macropore size (ECD) among the 

three slope locations (Table 2.2). The ECD was greater at the downslope location, 1.65 (±0.09) 

mm, as compared to the midslope, 1.63 (±0.15) mm, and upslope locations, 1.57 (±0.07) mm. At 

the top 0-100 mm soil layer, the mean macropore diameter at the downslope position was 

significantly (P<0.05) higher, 2.11 (±0.27) mm, compared to 1.80 (±0.15) mm for the upslope 

position. The ECD distribution of macropores at different slope positions and soil depths was 

evaluated for six different diameter classes (0.75-1 mm, 1-2 mm, 2-3 mm, 3-4 mm, 4-5 mm, and 

>5 mm) as shown in Figure 2.5. In all the cores sampled from different topographical locations, 

the macropore size for the majority of the pores was between 1 and 2 mm (Figure 2.5). Three size 

classes (0.75-1 mm, 1-2 mm, and 2-3 mm) accounted for more than 80% of all macropores in all 

the soil layers. At depths below 100 mm, only two size fractions (0.75-1 mm and 1-2 mm) 

accounted for more than 80% of all the counted macropores. In the 0-100 mm surface layer, the 
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smallest size fraction (0.75-1 mm) accounted for only about 20% of the counted macropores, 

whereas at the deeper soil depths (100-200 mm, 200-300 mm, 300-400 mm, and 400-500 mm), 

size fraction (0.75-1 mm) accounted for more than 30% of the overall detected macropores. 

2.4.4 Macropore connectivity at different slope positions 

Inter-connectivity, quantified using the node density of macropores, indicated there was a 

significant effect (P<0.05) of depth on the macropore interconnectivity in the soils at the 

downslope position (Figure 2.6). The inter-connectivity of the surface soil (0-100 mm) at the 

downslope location was significantly less (P<0.05) as compared to the subsurface (100-500 mm) 

interconnectivity, whereas no significant (P>0.05) reduction in interconnectivity was seen in the 

surface soil layer (0-100 mm) at the upslope and midslope locations. In contrast to the soil at the 

downslope location, the soil at the midslope and upslope locations had a relatively higher 

interconnectivity in the surface soil layer (0-100 mm). Overall, subsurface interconnectivity 

increased from the upslope towards the downslope location. 

2.4.5 Effect of analyzed soil volume on macropore characteristics 

This analysis was performed with two different sizes of soil cores (48.1 mm and 24.05 mm 

diameter). The 24.05 mm core showed higher variability in macroporosity and ECD as compared 

to the 48.1 mm soil core. The coefficient of variation (CV) for macroporosity ranged from 14.8 % 

to 50.2 % in the 48.1 mm core, whereas for the 24.05 mm core, it ranged from 33.7 % to 88% 

(Figure 2.7). Specifically, the CV for different macropore characteristics was higher in the 

downslope location compared to the upslope and midslope locations for both diameter cores. 

Maximum and minimum CV for ECD was 24.1 % and 3.6 % in the 48.1 mm core, respectively, 

and 35.2 % and 15.5 % in the 24.05 mm core, respectively. In contrast, macropore number did not 

show substantial difference in CV between the two sub-volumes. 
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2.5 Discussion 

2.5.1 Spatial distribution of soil macropore characteristics 

Results from this study demonstrated that the spatial macropore characteristics were distinctly 

different for each slope position. In the surface layer (0 to 100 mm), the macropores were relatively 

larger at all the slope positions (Table 2.2). These macropores were likely formed by root channels 

and earthworm burrows, whereas smaller and separated macropores just below the surface soil 

layer were probably the inter-aggregate pores (Luo et al., 2008). In addition, all the soil columns 

had relatively less macroporosity in the 100-200 mm depth layer. This is consistent with the 

findings of Sen et al. (2008) who reported presence of a restrictive layer near the surface soil at 

the study site. The sharp decline in macroporosity values from the first soil layer (0-100 mm) to 

the second soil layer (100-200 mm) for all the topographical locations can be attributed to both the 

rooting characteristics of Kentucky-31 tall fescue and long-term grazing. Balkcom et al. (2010), 

who conducted a study on tillage requirements of different crops at the SMREC also reported a 

compacted layer below 100 mm of the soil surface. They attributed the presence of this hard pan 

to winter grazing. In a study of relative rooting depth for different grasses, Brown et al. (2010) 

reported that more than 65% of the root mass of tall fescue (F. arundinacea) was distributed within 

the top 75 mm of the soil profile, whereas around 75% of the root mass was observed within the 

top 150 mm depth. 

Significantly lower values of the number of macropores, and macroporosity of 0.75-1 mm pores 

at the surface layer (0-100 mm) at the downslope location were probably due to a combination of 

two reasons. First, compaction caused by cattle grazing (Luo et al., 2010) and second, greater soil 

moisture content expected at the surface of the downslope location compared to other 

topographical locations. Oztas et al. (2003) reported a higher degree of compaction at the 



23 

 

downslope location of a grazed hillslope, due to higher soil moisture contents of downslope 

locations compared to upslope locations. We speculate that, runoff and seepage from the upper 

slopes might have caused higher moisture content at the downslope location, and this increased 

the degree of compaction at the downslope location, caused by animal trampling. Sen et al. (2008) 

conducted a study at the SMREC and reported that locations within the field that have low Ksat 

values generate the most surface runoff in this area. The estimated saturated hydraulic conductivity 

(Ksat) at different slope positions using Rosetta model in HYDRUS showed that the average Ksat 

values were lower at the downslope location (0-100 mm), 33.8 ± 2.6 mm hr-1, compared to 65.8 ± 

16.8 mm hr-1 and 49.5 ±11.4 mm hr-1 at the midslope and upslope locations, respectively. 

Significant difference (P<0.05) in Ksat was observed only between the downslope and midslope 

locations. Thus, lower values of Ksat likely restricted the amount of water infiltrating into the soil 

profile at the downslope location. In other words, greater clay content, 38.6%, at the downslope 

location (0-100 mm), compared to 22.6% at the midslope, and 32.8% at the upslope location, might 

have retained a relatively high-water content at the downslope location, thereby facilitating 

compaction due to grazing (Table 2.1). This is consistent with the bulk density results (0-100 mm), 

which showed a relatively higher bulk density value at the downslope, 1.31 g cm-3, compared to 

1.17 g cm-3 and 1.10 g cm-3 at the midslope and upslope locations, respectively (Table 2.1). 

Similarly, Zong-Chao Li et al. (2019) observed a decrease in average soil macroporosity in the 

surface layer (0-100 mm) from the upper slopes to the downslope location. However, their study 

was conducted under an alpine meadow with a relatively steep slope (20 %) as compared to our 

study (slope = 3.4 %). 

The average macroporosity determined for this pasture field ranged from 2.77 ± 0.37 % at the 

upslope to 3.39 ± 0.32 % at the downslope position (Table 2.2). These values are comparable with 
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Luo et al. (2010), who reported an average macroporosity of 3.1 % for a fine-loamy soil under 

pasture (102 mm diameter and 350 mm depth soil cores). Luo et al. (2010) quantified macropores 

as pores with ECD >0.75 mm, similar to that of our present study, to evaluate the macropore 

network variation among different land uses and soil types. Muller et al. (2018) observed a 

decreasing macroporosity with depth under a permanent pasture grazed by cattle and reported an 

average macroporosity of 6% for two different soils (Andosol and Gleysol), which is higher than 

the values reported in our study. This is due to the fact that they considered pores greater than or 

equal to 0.147 mm diameter in their analysis. Moreover, the trend of macroporosity variation with 

depth found in our study is consistent with the results of Perret et al. (1998) and Hu et al. (2015), 

who observed a sharp decrease in macroporosity for depths to 200 mm and then macroporosity 

values increased as the depth increased to 500 mm in grasslands. These fluctuations in the soil 

macropore characteristics within the 0-500 mm soil depth clearly indicate the importance of using 

deeper cores to accurately represent the overall macropore structure in an agricultural field. Since 

different studies use soil cores of various sizes, depth-wise comparison of the soil macropore 

characteristics should be made rather than comparing characteristics of the entire soil column. 

Overall, results indicate that soil macropores are prevalent in this region and therefore can be 

important pathways for subsurface flows potentially resulting in substantial off-site transport of 

pollutants. Besides, soil compaction due to grazing livestock increases the amount of tension-free 

water near the surface, so presence of macropores may facilitate the transport of water and 

contaminants to the subsoil and surface waters (Vuaille et al., 2020). Sen et al. (2008) reported that 

out of 26 rainfall events monitored at this study site from January 2006 to January 2007, only 8 

storm events generated surface runoff. Furthermore, Lamba et al. (2012) reported that more than 

90% of the rainfall infiltrates in this region and subsurface flows could be important pathway for 
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pollutant transport. Hence, results of our study in conjunction with Sen et al (2008) and Lamba et 

al. (2012) indicate that soil macropores play an important role in generation of subsurface flows 

in this region. 

2.5.2 Evaluation of macropore connectivity and limiting macroporosity at different depths 

and slope locations 

In addition to macroporosity, macropore diameter, macropore number and connectivity are key 

variables that affect the transport phenomenon in soil (Hu et al., 2018; Katuwal et al., 2015). High 

node density (interconnectivity) in soil is related to highly connected root networks and movement 

of earthworms and other organisms in the soil profile. Higher degrees of interconnectivity among 

the macropores in the downslope (Figure 2.6) could be because of favorable conditions for biota 

activities in the soil at the downslope location. However, significantly less interconnectivity at the 

surface (0-100 mm) of the downslope as compared to its subsurface interconnectivity (Figure 2.6) 

can be attributed to trampling effects of the cattle along with the high soil moisture content. The 

presence of compacted surface layer (0-100 mm) with less interconnected macropores could limit 

the transport capacity of macropores (Gerke et al., 2015) at the downslope location. However, it is 

worth noting that interconnectivity is likely associated with bridging connections formed by 

smaller pores (Vogel et al., 2010). The highly connected macropores at the surface (0-100 mm) of 

upslope and midslope soils might assist in lateral mixing of the flow with the soil matrix resulting 

in more homogenous flow through the soil profile (Katuwal et al., 2015). Therefore, in addition to 

the macroporosity and interconnectivity of the macropores, an important requirement for the 

functionality of the pores for transport processes is that the pores are continuous and vertically 

connected to improve air and water permeability throughout the soil profile (Pagenkemper et al., 

2014), which needs further investigation. 
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Further analysis was conducted to investigate the limiting macroporosity values and its position in 

the soil profile. Flow and contaminant transport are strongly restricted at the “bottlenecks” in soil 

profile; thus, quantifying the position and macroporosity of limiting layer is important in 

understanding the soil hydraulic properties (Katuwal et al., 2015, Zhang et al., 2019). The 

restricting macroporosity layer was relatively closer to the soil surface at the downslope location 

as compared to the other topographical locations. Also, downslope location had the least values of 

limiting macroporosity compared to the US and MS locations. Based on these results, it is expected 

that flow at the downslope location could be largely restricted within the top 100 to 150 mm of the 

soil profile. On the other hand, this restrictive layer was observed deeper into the soil profile (>200 

mm) at the MS location. The relative differences in the interconnectivity and limiting 

macroporosity results indicate that subsurface flow and transport mechanism could vary 

substantially with the topographical locations in the field. 

2.5.3 Diameter distribution of macropores 

As stated earlier the ECD of the macropores, in general, was larger at the downslope location as 

compared to the other topographical locations (Table 2.2). However, significant difference was 

observed only at the surface 0-100 mm soil layer. The larger ECD in the 0-100 mm downslope 

soil layer could be attributed to the higher organic matter content (6%), and higher clay content 

(38.6%), as compared to the midslope and upslope locations (Table 2.1). The finer texture and 

high organic matter content are favorable for earthworms and plant root growth (Luo et al., 2010). 

During soil sampling, we observed earthworms and some termites in the surface layer of the 

downslope soils but not at the other two slope positions. The results of ECD distribution shown in 

Figure 2.5 indicated that majority of the pores (>80%) in the soil cores have ECD less than 3 mm. 

This is consistent with previous findings by Hu et al. (2015), which reported that three size 



27 

 

fractions (< 1 mm, 1-2 mm, and 2-3 mm) accounted for more than 50% of the detected macropores 

in a shrub-encroached grassland. Besides, the fraction of smaller diameter pores (0.75-1 mm) was 

relatively less at the surface (0-100 mm) as compared to the deeper soil layers. In summary, the 

distribution of ECD with depth corresponded well with the distribution of roots of Kentucky-31 

tall fescue (Brown et al., 2010). The most common macropore diameters observed in this study 

(0.75-1 mm and 1-2 mm) were consistent with the average root diameter of the plant as reported 

in a study by Głąb (2007). Therefore, our results show that the variation in macropore size in the 

soil profile was greatly influenced by the root characteristics of Kentucky 31 tall fescue. 

2.5.4 Effect of analyzed soil volume on macropore characteristics 

The large values of CV obtained in this study could be due to heterogeneity of the soil moisture 

within the soil profile (Gubiani et al., 2011), which likely affected the macropore characteristics. 

Higher variability in soil macroporosity and ECD for a 24.05 mm diameter core compared to a 

48.1 mm diameter emphasize the bias of selecting a small core volume on the macropore 

characteristics measurements. Rab et al. (2014) reported that decreasing the volume of a 50 mm 

diameter soil core from 100% to 20% of the original volume had a significant effect (P<0.05) on 

mean pore diameter. However, their results were mostly based on the sampling induced 

compaction that affected the soil macropores near the edges as compared to the smaller sub-

volumes taken at the center. Besides, they used a 50 mm diameter soil core, which is much smaller 

than the core used in this study. Since we analyzed only 96.2 mm portion of our 150 mm diameter 

core, we expect our results to be negligibly affected by the sampling induced compaction and the 

spatial variability of the soil properties played a major role. Picolli et al. (2019), who sub-sampled 

a 100 mm diameter core twice into progressively reducing sub-volumes, found that total porosity 

reduced significantly with decreasing volumes. However, since they changed the depth of soil core 
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during each sub-sampling, this discrepancy could be largely due to variation with depth, which is 

common. Nonetheless, these differences in measurements highlight the importance of sampling 

cores which are larger in diameter and will better represent variability in soil pore characteristics. 

Many authors have used smaller cores of diameter less than 150 mm to obtain a higher scan 

resolution, however it is important to considerate the effect of sampling smaller cores (<150 mm) 

on macropore characteristics. Overall, using larger diameter cores can help provide representative 

measurements of the soil macropore characteristics. 

2.5.5 Implications of macropore characteristics for flow and contaminant transport 

All the pores in the soil profile that are larger than 1 mm in equivalent diameter and are drained at 

field capacity are termed as macropores (Luxmoore et al., 1990, Perret et al., 1998). However, 

macropores are usually defined by considering both the data availability and the scale at which 

problem is to be addressed (Luo et al., 2008). In this study, we defined macropores as pores with 

ECD >0.75 mm. In a study conducted by Muller et al. (2018), near-saturated hydraulic 

conductivity was best predicted using the macroporosity consisting of macropores with diameters 

between 0.75 mm and 3 mm. Numerous studies in the past have demonstrated that the presence of 

soil macropores results in rapid downward movement of contaminants which may lead to 

groundwater and surface water pollution. Quantification of macropore characteristics help provide 

a better understanding of fate and transport processes of contaminants within the soil profile 

(Mooney and Morris, 2008; Jarvis et al., 1991). Borah and Kalita (1999) reported an improvement 

in the predictive capability of a solute leaching model (LEACHM) with the addition of a 

macropore flow component. 

The differences in macropore characteristics among the different slope positions and depths imply 

that the soil hydraulic properties vary as a function of topographical location. Because of the 
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presence of macropores, contaminants may quickly bypass the soil profile and reach groundwater 

or nearby surface water through subsurface flows. Based on results of this study, it is expected that 

macropores would play a more prominent role in contaminant transport at the upslope and 

midslope locations, as compared to the downslope area. However, such an interpretation would be 

misleading in areas where there is a frequent ponding of water over a compacted soil surface. The 

presence of compacted and highly restrictive soil layer (<150 mm) could allow ponding of tension-

free water near the surface of the downslope making macropores the “hotspots” for water and 

contaminant leaching, compared to the soils at the other slope positions. Overall, flow through the 

macropores are not controlled by one particular macropore characteristics; the susceptibility to 

preferential flow has to be inferred from multiple factors including pore continuity (Pagenkemper 

et al., 2014) and soil hydrologic conditions (Koestel and Jorda, 2014). The macropore 

characteristics quantified in this study need to be linked to soil hydraulic properties to better 

understand the flow and contaminant transport processes and develop appropriate management 

practices. 

2.6 Conclusion 

The study quantified variation in soil macropore characteristics at different depths at upslope, 

midslope, and downslope locations within a pasture field. The results show a clear and consistent 

evidence that macropore characteristic variation within the field was not random but indeed linked 

to the topographical position in the field. However, evidence of differences was observed only in 

the surface layer (0-100 mm). Similarly, topographical position influenced macropores of different 

sizes. For pores <1 mm diameter, both mean macropore number and macroporosity were 

significantly lower at the downslope location, at the surface layer (0-100 mm), compared to the 

soils at the upslope and midslope locations at the same depth. However, no significant differences 
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were seen between the three topographical positions for pores >1 mm at any depths. Lower surface 

interconnectivity and limiting macroporosity values were observed at downslope positions as 

compared to the other slope positions. This likely resulted from higher degree of compaction due 

to trampling at the downslope location, which is expected to have a high soil moisture content 

compared to upslope and midslope locations. In addition, architecture of the plant roots appears to 

have played an important role in variation of macropore characteristics. In comparing the 

variability associated with using different diameters soil cores for characterizing macroporosity, 

we found that macroporosity and ECD measurements could be largely biased because of higher 

values of CV for a smaller diameter sub-volume cores compared to the larger diameter cores. This 

result gives confidence in using cores with larger diameters (≥150 mm) to better estimate 

parameters such as ECD and macroporosity. Because of relatively high variation in different soil 

macropore characteristics, more replicates for each topographical positions might be needed to 

draw firmer conclusions on the dependence between slope positions and macropore characteristics. 

It also needs to be confirmed that the topographical variation of soil macropore characteristics 

found in this study are relevant for other pasture fields with different soil type – slope 

combinations. 
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Figures: 

  

Figure 2.1 Schematic diagram (not to scale) of a horizontal plane of a soil column showing 

cylindrical subsamples of (a) 48.1 mm diameter and (b) 24.05 mm diameter, used for evaluating 

volume effects on soil macropore characteristics. The height of the samples in all the subsamples 

were equal to 100 mm. 

 

 

Figure 2.2 Effects of slope position on number of >1 mm soil pores and 0.75-1 mm soil pores in 

different soil layers. Error bars indicate the standard deviation (n=6). Within each depth, different 

letters for the slope positions (represented by different colors) indicate significantly different 

values at the 0.05 probability level. 

 

(a) (b) 



39 

 

 

Figure 2.3 Effects of slope position on the >1 mm soil macroporosity and 0.75-1 mm soil 

macroporosity in different soil layers. Error bars indicate standard deviation (n=6). Within each 

depth, different letters for the slope positions (represented by different colors) indicate significant 

difference at the 0.05 probability level. 

 

Figure 2.4 Position of the limiting macroporosity in all the samples (n=18) of upslope, midslope 

and downslope locations. Limited macroporosity is based on each individual slice sampled at 0.625 

mm intervals. 
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Figure 2.5 Distribution of macropores by diameter at US, MS, and DS positions as a function of 

depth (0-500 mm). 

 

 

Figure 2.6 Interconnectivity (*10^5 no. /m3) of surface macropores (0-100 mm) as compared to 

the subsurface interconnectivity (100-500 mm) at different topographical positions in a pasture. 

Within each slope position, different letters indicate a significant difference in interconnectivity 

(node density) between the surface and subsurface soil depth (P<0.05). 
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Figure 2.7 Coefficient of variation (CV) (n=6) for macroporosity (A), ECD (B), and macropore 

number (C) obtained using 48.1 mm diameter (V1) and 24.05 mm diameter (V2) sub-sample soil 

cores at different topographical position. 

 

C 
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Tables: 

Table 2.1 Mean (n = 3) soil organic matter (%), sand (%), silt (%), clay (%), and bulk density (g 

cm-3) at different topographical locations (downslope (DS), midslope (MS) and upslope (US)). 

Values shown in parentheses are standard deviations. 

Depth 

(mm)  

Slope 

position 

Organic 

matter (%) 

Sand (%)  Silt (%) Clay (%) Dry bulk 

density (g 

cm-3) 

0-100 DS 6.00 (±0.05) 

a 

53.90 

(±1.53) a 

7.50 

(±1.30) a 

38.60 

(±2.03) a 

1.31 (±0.14) 

a 

 MS 3.93 (±0.19) 

b 

68.80 

(±2.63) b 

8.70 

(±3.99) a 

22.60 

(±1.50) b 

1.17 (±0.11) 

a 

 US 4.75 (±0.28) 

c 

58.00 

(±0.12) a 

9.20 

(±1.23) a 

32.80 

(±1.33) a 

1.10 (±0.07) 

a 

100-200 DS 3.28 (±0.10) 

a 

60.40 

(±1.46) a 

8.60 

(±2.24) a 

31.00 

(±1.96) a 

1.18 (±0.17) 

a 

 MS 3.23 (±0.26) 

a 

69.00 

(±2.66) b 

6.90 

(±1.55) a 

24.10 

(±1.50) b 

1.17 (±0.18) 

a 

 US 3.28 (±0.12) 

a 

59.5 

0(±1.53) a 

6.9 

0(±0.04) a 

33.60 

(±1.49) a 

1.22 (±0.11) 

a 

200-300 DS 2.31 (±0.23) 

a 

61.60 

(±2.47) a 

8.50 

(±1.40) a 

29.90 

(±1.46) a 

1.19 (±0.21) 

a 

 MS 2.83 (±0.19) 

a 

73.40 

(±3.87) b 

6.90 

(±2.93) a 

19.70 

(±1.47) b 

1.44 (±0.06) 

a 

 US 2.65 (±0.33) 

a 

61.90 

(±3.11) a 

8.10 

(±2.57) a 

30.00 

(±0.72) a 

1.39 (±0.04) 

a 

300-400 DS 2.54 (±0.21) 

a 

66.70 

(±4.39) a 

9.80 

(±4.08) a 

23.50 

(±0.72) a 

1.30 (±0.15) 

a 

 MS 2.61 (±0.33) 

a 

73.50 

(±4.01) a 

5.60 

(±3.29) a 

21.00 

(±2.67) a 

1.44 (±0.10) 

a 

 US 2.98 (±0.26) 

a 

66.10 

(±2.72) a 

6.90 

(±1.30) a 

27.10 

(±1.49) a 

1.35 (±0.05) 

a 

400-500 DS 2.42 (±0.45) 

a 

68.80 

(±3.96) a 

9.40 

(±3.28) a 

21.80 

(±0.69) a 

1.24 (±0.13) 

a 

 MS 2.37 (±0.17) 

a 

74.00 

(±0.69) a 

6.80 

(±1.27) b 

19.20 

(±1.47) a 

1.29 (±0.02) 

a 

 US 2.52 (±0.15) 

a 

68.40 

(±1.52) a 

7.70 

(±1.51) a 

23.90 

(±0.01) a 

1.35 (±0.12) 

a 
Within each depth, mean values of different soil properties followed by the same letter at different topographical 

positions are not significantly different at the 0.05 probability level. Textural classification was according to the 

USDA soil taxonomy; Measured by hydrometer method; Clay fraction < 0.002 mm, Silt fraction 0.05-0.002 mm, 

and Sand fraction 0.05-2 mm (Bouyoucos, 1962) 
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Table 2.2 Average (n = 6) number of macropores, average macropore diameter, and average macroporosity, in the US (upslope), MS 

(midslope), and DS (downslope) locations. 

Slope 

position 

Number of 

macropores (no.) 

(mean ± SD) ** 

 Macropore size 

(mm) (mean ± 

SD) ** 

Macroporosity 

(%) (mean ± 

SD) ** 

Mean macropore diameter (mm) (mean ± SD) at different 

depths * 

0-100 mm 
100-200 

mm 

200-300 

mm 

300-400 

mm 

400-500 

mm 

DS 
135  

(±14) a 
1.65 (±0.09) a 3.39 (±0.32) a 

2.11 

(±0.27) a 

1.39 

(±0.09) a 

1.41 

(±0.07) a 

1.62 

(±0.13) a 

1.68 

(±0.18) a 

MS 
115  

(±14) a 
1.63 (±0.15) a 3.00 (±1.04) a 

1.92 

(±0.10) ab 

1.55 

(±0.15) a 

1.50 

(±0.17) a 

1.55 

(±0.23) a 

1.60 

(±0.29) a 

US 
130 

 (±18) a 
1.57 (±0.07) a 2.77 (±0.37) a 

1.80 

(±0.15) b 

1.45 

(±0.12) a 

1.47 

(±0.07) a 

1.45 

(±0.08) a 

1.48 

(±0.05) a 

* Within each depth, values followed by the same letter are not significantly different at the 0.05 probability level. 

**Mean values of different properties followed by the same letter at different topographical positions are not significantly different at the 0.05 probability level. 

Data in the parentheses are standard deviations (n = 6). 
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Characterizing Temporal and Spatial Variability in 3D Soil Macropore Characteristics 

Using X-ray Computed Tomography 

 

3.1 Abstract 

The influence of soil macropores on the transport of water and solutes in subsurface flows has long 

been known. Preferential flow via soil macropores can have a large effect on water quality. Hence, 

it is important to quantify soil macropore characteristics to better understand preferential flow 

behavior in soils. Currently, little information exists on the changes in soil macroporosity in 

response to topographical position within a field and how macropore characteristics change 

temporally within a field. Therefore, the objective of this study was to use X-ray computed 

tomography (CT) and image analysis to quantify temporal and spatial variability in 3D soil 

macropore structure in a 0.40 ha pasture field. A total of 36 undisturbed soil columns, 150 mm in 

diameter and 500 mm in length, were collected during May and September of 2019. The macropore 

characteristics differed significantly between different topographical positions and sampling 

seasons, especially at the surface layer (0-100 mm) depth. The soil macropores at the downslope 

position were sparsely distributed in the surface soil layer. This was attributed to a relatively higher 

degree of grazing-induced compaction due to higher soil moisture at the downslope position, as 

compared to the upper slope locations. In contrast, dense macropore networks were observed at 

the downslope positions for depths greater than 250 mm. The results of this study provide 

quantitative information on 3D soil macropore characteristics under varying topographical 

locations and time in a pasture field. 
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Keywords: Image analysis; Macropores; Preferential flow; Soil Structure; X-ray Computed 

Tomography 

3.2 Introduction 

Soil macropores, such as root channels, earthworm burrows, inter-aggregate voids play a central 

role in fluid flow and contaminant transport in soil through preferential flows (Jarvis, 2007). Water 

flux through these macropores can be as high as 70% of the total flux, even though they constitute 

only a small fraction of the total soil volume (Watson and Luxmoore, 1986). Wilson et al. (1990) 

reported that preferential flow through macropores was the predominant mechanism of streamflow 

generation in one of the watersheds in eastern Tennessee. Different macropore characteristics (e.g., 

macropore number, diameter, connectivity, and pore size distribution) affect the rate, flow, and 

retention of water and contaminants through macropores (Luo et al., 2010a; Udawatta et al., 2008; 

Katuwal et al., 2015). Based on the past literature (Luo et al., 2010b; Smet et al., 2018), it is clear 

that water flow and contaminant transport processes in the soil can be linked to different macropore 

characteristics. Therefore, it is important to understand macropore characteristics in agricultural 

landscapes to further improve our understanding of the fate and transport processes of various 

contaminants (e.g., phosphorus (P), nitrogen (N), metals). 

Soil properties can influence various macropore characteristics. For example, soil moisture and 

organic matter content promote the formation and stabilization of macropores in soils (Grosbellet 

et al., 2011; Holden, 2009). The differences in soil properties affect the degree of compaction by 

trampling in grazed fields (Grosbellet et al., 2011), which in turn may contribute to the variation 

in soil macropores. For example, in a continuously grazed pasture, the topsoil porosity (Singleton 

et al., 2000) and vertical pore continuity (Greenwood and McKenzie, 2001) are usually affected 

by the disruption of large soil aggregates and repacking with smaller ones to fill the existing soil 
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pores (Cattle and Southorn, 2010). In addition to the trampling-induced compaction, even a slight 

difference in the topography can cause major changes in soil development (Rezaei and Gilkers, 

2005). Topography affects soil properties at local scales by controlling gravity-driven soil 

movements (Li and McCarty, 2019). Consequently, information on the topographical variation of 

soil macropore characteristics would improve the prediction accuracy of different transport models 

and understanding of the mechanisms underlying the topographic impacts on soil macropores. 

Similarly, the soil macropores may change over time depending upon various factors, such as, 

wetting and drying cycles, biological activities, and management practices (Cameira et al., 2003). 

Zhang et al. (2016) conducted a study to quantify temporal changes in soil macropores under 

different slope positions and land uses and found that there was a significant interaction effect of 

slope position and time on soil macropores. They attributed this discrepancy in soil macroporosity, 

in part, to the variation in water content in space and time within the field. Nonetheless, macropores 

still constitute a major challenge for modeling transport processes because of their high 

spatiotemporal variability (Jury et al., 2011). This makes quantification of both temporal and 

spatial variability of soil macropores crucial for understanding transport of water and contaminants 

in soils. 

X-ray computed tomography (CT) has emerged as a non-destructive and non-invasive technique 

to visualize and quantify soil structure (Rab et al., 2014; Katuwal et al., 2015). Although 

characterization of two-dimensional (2D) soil porosity using methods, such as, dye tracers (Wahl 

et al., 2004), resin impregnation (Singh et al., 1991), and tension infiltrometer (Cameira et al., 

2003) have long been studied, the use of X-ray CT enables quantification of macropore geometry 

in three dimensions (3D) (Pires et al., 2019; Singh et al., 2021). The 3D image analysis of soil 

macropores is the only way to quantify macropore connectivity and tortuosity, which are important 
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macropore parameters governing flow and contaminant transport through soils (Jassogne et al., 

2007; Luo et al., 2010a). The CT approach, however, requires a small sample volume to scan soil 

cores at relatively higher scanning resolutions (Mees et al., 2003). This limits its usage for 

characterizing macropores of larger soil columns composed of heterogeneous soil matrices. 

Nonetheless, X-ray CT image analysis has been successfully used to determine parameters like 

connectivity, tortuosity, diameter, and density of macropores (Pulido-Moncada et al., 2020, Pires 

et al., 2019). 

In the Sand Mountain region of north Alabama, excessive buildup of P in soils is a serious issue 

due to intensive application of poultry litter to pastures (Sen et al., 2008). Lamba et al. (2012) 

conducted a study on the transport of nutrients in this area and reported that more than 90% of 

rainfall infiltrated into the soil, while less than 10% of rainfall contributed to surface runoff. This 

suggests a possibility of substantial subsurface flows responsible for the off-site transport of 

contaminants in this area. Besides, Sen et al. (2008) suggested from their study that both the surface 

and subsurface runoff generation mechanisms could contribute to the off-site transport of 

contaminants in this region. Therefore, to investigate contaminant transport processes in this 

region, it is important to quantify the spatial and temporal changes in macropore characteristics to 

elucidate the subsurface flow mechanisms. 

Limited work has been done to understand spatial and temporal variation in macropore 

characteristics (Zhang et al., 2016).  Most of the previous studies (e.g., Zong-Chao Li et al., 2019; 

Holden, 2008) assessing topographical effects on soil macropores have been limited to analysis of 

samples collected during a one-time sampling. However, it is important to understand how 

macropore characteristics change as a function of time. Zhang et al. (2016) investigated temporal 

changes in soil macropores of surface soil indirectly using tension infiltrometers at different slope 
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positions, however, losing sight of subsoil and true 3D macropore networks including connectivity, 

length, and tortuosity. It is important to quantify macropore characteristics in their true 3D 

representation to understand the macropore impacts on the soil hydraulic functions (Luo et al., 

2010a; Katuwal et al., 2015). Furthermore, the subsoil macropores created by deep roots might be 

more important in influencing the effect of topography on overall soil macropore characteristics. 

To fully capture the heterogeneity evident in soils, it is therefore important to analyze macropores 

in relatively deeper soil profiles.  To our knowledge, no study has been conducted that focused on 

both the temporal and topographical variation in 3D soil macropore networks in pastures. Hence, 

the specific objectives of this study were to (1) quantify the 3D soil macropore characteristics in 

different soil layers and slope positions and (2) investigate the temporal variation in soil macropore 

characteristics using computed tomography. Overall, this study aimed to provide a comprehensive 

understanding of the interaction between the landscape position and macropore characteristics in 

a pasture field. It was hypothesized that topographical dependence of macropore characteristics 

may change over time and such changes will depend on the depth within the soil profile. 

3.3 Materials and methods 

3.3.1 Study site 

Soil columns were collected from a hillslope pasture field located at the Sand Mountain Research 

and Extension Center (SMREC) (34° 17' 02.6" N, 85° 57' 51.8" W) in north Alabama. The site 

where the study was conducted had an average slope of 3.4%, at an elevation of about 350 m above 

mean sea level, and a slope length of 80 m. The site had been grazed by cattle for more than 15 

years. The soil types at the study site were Wynnville fine sandy loam (fine-loamy, siliceous, 

subactive, thermic Glossic Fragiudults) and Hartsells fine sandy loam (fine-loamy, siliceous, 

subactive, thermic Typic Hapludults). The Wynnville soil is moderately well drained with slow 
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permeability, primarily found on nearly level to sloping mountain plateaus. The Hartsells soil is 

well-drained, moderately permeable, and primarily found on broad smooth plateaus, 

mountaintops, or hilltops. The parent material of these soils is sandstone and shale (Soil Survey 

Staff, 2020). The long-term average annual precipitation in this region is 1340 mm and the average 

annual temperature is 14.8 °C. A significant portion of annual precipitation falls during winter 

(average 370 mm) and early spring (average 260 mm) in the form of rainfall (Sen et al., 2010). A 

cool-season grass (Kentucky 31 Tall Fescue (Festuca arundinacea Schreb.)) was grown at the 

study site. This grass has an extensive root system that extends to a depth of 90 cm below the soil 

surface, providing access to water and other resources, and offers better heat and drought tolerance 

than many other cool-season grasses (Cougnon et al., 2017). 

3.3.2 Soil sampling 

A total of 36 undisturbed soil columns (150 mm diameter and 500 mm depth) were collected from 

the pasture field to evaluate the effects of topographical variation on soil macropore structure. Soil 

samples were collected in two consecutive sampling seasons [Season 1 (S1), May 2019, and 

Season 2 (S2), September 2019] to quantify temporal variation in macropore characteristics. 

During each sampling event, six cores were collected from each of three topographical locations 

(upslope (US), midslope (MS), and downslope (DS)) within the field. No cattle were allowed to 

graze on the field between the sampling seasons S1 and S2. This was done to avoid any recent 

trampling on the soil. For extracting the soil cores, PVC pipes were driven carefully into the soil 

utilizing a tractor-mounted soil coring system (Prior et al., 2004). After sampling, the airspace at 

both ends of the core was filled with bubble wrap packing material and secured firmly with plastic 

end caps before transportation. A 150 mm thick layer of wood shavings supported the soil columns 

to serve as cushioning and minimize disturbance of the soil columns during transportation. The 
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samples were then stored at 4 °C until further analysis. In addition to the 36 cores, two extra soil 

columns were collected, to make artificial soil pores of known diameter in the soil. These cores 

were used as a reference, as described in later section, to separate the pores from the rest of the 

soil matrix. 

3.3.3 CT scanning and image processing 

A medical GE LightSpeed VCT 64 Slice CT scanner (GE Healthcare, Chicago, IL) was used to 

acquire CT scan images of the soil samples. This scanner was installed in the Bailey Small Animal 

Teaching Hospital at the Auburn University College of Veterinary Medicine (AUCVM). The 

machine can take up to 64 slices in one scan, thus, covering 40 mm at 0.625 mm slice thickness in 

one scan. X-ray projections were taken at 140 KV, 140 mA, and 1 s exposure time, and this 

provided 16-bit 512×512 images with a voxel size of 0.35×0.35×0.625 mm3. 

The images were analyzed using the public domain software program ImageJ version 1.52t 

(Rueden et al., 2017), which is a digital image processing program developed by the US National 

Institutes of Health (Bethesda, MD). To avoid voids near the core walls, the diameter of the core 

portion which was analyzed, was reduced from 150 mm to 136 mm, and the area beyond this 

region of interest (ROI) was deleted by using the “clear outside” tool in ImageJ. The ROI was then 

rescaled to a new voxel size of 0.35×0.35×x0.35 mm3 to facilitate further image processing and 

analysis (Zhang et al., 2019). The slices from the bottom of the core which seemed to be disturbed 

were excluded as well from the original stack for analysis. A median filter with a radius of 1 pixel 

was used to reduce noise in the images. To enhance the edges of the pores and improve the contrast, 

the “Unsharp mask” command with its default values (radius of 1 pixel and mask weight of 0.6) 

was used before any further analysis. 
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The images were segmented using Phansalkar’s algorithm of auto-local thresholding which is a 

modification of Sauvola’s thresholding method to deal with low contrast images (Phansalkar et 

al., 2011). In this method, the threshold value of each pixel was calculated using a radius of 5 

pixels and default values for other parameters set in ImageJ software (i.e. k = 0.25 and r = 0.5). To 

determine the parameters of thresholding (i.e., k, r, and the radius), we inserted Plexiglas 

thermoplastic cylindrical rods of two different diameters (3.17 mm and 4.76 mm) into the soil core 

to create artificial macropores, which were pulled out just before CT scanning. The macropore 

diameter of the artificial pores was based on randomly selected thresholding parameter values. The 

diameter of each artificial pore was then compared with the actual pore diameter. A parameter 

value [0.2, 0.5] was randomly selected until the difference between the actual and the image-

analyzed pore diameter was less than 1.5% for both rod diameters. All the images were visually 

inspected for the performance of the segmentation procedure in separating the pores and solids.  

3.3.4 Quantification of macropore characteristics 

For the 3D structure analysis, the binary images were analyzed using only the pores with volumes 

> 8 voxels to avoid misclassification of noise from the porous fraction of the images (Pires et al., 

2020; Jefferies et al., 2014). The macropore characteristics that were quantified include 

macroporosity, macropore diameter, surface area density, macropore length density, network 

density, node density, and tortuosity. Macroporosity was calculated as the percentage of the total 

volume of CT-derived macropores to the volume of the ROI. The macropore diameter was 

determined using a local thickness algorithm proposed by Dougherty and Kunzelmann (2007) 

within the BoneJ plugin in ImageJ (Doube et al., 2010). The mean diameter of macropores (MD) 

was then calculated as: 
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𝑀𝐷 =
∑ 𝐷𝑖𝑉𝑖
𝑛
𝑖=1

∑ 𝑉𝑖
𝑛
𝑖=1

……………………………………………….(1) 

where Di and Vi are the diameter and volume of each macropore, respectively. After all the image 

processing and analyses, macropores ≥ 0.70 mm in diameter were quantified in this study. The 

surface area density was calculated as the total wall area of the macropores in a unit volume. All 

the macropores were skeletonized with “Skeletonize 3D” and the “Analyze Skeleton” modules 

within the BoneJ plugin in ImageJ to determine the macropore length. To reduce the effect of noisy 

skeletons, only the macropore branches larger than 4 voxels in length were used to compute the 

length density (Zhang et al., 2019). The length density was then calculated as the length of the 

macropores per unit volume. Macropore network density, i.e., number of macropore networks per 

unit volume, and tortuosity, i.e., the ratio of actual macropore length to the straight-line distance, 

were both derived from the output of the “Skeletonize 3D” image analysis. To quantify the 

interconnectivity of macropores, the node density (the number of nodes where at least two 

macropore branches connect per unit volume) was determined for each macropore network. A high 

density of junctions is related to an extensive and well-connected pore network (Munkholm et al., 

2012). 

After preliminary analyses of the images, it was found that macropore network characteristics were 

not constant with depth. Hence, we decided to divide the entire soil column into 3 subvolumes: a 

surface layer (0-100 mm), the transition layer (100-250 mm), and the subsurface layer (250-500 

mm). All the macropore characteristics were calculated for the entire column section, and 

individually for the 3 subvolumes. In addition, to investigate the effects of slope position and 

sampling season on different sizes of macropores, all the pores were divided into three pore-size 

classes: a) 0.70-1 mm, b) 1-2 mm, and c) >2 mm in diameter.  
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3.3.5 Statistical analysis  

We used SAS version 9.4 (SAS Institute, USA) to perform all the statistical analyses. The Kruskal-

Wallis test was used to test the effect of slope position on different soil macropore characteristics. 

Also, we examined the effect of sampling season and pore size class on soil macropore 

characteristics for different soil layers. The correlation between different macropore characteristics 

was tested using Pearson’s correlation coefficient (r). All statistical tests were conducted at the 

95% confidence level. 

3.4 Results and discussion 

3.4.1 Macropore network characteristics 

Table 3.1 shows the CT-derived macropore characteristics for different sampling seasons and slope 

positions at three soil depth intervals. The macropore characteristics differed significantly under 

multiple cases, but we did not observe a clear trend between macropore characteristics and slope 

position. Significant differences in macroporosity between different slope positions were seen only 

at the surface (0-100 mm) and the subsurface layer (250-500 mm). The variation of macropore 

characteristics with depth presented in Table 3.1 supports the partitioning of the soil cores into 

three depth layers, i.e., surface (0-100 mm), transition (100-250 mm), and subsurface (250-500 

mm) layer. Generally, values of different macropore characteristics (e.g., macroporosity, surface 

area density, length density) were lower at the surface (0-100 mm) of DS compared to the MS and 

US position in both the sampling seasons, S1 and S2, which may be an indication of the high 

degree of compaction at the DS. For example, at the surface (0-100 mm), the macroporosity values 

were lowest at the DS for both S1 and S2; however, at the subsurface (250-500 mm), relatively 

larger macroporosity values were observed at the DS compared to the MS and US positions. The 

surface runoff from the US and MS might have caused higher moisture content at the DS position, 
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which likely enhanced compaction at the DS position compared to US and MS positions. The 

saturated hydraulic conductivity (Ksat) values were estimated at different slope positions using the 

Rosetta model (ver. 1.2) (Schaap et al., 2001) in HYDRUS (Šimůnek et al., 2016). The Rosetta 

model is a pedotransfer function that uses basic soil data such as soil texture and bulk density to 

predict the hydraulic parameters of soil based on a neural network model (Domúnguez-Niño et al., 

2020). The lowest Ksat values were reported at the downslope location (0-100 mm), 33.8 (±2.6) 

mm hr-1, compared to 65.8 (±16.8) mm hr-1 and 49.5 (±11.4) mm hr-1 at the midslope and upslope 

locations, respectively. The lower values of Ksat likely restricted the amount of water infiltrating 

into the soil profile at the downslope location (Sen et al., 2008), thereby, facilitating a higher degree 

of compaction compared to the upper slope, due to higher moisture content at the downslope 

location. Oztas et al. (2003) observed high bulk density values at the footslope position along a 

grazed hillslope in Turkey, and reported that typically DS locations on a hillslope are wetter than 

US and MS positions. Our field was not grazed in between S1 and S2 and thus the macropore 

networks have not been impacted by the animal trampling within this period. We expect the soil 

samples collected in S1 to be relatively more influenced by the animal traffic compared to the soil 

samples collected in S2 because grazing was stopped one month before the S1 sampling.  

Macropore connectivity and tortuosity are important properties that can influence water flow and 

contaminant transport more than the macropore volume alone (Luo et al., 2010a). The tortuosity 

ranged from 1.27 to 1.33 at different depths and slope positions. Katuwal et al. (2015) also reported 

a similar range of tortuosity values on the surface soil (0-200 mm depth) of an agricultural field 

under red fescue (Festuca rubra L.) and attributed this to the presence of a significant proportion 

of large and vertical biopores. The soils at the US were significantly less (P<0.05) tortuous under 

multiple cases compared to the DS and MS soils. Smaller tortuosity values could be due to low 
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biological activity (Muller et al., 2018) in the US position compared to the MS and DS positions. 

Furthermore, more tortuous macropores in the DS compared to the US may be due to the greater 

competition for food among earthworms in the soil (Luo et al., 2010a). Although earthworm 

abundance quantification was beyond the scope of our study, we noticed few earthworms and few 

insects on the surface of the DS during soil sampling. At DS, both the organic matter content (6%) 

and clay content (38.6%) were higher than the soils at the MS and US position, in the surface (0-

100 mm) depth. The organic matter content at MS and US were 3.93% and 4.75%, respectively, 

and the clay content were 22.60% and 32.80%, respectively in the surface (0-100 mm) depth. The 

variation of mean macropore diameter with slope position was distinctly different for the two 

seasons at the surface layer (0-100 mm). In the 0-100 mm soil depth, the mean macropore diameter 

in S1 was higher at the DS than at the MS and US, however, the difference was not significant. 

Conversely, lower mean macropore diameter was observed at the DS in S2 (0-100 mm) compared 

to the MS (P<0.05) and the US (P>0.05). This reduction in mean macropore diameter at the DS 

can be attributed to the increase in the proportion of smaller diameter macropores (0.7-1 mm) from 

S1 to S2 (Figure 3.2). Results from Bottinelli et al. (2014) showed that only smaller macropores 

(0.24-0.5 mm and 0.5-1 mm in diameter) fully regenerated following heavy traffic in a forest 

ecosystem. However, their study was based on a 2-3 year period which provided sufficient time 

for the macropores to regenerate compared to that in our study (0.33 years). Physical processes 

like wetting-drying cycles are mostly responsible for macroporosity changes, acting much more in 

the upper soil layer than in deeper layers (Bottinelli et al., 2014). As illustrated by Pulido-Moncada 

et al. (2020), a decrease in the mean macropore diameter, i.e., an increase in the density of small 

pores could also be related to the development of fine roots in the tall fescue plant during the 

sampling season S1 and S2.  
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The surface area density, length density, and network density were significantly (P<0.05) lower in 

the DS than the US position in the 0-100 mm soil depth in both S1 and S2. Moreover, surface 

interconnectivity (0-100 mm) was lower in the DS than the US position in both S1 and S2, 

however, a significant difference (P<0.05) was observed only in S2. The lower interconnectivity 

in the 0-100 mm depth and higher interconnectivity in the 250-500 mm depth at the DS position 

corroborates the findings of Muller et al. (2018), who reported higher macropore connectivity in 

pasture soils with larger macroporosities. Although their study was based on pores greater than or 

equal to 0.147 mm in diameter, this indicates that there could be a strong correlation between 

macroporosity and interconnectivity for smaller pores (0.147 – 0.70 mm) that were not considered 

in this study. There was a strong positive correlation of macroporosity with surface area density (r 

= 0.88), length density (r = 0.84), and interconnectivity (r = 0.83) (Table 3.2). Previous studies 

have also reported similar correlations between the different macropore characteristics (Katuwal 

et al., 2015; Luo et al., 2010a). Similar to Katuwal et al. (2015), a relatively high correlation 

coefficient was observed between surface area density and length density (r = 0.97) compared to 

the other characteristics, while tortuosity was only weakly correlated with macroporosity and other 

macropore characteristics. The results from this study along with the previous investigations imply 

that macroporosity values alone could be used as an indicator of the pore interconnectivity. Only 

macropore diameter was negatively correlated with the connectivity of macropore networks. This 

is because macropore connectivity is pore-size dependent and increases with the inclusion of small 

pores that form connecting bridges between different pore networks (Vogel et al., 2010). 

Macropore characteristics in the transition layer (100-250 mm) showed relatively smaller 

differences between slope positions compared to the other depths. This is likely because the 

transition layer at all the slope positions may have already been compacted to the same extent due 
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to long-term grazing (>15 years) at the study site. For example, in a study on tillage requirements 

of different crops at the SMREC, Balkcom et al. (2010) reported the presence of a hard pan whose 

upper surface was 100 mm below the soil surface, which they attributed to winter grazing. In the 

subsurface (250-500 mm) layer, the trend of macropore variation with slope position was similar 

for both S1 and S2. However, contrary to the surface layer (0-100 mm), relatively higher values 

of macropore characteristics were observed at the DS compared to the MS and US positions in the 

subsurface (250-500 mm) layer. Despite a highly compacted surface soil (0-100 mm) at the DS, 

higher values of interconnectivity and other macropore characteristics in the subsurface layer (250-

500 mm) were likely because of favorable conditions for biota activities in the soil at the DS as 

compared to the other slope positions. 

The mean macroporosity determined for this pasture field (2.70% in the US and 2.95% in the DS) 

is comparable with Luo et al. (2010a), who reported an average macroporosity of 3.1% for a fine-

loamy soil under pasture. Perret et al. (1998) reported similar values of macroporosity between 

2.1% and 3.8% using soil samples from sandy loam soil under a grassland field. However, values 

in this study are substantially lower compared to the macroporosity of forest soils (7.6%) as 

reported by Zhang et al. (2017). This is because forest soils tend to have deeper and well-developed 

macropore networks which are related to stable and high vegetation cover, thicker and well-

distributed root networks, high organic matter content, and less anthropogenic disturbance (less 

soil compaction) compared to other land uses (Zhang et al., 2017). In another study, Katuwal et al. 

(2015) computed the macroporosity range between 0.38% and 1.66%, with an average of 0.9% for 

sandy loam and loam soil cores under red fescue. The comparison with the previous studies in 

different land uses was based on the fact that the lowest boundary of macropore diameter 

quantified was comparable in all of these studies (e.g., 0.75 mm for Luo et al., 2010a; 1.2 mm for 
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Katuwal et al., 2015; 1 mm for Perret et al. (1998); 0.75 mm for Zhang et al., 2017). The relatively 

smaller macroporosity values reported by Katuwal et al. (2015) compared to our study could be, 

in part, because Katuwal et al. (2015) did not account for macropores 0.70-1.2 mm in diameter 

which could have largely influenced the overall macroporosity results in their study. Overall, these 

results show that the macroporosity values reported in this study are comparable with those of 

other agricultural soils and grasslands, however, forest soils tend to have relatively higher 

macroporosity due to more complex and deeper root networks as compared to the other fields. 

Nonetheless, all of the previous studies were based on samples collected during a single season 

and a single landscape position, without considering the temporal and topographical variation in 

soil macropores that could exist within the field, which were considered in our study.  

The above findings indicate that topographical location can have a significant impact on macropore 

characteristics, especially on the surface (0-100 mm) depth of a pasture field. This results from 

grazing-induced compaction on the surface and variation in soil properties (e.g., moisture content) 

due to topography, which can have a substantial impact on macropore development. We did not 

observe significant differences (P>0.05) while comparing the overall macroporosity among 

different slope positions. This indicates the importance of quantifying macropores for different 

depths, which can have significant differences among the different slope positions. Although 

previous studies reported a significant influence of topographical position on soil macroporosity 

(Zong-Chao Li et al., 2019; Zhang et al., 2016), no efforts were made to quantify the 3D macropore 

characteristics at different depths of the soil profile. Smaller values of macroporosity and 

interconnectivity at the DS indicate highly compacted surface (0-100 mm) soil compared to the 

upper slope position. This could limit the water flow rate in macropores, so fewer contaminants 

may bypass the soil matrix and reach groundwater and nearby surface water at the DS compared 
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to the MS and US soils. In contrast, strong preferential transport will be triggered in soil 

macropores under saturated and near-saturated conditions in highly compacted soils (Jarvis, 2007). 

We observed that the transition layer (100-250 mm) was relatively more compacted in all the slope 

positions as compared to the other depth layers. This could result in the transport of water and 

contaminants laterally above the compacted layer which can have a substantial effect on the nearby 

surface water quality. Overall, the results indicate that soil macropores are prevalent in this area 

and therefore can be important pathways for substantial off-site transport of pollutants. 

3.4.2 Temporal variation in macropore characteristics  

The macroporosity, interconnectivity, and network density values were generally higher for S2 

compared to S1, however, the differences were significant (P<0.05) for only the interconnectivity 

and macroporosity at the US position (Figure 3.1). The macropore diameter, however, showed a 

declining trend from S1 to S2 at the downslope (DS) and upslope (US) positions. Soils at the 

upslope were probably less affected by compaction due to grazing compared to the downslope 

soils, as a significant (P<0.05) increase in macroporosity and interconnectivity was seen in the S2, 

compared to S1. Based on the topography, typically the downslope locations are better supplied 

with water and nutrients compared to upper slope positions. This causes greater forage production 

at the downslope locations, thereby attracting grazing cattle and inducing a higher degree of 

compaction due to livestock trampling (Warren et al., 1986).  

Changes in the macropore characteristics with sampling season were significant (P<0.05) for only 

the surface layer (0-100 mm) (except for surface area density at the transition 100-250 mm layer, 

which increased significantly (P<0.05) from 0.052 mm2 mm-3 to 0.074 mm2 mm-3 at the DS) 

(Table. 1). In the surface layer (0-100 mm), macroporosity, surface area density, length density, 

and interconnectivity increased significantly (P<0.05) from S1 to S2 at the US position. In contrast, 
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significant changes at the DS position were observed for only the length density and network 

density, which increased from S1 to S2 in the surface layer (0-100 mm). The mean macropore 

diameter, however, declined significantly (P<0.05) from 3.54 (±1.20) mm in S1 to 1.81 (±0.19) 

mm in S2 at the DS surface layer (0-100 mm). The macropore characteristics in the subsurface 

layer (250-500 mm) did not change significantly (P>0.05) between sampling seasons S1 and S2, 

however, an increasing trend was seen at all the slope locations. The changes in macropore 

characteristics were observed mostly in the upper soil layers relative to deeper soil layers. This 

was likely due to physical processes like wetting and drying cycles that promote macropore 

regeneration, which act much more in the upper soil layer than in deeper layers (Bottinelli et al., 

2014). Additionally, the significant interaction between slope position and time of sampling might 

have resulted from the variations of water content in space and time (Heddadj and Gascuel-Odoux, 

1999). 

Further, the above findings indicate that macropore characteristics can increase significantly in the 

surface layer (0-100 mm) in a short period of time (0.33 years). Such an increase can be attributed 

to the regeneration of smaller macropores (<1 mm in diameter) due to frequent wetting and drying 

cycles (Bottinelli et al., 2014) and the development of fine roots (Pulido-Moncada et al., 2020). 

Although soil deformation due to grazing normally reduces pore functions (e.g., air capacity and 

permeability), the soil can recover its functional integrity after wetting and drying cycles (Dec et 

al., 2011). Bodner et al. (2013) demonstrated that within-season variability of the pore size 

distribution was strongly related to the wetting-drying cycles as compared to the other factors, 

such as soil mechanical disturbance during the season. Similarly, Dorner et al. (2010) reported a 

5% change in the soil porosity between summer and winter simply as a result of wetting-drying 

cycles in volcanic ash soil. Also, Zhang et al. (2016), who showed a significant interaction of slope 
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position and measuring date affecting effective porosity (>0.25 mm) of surface soil, attributed 

regeneration of soil macropores to wetting and drying cycles that occurred within a period of 2 

months. With the increase in the proportion of smaller diameter pores (<1 mm) due to wetting and 

drying cycles, we expected a substantial reduction in mean macropore diameter in S2 compared to 

S1. Although the macroporosity (0.7-1 mm) of the entire field increased from 0.26% in S1 to 

0.31% in S2, we observed a remarkable increase only at the surface (0-100 mm) of the DS position 

(Figure 3.2). At the DS (0-100 mm), macroporosity due to smaller diameter pores (0.7-1 mm) in 

S2 was twice the macroporosity value observed in S1 (0.18% in S1 and 0.36% in S2). Thus, a 

significant reduction in macropore diameter (0-100 mm) from S1 to S2 at the DS can be attributed 

to the increase in the 0.7-1 mm pores. Contrastingly, the development of fine roots that contributed 

to macropore formation between S1 and S2 was expected more at the DS compared to the upper 

slope positions because of biologically more active soils at the downslope position. Higher organic 

matter content (6%), and higher clay content (38.6%) were observed at the DS soils (0-100 mm), 

as compared to the MS and US locations. The finer texture and high organic matter content are 

favorable for root growth and earthworms (Luo et al., 2010a). Despite regeneration of macropores, 

no significant change in overall macroporosity was observed in the soils at the DS position between 

S1 and S2. This is likely because of substantial grazing compaction at the DS topsoil compared to 

the US position. Although the overall macropore characteristics did not vary substantially between 

the different slope positions and sampling seasons (Figure 3.1), significant differences in surface 

(0-100 mm) macropore characteristics among the different slope positions and sampling seasons 

imply that slope-wise variation may change significantly with time, especially at the surface (0-

100 mm) depth. Therefore, it is important to quantify the macropore characteristics at different 
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depths multiple times for a better understanding of the temporal macropore variation at different 

slope locations.  

3.4.3 Size-dependent variation and implications for flow and contaminant transport 

The CT-derived macropores in all the slope positions and sampling seasons were visualized for 

pore size intervals 0.7-1 mm, 1-2 mm, and >2 mm, and 3D images are shown in Figure 3.2. 

Macropores >2 mm were scantly distributed over the entire column section compared to the <1 

mm and 1-2 mm diameter macropores (Figure 3.3). However, contribution by >2 mm macropores 

to the overall macroporosity was relatively higher compared to the smaller macropores (Figure 

3.2). Well-distributed 0.7-1 mm and 1-2 mm diameter macropores are consistent with the average 

root diameter of the Kentucky 31 tall fescue as reported in a study by Głąb (2007). Macropores at 

the MS position were relatively larger and continuous than those at other slope positions. The 

smaller and randomly distributed macropores (0.7-1 mm and 1-2 mm) were likely created by fine 

root channels or the inter-aggregate macropores, such as those formed as a result of wetting and 

drying cycles (Luo et al., 2010a). Larger macropores (>2 mm) could be associated with well-

developed roots or formed by earthworms (Luo et al., 2010a). 

The significant differences in macroporosity (P<0.05) between different slope positions were 

observed only for pores smaller than 2 mm in diameter, except for the subsurface (250-500 mm) 

layer in S2 where DS soils had significantly higher macroporosity (>2 mm) than the US soils. For 

the surface layer (0-100 mm), macroporosity of 0.7-1 mm pores was significantly less at the DS 

compared to the MS and US position in S1. However, this trend was inconsistent with the 

macroporosity results of S2. Similar slope-wise macroporosity trends were observed in both S1 

and S2 samples for pores 0.7-1 mm and 1-2 mm diameter in all the depth layers. Generally, 

macroporosity of 0.7-1 mm pores at different slope positions and sampling seasons, exhibited less 
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variability at deeper depths compared to the larger diameter pores (>1 mm) which had highly 

fluctuating macroporosity values throughout the entire column section. The significantly less 

macroporosity at the surface layer (0-100 mm) of DS is probably associated with compaction due 

to trampling, favored by the presence of relatively wetter soil at DS compared to the upper slopes. 

The correlation analyses for different macropore size classes and 3D characteristics showed that 

interconnectivity, length density, surface density, and tortuosity were highly correlated for the 

larger macropore fractions (>2 mm) in the soil column (Table 3). This indicates that larger 

macroporosities were associated with a well-connected macropore network. Muller et al. (2018), 

who quantified macropores > 0.147 mm in diameter under a grazed pasture, reported a highly 

connected macropore network consisting of only larger macropore sizes (0.75-3 mm in diameter). 

They were able to best predict the near-saturated hydraulic conductivity using this macropore 

class. Based on the results of this study and Muller et al. (2018), we expect relatively larger pores 

(>2 mm in diameter) to be more influential in major water and contaminant transport because of 

their highly interconnected network. In our study, the much higher contribution by pores >2 mm 

to the overall macroporosity (Figure 3.2) indicates that soil macropores play an important role in 

the generation of subsurface flows in this region, as suggested by Lamba et al. (2012) and Sen et 

al. (2008). 

Zong-Chao Li et al. (2019) investigated soil macroporosity (>1 mm in diameter) at different slope 

positions under alpine meadow and found that US soils induced greater macroporosity and more 

macropores than the MS and DS soils. However, the findings of the present study suggest that 

slope-wise variation may be different for different soil depths and different pore size classes. 

Because of the differences in macropore characteristics, especially at the surface (0-100 mm) 

depth, the soil hydraulic properties would differ among the different slope positions. A highly 
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compacted 0-100 mm layer could allow ponding of tension-free water near the surface of the DS 

making macropores the “hotspots” for water and contaminant leaching compared to the MS and 

US soils (Vuaille et al., 2020). Also, the presence of a dense macropore network at the surface 

layer (0-100 mm) of US and MS soils might assist lateral mixing of the flow with the soil matrix 

resulting in more homogenous flow through the soil profile (Katuwal et al., 2015). Hence, the 

effect of higher interconnectivity can be contradictory to preferential flow at the MS and US 

positions. Overall, the flow properties are not exclusively controlled by one particular macropore 

characteristic. The susceptibility to preferential flow has to be inferred from multiple factors, such 

as pore continuity (Pagenkemper et al., 2014; Zhang et al., 2019) and hydrologic conditions 

(Koestel and Jorda, 2014), which needs further investigation. Also, found that the trend of slope-

wise macropore variation might change significantly with time because of their dynamic nature, 

especially at the surface layer (0-100 mm). Although, this study suggested some variation in slope-

wise macroporosity trends for the two sampling seasons, more samples collected over repeated 

time intervals might be needed to draw a finer conclusion about the macropore variability between 

different slope positions. 

3.5 Conclusion 

The purpose of this study was to quantify the 3D soil macropore network at upslope, midslope, 

and downslope locations in two different sampling seasons within a pasture field. The results show 

clear and consistent evidence that topographical position largely influenced the 3D soil macropore 

characteristics in the field. Likewise, macropore characteristics changed significantly with time. 

However, evidence of temporal and topographical differences was observed only in the surface 

layer (0-100 mm) layer. Soil at the downslope location had significantly smaller surface area 

density, length density, and network density at the surface layer (0-100 mm) for both the sampling 



66 

 

seasons, compared to the soil at the upslope locations at the same depth. This was likely due to a 

higher degree of compaction due to grazing at the downslope location, favored by the presence of 

relatively wetter soil compared to the upslope location. In analyzing the pore size-dependent 

variation in macroporosity, pores smaller than 2 mm in diameter were found to be highly sensitive 

to topographical differences. Further efforts should focus on using a higher resolution X-ray CT 

for the investigation of pores <0.70 mm to draw firmer conclusions on the effect of slope location 

on macropore characteristics. 
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Figures: 

 
Figure 3.1 Temporal variation in a) soil macroporosity, b) macropore diameter, c) interconnectivity 

of macropores, and d) network density at different slope positions (DS, MS, and US). Error bars 

indicate standard deviation (n=6). For each graph, within each slope position, different letters for 

the different sampling seasons indicate significant differences at the 0.05 probability level. 

 

 

 

a) b) 

c) d) 
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Figure 3.2 Effects of slope position on the 0.7-1 mm soil porosity, 1-2 mm soil porosity, and >2 

mm soil porosity on the surface (top), transition (middle), and subsurface (bottom) soil layers for 

the S1 and S2 sampling seasons. Error bars indicate standard deviation (n=6). Within each graph 

and sampling season, different letters for the different slope positions indicate significant 

differences at the 0.05 probability level. 
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Figure 3.3 Three-dimensional visualization of different sized soil macropore networks (<1 mm, 

1-2 mm, and >2 mm) for the representative soil columns of (a) upslope (b) midslope (c) 

downslope samples of Season 1 and Season 2. 
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Tables: 

 

Table 3.1 Mean (Std. Dev.) macropore characteristics at different depths of the US (upslope), MS (midslope), and DS (downslope) 

locations as determined using computed tomography. 

Soil layer Season 
Slope 

position 

Macroporosity 

(%) 

Surface area 

density (mm² 

mm-³) 

Macropore 

diameter (mm) 

Length density 

(mm mm-³)) 

Interconnectivity of 

macropores (*10^5 

number  

m-³) 

Network 

density (*10^5 

number  

m-³)) 

Tortuosity 

Surface (0-

100 mm) 

S1 

DS 3.21 (1.65)  0.058 (0.017)a 3.54 (1.20)A 0.012 (0.003)Aa 28.26 (13.12)  5.50 (1.35)Aa 1.31 (0.015)ab 

MS 4.00 (0.85)  0.090 (0.019)ab 2.89 (0.46)  0.019 (0.005)ab 44.65 (19.78)  10.17 (0.90)b 1.32 (0.007)a 

US 3.78 (0.99)A 0.089 (0.015)Ab 2.75 (0.86)  0.020 (0.004)Ab 35.49 (11.85)A 12.18 (3.02)b 1.29 (0.017)b 

S2 

DS 2.92 (0.78)a 0.088 (0.019)a 1.81 (0.19)Ba 0.020 (0.004)Ba 52.43 (16.11)a 12.32 (1.32)Bb 1.33 (0.011)a 

MS 3.39 (1.56)a 0.079 (0.031)a  2.82 (0.77)b 0.017 (0.007)a 39.37 (21.26)a 8.73 (1.38)a 1.31 (0.009)ab 

US 6.77 (1.18)Bb 0.171 (0.011)Bb 2.60 (0.95)ab 0.042 (0.008)Bb 109.86 (17.19)Bb 15.76 (1.64)c 1.31 (0.007)b 

Transition 

(100-250 

mm) 

S1 

DS 1.63 (0.40)  0.052 (0.010)Aa 1.99 (0.62)  0.011 (0.002)a 15.73 (6.14)  10.94 (1.81)a 1.30 (0.012)  

MS 2.05 (1.04)  0.054 (0.021)ab 2.43 (0.44)  0.012 (0.004)ab 28.58 (14.41)  9.27 (1.88)a 1.29 (0.008)  

US 2.45 (0.54)  0.074 (0.017)b 2.03 (0.29)  0.016 (0.004)b 28.37 (14.10)  13.96 (0.64)b 1.29 (0.005)  

S2 

DS 2.25 (0.41)  0.074 (0.012)B 1.62 (0.08)a 0.015 (0.002)  26.11 (7.55)  13.97 (1.54)  1.30 (0.008)ab 

MS 2.53 (0.93)  0.068 (0.017)  2.60 (0.74)b 0.013 (0.004)  35.58 (15.79)  12.00 (1.93)  1.31 (0.009)a 

US 2.44 (0.54)  0.070 (0.007)  2.29 (0.74)ab 0.016 (0.002)  25.80 (6.84)  12.56 (0.87)  1.29 (0.007)b 

Subsurface 

(250-500 

mm) 

S1 

DS 5.13 (0.86)a 0.138 (0.013)a 1.94 (0.21)  0.031 (0.003)a 65.26 (16.59)  14.50 (1.61)  1.28 (0.008)a 

MS 3.40 (1.30)a 0.094 (0.021)b 2.13 (0.55)   0.022 (0.005)b 47.48 (22.36)  14.07 (2.92)  1.28 (0.005)a 

US 3.41 (0.53)b 0.108 (0.012)ab 1.70 (0.11)  0.025 (0.003)ab 44.77 (8.97)  16.87 (0.69)  1.27 (0.000)b 

S2 

DS 5.78 (1.32)a 0.150 (0.023)a 2.07 (0.23)a 0.031 (0.005)a 74.34 (18.26)a 15.88 (1.44) 1.28 (0.005)a 

MS 4.76 (0.92)ab 0.128 (0.013)ab 2.33 (0.64)a 0.029 (0.004)a 64.85 (8.43)ab 15.85 (0.72)  1.28 (0.010)a 

US 3.80 (0.38)b 0.114 (0.011)b 1.74 (0.20)b 0.025 (0.002)a 50.70 (11.21)b 14.81 (2.25)  1.27 (0.006)b 

Within each soil layer, within each column, means followed by the same letter (lower case for slope position and upper case for sampling season) are not 

significantly different at the 0.05 probability level. The absence of letters indicates no significant differences for that property. 
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Table 3.2 Pearson’s correlation matrix of the different CT-derived macropore characteristics of 

the soil samples. 

 A1 A2 A3 A4 A5 A6 A7 

Macroporosity (A1) 1.00 0.88*** 0.29* 0.84*** 0.83*** 0.05 -0.13 

Surface area density (A2)  1.00 -0.09 0.97*** 0.87*** 0.36** -0.16 

Mean diameter (A3)   1.00 -0.10 -0.09 -0.26 0.10 

Length density (A4)    1.00 0.86*** 0.37** -0.26 

Interconnectivity (A5)     1.00 0.05 -0.11 

Network density (A6)      1.00 0.05 

Tortuosity (A7)       1.00 

Significance levels: *0.1, **0.05, ***0.001. 

 

Table 3.3 Pearson’s correlation matrix of the different macroporosity classes with 3D macropore 

characteristics of the soil samples. 

 A1 A2 A3 A4 A5 A6 A7 

0.7-1 mm porosity (A1) 1.00 0.60*** -0.39** -0.01 0.26 0.28* 0.027 

1-2 mm porosity (A2)  1.00 -0.69*** 0.02 0.12 0.16 0.08 

>2 mm porosity (A3)   1.00 0.59*** 0.56*** 0.52** -0.14 

Interconnectivity (A4)    1.00 0.87*** 0.86*** -0.11 

Surface area density (A5)     1.00 0.97*** -0.26 

Length density (A6)      1.00 -0.26 

Tortuosity (A7)       1.00 

Significance levels: *0.1, **0.05, ***0.001. 
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Impact of Land Use and Tillage Practice on Soil Macropore Characteristics Determined 

Using X-ray Computed Tomography 

4.1 Abstract 

Quantification of soil macropores is important to enhance our understanding of preferential flow 

behavior in soils. However, knowledge of 3D soil architecture of different land uses in a 

continental climate region is limited. The X-ray computed tomography (CT) is a novel technique 

that can provide valuable information about the 3D features of the soil such as connectivity, length 

density, and tortuosity, that largely controls water flow through the macropores. In this study, X-

ray CT and image analysis were employed to quantify the soil macropore characteristics from four 

combinations of different land uses and soil tillage practices - native grassland (Nat), alfalfa (Alf), 

conventional till-corn (CT), and no-till corn (NT) system. A total of 15 undisturbed soil columns, 

150 mm in diameter and 500 mm in length were collected from different sites. The macropore 

characteristics were distinctively different for different land use and tillage treatments, especially 

near the surface depth (top 100 mm). The soil macropores under CT were highly connected and 

concentrated mostly in the surface soil layer. In contrast, macropores under NT were larger and 

had well-developed pore networks. Under different land use practices, alfalfa had relatively larger 

and vertically oriented macropores as compared to the native soils. Relatively higher 

macroporosity and higher number of macropores were observed in the surface of native soils. 

Macropore characteristics were mostly similar between Alf and NT treatments. The results of this 

study provided quantitative evaluation of 3D soil macropore features with significant implications 

for non-equilibrium flow prediction and contaminant transport modeling in soils. 

Keywords: Image analysis; Pore network; Preferential flow; Soil structure; Tillage 
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4.2 Introduction 

Preferential flow via soil macropores (e.g., root channels, earthworm burrows, inter-aggregate 

voids) can cause rapid transport of water and contaminants through the unsaturated zone into deep 

soil and even to the ground water (Šimůnek et al., 2003; Jarvis, 2007). In certain soils, preferential 

flows can transport more than 90% of water and solutes (Shaffer et al., 1979). Therefore, it is 

essential to quantify macropore characteristics to better understand subsurface transport of various 

contaminants. Detailed understanding of different macropore characteristics, such as, macropore 

diameter, connectivity, number of macropores etc., can enhance our understanding of preferential 

flows and help develop reasonable mathematical models (Zhang et al., 2017). For example, with 

the addition of a macropore flow component, Borah and Kalita (1999) reported a remarkable 

improvement in the prediction capability of a solute leaching model (LEACHM).  

Different factors such as, biological activities, land use, tillage, management practices and 

interaction among these factors can influence macropore characteristics (Cameira et al., 2003; Luo 

et al., 2010). For example, land use type will affect plant residue and roots characteristics, which 

can influence macropore properties. Although differences in soil type, soil texture, climate, and 

fauna can influence soil macroporosity to some extent, results of Shougrakpam et al. (2010) show 

that the most significant variable that provides the first-order control of the soil macroporosity is 

vegetation and its root network. Perennial vegetation, such as grasslands, increases soil porosity 

compared to row crops (Udawatta et al., 2008). Besides, crops like alfalfa have deep penetrating 

root systems creating vertical biopores that has strong influence on preferential transport processes 

(Pagenkemper et al., 2014). Macropore characteristics and formation can also vary as a function 

of tillage practices (Pires et al., 2019; Dal Ferro et al., 2014). In no-tilled soils, pores are mainly 

formed as a result of biological processes, such as, soil organisms and crop roots (Benjamin, 1993), 
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whereas pores are formed primarily by the tillage tools in a tilled soil. In agricultural soils, 

compaction due to wheel traffic causes changes in the pore structure, thereby destroying larger 

pores and restricting water movement (Fuentes et al., 2004). In the past researchers have evaluated 

effect of land use/tillage practice on soil macropore characteristics (e.g., Dal Ferro et al., 2014; 

Udawatta et al., 2008), however contradictory results have been reported in the literature. For 

example, Pires et al. (2019) and Zaraee and Afzalinia (2016) reported soil macroporosity under 

no-tillage (NT) is usually less compared to conventional tillage (CT), whereas Galdos et al. (2019) 

reported opposite results. Such contrary results could be due to climate at a particular location 

(Zhang et al., 2016), and duration of time that the soils have been managed under the particular 

management practice (Galdos et al., 2019) besides the land cover. Therefore, it is necessary to 

further investigate impact of land use type and tillage practices on soil pore characteristics under 

a wide range of climate conditions and soil management practices. The differences in soil pore 

characteristics will help to diagnose changes due to agricultural management practices and to 

design appropriate management guidelines. 

There are a number of methods to quantify two-dimensional (2D) soil porosity, such as, dye tracers 

(Wahl et al., 2004), resin impregnation (Singh et al., 1991), and tension infiltrometer (Cameira et 

al., 2003). Although 2D analysis of macropore characteristics provide useful information of the 

pore space and related land use impacts, quantifying macropore characteristics in its true three 

dimensions (3D) form is essential to understand impact of macropores on soil hydraulic functions 

(Luo et al., 2010; Katuwal et al., 2015). Recently, X-ray computed tomography (CT) has proven 

to be a very powerful technique to quantify macropore geometry in 3D, without disturbing the 

sample (e.g., Pires et al., 2019; Luo et al., 2010). Three-dimensional image analysis is the only 

way to quantify the connectivity and tortuosity of macropores, which affects flow and contaminant 
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transport through soil substantially (Jassogne et al., 2007). However, though CT method itself 

might be non-destructive, soil sampling could induce some disturbances along the soil core edges, 

which should be addressed at the time of image analysis. Nonetheless, X-ray CT provides vital 

information to characterize the architecture of the soil macropores for better understanding of soil 

functions such as water flow, gas exchange, and solute transport (Katuwal et al., 2015; Soto-

Gomez et al., 2018). 

With the exception of few studies (e.g., Luo et al., 2010; Galdos et al., 2019; Pires et al., 2019; Dal 

Ferro et al., 2014), most of the work focused on characterizing effect of land use on soil macropore 

characteristics has been done in 2D analysis of soil macropores (e.g., Udawatta et al., 2008; 

Shougrakpam et al., 2010; Hu et al., 2018; Hu et al., 2015; Zhang et al., 2016). Moreover, previous 

studies investigating impact of land use and soil management practices on soil macropores 

quantified topsoil pore properties (<200 mm) (e.g., Munkholm et al., 2012; Pires et al., 2019; Soto-

Gomez et al., 2018; Galdos et al., 2019; Carof et al., 2007; Hellner et al., 2018). The rooting 

characteristics of arable crops on a global scale can influence soil macropore characteristics to 

depths 200 mm below the soil surface (Canadell et al., 1996) affecting the water and nutrient 

distribution in deep soils. The properties of deep soils might be more important in influencing the 

response of the land use due to the effects of deep roots or tillage activities in agricultural lands 

(Li et al., 2019). Additionally, depending on the local climate, e.g., rain or snow-fed precipitation, 

soil aggregation and macropore formation processes may be different due to the differences in root 

profiles (Schenk and Jackson, 2005; Li et al., 2019), thus, necessitating the use of relatively longer 

soil cores to capture the heterogeneity evident in soils. 

Numerous studies have been conducted towards understanding the influence of land use on soil 

macroporosity, most of these studies, however, focused on either humid subtropical (e.g., Galdos 
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et al., 2019), Oceanic (e.g., Abdollahi et al., 2014; Pires et al., 2019; Dal Ferro et al., 2014), or a 

Mediterranean climate regions (e.g., Soto-Gomez et al., 2018; Carof et al., 2007). We know from 

these studies that soil structure can vary substantially for the same land use types, which may be 

related to the agro-climatic zones besides the land use/cover and soil management practices. 

Insufficient information exists for continental climate regions, including the Wisconsin, USA 

landscapes, characterized by much longer and colder winters, and greater snow cover than the 

other temperate regions. Factors like moisture regimes, temperature, wetting-drying cycles, and 

freeze-thaw cycles can further influence the effects of land use on soil macropore characteristics 

(Bronick and Lal, 2005). Extreme soil freezing and frost in the continental climate regions may 

affect the macropore system by producing cracks and reducing the population of soil animals 

(Beven and Germann, 1982). To better understand the potential combined effects of land use and 

climate features on soil macroporosity, we need to expand our knowledge in these regions. The 

results of this study, in conjunction to the previous studies conducted on relatively low-latitude 

areas, can provide useful information on the effects of land use on soil macropore characteristics. 

Additionally, use of relatively deeper soil cores in this study would take into consideration the 

heterogeneity of the soil, therefore, providing more representative results on the land use and soil 

management effects on soil macropore characteristics. Hence, the objective of this study was to 

quantify the effect of different land use types (e.g., alfalfa, native grassland and corn) on 3D soil 

macropore characteristics. A further objective was to investigate the effect of different tillage 

systems (i.e., no-till vs. conventional tillage) on soil macropore characteristics. 
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4.3 Materials and methods 

4.3.1 Study sites and soil sampling 

Undisturbed soil samples were collected from four combinations of different land uses and soil 

tillage practices – no till corn field (NT), conventional till corn field (CT), Alfalfa (Alf), and Native 

(Nat) located at the Arlington Research Station (43˚ 18’ 9.47” N, 89˚20’ 43.32” W) in Wisconsin, 

USA. The soils consisted of Joy series (Fine-silty, mixed, superacitve, mesic Aquic Hapludolls) 

and Plano series (Fine-silty, mixed, superactive, mesic Typic Argiudolls) which have a silt loam 

texture with a slope of 3%, formed in loess. The area has a humid continental climate (Köppen 

climate classification Dfb) with a mean annual temperature of 8 °C, and the mean annual 

precipitation of 900 mm (1991-2020). Besides, the average annual snowfall is about 1080 mm, out 

of which a substantial portion falls during the winter (830 mm).  

A total of 15 intact soil columns, 150 mm in diameter and 500 mm in length, were randomly 

sampled from each site to investigate the impacts of land use and tillage on soil macropore 

characteristics. Three replicates were collected from each of the native, CT, and alfalfa fields, 

whereas NT consisted of 6 soil samples. The cores collected in corn plots (NT and CT) had a 3-

year history of alfalfa followed by 2 years of corn, whereas cores from alfalfa plots had a 3 years 

history of corn with no-till (NT) followed by 2 years of alfalfa. Both fields were in 5th year of 

rotation when cores were collected. CT consisted of fall and spring passes with a Case-IH True-

tandem 330 Turbo tillage implement (CNH Industrial, Amsterdam, Netherlands). The NT plot was 

grown with cereal rye as a cover crop and had not received any tillage for at least 5 years at the 

time of sampling. The native plot (grassed areas) consisted of an Orchard grass that was established 

in fall of 2013 and was minimally trafficked. A drop hammer mounted on the back of a truck was 

used to push the PVC pipes into the soil. For extracting the undisturbed soil core samples, the soil 
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around the cores was dug out, and cores filled with soil were taken out. After sampling, the airspace 

on the top of the soil core was sealed with stiff insulation foam and secured firmly with plastic 

caps before transportation. All the samples were stored in the refrigerator until further analysis. 

4.3.2 CT scanning and image processing 

A Discovery CT750 HD medical CT scanner (GE Healthcare, Chicago, IL) was used to scan all 

the soil cores at an energy level of 140 kV and 140 mA. This provided 16-bit 512*512 images with 

a voxel size of 0.35*0.35*0.625 mm3. Since the soil samples were collected at different times and 

from different locations, the initial moisture content in the soil columns would not be the same. 

Differences in soil water content can affect the shape of X-ray attenuation value histogram and 

also the value of threshold used for segmenting the soil pores and non-pores (Luo et al., 2010). 

Thus, to minimize the variability among the soil cores and to make the comparison between 

different land uses more consistent, each individual column was saturated with water and drained 

for about 3 days. The soil cores were assumed to be at approximately field capacity before CT 

scanning. 

The images were analyzed using the public domain software ImageJ version 1.52t (Rueden et al., 

2017) and associated plugins. It is a digital image processing software developed by the US 

National Institutes of Health (Bethesda, MD). Firstly, the images were cropped to reduce the 

diameter from 150 mm to 136 mm to avoid any possible voids near the core walls during sampling. 

This was done by using the Region of Interest (ROI) tool in ImageJ. A median filter, a commonly 

used image-processing method to reduce the noise, with a radius of 1 pixel, was used to reduce 

noise in the images (Jassogne et al., 2007). To improve the contrast, and to enhance the edges of 

the pores, the “Unsharp mask” command was used before any further analyses. The images were 

segmented using auto-local thresholding method of Phansalkar et al. (2011), which is a 
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modification of Sauvola’s thresholding method to deal with low contrast images. In this method, 

image segmentation was conducted using a threshold value of each pixel calculated using a radius 

of 5 and default values for other parameters set in ImageJ software (i.e., k = 0.25 and r = 0.5). The 

images were also visually inspected to ensure the performance of the segmentation procedure in 

separating the pores and solids. 

For the analyses of macropores, the binary images with pores > 8 voxels were considered, and 

isolated pores smaller than 9 voxels were removed to avoid misclassification of noise from the 

porous fraction of the images (Jefferies et al., 2014; Pires et al., 2019). After all the image 

processing and analyses, only the pores with macropore diameter twice the resolution i.e., 0.70 

mm (2*0.35 mm) that could be reliably identified using the image processing technique (Katuwal 

et al., 2015) were quantified in this study.  

4.3.3 Quantification of macropore networks 

A commonly used Bone-J (Doube et al., 2010) plugin was used for the quantification of different 

macropore characteristics including macroporosity, surface area density, diameter, length density, 

network density, interconnectivity, vertical length, macropore branch length, and tortuosity. The 

macroporosity distribution along the soil depth was calculated using the macroporosity value for 

each individual slice of the binary image. A local thickness algorithm proposed by Dougherty and 

Kunzelmann (2007) was used to calculate the diameter of macropores. The diameter of macropores 

was calculated as: 

𝑀𝐷 =
∑ 𝐷𝑖𝑉𝑖
𝑛
𝑖=1

∑ 𝑉𝑖
𝑛
𝑖=1

………………………………………………. (1) 
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where Di and Vi are the diameter and volume of each macropore, respectively. The 3-D 

macroporosity was defined as the percentage of the CT-derived macropore volume to the volume 

of ROI. The surface area density was calculated as the total macropore wall area divided by the 

volume of ROI. The node density, which is the number of nodes where at least two macropore 

branches connect per unit volume was used to quantify the interconnectivity of macropores (Luo 

et al., 2010). A high value of node density is linked with an extensive and well-connected 

macropore network (Munkholm et al., 2012). The length of the macropores was derived from the 

skeletons of the macropores, which is the centerline of each macropore network obtained using 

Skeletonize 3D and Analyze Skeleton modules in ImageJ. To compute length of the macropores, 

only the macropore branches with lengths larger than 4 voxels were considered. This was done to 

reduce the effect of noisy skeletons (Zhang et al., 2019). The vertical tortuosity of the macropores, 

i.e., average value of ratio of the actual length to shortest length between the end points of the 

macropores, and macropore network density, i.e., number of macropore networks per unit volume, 

were both achieved from the output of the Skeletonize 3D and Analyze skeletons modules in 

ImageJ. The vertical length of the macropores is important to vertical flow and contaminant 

transport along a soil column (Luo et al., 2010). Hence, vertical length of each individual 

macropore network was analyzed to investigate the vertical length distribution of different land 

uses. 

Previous studies (e.g., Luo et al., 2010; Muller et al., 2018) have shown that flow and transport 

processes are associated with the size of the macropores. Hence, to analyze the effects of land uses 

on different sizes of macropores, all the pores were divided into five pore size intervals: <1 mm; 

1-2 mm; 2-3 mm; 3-4 mm, and >4 mm. Hence, macroporosity contribution by each pore size class 

was compared as a function of land use and tillage practices. In addition, preliminary analyses of 
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the images showed that macropore characteristics varied with depth. Hence, the entire soil column 

was divided into 3 depth layers: a surface layer (0-100 mm), the transition layer (100-250 mm), 

and the subsurface layer (250-500 mm) for computation of macropore characteristics. The 3D soil 

macropore characteristics were calculated for the entire column section, and individually for the 3 

depth layers. 

4.3.4 Statistical analyses 

All the statistical analysis was performed in SAS version 9.4 (SAS Institute, USA) using one-way 

analysis of variance (ANOVA) within the General Linear Model (Proc GLM). The assumption of 

normality and homogeneity of variance was made after diagnosis of the residuals. Different soil 

pore size classes and CT-measured macropore parameters that violated the assumptions of 

ANOVA were subjected to necessary transformations before making any statistical inference. 

Pearson’s correlation coefficient was used to test the correlation between different 3D macropore 

characteristics. Pairwise comparisons between different treatments were done using Tukey’s 

multiple comparison test at the 95% confidence level. 

4.4 Results and discussion 

4.4.1 Macroporosity and macropore number variation with depth 

Macropore properties will be distinguished on the basis of land use type (Alf, Nat, and NT corn)) 

and tillage practices (CT and NT corn). Three-dimensional visualizations of representative 

macropore networks under different land uses and tillage combinations are shown in Figure 4.1. 

From a visual inspection of the 3D images, we observed that the spatial macropore characteristics 

were distinctly different for both treatments. Macropores which were highly continuous and round 

in shape were formed by biopores (e.g., roots and earthworm burrows), whereas smaller and 

isolated macropores were probably the inter-aggregate pores (Luo et al., 2010) (Figure 4.1). 
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Relatively larger and continuous macropores were observed in the alfalfa soil cores compared to 

the other land use types. Besides, macropores in the alfalfa cores were comparatively well 

distributed throughout the entire depth of the soil column. This result is consistent with 

Pagenkemper et al. (2014), who conducted a study on macropore networks of various precrop 

species and found alfalfa crops to be highly dominated by vertical oriented biopores, which they 

attributed to their deep penetrating root systems. This may indicate enhanced water and 

contaminant flow processes in alfalfa fields, as they have a continuous connections into the deeper 

soil layer. On the other hand, most of the macropores in the samples collected from native plots 

were concentrated in the surface soil layers (Figure 4.2 and Figure 4.3). The greater macroporosity 

and higher number of macropores in the surface of native soils are likely associated with less 

disturbance due to wheel traffic, compared to the other agricultural soil cores (alfalfa and no-till 

corn). Similarly, Hu et al. (2015) reported smaller, less continuously distributed, and highly 

concentrated macropores in the upper 200 mm soil layer of interspace grass patches in the Inner 

Mongolia grassland of northern China. The results of Hu et al. (2015) provided deeper insight into 

effects of macropore characteristics on transport processes, however, no efforts were made to 

quantify the macropore networks in 3D that could largely affect the macropore flows. The 

distribution of macropores for soils under NT was similar to that of alfalfa soils. Macropores were 

relatively larger and well distributed throughout the entire depth of the NT soil cores. 

On comparing the effects of tillage practices on soil macropore characteristics, we found that CT 

treatment resulted in smaller and highly concentrated macropores near the soil surface (Figure 

4.1). This was not the case for samples taken under NT where the macropores were larger, 

undisturbed, and more consistent with depth. Similar results were presented by Hellner et al. 

(2018) and Pires et al. (2017) who showed that CT resulted in higher values of macroporosities 
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closer to the soil surface. Higher porosity under CT is due to soil loosening and disturbance, which 

favors the formation of macropores (D. Jabro et al., 2009). However, results of this study are 

contradictory to Galdos et al. (2019), who reported higher macroporosity under NT (19.7%) 

compared to the CT (14.3%) for a clay textured soil at the surface layer (0-120 mm). Such higher 

values of macroporosity in NT could be due to long term adoption of NT (~30 years) that promoted 

undisturbed faunal and floral activity. This suggests that duration of time that the soils had been 

managed under NT is an important factor that should be considered while assessing the impact of 

tillage on soil macropore characteristics. 

Figure 4.2 and Figure 4.3 illustrates the depth distribution of macroporosity and macropore 

number, respectively as a function of land use and tillage practice. The number of macropores and 

macroporosity variation with depth followed a similar distribution for all the land use and tillage 

treatments. Relatively less fluctuations in macroporosity values were observed for all the 

treatments at depths between 200 mm and 500 mm, whereas at depths between 0 to 100 mm, 

macroporosity declined sharply for the native and CT plots. On the other hand, the general patterns 

of macropore distribution observed in the alfalfa and NT plots were similar, i.e., macroporosity 

and macropore number declined only gently from 0 to 100 mm, and remained stable at depths 

below 100 mm. As reported by Udawatta et al. (2006, 2008), higher macroporosity and macropore 

number in the native plot was likely due to permanent vegetation that enhances development of 

macropores as compared to the agricultural crops. However, such change in soil macroporosity is 

observed only on the top 0-100 mm of the soil profile which can be attributed to the roots of the 

permanent vegetation and minimal mechanical disturbance of soil. These differences in soil porous 

system induced by land use and tillage practices can cause significant modifications in the soil 

hydraulic properties.  
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4.4.2 Macropore size distribution 

The variations in the pore size distribution of soils can impact the soil aeration and water transport, 

which are crucial for maintaining the soil functions and processes (de Andrade Bonetti et al., 2017). 

No significant differences were observed in the overall mean macropore diameter among different 

land uses and tillage practices (Table 4.1). However, significant differences (P<0.05) were 

observed while comparing the macroporosity contribution by different pore size classes (i.e., <1 

mm, 1-2 mm, 2-3 mm, 3-4 mm and >4 mm) (Figure 4.4) and different depth layers (Figure 4.5). 

The CT practice mainly influenced pores with smaller diameter (<1 mm). Significantly less 

macroporosity (P<0.05) due to <1 mm pores was observed in NT field as compared to the CT. 

This was likely because CT operations affect the soil porous system by operations such as 

harrowing, which increases porosity and loosen the surface soil (Mangalassery et al., 2014). 

Galdos et al. (2019) also reported an increase in number of smaller pores under CT compared to 

NT which they attributed to aggregate breakdown at the topsoil (0-100 mm) in a long-term 

experiment (~ 30 years) managed under no-till and conventional tillage systems. However, the 

increase in smaller pores was probably at the expense of large diameter pores under CT. 

Macroporosity due to large diameter pores (3-4 mm and >4 mm) was markedly less in the CT field 

compared to the NT field; however, the difference was not significant.  

The trends in macropore size distribution among all land uses and tillage systems were similar. 

The primary contribution to the overall macroporosity (6%, 87%, and 75% in alfalfa, native, and 

NT, respectively) were by two size classes (1-2 mm and 2-3 mm) in all the land uses. Similarly, 

Hu et al. (2015), reported that more than 50% contribution of the detected macropores was by three 

size fractions (<1 mm, 1-2 mm, and 2-3 mm) in a shrub-encroached grassland. In another study 

Hu et al. (2018) reported the same macropore size classes accounted for more than 85% of the 
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overall detected macropores for 3 different fields (meadow, farmland, and sand). Pores <1 mm in 

diameter contributed the least to the overall porosity; 6.7 and 7.3%, respectively in alfalfa and NT. 

However, in the native treatment, larger pores contributed the least to the overall CT-measured 

macroporosity (i.e., 1.51% and 1.54% by 3-4 and >4 mm pore classes, respectively). On the other 

hand, the contribution of pores> 4 mm to the overall porosity was highest for alfalfa, 21.2%, 

compared to the other land use treatments (1.54%, and 9.34% in native, and NT, respectively). 

These results again correspond well with the macropore distribution visualized in the 3D image 

(Figure 4.1).  

The above findings indicate that the effect of land use and tillage practice on soil macropores can 

be different for different pore size classes. We observed significant differences in the 

macroporosity only for the pore size classes <1 mm and >4 mm. This implies that the effect of 

different treatments likely impacts pores smaller than those resolved and quantified in this study. 

Galdos et al. (2019), who assessed the effects of zero-tillage on the macroporosity of Brazilian 

soils, observed a significant difference in macroporosity values between CT and NT for pores 

smaller than that quantified in our study (<0.70 mm). However, their results were based on 

relatively smaller soil samples (75 mm diameter and 120 mm depth) that facilitated scanning soil 

cores with relatively higher resolutions. The lack of significant difference in macroporosity 

between the other pore size classes (1-2 mm, 2-3 mm, and 3-4 mm) could also be due to similar 

macropore distribution among the treatments at deeper depths (Figure 4.5). This might have 

compensated the macroporosity differences observed near the surface layer. A high concentration 

of small, isolated pores were observed in the soils under CT and native fields, whereas relatively 

larger diameter pores were seen under NT and alfalfa fields.  
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4.4.3 Quantification of 3D network parameters 

The water flow via soil macropores largely depends on their 3D structure and geometry (Li et al., 

2016). Quantitative data on 3D soil macropore characteristics for different land uses and tillage 

practices are presented in Table 4.1. The average macroporosity was 2.22 (± 0.29) % in the native 

field as compared to 2.14 (± 0.29) % in the alfalfa and 1.70 (± 0.27) % in the NT corn. The 

macropores in the native field were of small diameter, 2.16 (± 0.31) mm, and mostly distributed 

in the top 100 mm of the soil column. On the other hand, relatively larger macropores 2.75 (± 0.35) 

mm, were observed in the alfalfa fields which were well distributed throughout the soil column. 

The 3D images in Figure 4.1 show that soils under native seemed to have a high proportion of 

small connected macropores relative to alfalfa and NT. Although the differences in 

macroporosities between different treatments were not statistically significant (Table 4.1), results 

suggest that land use had influenced the macropore distribution in the surface soil. For example, 

at the surface (0-100 mm), CT had significantly higher macroporosity compared to the NT. 

Nonetheless, we observed significantly high overall interconnectivity (P<0.05) and length density 

in native as compared to the soils under alfalfa and NT. The interconnectivity values of soils under 

native were about twice as large as that in the alfalfa and NT fields. Higher values of 

interconnectivity are likely because of inclusion of numerous small pores that form connecting 

bridges between different pore networks (Vogel et al., 2010). No significant differences were 

observed between alfalfa and NT soils for any macropore characteristics. This is probably because 

both of them have been under rotational cropping for the last 5 years. Although the current land 

use practice might have impacted the macropore characteristics of both the fields to some extent, 

the overall differences between alfalfa and no-till treatments were likely compensated by the 

influence of land use practice in the past. 
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Macroporosities calculated for the corn field under contrasting tillage practices were higher for CT 

compared to the NT systems. In the soils under CT, macroporosity was 1.3 times higher than the 

NT, whereas mean macropore diameter was 1.28 times lower compared to the NT. Besides, 

network density was significantly higher (P<0.05) in the CT field compared to the NT field. The 

large macroporosity with relatively large number of small diameter pores under CT is probably 

associated with the tillage operations, which contribute to the disaggregation of the soil structure 

at the topsoil (Bauer et al., 2015). At the surface layer (0-100 mm), CT had the lowest macropore 

diameter as compared to any other treatments; however, the difference was not significant (Figure 

4.5). Besides, the macropore network density was significantly higher under CT as compared to 

the NT at the surface layer (0-100 mm). This finding agrees with the results of Galdos et al. (2019) 

who reported larger porosities due to smaller pores (<1 mm in diameter) under CT compared to 

the NT treatment. However, their soil samples were collected from a long-term experiment (~ 30 

years) compared to that in our study (~ 5 years). On the other hand, we hypothesized that the higher 

macropore diameter in NT, 2.30 (± 0.22) mm, as compared to 1.80 (± 0.27) mm in CT was likely 

due to the undisturbed faunal and floral activity. No-tillage technique allow the soil to develop a 

complex and well-developed pore network because they do not disrupt earthworm activity and 

root channels in the soil profile (Cannell, 1985). The macropores under NT had significantly less 

surface area density compared to the CT. This was expected because of the type of pores present 

in the NT; the wall surface of macropores in the NT field were probably formed by earthworms, 

making the pores relatively smoother with reduced surface area (Pagenkemper et al., 2015). 

Greater pore-wall surface area are mostly associated with irregular pores that result in more 

resistance to flow (Li et al., 2016). Besides, NT had significantly large (P<0.05) macropore 
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branches (Figure 4.6) compared to the CT. This was likely due to earthworm activity and 

undisturbed decaying roots from the past crop in NT systems (Soto-Gomez et al., 2018). 

The results obtained here for differences in macropore characteristics are extremely valuable due 

to their importance in water and contaminant transport. Previous studies have revealed 

connectivity and tortuosity to be more important in governing fluid flow and contaminant transport 

than macropore volume alone (Luo et al., 2010; Blackwell et al., 1990). However, in this study, 

we observed good positive correlation between macroporosity and connectivity parameters like 

network density (r = 0.54), length density (r = 0.74), and node density (interconnectivity; r = 0.62) 

(Table 4.2). This implies that macroporosity alone could serve as an index of the macropore 

network connectivity. Macroporosity, on the other hand, was only weakly correlated with 

tortuosity (r = -0.09). Tortuosity values varied within a narrow range of 1.28 to 1.30 for soils cores 

under different land uses and tillage practices. In a previous study, Katuwal et al. (2015), attributed 

such small variation in tortuosity values to the presence of significant proportion of vertical 

biopores (earthworm burrows or root channels). Macropores in silty soils are predominantly 

formed by biopores such as decaying roots and by earthworm burrows (Kordel et al., 2008). 

The results of interconnectivity under different tillage practices were in line with that of the 

different land uses. Significantly high interconnectivity (P<0.05) was observed in soils under CT 

facilitated by presence of numerous small pores compared to the relatively larger diameter pores 

in NT. On comparing different land uses, significantly high interconnectivity (P<0.05) was 

reported for soils under native, which had relatively smaller diameter pores and higher network 

density (number of 3D macropores per unit volume) compared to the other land uses. A negative 

correlation was observed between interconnectivity and macropore diameter as shown in Table 
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4.2. Thus, interconnectivity result reported in our study could be due to bridging connections 

formed by smaller pores (Vogel et al., 2010).  

The contribution of different vertical length of macropores to the total macropore vertical length 

was computed for different land uses and tillage practices (Fig. 7). The overall vertical length, in 

general, was higher for CT and native compared to NT and alfalfa treatments. Because of highly 

irregular pores at the surface of CT and native, the skeletons produced might be noisy, resulting in 

overestimation of the macropore vertical length (Luo et al., 2010). The primary contribution to the 

total vertical length; 86% and 80% in CT and native, respectively, were by pores <10 mm in 

vertical length. In alfalfa and NT, pores with vertical length<10 mm contributed relatively less; 

67% and 69%, respectively, to the overall macropore vertical length. The contribution of relatively 

larger and continuous pores (>50 mm in vertical length) to the overall vertical length was higher 

in the alfalfa and NT fields; 6 and 5%, respectively. On contrary, pores with vertical length>50 

mm contributed the least in CT and native fields; 3% and 4%, respectively. The results are in 

agreement with the average macropore branch length shown in Figure 4.6. The mean macropore 

branch length under NT; 5.12 mm, was significantly higher compared to that under CT; 3.87 mm. 

Also, under different land use treatments, significantly higher mean macropore branch length was 

observed in alfalfa; 5.05 mm, as compared to the native; 4.47 mm, land use type. Numerous small 

macropores creating dense macropore network on the surface of CT and native might assist lateral 

mixing of the flow with the soil matrix resulting in more homogenous flow through them (Katuwal 

et al., 2015). Hence, the effect of dense macropore network in CT and native can be contradictory 

to preferential flow. An important requirement for the functionality of the pores for transport 

processes is that the pores are continuous, especially vertical biopores (Pagenkemper et al., 2014). 

Although high interconnectivity and greater macroporosity are considered as important factors 
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controlling the hydraulic properties of the soil (Luo et al., 2008; Perret et al., 2000), increase in the 

proportion of vertical biopores, such as those in NT and alfalfa, would improve air and water 

permeability throughout the soil profile (Holland, 2004; Mossadeghi-Björklund et al., 2016). 

Biopores are relatively continuous and effective in transporting water and contaminants than non-

biopores (Zhang et al., 2019). Besides, it is expected that the occurrence of ponding is more 

frequent in relatively compacted surface of NT and alfalfa soils compared to the CT and native 

fields. At locations where such ponding occurs, the presence of tension-free water near the surface 

soil make the macropores “hotspots” for water and contaminant leaching to the deeper layers 

(Vuaille et al., 2020). Katuwal et al. (2015) reported stronger preferential flow in the samples with 

lower macroporosity and less inter-connected macropores compared to those with higher 

macroporosity and interconnectivity where the flow was more homogeneous. Similarly, 

Vanderborght et al. (2002) observed higher preferential flow in the soil cores that had fewer large 

pores compared to the soil cores with denser macropore networks. Luo et al. (2010b), who related 

soil macropore characteristics to preferential flow and transport, reported a greater degree of 

preferential flow in cropland soils with relatively lower macroporosity compared to pasture soils. 

Overall, we expect soil cores with relatively high proportion of larger and vertical biopores; alfalfa 

and NT, to be more influential in preferential flow compared to those with higher macroporosities 

resulting from highly connected small diameter pores; CT and native. These macropore 

characteristics need to be linked to soil hydraulic properties for better understanding of the 

subsurface transport processes and to develop appropriate management practices. 

4.5 Conclusion 

Quantification of the 3D soil macropore characteristics has improved our understanding of soil 

porous structure under different land uses and tillage treatments. Both tillage practices and land 
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use types had noticeable influences on different macropore characteristics, especially at the surface 

soil layer (0-100 mm). The CT cores had significantly higher surface area density, length density, 

interconnectivity, and network density than the soils under NT. Although CT facilitated formation 

of dense macropore networks near the surface soil, it disrupted the larger and continuous vertical 

biopores that could directly affect the water movement. Significantly higher macropore diameter 

and macropore branch length were observed for NT soils as compared to the soils under CT. This 

likely resulted from undisturbed faunal and floral activity under NT. The higher proportion of 

continuous and vertically oriented macropores in alfalfa was closely associated with their deep 

penetrating root system. Nevertheless, significant differences in macroporosity among different 

land use and tillage treatments was reported only for the pores size classes <1 mm and >4 mm. We 

therefore recommend further studies on using higher resolution X-ray CT for the investigation of 

pores <0.70 mm to draw firmer conclusions on the effect of land use and tillage practices on 

macropore characteristics. 
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Figures: 

 
Figure 4.1 3D macropore network visualizations of selected soil cores for the four treatments: corn 

conventional tillage (CT), corn no-tillage (NT), Native grassland (Nat) and Alfalfa (Alf). 

Macropores are shown in cyan and non-pore in black color in 3D images. 

 

 
Figure 4.2 Depth distribution of soil macroporosity (%) for all soil cores of corn conventional 

tillage (CT), corn no-tillage (NT), Native grassland (Nat) and Alfalfa (Alf). 
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Figure 4.3 Depth distribution of soil macropore number (-) for all soil cores of corn conventional 

tillage (CT), corn no-tillage (NT), Native grassland (Nat) and Alfalfa (Alf). 

 

 

 
Figure 4.4 Contribution of different macropore size classes on overall macroporosity (%) in soil 

cores sampled under corn conventional tillage (CT, 3 replicates), corn no-tillage (NT, 6 replicates), 

Native grassland (NT, 3 replicates) and Alfalfa (Alf, 3 replicates) fields. Within each diameter 

class, different letters indicate a significant difference in macroporosity (%) between different 

treatments (P<0.05). Error bars indicate standard deviation. 
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Figure 4.5 3D macropore characteristics of soil columns under different land use treatments (Alf: 

Alfalfa; Nat: Native grassland; NT: corn no-tillage) and tillage treatments (CT: corn conventional 

tillage; NT: corn no-tillage) at different depth layers: surface (0-100 mm), transition (100-250 

mm), and subsurface (250-500 mm). Error bars indicate standard deviation. For each graph, within 

each depth layer, different letters indicate a significant difference in macropore characteristics 

between different treatments (P<0.05). A) Macroporosity, B) Diameter, C) Surface area density, 

D) Length density, E) Network density, and F) Interconnectivity. 
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C 
D 

E F 



108 

 

 
Figure 4.6 Mean macropore branch length for soil cores of corn conventional tillage (CT, 3 

replicates), corn no-tillage (NT, 6 replicates), Native grassland (Nat, 3 replicates) and Alfalfa (Alf, 

3 replicates). Different letters indicate a significant difference in mean macropore branch length 

between different treatments (P<0.05). Error bars indicate the standard deviation. 

 

 
Figure 4.7 Vertical length distribution of macropores for soil cores of corn conventional tillage 

(CT), corn no-tillage (NT), Native grassland (NT) and Alfalfa (Alf). The shaded region represents 

the standard deviation. 
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Tables: 

 

Table 4.1 Mean (Std. Dev.) macropore characteristics of all soil columns under different land uses and tillage practices. 

Soil column 
Macroporosit

y (%) 

Surface area 

density (mm2 

m-3) 

Macropore 

diameter 

(mm) 

Length 

density (km 

m-3) 

Interconnectiv

ity of 

macropores(*

105) (number 

m-3) 

Network 

density (*105) 

(number m-3) 

Tortuosity 

Alf 2.14 (0.29) a 
0.050 (0.01) 

ac 
2.75 (0.35) a 6.6 (0.9) a 10.22 (0.88) a 5.93 (1.09) a 1.29 (0.01) a 

        

CT 2.22 (0.34) a 
0.070 (0.010) 

b 
1.80 (0.21) b 12.0 (1.0) b 30.43 (4.64) b 9.31 (0.92) b 1.30 (0.00) a 

        

Nat 2.22 (0.29) a 
0.060 (0.000) 

ab 
2.16 (0.31) ab 10.6 (1.1) b 24.94 (1.49) b 5.98 (0.36) a 1.29 (0.00) a 

        

NT 1.70 (0.27) a 
0.040 (0.010) 

c 
2.30 (0.22) ab 6.1 (1.0) a 10.45 (1.76) a 5.30 (1.27) a 1.29 (0.01) a 

Mean values of different properties followed by the same letters after parenthesis are not significantly different among the different treatments at the 0.05 

probability level. 
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Table 4.2 Pearson’s correlation matrix of CT-derived 3D macropore characteristics for all the 

soil samples. 

Properties A1 A2 A3 A4 A5 A6 A7 

Macroporosity  

(A1) 

1.0

0 

0.84 

(<0.00**

) 

-0.05 

(0.86) 

0.74 

(0.00**) 

0.62 

(0.01*) 

0.54 

 (0.03*) 

-0.09 

(0.73) 

Surface area 

density (A2) 
 1.00 

-0.55 

(0.03*) 

0.94 

(<0.00**

) 

0.87 

(<0.00**

) 

0.85 

(<0.00**) 

0.05 

(0.83) 

Diameter  

(A3) 
  1.00 

-0.59 

(0.02*) 

-0.61 

(0.01*) 

-0.63  

(0.01*) 

-0.06 

(0.83) 

Length density  

(A4) 
   1.00 

0.96 

(<0.00**

) 

0.74 

(0.00**) 

0.14 

(0.61) 

Interconnectivit

y  

(A5) 

    1.00 
0.67 

(0.00**) 

0.28 

(0.30) 

Network density  

(A6) 
     1.00 

0.12 

(0.66) 

Tortuosity  

(A7) 
      1.00 

Significance levels: *0.05, **0.01. 
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Conclusions 

 

The effect of topographical location on 2D and 3D soil macropore characteristics were 

investigated. Macroporosity, macropore number, interconnectivity, surface area density, and 

length density were lowest at the downslope surface soil (0-100 mm) as compared to the soils at 

the upslope and midslope locations. This can be attributed to higher degree of compaction along 

with higher soil moisture content at the downslope location compared to the upper slope locations. 

In addition, we also observed significant change in soil macropore characteristics with season, 

especially at the soil surface (0-100 mm). Among different pore size classes, pores smaller than 2 

mm in diameter were found to be highly sensitive to topographical differences. Similarly, 

macroporosity due to smaller diameter pores (0.7-1 mm), in Season 2, was twice the macroporosity 

value observed in Season 1, at the surface (0-100 mm) soil layer. This suggests further studies 

focused on using higher resolution X-ray CT to investigate pores <0.70 mm in diameter to draw 

firmer conclusions on the topographical and temporal variation in soil macropore characteristics. 

Additionally, the effect of different land uses and tillage practices were also studied. The CT 

practice facilitated formation of dense macropore networks near the surface soil, however, 

disrupting larger and continuous vertical biopores that could directly affect the water movement. 

Larger and higher proportion of vertically oriented macropores were observed in alfalfa and NT 

which was mostly associated with the deep penetrating root system of alfalfa and undisturbed 

biological activities (e.g., earthworm movement) in the NT treatment. However, significant 

differences in macroporosity between different treatments were observed only for pore size classes 

<1 mm and >4 mm. 
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In conclusion, it was found that topographical location and land use greatly affects the soil 

macropores. The results obtained for differences in macropore characteristics are extremely 

valuable due to their importance in water and contaminant transport. Future studies should be 

conducted to link macropore information with different hydraulic parameters to develop 

relationship between the macropore characteristics and contaminant transport processes in soil 

subsurface. 
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Appendix A  

Photos 

  

 

 

Figure A.1 Images showing collection of soil samples. 
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Figure A.2 Transportation and storage of the soil samples. 

 

 

 

Figure A.3 Saturation of soil columns before CT Scanning. 

 

  

Figure A.4 Images showing earthworm exiting soil core during saturation (Left) and artificial 

macropores of known diameter created using Plexiglas rods (Right). 
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Figure A.5 Performing X-ray CT scan on the soil samples. 
 4      


