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This study quantified the topsoil microstructure, including the soil matrix and void 

morphology, under established agroforestry riparian buffers within the Grand River watershed, in 

Southern Ontario, using X-ray Computed Tomography. Agroforestry systems were selected based 

on soil texture (loam/clay soils), forest age (mature/young) and forest type 

(deciduous/coniferous). When comparing age, tree type and soil texture, variations in the spatial 

distribution of the topsoil microstructure were identified. Results found that the radiodensity 

distribution of the topsoil under mature agroforestry systems on loam soils had a more 

heterogenous pattern, compared to soils under young agroforestry systems on clay soils. All 

attributes of the topsoil structure were found to exhibit temporal differences when comparing the 

soil structure from mid-spring sampling compared to early summer and late fall sampling, 

suggesting that processes that occur during winter and post-winter have a dynamic influence on 

the distribution of the topsoil structure under agroforestry riparian buffers. 
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Chapter 1: Introduction and Literature Review  

1.1. Introduction 
Agriculture intensification has caused the degradation of soil quality which has resulted in an 

increased need of inputs to ensure crop productivity. Further soil degradation, resulting from 

agricultural practices, can cause soil erosion and fertilizer runoff, which will negatively impact 

water quality of adjacent streams. To remediate the negative impacts of intensified agriculture, 

agroforestry practices can be adopted into the system to decrease soil and water degradation.  

Agroforestry is the practice of incorporating trees and when properly planned and 

implemented can increase crop yield, soil quality, water quality and biodiversity (Agriculture and 

Agri-Food Canada 2014). Another benefit to agroforestry practices is increased carbon 

sequestration both above ground, in the form of trees and understory vegetation, and 

belowground, in the form of root systems and soil carbon storage (Thevathasan et al. 2004). 

Additionally, incorporating agroforestry practices can be used to mitigate greenhouse gases by 

sequestering atmospheric CO2, which is an international concern (Griscom et al., 2017).  

The physical properties of the soil structure can influence soil processes that are directly 

involved in the mitigation of greenhouse gases belowground (Ball 2013). Previous soil structure 

studies under agroforestry systems aimed to understand the benefits of the agroforestry systems, 

by comparing the soil structure under agroforestry systems with the soil under agricultural land. 

The analysis of soil structure properties has also focused on porosity characteristics and 

connectivity within the soil profile.  

This study is a component of a larger initiative, entitled “Riparian buffer plantings: An 

agroforestry land-use for greenhouse gas mitigation including multiple benefits to Canadian 

agriculture” funded by the Agriculture Greenhouse Gas Project with Agriculture and Agri-Food 

Canada. The goal of the multidisciplinary project is to investigate the relationships of diverse 
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riparian buffers and their chemical, biological and physical processes that directly affect the 

mitigation of greenhouse gases. The study was performed in relation to measured quantitative 

values of soil processes, such as soil organic carbon, Vijayakumar (2019), gas emissions, 

Baskerville (2019), and biological activity, Mafa-Attoye (2020) in ancillary studies during the 

same period as this study.  This study contributes to the multidisciplinary project by quantifying 

the soil physical properties under the agroforestry riparian buffers. The goal of this study was to 

understand the spatial distribution and void characteristics of the topsoil microstructure (first 15 

cm) in various agroforestry riparian buffers.  

The thesis is broken down into six chapters. Chapter 1 provides background knowledge to the 

study with an informative literature review on agroforestry systems, soil structure dynamics and 

the x-ray CT methodology; in addition to the hypotheses and objectives of the study. Chapter 2 

presents the materials and methods of the study. Chapter 3 through Chapter 5 present the results 

and discussions of the spatial and temporal variation of the whole soil and soil matrix and the 

void morphology of the topsoil microstructure, between the agroforestry riparian buffer systems. 

Chapters 3 through 5 are broken down into sections on deciduous and coniferous riparian 

systems, comparing the age, soil texture and temporal variation within each forest type. Chapter 6 

summarizes the findings, draws final conclusions and presents recommendations for future 

directions of the research.  

1.2 Literature Review  

1.2.1 Agroforestry Riparian Buffers 
 

Agroforestry systems can be established as wind breaks, tree-based intercropping, 

silvopasture or riparian buffers (Thevathasan 2018). Wind breaks are trees that are planted to act 

as wind barrier to reduce soil erosion (Jarvis 2016). Tree-based intercropping is the combination 

of growing trees and annual crops together in a form of alley cropping (Lelle and Gold 1994). 
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Silvopasture is the integration of trees into pastureland, which conserves the topsoil and provides 

shelter for livestock (Schoeneberger et al. 2012). Agroforestry riparian buffer systems are defined 

as long-term woodlots that buffer agricultural land and the adjacent water system (Schoeneberger 

et al. 2012). 

By adopting agroforestry as a management practice to offset intensive agricultural 

practices by conserving soil quality, it can additionally provide environmental, ecological, 

economic and social benefits (Oelbermann et al. 2008; Thevathasan 2018). All forms of 

agroforestry systems improve soil quality as a soil conservation tool by controlling soil erosion 

and increasing soil organic matter (Thevathasan 2018, Schoeneberger et al. 2012). Other benefits 

to establishing agroforestry buffers include increased water infiltration, reduced nutrient runoff, 

enhanced biodiversity and carbon sequestration (Tomer et al. 2009, Thevathasan 2018). Mungai 

et al. (2005) found that establishing an agroforestry system changes nutrient cycling, 

mineralization, and chemical degradation in the soils, due to increased microbial diversity and 

enzyme activity. 

  The functionality of agroforestry systems in southern Ontario have been studied for more 

than three decades (Gordon et al. 1995). In 1985, a portion of agricultural land along Washington 

Creek, part of the Grand River watershed, was retired and planted as an agroforestry riparian 

buffer (Gordon et al. 1995). The Washington Creek site was one of the first attempts in North 

America to conduct a long-term study of the re-establishment of agroforestry riparian buffers and 

the significance to ecosystem processes (Gordon et al. 1995). The long-term studies are multi-

disciplinary, examining factors such as microbial diversity, water quality, ecosystem succession, 

and chemical cycles (Lobb 2013, Ofelia Plascencia-Escalante 2008a, Gordon et al. 1995, Ofelia 

Plascencia-Escalante 2008b). 
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1.2.2 Soil Structure 
Soil quality is determined by its ability to sustain plant and animal productivity, to conserve 

water and air quality and to enhance plant and animal health (Doran 2002). There are multiple 

indicators of soil quality, one of which is soil structure. Soil structure is hierarchal and defined by 

its spatial arrangement and stability (Martin et al. 2017). Soil structure consists of spatial 

arrangement of voids, matrix, minerals and organic matter (Brewer 1964). Chemical, physical and 

biological processes, such as microbial activity, water infiltration, nutrient cycling, and gas 

exchange, can be impacted by the distribution of soil components (Caplan et al. 2017).  

Soil structure is the arrangement of primary soil particles, voids and organic matter. Soil 

particles are classified as sand (2-0.05 mm), silt (0.05-0.002 mm) and clay (<0.002 mm). These 

primary particles can then be assembled into a geometric arrangement, called soil fabric (Brady 

and Weil 2010, Bullock et al. 1985). Secondary soil structural units are classified as aggregates, 

which consists of groups of soil fabric units bound together with organic matter and voids (Brady 

and Weil 2010, Stoops 2003).  

Stoops (2003) defines voids as spaces that are not occupied by solid material. Void 

morphology characteristics can be evaluated for size, shape, orientation and connectivity. Elliott 

and Coleman (1988) categorize voids into four classes intra-microaggregate, inter-

microaggregate, inter- macroaggregate, and macrovoids, each of which provide unique services.  

Intra-microaggregate and inter-microaggregate voids are small, allowing for habitation of 

bacteria, small nematodes, and fungi (Elliot and Coleman 1988). Inter-macroaggregates voids can 

be filled with water when the soil is at field capacity (Elliot and Coleman 1988). Lastly, 

macrovoids are commonly developed by macro-organisms, such as earthworms, by roots of 

vegetation, or through shrink/swell for finer soil textures (Elliot and Coleman 1988).   
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1.2.3 Soil Structure Dynamics 
Soil is dynamic as it is influenced by its surrounding environment, whether it be abiotic 

or biotic factors, can impact the arrangement of soil structural components. Biotic factors consist 

of microorganisms, macroorganisms, vegetation and accumulation of organic matter. According 

to Horn et al. (2012), anthropogenic uses of soil are considered to be abiotic factors that can alter 

soil structure by land use management such as agriculture, industrial or development uses. The 

texture or the arrangement of intra-aggregate voids in soil are unvarying characteristics and is 

unlikely to have substantial changes over time (Chandrasekhar et al. 2018). The soil structure and 

arrangement of inter-aggregate voids can be altered by land use management or environmental 

stresses such as rainfall and climate (Chandrasekhar et al. 2018).  

Climate influences the soil with temperature and moisture variability due to seasonal 

changes. The seasonal changes results in the breakdown and reformation of aggregates and voids 

by freezing/thawing, wetting/drying and shrinking/swelling cycles (Schlüter and Vogel 2016). As 

well, temperate zones have a cyclic climate pattern of four seasons influencing the soil differently 

each season. During the growing season in temperate zones, there would be an increase in organic 

matter, new root growth and above ground plant matter, in the autumn litterfall again increases 

organic matter additions to the soil, resulting in increased nutrient uptake and microbial activity 

(Horn et al. 2012).   

Soil structure and void morphology can describe the dynamics of soil structure and its 

relationship to chemical, biological and physical soil processes. Quantitative research allows for 

soil structure to be measured at small scales to understanding how management practices can 

increase soil quality and improve the functionality of the chemical, biological and physical 

processes within the soil (Naveed et al. 2014). According to Chandrasekhar et al. (2018), ignoring 

the temporal variation of soil void space and hydraulic properties will provide a misrepresentation 

of the data on water and solute fluxes, which is important for decision making by policymakers 

and land-use planners. Advancements are being made to further quantify soil structure at fine 
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scale to understand its relationship to soil processes. For example, studying porosity through X-

ray CT imaging can provide insight into the role porosity plays in water infiltration, chemical 

transport and biological activity (Martin et al.2017, Kumar et al. 2010). However, the 

consideration of the temporal effects on soil structure is still at its early stages of research, 

towards incorporating the dynamics of soil structure for better quantitative data and decision 

making (Vereecken et al. 2016).  

Additionally, agroforestry riparian systems are designed to buffer around a watercourse. The 

watercourse being a function of the watershed, experiences seasonal bankfull flooding disturbing 

the neighbouring flood plain. The neighbouring flood plain would be the established agroforestry 

riparian buffer, which the soil underneath undergoes a significant seasonal wetting and drying 

cycle (Taboada et al. 2014). The soil structural stability, soil mechanical properties and void 

volumes are influenced by seasonal flooding (Taboada et al. 2014).  Lal and Shukla (2004) finds 

that soil under the moist conditions undergoes elastic deformation and shallow compaction. The 

effects that seasonal flooding has on the neighbouring soil is ultimately dependent on the soil 

profile, shrink- swell capacity and its chemical composition (i.e. metals such as Fe or Al can form 

bridges between clay and organic matter for better aggregate stability) (Oades 1993). 

1.2.4 X-ray CT Research in Riparian Buffers 
Multiple studies have been conducted to compare the soil structure of soils under agricultural 

lands and adjacent agroforestry systems (Udawatta et al. 2008, Udawatta and Anderson 2008, 

Kumar et al. 2010, Jefferies et al. 2014). Kumar et al. (2010) found that macroporosity under a 

riparian buffer system (agroforestry and grassland) was 13 times higher than the macroporosity 

under grazed pasture. Riparian buffers were also found to have increased measures for total 

number of pores, macropores and coarse mesopores (Kumar et al. 2010). Kumar et al. (2010) 

results suggest that riparian buffer soils have increased measured soil parameters compared to 

agricultural soils, illustrated by the increased functionality of water infiltration (decreasing 
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surface runoff) and gas exchange. Similar results were also found by Udawatta and Anderson 

(2008), who found a higher number of macropores in agroforestry system soils, compared to soils 

under row crops. Udawatta et al. (2008) furthered studied the connectivity of soil porosity, 

examining pore length, tortuosity and number of branch clusters, and found increased porosity 

parameters in soils under riparian buffers compared to soils under agriculture use land 

management. Jefferies et al. (2014) found the spatial distribution of the soil structure under tree-

based intercropping systems to be more variable and less directionally dependent compared to the 

soil under rowed crops. Further comparison into tree-based intercropping systems found tree 

species to not influence the spatial distribution of the soil structure.  

1.2.5 Semivariance Analysis 
Semivariance analysis of soil radiodensity can describe the spatial distribution of soil 

structure. Semivariograms are a measured outcome of the average semivariance of datasets over a 

range of lag distances (Bond and Satchel 2002). Semivariance is measured by the following 

equation:  

𝛾                                 

In the equation, 𝛾 is the value of the semivariance, h is the lag, N is the number of pairs at the 

distance of h, z is the variable at 𝑥𝑖 location and 𝑥𝑖 is the central position of the pixel (Taina et al. 

2013). Semivariance is measured against distance, which allows for the examination of the 

degree of dissimilarity of data pairs at locations selected at increasing lag distances (Jefferies 

2014). Semivariance is visualized in a graphical expression called a semivariogram. 
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Figure 1.1: Semivariogram of Soil Voxel Radiodensity Measured as Normalized Semivariance along 

the Lag Distance (millimetres).  

Semivariograms are characterized by the range and interval at which the variance stops 

increasing which is known as the sill. If there is no sill, it can be considered that a trend of the 

data or sample size is greater than the measured scale (Beauchemin 2013). When reached beyond 

the range, the spatial distribution of the soil structure is considered spatially independent 

(Bohling 2005). In a semivariogram, the distribution will have significant lag points on the range 

displaying that a change of a physical property (Balaguer et al. 2010). 

Semivariance analysis was first used to measure the spatial variability of the soil components 

by Jeffries (2014). The quantified measures allow for description of spatial patterns within a soil 

sample (Berberoglu et al. 2000). To allow for comparisons across samples, semivariance data is 

normalized, which is the semivariance divided by the total variance (Winstone 2019). 

Normalized semivariance data of the 3-D image in the x, y and z directions allows for the 

consideration of circumstances which finds anisotropic or isotropic patterns of the spatial 

distribution of the soil. 

Anisotropy is described by the variation of the normalized semivariance in the x, y and z 

directions that do not exhibit the same behavior. A higher degree of anisotropy in either the x, y 
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or z directions refers to an increased heterogeneity patterns of the direction of structural 

distribution (Peng 2011). If the normalized semivariance of the soil in the x, y and z directions 

exhibit the same behavior by overlapping each other, the spatial distribution can be described to 

having a more isotropic pattern.  

Several parameters (Table 1.1) are derived from semivariogram that are near the origin, 

up to the first maxima and between the first and second maxima, defined by Balaguer-Beser et al. 

(2013). Previous studies on the semivariance analysis of the soil structure (Taina et al. 2013, 

Jeffries et al. 2014, Winstone et al. 2019) evaluated the four near-origin parameters: ratio 

between the values of the total variance and the semivariance at first lag (RVF), ratio between 

semivariance values at second and first lag (RSF), second derivative at third lag (SDT) and first 

derivative near the origin (FDO) to describe the spatial distribution of the soil structure at short 

range.  

Table 1.1: Description of Near-Origin Semivariogram Parameters by Balaguer-Beser et al. (2013) 

Parameter Description Formula 

RVF 

Ratio between the values of the total 

Variance and the semivariance at First lag 

(𝛾1) 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒

𝛾1
 

RSF 
Ratio between semivariance values at 

Second (𝛾2) and First lag (𝛾1) 

𝛾2

𝛾1
 

SDT 

Second Derivative at Third lag, determined 

from the second (𝛾2), third (𝛾3), and the 

fourth (𝛾4) semivariance at lag distance (h) 

(𝛾4 − 𝛾3) − (𝛾3 − 𝛾2)

ℎ x ℎ
 

FDO 

First Derivative near the Origin, determined 

from the first (𝛾1) and second lag (𝛾2) and 

lag distance (h) 

𝛾2 − 𝛾1

ℎ
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Winstone et al. (2019) described the relationships between near-origin parameters, RVF, 

RSF, FDO and SDT, to the spatial variation of soil components at short-lag distances. An RVF 

value that is lower in comparison to other samples has an increased measure of total variability of 

radiodensity equal or less than the spatial resolution or voxel size. RSF describes the relative 

change in radiodensity variability at twice the spatial resolution or voxel size of the images. A 

higher RSF value describes a more complex soil structural pattern. FDO is similar to RSF, expect 

that it measures the absolute change in the radiodensity variability at twice the spatial resolution 

of the image. A lower FDO indicates an increased evenness in the spatial pattern of the soils 

structure. SDT approximates the values of the second derivative of the semivariogram at the third 

lag, a positive value means the image is more homogenous at short distances, with a negative 

value indicating the image is heterogenous at short distances (Balaguer-Beser et al. 2013). As 

such, as the amplitude of the structural pattern decreases the magnitude also decreases. 

1.2.6 X-ray Computed Tomography of Soil 
X-ray radiation wavelengths were discovered by W.C Roentgen in 1895 and led to its 

usage in the medical field (Panchbhai 2015). The function of x-rays wavelengths passing through 

materials result in incidences of beam projections, which produces an image (Heck 2009). Each 

voxel within the image is assigned a value, known as a radiodensity value, which is measured in 

Hounsfield Units (HU) (Hounsfield 1973). Low radiodensity material will attenuate less x-ray 

flux and vice versa. The ability to attenuate low and high radiodensity material allows for the 

comparisons of the radiodensity with soil bulk density (Mokwa and Nielsen 2006, Jefferies et al. 

2014), i.e. the higher the radiodensity of a material the denser it is. 

Since the 1970’s, the use of X-ray computed tomography (CT) has become a quantitative 

method to study soil micromorphology (Petrovic et al. 1982). The method is non-destructive 

allowing for 3-dimensional (3D) images of soil structure (Taina et al. 2010). The images are 

produced by cross-sections from the x-rays crossing through the samples at 360⁰ allowing the 
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sample to be viewed at multiple angles (Elliot and Heck 2007). Using the information from the 

image’s radiodensity values, analysis of spatial distribution can be made by creating a histogram 

to further segment the soil samples to what is considered as void and non-void. The non-void 

portion can further be broken down to soil matrix properties or solids (i.e. minerals) (Figure 1.1). 

Image segmentation can allow for the analysis of individual components of the soils, such as void 

morphology or the soil matrix (Jefferies 2014, Winstone 2019). Other measurements that can be 

analyzed are the networks of soil particles by their density and connectivity, the length, and 

branching intensity (Heck 2009).   

Figure 1.2: Typical frequency distribution of radiodensity values from a soil core’s 3D-

imagary voxels, broken down to approximate sections that represent soil voids, matrix and 

solids. 
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1.3 Thesis Approach  

1.3.1 Null Hypotheses 
1. There is no difference in soil structural dynamics under coniferous and deciduous 

agroforestry riparian buffers.  

2. There is no difference in soil structural dynamics as the result of agroforestry riparian 

buffer age.  

3. There is no difference in soil structural dynamics as the result of soil texture.   

1.3.2 Objectives  
1. Quantify the microstructure of intact soil samples from representative coniferous and 

deciduous agroforestry riparian systems for each sampling period.   

2. Quantify the microstructure of intact soil samples from representative agroforestry 

riparian systems that are either categorized as mature or young for each sampling period.  

3. Quantify the microstructure of intact soil samples from representative agroforestry 

riparian systems of different soil textures for each sampling period.   
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Chapter 2: Materials and Methods 

2.1 Site Locations  
This study was conducted within the Grand River Watershed, in Southern Ontario (Figure 

2.1). The watershed covers approximately 6800 km2, draining into Lake Erie (GRCA 2008). The 

primary glacial features within the watershed are moraines and drumlins (Chapman and Putnam 

1984).  

Six agroforestry riparian systems were selected for sampling based on soil texture (loam 

vs. clay soils), forest age (mature vs. young forests) and forest type (deciduous vs. coniferous 

forests) (Table 2.1). Four of the sites are owned by Grand River Conservation Authority (GRCA) 

and two sites are privately owned. Both privately owned sites have young plantations and contain 

both coniferous and deciduous plantings. Mature forests were classified as being established for 

over 15 years, whereas young forests have been established for less than 15 years.  

 

 

 

 

 

 

 

 

Figure 2.1: Site locations (white pins) within the Grand River watershed, Ontario, Canada. 

Pins represent agroforestry type by Age: M= Mature, Y= Young, type of forest: D= 

Deciduous, C= Coniferous, and type of soil:  L=Loam , C= Clay.  
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Table 2.1: Site location and Description on Age, Soil Texture, Location and Neighboring Stream due to Property Information 

from GRCA. Soil Textural Analysis Conducted by Vijayakumar (2019). 

Age 
Tree Type Soil 

Texture 

Site 

Code 

Age 

(years) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 
Neighboring Stream Location 

M
at

u
re

  

Coniferous Clay MCC 60 28 30 42 
Drainage stream from agriculture 

plot to Conestoga Lake 

43° 41’ 05’’ N 

80° 44’ 53’’ W 

Coniferous Loam MCL 34 42 46 12 Guelph Lake Tributary 
43° 41’ 20’’ N 

80° 45’ 25’’ W 

Deciduous Clay MDC 60 22 38 40 
Drainage stream from agriculture 

plot to Conestoga Lake 

43° 37’ 11’’ N 

80° 13’ 20’’ W 

Deciduous Loam MDL 37 33 46 21 Spring Creek 
43° 43’ 28’’ N 

80° 46’ 26’’ W 

Y
o

u
n
g
  

Coniferous Clay YCC 8 23 34 43 N/A 
43° 16’ 57’’ N 

80° 13’ 20’’ W 

Coniferous Loam YCL 6 42 47 11 Yatton Creek 
43° 39’ 06’’ N 

80° 40’ 15’’ W 

Deciduous Clay YDC 8 20 35 45 N/A 
43° 16’ 57’’ N 

80° 13’ 20’’ W 

Deciduous Loam YDL 6 44 46 10 Yatton Creek 
43° 39’ 06’’ N 

80° 40’ 15’’ W 
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2.2 Sample Collection 
Soil samples were collected as intact soil cores using Acrylic tubes that are 15 cm in 

length, with an inside diameter of 64 mm. Samples were collected using the techniques developed 

by the Soil Imaging Laboratory SES- University of Guelph (Figure 2.2). Four replicate samples 

were collected during early summer (July 2018), late fall (December 2018) and mid-spring (May 

2019) for each agroforestry system. Timing of sampling was chosen to reflect the influence of 

temporal dynamics. After sampling, the samples were refrigerated to limit the activity of soil 

microorganisms. The samples were then placed in a drying oven at the temperature of 40°C until 

a constant weight. 

 

Figure 2.2: Soil Core Collection in a Young, Coniferous Agroforestry System on Loam Soil. 
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2.3 X-Ray CT Imaging and Analysis 

2.3.1 Image Scanning and Reconstruction 
The cores were imaged using a GE MS8x-130 X-ray uCT scanner (120 kv, 155 mA, 0.5 

mm Cu filter, 1700 ms exposure) located in the Soil Imaging Laboratory SES- University of 

Guelph. Image reconstruction was done using GE Reconstruction Utility with image correction at 

a spatial resolution of 40 µm and a sub-volume selection with dimensions of 33.6 mm x 33.6 mm 

x 24 mm (Figure 2.3). A Gaussian Smooth, with a radius of 1, was applied to the reconstructed 

images using GE Microview (GE Healthcare 2005). The images were converted from a vff 

format to tiff stack images and corrected to Hounsfield Units (HU).   

 

Figure 2.3: X-ray CT 3D Profile of a Topsoil under an Agroforestry System.  
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2.3.2 Soil Core Image Processing and Analysis 
Image processing and quantitative analyses were preformed using NIH ImageJ (Rasband 

2018). The application is composed of third-party plugins and plugins developed by the Soil 

Imaging Laboratory SES-University of Guelph (Heck 2013). The tiff stack images of the soil core 

are initially processed by using a plug-in “16-bit histogram” to evaluate the frequency distribution 

of the topsoil imagery. The 16-bit histogram organizes the voxel values into bin sizes at 

increments of one, increasing the number of possible values each voxel has. The output of the 16-

bit histogram typically generates two Gaussian distribution peaks of the radiodensity of the 

images. The first distribution peak indicates a soil component that has a low radiodensity, which 

is associated with voids. The second distribution peak indicates a soil component that has a higher 

radiodensity than voids, which is identified as non-void. A third frequency peak within the 

histogram illustrating higher radiodensity values, or more solid/dense features.  The frequency 

peaks from the histogram allowed for an image segmentation of the void and non-void phases, 

using a modified technique by Schlüter et al. (2010) to isolating the voids, soil matrix and soil 

solid features of the topsoil (see Figures 2.4 and 2.5 for processing and analysis guidelines).  

A 16-bit histogram and semivariogram of the topsoil core images and the soil matrix 

were generated for the analysis of the soil structure spatial distribution (Figure 2.6). 

Semivariograms of each sample were generated in the x, y and z directions and averaged for each 

agroforestry system. The semivariance of the x, y and z directions were normalized to compare 

the soil structure of each agroforestry system. Near-origin semivariogram parameters (RVF, RSF, 

SDT and FDO) were calculated for each sample, according to Balageur-Beser et al. (2013), and 

then averaged in the x, y and z directions for each agroforestry system. 

2.3.3 Morphometric Analysis of Voids 
All images were subject to morphometric analysis using an ImageJ plug-in, Analyze 

Particles (Doube et al. 2010). The plug-in classified the inter-aggregate and the intra-aggregate 
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Figure 2.4: Image Segmentation Steps to Analyzing the Spatial Distribution of the Top Soil Structure, Soil Matrix Structure and Void Morphology in 

ImageJ with converted Tiff Image Files measured in Hounsfield Units (HU).  
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Segmentation of  

Figure 2.5: Segmentation of HU Image Files into Void and Non-Void Phases.                                                                                                                                                                             

 

 

 

                  

                  

                  

                  

                  

                  

                  

                  

                     

Figure 2.6: Histogram and Semivariance Analysis for Topsoil and Soil Matrix Structure using HU Image Files    
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voids into three volume categories for processing on the Microview application; large inter-

macroaggregate (>100 000 voxels or 32.4mm3), medium intra-aggregates (9-100 000 voxels or 

0.002-32.4 mm3), and small intra-aggregate voxels (<9 voxels or <0.002 mm3) to facilitate 

processing (Jefferies 2014). All images were subject to morphometric analysis using an ImageJ 

plug-in, Analyze Particles (Doube et al. 2010). Focus was given to classify void volumes 

(Jefferies 2014), shape (oblate, equant, triaxial and prolate), size and orientation (Maric 2016; 

Zingg 1935; Bullock et al 1985; Heck 2013; and Taina et al 2013). The classification of the void 

shape can be seen on Figure 2.3. Table 2.2 outlines the classification of void size and Table 2.3 

outlines that classification of void orientation.  

2.3.4 Statistical Analysis 
Descriptive statistics of the mean, minimum and maximum values of the radiodensities 

and the four near-origin parameters in the x, y and z directions were calculated for the topsoil and 

soil matrix images. Descriptive statistics of the mean, minimum and maximum values of the void 

morphological characteristics were calculated. Statistical analysis was performed using the 

software, IBM SPSS Statistics 25 (2019). Comparison of the means was performed to compare 

soil texture and forest age on the mean radiodensities and void volumes for deciduous and 

coniferous systems, with a significance of p<0.05. One-way ANOVA was also performed for a 

temporal analysis of the mean radiodensities and void volumes, comparing the three sampling 

times. For spatial and void morphology analysis, Kruskal-Wallis nonparametric analysis of 

variance was performed with significance being p<0.05 and a confidence interval at 0.95 for the 

images of the topsoil, the soil matrix and the void phase to meet Objectives 1, 2 and 3. Statistical 

analysis was preformed for coniferous and deciduous systems, comparing forest age and soil 

texture of each agroforestry type. Temporal analysis for spatial and void morphology results was 

also performed to analyze differences of each agroforestry characteristic (mature, young, 

deciduous, coniferous, clay soils and loam soils) between the three sampling time periods 
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Figure 2.7: Classification of Void Shape as defined by Bullock et al. (1985). 

Table 2.2: Classification of the Intra-aggregate Voids in Comparison to Soil Particle Sizes 

(Heck 2013) 

Size Particle Size Volume 

(mm3) 

Very Coarse Microaggregate 

Void (vcMicro) 

Very Coarse Silt (vcSilt) 1.278E
-04

 

Very Fine Mesoaggregate Void 

(vfMeso) 

Very Fine Sand (vfSand) 1.023E
-03

 

Fine Mesoaggregate Void  

(fMeso) 

Fine Sand (fSand) 8.181E
-03

 

Medium Mesoaggregate Void 

(mMeso) 

Medium Sand (mSand) 6.545E
-02

 

Coarse Mesoaggregate Void 

(cMeso) 

Coarse Sand (cSand) 5.236E
-01

 

Very Coarse Mesoaggregate Void 

(vcMeso) 

Very Coarse Sand (vcSand) 4.189 

Very Fine Macroaggregate Void 

(vfMacro) 

Very Fine Gravel (vfGravel) 33.51 

>Very Fine Macroaggregate Void 

(>vfMacro) 

>Very Fine Gravel (>vfGravel) 268.1 
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 Table 2.3: Classification of the Orientation and Inclination of Intra-Aggregate Voids 

 

 

 

 

Orientation Inclination  

Near-Vertical 75-100 

 

Inclined-Vertical 60-75, 105-120 

 

Inclined 30-60, 120-150 

 

Inclined-Horizontal 15-30, 165-180 

 

Near-Horizontal 0-15, 165-180 
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Chapter 3: Quantifying the Spatial Distribution of the 

Topsoil Microstructure under Agroforestry Riparian 

Systems  

3.1  Introduction 
Agroforestry systems can improve soil quality by decreasing the rate of soil erosion 

caused by wind, surface runoff and livestock damage, which is beneficial to agricultural land 

management (Gupta 2009, Schoeneberger et al. 2012). Furthermore, other benefits of establishing 

agroforestry buffers include increased organic material, increased water infiltration and reduced 

nutrient runoff (Tomer et al. 2009). Increased measures of soil processes under agroforestry 

systems can provide more information on the soil quality, such as soil structure. The nature of soil 

structure is an important indicator to understand the health of an ecosystem (Caplan et al. 2017). 

Chemical, physical and biological processes such as microbial activity, water infiltration, nutrient 

cycling, and gas exchange are regulated by how soil structural components are distributed 

(Caplan et al. 2017). Soil structure considers the spatial arrangements and stability of soil voids, 

matrix, minerals and organic matter (Brewer 1964, Martin et al. 2017). Measuring the spatial 

arrangement of soil structural components provides quantitative information on the soil structure. 

Specifically, studying the relationship of temporal effects on soil structure, and how it may 

influence soil processes. 

X-ray computed topography (CT) is a non-destructive method to analyze soil, which 

produces a 3-dimensional (3D) image of material and is measured in Hounsfield units (HU) 

(Taina et al. 2010). Analysis of X-ray CT radiodensity, of soil, can be used to quantify the soil’s 

microstructure, spatial variability and temporal differences and leave the sample unaltered. Low 

radiodensity material of the soil sample will attenuate less x-ray flux and vice versa, which can 

allow the comparisons of the radiodensity to be similar to the comparison of the bulk density of 

soil (Mokwa and Nielsen 2006, Jefferies et al. 2014). 
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This chapter quantifies whole soil structure by analyzing the radiodensity distribution of 

topsoil samples under agroforestry systems that vary by age of establishment, soil texture and 

tree type. Descriptive statistics and the spatial distribution on the radiodensity values of the soil 

3-D images are observed. The analysis of the spatial distribution of the topsoil under agroforestry 

systems can provide comparisons on the spatial variability when comparing forest age, tree type 

and soil texture over three sampling times to study the temporal dynamics of soil structure. 

3.2 Hypothesis and Objectives 

3.2.1 Null Hypotheses 
1. Texture does not influence the structural dynamics of the topsoil in agroforestry riparian 

buffers. 

2. The age of the tree stand does not influence the structural dynamics of the topsoil in 

agroforestry riparian buffers. 

3. The type of tree stand, either coniferous or deciduous, does not influence the structural 

dynamics of the topsoil in agroforestry riparian buffers. 

3.2.2 Objectives 
The objective of this chapter is to quantify the spatial distribution of the radiodensity 

microstructure of intact soils, from 3D x-ray CT imagery of agroforestry riparian buffer systems 

to compare the spatial distribution of the topsoil between soil texture (clay or loam soils), forest 

age (young or mature) and forest type (coniferous or deciduous) systems, within a given year 

during early summer, late fall and mid-spring. 

3.3  Material and Methods 
Topsoil samples were collected from eight agroforestry riparian systems (see Table 2.1 for 

the full description of the systems). Soil samples were collected as intact soil cores using tubes 

that are 15 cm in length, with an inside diameter of 64 mm. Samples were collected using 

techniques that were developed by the Soil Imaging Laboratory SES- University of Guelph 

(Figure 2.2). Four replicate samples were collected at each agroforestry system during early 
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summer (July 2018), late fall (December 2018) and mid-spring (May 2019). Timing of sampling 

was chosen to reflect the influence of temporal dynamics on soil structure. After sampling, the 

samples were refrigerated to limit the activity of soil microorganisms. The samples were then 

placed in a drying oven at the temperature of 40°C until a constant weight.  

The cores were imaged using a GE MS8x-130 X-ray µCT scanner (120 kv, 155 mA, 0.5 

mm Cu filter, 1700 ms exposure), located in the Soil Imaging Laboratory SES- University of 

Guelph, at an acquisition pixel size of 40 x 40 µm. Image reconstruction was done using GE 

Reconstruction Utility with image correction at a spatial resolution of 40 µm (volume of the 

voxel= 40 x 40 x 40 µm) and a sub-volume selection with dimensions of 33.6 mm x 33.6 mm x 

24 mm (Figure 2.3). A Gaussian Smooth, with a radius of 1, was applied to the reconstructed 

images using GE Microview (GE Healthcare 2005). The images were converted from a vff 

format to tiff stack images and corrected to Hounsfield Units (HU). 

Image processing and quantitative analyses were preformed using NIH ImageJ (Rasband 

2018). The application is composed of third-party plugins and plugins developed by the Soil 

Imaging Laboratory SES-University of Guelph (Heck 2013). A 16-bit histogram and 

semivariogram of the topsoil core images were generated for the analysis of the soil structure 

spatial distribution (See Figures 2.4-2.6 for processing and analysis guidelines). Semivariograms 

of each sample were generated in the x, y and z directions and averaged for each agroforestry 

system. The semivariance of the x, y and z directions were normalized to compare the soil 

structure of each agroforestry system. Near-origin semivariogram parameters (RVF, RSF, SDT 

and FDO) were calculated for each sample, according to Balageur-Beser et al. (2013), and then 

averaged in the x, y and z directions for each agroforestry system. 

Descriptive statistics of the mean, minimum and maximum values of the radiodensities 

and the four near-origin parameters in the x, y and z directions were calculated for the topsoil 



 

 

26 

 

images. Statistical analysis was performed using the software, IBM SPSS Statistics 25 (2019). A 

comparison of radiodensity means was performed using a t-test, along with a temporal 

comparison on radiodensity means using a one-way ANOVA. Kruskal-Wallis nonparametric 

analysis of variance was performed on near-origin semivariogram parameters with significance 

being p<0.05 and a confidence interval at 0.95. The analysis compared the differences between 

forest age, tree type and soil texture within each sampling period to understand any seasonal 

specific trends. Temporal trends were also analyzed for significant relationships for each 

individual property (mature, young, deciduous, coniferous, loam, clay). 

3.4 Deciduous Tree Systems 

3.4.1 Descriptive Statistics of Radiodensity  
The mean radiodensities of the topsoil under deciduous systems were found to range 

from approximately 1400-1900 HU (Table 3.1). The minimum values of the radiodensities of the 

topsoil under deciduous systems were found to range from approximately 1000-1800 HU, and the 

maximum values to range from approximately 1600-2100 HU.  

The topsoil under the mature deciduous system on clay soil (MDC) had a higher mean 

radiodensity compared to the topsoil from other deciduous agroforestry riparian systems during 

early summer and late fall sampling periods. The topsoil from the young system on loam soil 

(YDL) had the highest mean radiodensity during the mid-spring sampling period. The topsoil 

under the mature system on loam soil (MDL) had the lowest mean radiodensity compared to the 

topsoil under other deciduous systems at all sampling periods. 

A comparison of the means found that there are differences in mean radiodensities when 

comparing age (p<0.05). Differences in the mean radiodensity of the topsoil under deciduous 

agroforestry systems were found when comparing the age of the system under the same soil 

texture. The topsoil under YDL were found to have higher radiodensity values compared to the 

topsoil under MDL, at all three sampling periods. For agroforestry systems on clay, the topsoil 
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Table 3.1: Descriptive Statistics of the Radiodensity from Topsoil Samples under Deciduous Agroforestry Systems as a Function of 

a Sampling Year  (n= 4 sites *4 replicates *3 sampling periods) 

Sampling 

Site 
Radiodensity (HU) 

 Early Summer Late Fall Mid-Spring 

 Mean Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum 

MDL 1418 1014 1598 1496 1323 1584 1535 1329 1646 

YDL 1774 1604 1914 1591 1341 1795 1674 1507 1838 

MDC 1885 1811 1971 1834 1449 2071 1604 1391 1982 

YDC 1552 1442 1784 1615 1447 1690 1546 1135 1708 
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under MDC was found to have higher radiodensities compared to the topsoil under YDC, at all three 

sampling periods.  

According to Raimbault (2011) study, a rehabilitated agroforestry system (approximately 25 years 

since establishment) was found to have higher soil bulk density compared to an agroforestry system that 

is over 150 years of age. The soil under the rehabilitated agroforestry system was also found to have a 

higher soil bulk density compared to soils under a grassed riparian buffer. The young agroforestry 

systems in this study have a grassed understory compared to the understory vegetation of the mature 

deciduous systems, which consists of perennial vegetation. A study by Bharti et al. (2002) found higher 

soil bulk density under a rehabilitated deciduous agroforestry system compared to the soil bulk density 

under grassed riparian buffers. Depending on the soil sampling location in young agroforestry systems, 

with grass understories, the topsoil may be influenced by both the deciduous trees and the grassy 

vegetation.  The mixed vegetation occurring in a deciduous agroforestry system could result in the 

variation in radiodensity patterns when comparing the topsoil under mature and young deciduous systems 

of the same soil texture.  

3.1.1 Spatial Analysis  
The semivariograms of all topsoil samples under deciduous agroforestry systems had a concave 

curvature starting from the distance of zero (Figure 3.1). A concave curvature describes relative 

homogeneity within the topsoil microstructure at short lag distances. Several of the semivariograms were 

found to have the x, y, and z directions overlap, which suggests a lack of variability or an isotropic 

structure in the topsoil at short lag distances. The MDL soils from early summer sampling, the YDL soils 

from the late fall and mid-spring samplings and the YDC soils from the mid-spring sampling exhibited an 

overlapping of the three directions, describing an isotropic structure in the topsoil at short lag distances. 
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Figure 3.1: Normalized Semivariograms of topsoil under Deciduous Agroforestry Systems, a Function of Sampling Year (n=4 sites*4 

replicates*3 sampling periods
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Table 3.2: Near-origin Semivariogram Parameters, according the Balaguer et al. (2010),  for topsoil samples under Deciduous Agroforestry 

Riparian Buffer Systems as a Function of Sampling Year (n=4 sites *4 replicates *3 sampling periods) 

Sampling 

Season Early Summer Late Fall Mid- Spring 

RVF 

Site X Y Z X Y Z X Y Z 

MDL 96.0 95.6 105.2 88.4 89.2 91.8 81.1 80.9 85.5 

YDL 71.4 71.9 83.9 99.0 97.1 107.3 72.0 73.1 82.0 

MDC 92.2 91.8 106.5 78.2 82.3 97.2 79.2 80.9 86.9 

YDC 95.8 94.6 103.9 153.1 151.9 165.1 91.3 91.8 102.9 

RSF 

Site X Y Z X Y Z X Y Z 

MDL 3.6 3.6 3.7 3.6 3.6 3.7 3.6 3.6 3.7 

YDL 3.6 3.6 3.7 3.6 3.6 3.7 3.6 3.6 3.7 

MDC 3.4 3.4 3.6 3.5 3.5 3.6 3.5 3.5 3.6 

YDC 3.6 3.6 3.7 3.6 3.6 3.7 3.5 3.5 3.7 

SDT (x105)  

Site X Y Z X Y Z X Y Z  

MDL 7.4 7.5 9.2 6.0 6.0 8.2 6.7 6.9 9.0  

YDL 6.6 6.5 8.0 3.6 3.5 5.2 4.7 4.5 5.8  

MDC 1.6 1.5 3.6 4.0 4.1 5.7 1.6 2.1 4.4  

YDC 4.9 5.1 6.8 4.2 4.3 5.9 3.1 3.1 4.6  

FDO (x105)  

Site X Y Z X Y Z X Y Z  

MDL 2.0 1.9 1.8 1.7 1.7 1.7 1.8 1.8 1.8  

YDL 2.3 2.3 2.0 1.5 1.5 1.4 1.6 1.5 1.4  

MDC 1.4 1.4 1.3 1.6 1.5 1.4 1.6 1.6 1.5  

YDC 1.4 1.5 1.4 1.3 1.4 1.3 1.3 1.3 1.2  
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In contrast, when the normalized x, y, and z directional semivariograms do not overlap, this 

describe variability or anisotropic structure in the radiodensity of the topsoil at short lag 

distances. This was exhibited in the topsoil under YDC during the early summer and late fall 

sampling periods and the topsoil under MDL during the mid-spring sampling period exhibited 

radiodensity variability in the y direction.  The topsoil from MDC during the early summer and 

late fall sampling periods, YDL during the early summer sampling period and MDL during the 

late fall sampling period exhibited variability in the z direction. Topsoil microstructural 

variability in the z direction suggests an anisotropic structural pattern in the vertical direction 

compared the horizontal x and y directions. The MDC soils had the highest variability between 

the y and z directions during the early summer sampling period, with the z direction exhibiting 

10% lower variability compared with the y direction. The topsoil under MDC was the only 

system that showed radiodensity spatial variability in the three direction at all sampling times.  

3.1.1 Near- Origin Semivariogram Parameters 
Trends in mean RVF values for topsoil under deciduous agroforestry systems were found 

when comparing the soil texture of the topsoil under a system of the same age (Table 3.2). The 

topsoil under the YDC were found to have higher RVF values in all three directions, compared to 

topsoil under YDL; whereas, for mature aged systems, the topsoil under the MDL were found to 

have higher RVF values, in the x and y directions, compared to the topsoil under MDC. A higher 

RVF value indicates a relatively (to overall) low homogeneity at short lag distances, which 

suggests that the topsoil under YDC and MDL had lower structural variability and YDL and 

MDC exhibited higher structural variability at short lag distances (Balaguer-Beser et al. 2013).  

The mean RSF values of the topsoil microstructure under deciduous agroforestry riparian 

systems were found to exhibit statistically significant differences when comparing the soil texture 

(p<0.001). The topsoil under deciduous systems on loam soil were found to have similar RSF 

values, with 3.6 in the x, y directions and 3.7 in the z direction during all sampling periods. The 
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topsoil from deciduous agroforestry systems on clay soils, had RSF values ranging from 3.4-3.7, 

which is lower than those found under the systems on loam soil. The topsoil under MDC were 

found to have lower RSF values at all sampling periods and topsoil under YDC were found to 

have lower RSF values during the mid-spring sampling period. The lower RSF values indicated a 

decreased complexity of the topsoil structural distribution at short lag distance. Therefore, the 

topsoil microstructure from deciduous systems on clay soils had a structural pattern of a lower 

complexity at short lag compared to the topsoil under deciduous systems on loam soil.   

The mean SDT values of the topsoil under deciduous systems were found to have positive 

values indicating homogeneity of the topsoil microstructure distribution at short lag distances 

(Balaguer et al. 2010). Apart from the YDL soils during the late fall sampling period, all 

deciduous systems on clay soils were found to have a lower SDT value in the x, y and z directions 

(p<0.001) compared to the agroforestry systems on the loam soils. This suggests that the spatial 

distribution of the topsoil under deciduous agroforestry systems on loam soil are more 

homogenous at short lag distance than deciduous systems on clay soils.   

Significant differences in FDO values were found when comparing the texture of the 

topsoil under deciduous agroforestry systems (p<0.001). The topsoil under the deciduous systems 

on clay soils had lower FDO values compared to the topsoil under the deciduous systems on loam 

soils, meaning that the topsoil structural distribution under the deciduous systems on clay soils 

had a higher uniformity in the structural pattern at short lag distances, compared to the topsoil 

microstructure under the deciduous systems on loam soils. Additionally, differences were found 

when comparing the FDO values, in the x and y directions, of topsoil under deciduous systems 

when considering forest age (p<0.05). The topsoil under the mature deciduous systems exhibited 

higher FDO values, compared to the topsoil under young deciduous systems, in the x and y 

directions. This suggests that the topsoil microstructure of young deciduous systems is more 
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uniform at short-range distances compared to the topsoil under mature deciduous agroforestry 

systems.  

Additionally, the normalized semivariance values in the z direction of the topsoil under 

deciduous agroforestry systems were found to consistently be higher for RVF, RSF and SDT, 

compared to the normalized semivariance values in the x and y directions. This suggests that the 

spatial distribution of the topsoil under deciduous systems in the vertical direction were less 

variable in radiodensity but more complex at short lag distances in comparison to the spatial 

distributions in the horizontal directions. 

The variation in results for the near-origin semivariogram parameters creates difficulty to 

understand which agroforestry system is more or less structurally dynamic. The results of the 

mean near-origin parameters of the topsoil under deciduous agroforestry systems did not exhibit 

the same trends when comparing soil textures. RSF and FDO described the topsoil under 

deciduous systems on clay soils to be less complex with a more uniform structural pattern, 

compared to the topsoil under deciduous systems on loam soils. However, SDT described the 

topsoil under deciduous systems on clay to have a higher heterogeneity at short lag distances 

compared to the topsoil under deciduous systems on loam soils. When comparing the systems 

age, differences in the FDO of the topsoil under deciduous systems were found. The topsoil under 

young deciduous systems exhibited a more uniform pattern at short range distances, compared to 

the topsoil under mature deciduous systems.  Possibilities for the distribution of structural 

radiodensity may not outline one system to be either more or less dynamic could be due to other 

factors influencing the soil structure that had not been studied. Void morphology such as volume 

and size, which was studied in Chapter 4, will influence the distribution of soil structure. 

However, changes in void morphology are impacted by physical features such as soil texture, 

biological activity and chemical, such as water movement (Martin et al.2017, Kumar et al. 2010). 
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The topsoil is considered a biological soil crust, with vegetation and microbial activity 

contributing to its structural stability (Chaudhary et al. 2009). Changes in vegetation dynamics, 

microbial activity and organic matter decomposition can have a more rapid alteration to the 

topsoil structure (Wang et al. 2016).  

3.5 Coniferous Tree Systems 

3.5.1 Descriptive Statistics of Radiodensity  
The mean radiodensities of the topsoil under coniferous systems ranged from approximately 

1300-1800 HU (Table 3.3). Whereas, the mean radiodensities of the topsoil under deciduous 

systems were 1400-1900 HU. The minimum values of the topsoil under coniferous systems were 

found to range from approximately 1000-1600 HU, compared to 1000-1800 HU for the topsoil 

under deciduous systems.  The maximum radiodensity values range from approximately 1500-

2600 HU for the topsoil under coniferous systems, compared to a range of 1600-2100 HU for the 

topsoil under deciduous systems. For the ranges of the mean and minimum radiodensity values, 

the topsoil under deciduous systems were found to be denser than the topsoil under coniferous 

systems. The maximum radiodensity values were found to be denser in the topsoil under 

coniferous systems due to sampling results of the topsoil under YCC during the early summer 

sampling period.  

Comparisons of the mean radiodensities found differences when comparing soil texture 

(p<0.05). The topsoil under YCC sites had higher mean radiodensity, when compared to the 

topsoil from other coniferous agroforestry riparian systems, during the early summer and mid-

spring sampling periods. The topsoil under MCC had higher mean radiodensity during the late 

fall sampling period compared to the topsoil from other coniferous systems. An agroforestry 

system on clay soil was found to have a higher mean radiodensity at each sampling time 

compared to a system on loam soils. Although, the topsoil under MCC sites had a lower mean 
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radiodensity compared to the topsoil from the other coniferous systems during the early summer 

and mid-spring sampling periods.   

When comparing forest age, the topsoil under YCC had a higher mean radiodensity 

compared to the topsoil under MCC, except soils from late fall sampling where MCC had higher 

mean radiodensity. Apart from early summer sampling, the topsoil under the young system on 

loam (YCL) had a higher mean radiodensity compared to the topsoil under mature system on 

loam (MCL). This is in contrast to Vijayakumar (2019), who found that topsoil under YCC had a 

lower bulk density compared to topsoil under the other coniferous agroforestry systems. The 

variability in results may be due to sampling methods, sample location or scale of observations. 

Soil bulk density measured by Vijayakumar (2019) is a measure of the top 15 cm from soil 

surface, whereas, CT analysis considers the 3.5 cm cube in the middle of the soil core that was 15 

cm in length. 
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Table 3.3: Descriptive Statistics of the Radiodensity from the Topsoil under Coniferous Agroforestry Riparian Buffers as a Function of a 

Sampling Year (n=4 sites *4 replicates *3 sampling periods) 

Sampling 

Site 

 

Mean Radiodensity (HU) 

 Early Summer Late Fall Mid-Spring 

 Mean Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum 

MCL 1722 1618 1811 1448 1264 1625 1438 1210 1694 

YCL 1611 1492 1718 1529 1396 1858 1557 1669 1840 

MCC 1324 1081 1500 1672 1133 1663 1405 1020 1711 

YCC 1806 1186 2616 1664 1529 1801 1740 1135 1708 
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3.5.2 Spatial Analysis 
The semivariograms of the topsoil from MCL during late fall and mid-spring sampling, 

TCL during mid-spring, and MCC during early summer and late fall sampling periods presented 

with concave curvature at short lag distances and overlapped in the x, y and z directions (Figure 

3.2). This suggests that there is relative homogeneity and isotropic structural patterning within the 

soil microstructure at short lag. Topsoil from later fall sampling under mature coniferous systems 

exhibited more variability in the x, y and z directions compared to the topsoil under young 

coniferous systems. In contrast, the topsoil from MCC during mid-summer sampling exhibited 

non-overlapping semivariance in the x, y and z directions. This suggests an anisotropic structural 

pattern at short lag distances.  

The topsoil from MCL had higher variability during the early summer sampling period in 

the x direction, at a lag distance of three, compared to the y and z directions. The same pattern 

occurred for the topsoil from YCC, during the early summer sampling period. The topsoil 

microstructure under YCL semivariance variability in the z direction during the late fall sampling. 

Which suggests an anisotropic pattern, in at short lag distances, in the vertical direction of the 

topsoil microstructure, compared to the x and y directions.  

 Soils from mid-spring sampling, under YCC exhibited higher variability in the y 

direction, in comparison to the x and z directions. The normalized semivariance in the x, y and z 

directions from soils under YCC were dissimilar from all sampling periods, with exception to the 

y direction, which showed similarity during mid-spring sampling and early summer sampling. 

The semivariance in the x direction, under YCC from late fall sampling was dissimilar from a lag 

distance of 1 to 3.5; whereas, in the y direction it was dissimilar between 2.5 and 6 lag distances. 

The dissimilarity of the topsoil microstructure under YYC describes an anisotropic pattern at 

short lag distances in one or more directions.  
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Figure 3.2: Normalized Semivariograms for the Topsoil under Coniferous Agroforestry Riparian Buffers as a Function of a Sampling Year 

(n=4 sites *4 replicates *3 sampling periods
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Table 3.4: Near-origin Semivariogram Parameters, according the Balaguer et al. (2010),  for topsoil samples under Coniferous Agroforestry 

Riparian Buffer Systems as a Function of Sampling Year (n=4 sites *4 replicates *3 sampling periods) 

Sampling 

Season Early Summer Late Fall Mid-Spring 

RVF 

Site X Y Z X Y Z X Y Z 

MCL 79.5 78.8 86.2 74.2 75.0 80.8 84.7 85.1 91.0 

YCL 88.7 89.2 101.7 68.1 68.5 77.3 63.7 64.3 71.2 

MCC 114.8 115.4 121.2 90.6 99.8 106.0 99.5 100.5 103.9 

YCC 123.9 123.0 140.6 100.7 104.4 118.5 79.7 79.7 87.0 

RSF 

Site X Y Z X Y Z X Y Z 

MCL 3.5 3.4 3.6 3.6 3.6 3.7 3.6 3.6 3.7 

YCL 3.6 3.6 3.7 3.5 3.5 3.7 3.5 3.5 3.7 

MCC 3.6 3.6 3.7 3.6 3.6 3.7 3.6 3.6 3.7 

YCC 3.6 3.6 3.7 3.6 3.6 3.7 3.6 3.6 3.7 

SDT (x105)  

Site X Y Z X Y Z X Y Z  

MCL 1.8 2.0 3.8 4.0 4.1 5.7 1.5 1.5 1.5  

YCL 3.9 4.0 5.4 2.0 1.8 3.8 1.3 1.3 1.2  

MCC 6.2 6.1 8.3 4.6 4.6 6.7 1.7 1.7 1.7  

YCC 4.7 4.9 6.4 4.4 4.0 5.5 1.4 1.4 1.3  

FDO (x105)  

Site X Y Z X Y Z X Y Z  

MCL 1.3 1.3 1.3 1.5 1.5 1.4 3.9 3.9 5.8  

YCL 1.5 1.5 1.4 1.3 1.3 1.2 2.3 2.4 4.0  

MCC 1.7 1.7 1.7 1.7 1.7 1.6 5.3 5.2 7.5  

YCC 1.4 1.4 1.3 1.4 1.3 1.2 3.6 3.7 5.2  
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When comparing forest age, the variability of the normalized semivariance in the x, y and 

z directions, topsoil under coniferous systems was more variable during late fall sampling. The 

topsoil under mature coniferous systems was more variable, in all directions, during late fall 

sampling, in comparison to topsoil under young coniferous systems. Variability in x, y and z 

directions of the topsoil under coniferous systems was noted during mid-spring sampling.  

Coniferous systems on clay soils exhibited higher structural variability in one or more directions, 

at short lag distances, when compared to coniferous systems on loam soils.   

3.5.3 Near-Origin Semivariogram Parameters 
When comparing the mean RVF values of the topsoil under coniferous agroforestry systems 

in the x, y and z directions significant differences were found in relation to soil texture (p<0.001) 

(Table 3.4). The topsoil under coniferous systems on clay soils exhibited higher RSF values in 

comparison to coniferous systems on loam soils. This suggests that coniferous systems on clay 

soils have lower soil structural variability at short lag distances, compared to coniferous systems 

on loam soils. During early summer and mid-spring sampling periods, differences in RVF values 

were identified in soils under coniferous systems when comparing forest age. Mean RVF was 

higher in topsoil under young coniferous systems during early summer sampling; in contrast, the 

opposite was found during mid-spring sampling. RSF describes the complexity of the soil 

structural variability at short lag distances (Balaguer et al. 2010). The topsoil under coniferous 

systems on clay soil had higher RSF values, which suggests that there is more complex soil 

structural patterning in comparison to the topsoil under coniferous systems on loam soils at short 

lag distances.  

The SDT values for all topsoil samples were positive which indicates homogeneity at short 

lag distances. When comparing coniferous systems soil structure based on soil texture significant 

differences were identified with coniferous systems on loam soils exhibiting lower SDT values 

compared to those on clay soils, at p<0.001. However, YCC samples collected during mid-spring
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exhibited lower SDT values compared to topsoil under MDL. In addition, SDT values were 

higher in mature coniferous systems in comparison to young coniferous systems during mid-

spring sampling. When comparing SDT values in the z direction based on forest age, significant 

differences were identified for soils collected during fall sampling (p<0.05), with the topsoil 

under mature coniferous systems exhibiting higher SDT values when compared to the topsoil 

under young coniferous systems. Higher SDT values suggests that the topsoil under MCC 

exhibited more homogeneous soil structural patterning at short lag distances, when compared to 

soils under other coniferous systems. 

When comparing FDO values based on agroforestry system age, significant differences were 

identified under coniferous systems (p<0.001). The topsoil under mature coniferous systems had 

higher FDO values compared to the topsoil under young coniferous systems. FDO describes the 

consistency of the soil structural distribution, which suggests that the soil structure under young 

coniferous systems have a more uniform structural pattern at short lag distances, when compared 

to the topsoil under mature coniferous systems. 

The topsoil structure under coniferous systems were found to be have dynamic changes when 

comparing the mid-spring sampling results to early summer and late fall sampling. The mid-

sample results described that topsoil under coniferous systems were found to have a more 

heterogenous pattern compared to the early summer and late fall sampling. The dynamic changes 

after the winter season occurred for the topsoil under all coniferous systems, not identifying one 

system to be more dynamic or the other. The dynamic changes suggest that post-winter processes 

such as freezing-thawing, wetting-drying, shrink-swell, vegetation growth or biological activity is 

dynamically influencing the topsoil structure.  

Examining the near origin parameters of the topsoil microstructure, differences were 

identified under coniferous systems when comparing soil texture and agroforestry system age. 
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The RVF and SDT parameters described the topsoil microstructure under coniferous systems on 

clay soil to have a radiodensity pattern that is less variable and complex at short-lag distances, in 

comparison to the topsoil under coniferous systems on loam soils. However, based on RSF 

values, the topsoil under coniferous systems on clay soils have a spatial distribution that is more 

complex at short lag distances compared to the coniferous systems on loam soils. The FDO 

values for young coniferous systems soils show a more uniform structural patter at short lag 

distances compared to the soils under mature coniferous systems. Examining forest age, 

differences were identified for SDT and RVF during mid-spring sampling period, which 

described the soil structure under mature coniferous system to have lower spatial variable and 

structural complexity compared to soils under young coniferous systems. 

3.6 Conclusion 
Differences were identified when comparing soil structural variability for both deciduous 

and coniferous systems when comparing soil texture and forest age. Topsoil under MDC 

exhibited higher mean radiodensity during early summer and late fall sampling when compared to 

the mean radiodensity of soils under the other deciduous systems. During early summer and mid-

spring sampling periods, YCC exhibited higher mean soil radiodensity compared to the soils 

under other coniferous agroforestry systems.  

When comparing forest age, the normalized semivariance in the x, y and z directions of 

the topsoil under mature coniferous systems were found to be more variable at short-lag distances 

during late fall sampling, in comparison to the topsoil microstructure under young coniferous 

systems. When comparing soil texture, the normalized semivariance in the x, y and z directions of 

the topsoil under coniferous systems on clay soils exhibited more variability at short-lag distances 

compared to the topsoil microstructure under coniferous systems on loam soils. 

The spatial distribution of radiodensity of the topsoil under both deciduous and 

coniferous agroforestry systems do not consistently describe the same trends. The definition of a 
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comprehensive set of texture semivariogram features and their evaluation for object-orientated 

image classification topsoil mean SDT values under deciduous systems on loam soils exhibit a 

less variable pattern at short lag distances compared to the topsoil under deciduous systems on 

clay soils; the opposite was found for coniferous systems. Similarly, when comparing forest type, 

the RSF values of the topsoil microstructure under deciduous systems on loam soils more soil 

structural complexity at short-lag distances, when compared to the topsoil under deciduous 

systems on clay soils. However, the topsoil under coniferous systems on clay soils a more 

complex soil structural distribution at short-lag distances compared to the topsoil under 

coniferous systems on loam soils. When comparing soils under deciduous and coniferous 

agroforestry systems by system age, young agroforestry systems exhibited similar FDO values, 

which indicated uniform patterning at short lag distances, when compared to the topsoil under 

mature coniferous systems. 

The topsoil structure under coniferous systems were found to be more dynamic than 

compared to the topsoil under deciduous systems. The mid-sample results described that topsoil 

under coniferous systems were found to have a more heterogenous pattern in the mid-spring 

sampling compared to the early summer and late fall sampling. The topsoil structure under 

deciduous systems were found to have a relatively similar or even a more homogenous 

radiodensity distribution in the mid-spring sampling compared to early summer and late fall 

sampling. The dynamic changes after the winter season occurred for the topsoil under all 

coniferous systems, not identifying one system to be more dynamic or the other. The topsoil 

under MDL, although having a more heterogenous radiodensity spatial pattern compared to the 

topsoil of all agroforestry systems, was found to be consistent at all three sampling times, 

suggesting it to be the least dynamic.  

It was found when comparing the spatial distribution of the topsoil under agroforestry 

systems, forest age, tree type and soil texture have influences on the structural dynamics of the 
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topsoil. The differences, however, were inconsistent to observe one characteristic to have a higher 

structural variability over the other characteristic. The inconsistencies in soil structural variability 

may be describing the differences in the spatial distribution of the soil matrix, void morphology 

and solid features of the soils from each agroforestry system.   
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Chapter 4: Quantitative Analysis of Void Morphometric 

Parameters and their Dynamics 

4.1 Introduction 
The quantity, connectivity and size of soil voids influence gas movement, water infiltration, 

root growth and biological activity (Brady and Weil, 2010). Studying void morphology can 

provide insight into the activity of soil processes, such as water infiltration, nutrient movement 

and biological activity as the quantity and morphology of the voids impacts their functions. 

External and internal factors influence the morphology of soil voids, which include soil texture, 

biological activity, climate and land management practices (Martin et al.2017, Kumar et al. 

2010). Agroforestry riparian systems can provide multiple benefits such as enhancing water 

infiltration and gas exchange, due to improved void morphometric characteristics (Kumar et al. 

2010, Ball 2013). Differences in topsoil void morphology can be analyzed using nondestructive 

quantitative methods to help better understand the benefits of agroforestry systems. 

X-ray CT images can be used for morphometric analysis, which quantitatively measures the 

total volume, type, shape, size and orientation of resolvable voids (>40 µm). Voids can be 

categorized as either inter-aggregate voids (outside of the aggregate) or intra-aggregate voids 

(inside the aggregate). Utilizing guidelines defined by Zingg (1935) and Brewer (1964) void 

shape can be classified by the length of its intermediate/long and short/intermediate axis ratios of 

the ellipsoid shape to make four shape categories (Section 2.2.6 and Figure 2.4). Void sizes are 

characterized using a guideline by Heck (2013) making the volume size equivalent to that of a 

soil particle (Figure 2.2.6 and Table 2.2). Void orientation characterized by its inclination as 

described by Taina et al (2013) (Section 2.2.6- Table 2.3).  

Multiple studies have analyzed soil void morphology using X-ray CT imaging to compare the 

soils between agriculture land use and riparian buffers (Kumar et al. 2010, Udawatta and 

Anderson 2008, Udawatta et al. 2008). Udawatta and Anderson (2008) suggested that increased 
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void parameters under riparian buffers resulted in increased water filtration, decreased surface 

runoff and increased gas exchange compared to neighbouring agricultural lands. The influence of 

riparian buffer characteristics, such as the age of establishment, type of tree species and the 

texture of the soil, on soil void morphology has not been thoroughly investigated. 

4.2 Hypothesis and Objectives 

4.2.1 Null Hypotheses 
1. Texture does not influence the morphology of voids in agroforestry riparian buffers. 

2. Age does not influence the morphology of voids in agroforestry riparian buffers. 

3. The type of tree stand, either coniferous or deciduous, does not influence the morphology 

of voids in agroforestry riparian buffers.  

4.2.2 Objectives  

The objective of the chapter is to quantify the morphology of resolvable voids in intact 

topsoil core samples, from 3D x-ray CT imagery of agroforestry riparian buffers to compare the 

void morphology such as volume, shape, size and orientation of the topsoil between soil texture 

(clay or loam soils), forest age (young or mature) and forest type (coniferous or deciduous) 

systems, within a given year during early summer, late fall and mid-spring.  

4.3 Material and Methods 
Topsoil samples were collected from eight agroforestry riparian systems (see Table 2.1 for 

the full description of the systems). Soil samples were collected as intact soil cores using tubes 

that are 15 cm in length, with an inside diameter of 64 mm. Samples were collected using the 

techniques developed by the Soil Imaging Laboratory SES- University of Guelph Figure 2.2). 

Four replicate samples were collected during early summer (July 2018), late fall (December 

2018) and mid-spring (May 2019) for each agroforestry system. Timing of sampling was chosen 

to reflect the influence of temporal dynamics. After sampling, the samples were refrigerated to 



 

 

47 

 

limit the activity of soil microorganisms. The samples were then placed in a drying oven at the 

temperature of 40°C until a constant weight was obtained.  

The cores were imaged using a GE MS8x-130 X-ray µCT scanner (120 kv, 155 mA, 0.5 mm 

Cu filter, 1700 ms exposure), located in the Soil Imaging Laboratory SES- University of Guelph, 

at an acquisition pixel size of 40 x 40 µm. Image reconstruction was done using GE 

Reconstruction Utility with image correction at a spatial resolution of 40 µm (volume of the 

voxel= 40 x 40 x 40 µm) and a sub-volume selection with dimensions of 33.6 mm x 33.6 mm x 

24 mm (Figure 2.3). A Gaussian Smooth, with a radius of 1, was applied to the reconstructed 

images using GE Microview (GE Healthcare 2005). The images were converted from a vff 

format to tiff stack images and corrected to Hounsfield Units (HU). 

Image processing and quantitative analyses were preformed using NIH ImageJ (Rasband 

2007). The application is composed of third-party plugins and plugins developed by the Soil 

Imaging Laboratory SES-University of Guelph (Heck 2013) (see Appendix 1 for processing and 

analysis guidelines). The tiff stack images of the soil core are initially processed by using the 

plug-in “16-bit histogram” to evaluate the frequency distribution of the topsoil imagery. The 16-

bit histogram output typically generates two Gaussian distributions peaks of the radiodensities of 

the images. The first distribution peak indicates soil components of low radiodensity, which are 

identified as voids, whereas the second distribution peak indicates a soil component of higher 

radiodensity, which are identified as non-void or as the soil matrix. The two distribution peaks 

enable the process of image segmentation, using a modified technique by Schlüter et al. (2010), to 

isolate the resolvable voids (voids >40µm) (See Appendix 1 for processing and analysis 

guidelines). 

All images were then subjected to morphometric analysis using an ImageJ plug-in, Analyze 

Particles (Doube et al. 2010). All images were subject to morphometric analysis using an ImageJ 
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plug-in, Analyze Particles (Doube et al. 2010). Focus was given to classify void volumes 

(Jefferies 2014), shape (oblate, equant, triaxial and prolate), size and orientation (Maric 2016; 

Zingg 1935; Bullock et al 1985; Heck 2013; and Taina et al 2013). The total void volume of the 

topsoil core was calculated as a percentage of the total soil volume and includes both inter-

aggregate voids (voids between aggregates) and intra-aggregate voids (voids within aggregates). 

The plug-in further evaluates the shape, size and orientation of medium and small intra-aggregate 

voids. The plug-in does not evaluate the morphology of the large inter-aggregate voids due to its 

complex network within the topsoil. The shape of intra-aggregate voids is defined by Zingg 

(1935) due to its intermediate/long and short/intermediate axis ratios of the ellipsoid shape. The 

shapes were re-defined as oblate, equant, triaxial and prolate by Bullock et al. (1985) (Figure 2.3). 

Void sizes are classified using a guideline by Heck (2013) making its volume size equivalent to 

that of a soil particle. The size ranges from silt to gravel type volumes (Table 2.2). Orientation is 

determined by Taina et al (2013) due to its inclination (Table 2.2). 

Statistical analysis was performed using the software, IBM SPSS Statistics 25 (2019). 

Comparison of the mean void volumes and mean intra-aggregate void volumes was performed 

using a t-test to compare soil texture and establishment age. A one-way ANOVA was also 

performed to compare temporal differences of the mean void volumes and mean intra-aggregate 

void volumes. Kruskal-Wallis nonparametric analysis of variance was performed with 

significance being p<0.05 and a confidence interval at 0.95, for the segmented images of the 

resolvable voids. The analysis of void morphology characteristics compared the differences 

between forest age, tree type and soil texture within each sampling period to understand any 

seasonal specific trends. Temporal trends were also analyzed for significant relationships for each 

individual property (mature, young, deciduous, coniferous, loam, clay).  
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4.4 Deciduous Tree Systems 

4.4.1 Void Volume  
The mean void volume for the soil under each agroforestry system is calculated from the 

average of each of the four samples taken at each sample time (Figure 4.1). The minimum and 

maximum average void volume samples are represented by the bars. Mean void volumes for soils 

under deciduous agroforestry riparian systems were found to range from 15-35 percent, with the 

maximum mean void volume being 45 percent and the minimum mean void volume being 8 

percent of the total soil volume. The topsoil under the young deciduous system on clay soils  

(YDC) had a higher mean volume of voids during the early summer and late fall sampling 

periods, compared to the topsoil under other deciduous systems. During the mid-spring sampling, 

the topsoil under the mature system on loam soils (MDL) had a higher mean void volume, 

compared to the topsoil under the other deciduous. The topsoil under the mature system on clay 

soils (MDC) was found to have the lowest mean void volume at all three sampling periods. The 

minimum and maximum values suggest that the mean, specifically during the late fall and mid-

spring sampling periods, is influenced with the topsoil under agroforestry systems with samples 

of a lower void volume (<15%) and higher void volume (>30%), having a large range.  

Differences in the total void volume of the topsoil under deciduous agroforestry systems 

when comparing the age and soil texture were not found. Temporal differences were found when 

comparing the mean void volume between early summer and mid-spring sampling times 

(p<0.05). Topsoil under all deciduous systems had a higher void volume during the mid-spring 

sampling period compared to the other sampling periods. This may be due to freeze/thaw cycles 

from the seasonal changes of winter into spring or influences of the growing season with 

increased biological activity and plant growth. According to Ghazavi and Roustaei (2013), freeze-

thaw cycles result to an increased volume of coarse voids, as well as a reduced volume of fine 

voids. The increased volume of larger sized voids will allow for a higher volume of voids to be  
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Figure 4.1: Mean Void Volume as a Percentage from the Total Soil Volume of the Topsoil 

under Deciduous Agroforestry Riparian Buffers as a Function of a Sampling Year (n= 4 

sites * 4 replicates * 3 sampling periods). Bars Represent the Minimum and Maximum 

Values for Each System. (Please note: A sample from MDC during the mid-spring was 

excluded because it is an outlier).  

 

visible to the X-ray CT and image analysis. Another factor to consider is that under deciduous 

systems exists perennial understory vegetation which commonly blooms in the early spring, 

creating new growth aboveground and belowground. 

4.4.2 Intra-aggregate voids  

The intra-aggregate voids, located within aggregates, were measured for their size, shape 

and orientation. The volume of intra-aggregate voids, as a percentage of the mean void volume, 

from the topsoil under deciduous agroforestry riparian buffer systems ranged from 0.6 – 1 

percent, the maximum was 1.4 percent and the minimum were 0.3 percent (Figure 4.2). The 

topsoil under young deciduous agroforestry systems exhibited higher mean intra-aggregate void 

volume during the early summer sampling, whereas, the topsoil under MDC exhibited higher 

mean intra-aggregate void volume during the late fall and mid-spring sampling periods. The 

topsoil under MDL exhibited lower mean intra-aggregate void volume during all three sampling  
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Figure 4.2: Percentage of Mean Void Volume Categorized as Intra-Aggregate Voids of Topsoil under 

Deciduous Agroforestry Riparian Buffers as a Function of a Sampling Year (n= 4 sites * 4 replicates 

* 3 sampling periods). Bars Represent the Minimum and Maximum Values for Each System. (Note: a 

sample of MDC from mid-spring was excluded as an outlier). 

 

periods compared to the topsoil under other deciduous systems. Differences in mean intra-

aggregate void volume, as the result of soil texture under deciduous agroforestry systems, were 

not found.  

4.4.3 Void Size 

More than 80 percent of the intra-aggregate voids of the topsoil under deciduous 

agroforestry systems were between fine to coarse mesovoids (0.008-0.5 mm3) in size, which is 

equivalent to the volume of fine to coarse sand-sized particles (Figure 4.3). When comparing soil 

texture, differences in the proportion of medium sized mesovoids were found under deciduous 

systems, in soils from late fall sampling (p<0.05). The voids from the topsoil under deciduous 

systems on loam soils were had a higher proportion of medium mesovoids compared to the 

topsoil under deciduous systems on clay soils. In addition, differences in the proportion of  
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Figure 4.3: Percentage of Intra-Aggregate Voids Categorized by Size of the Topsoil under Deciduous 

Agroforestry Riparian Buffers as a Function of a Sampling Year (n= 4 sites * 4 replicates * 3 

sampling periods). Bars Represent the Minimum and Maximum Values for Each System. (vc= Very 

coarse, vf= very fine, f= fine, m= medium, c= coarse, micro= microvoids, meso= mesovoids).
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medium sized mesovoids were identified, during the mid-spring sampling period, when 

comparing the topsoil under deciduous systems of different ages (p<0.05). During the mid-spring 

sampling period, the voids from the topsoil under mature deciduous systems exhibited a higher 

proportion of medium sized mesovoids compared to the topsoil under young coniferous systems. 

The proportion of coarse mesovoids in the topsoil under deciduous agroforestry systems were 

lower during the mid-spring sampling period compared to the early summer and late fall sampling 

periods. Very coarse mesovoids in the topsoil under deciduous systems were not identified during 

the mid-spring sampling period; however, they were identified during the early summer and late 

fall sampling periods.  

According to Zhang et al. (2016), freeze-thaw cycles cause the fragmentation of coarse 

particles and the aggregation of the fine particles. Suggesting that the increased proportion of 

smaller sized soil particles and the aggregation of fine particles will have a higher proportion of 

smaller sized voids. Although, Ghazavi and Roustaei (2013) reported that freeze-thaw cycles 

increase the number of coarse voids and reduce the number of fine voids. For the soil under 

deciduous systems, there is a loss of larger sized voids during the mid-spring sampling compared 

to early summer and late fall sampling. However, the X-ray CT is limited to identifying 

resolvable voids (>60 µm), so finer sized voids are not completely captured. The void size 

categories related back to soil particle size groups, does not identify voids small enough as a clay 

particle. Therefore, the voids within clay textures soils can not be completely imaged and 

analyzed.  

4.4.4 Void Shape 
The intra-aggregate voids of the topsoil under deciduous systems were primarily triaxial 

in shape (>40 percent) and prolate shaped voids (20-30 percent) (Figure 4.4). A study by Maric 

(2016), who studied the topsoil under agriculture land use, also found triaxial and prolate voids to  
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Figure 4.4: Proportion of Intra-aggregate Voids Classified by Shape from the Topsoil under 

Deciduous Agroforestry Riparian Buffer Systems as a Function of a Sampling Year (n= 4 sites * 4 

replicates * 3 sampling periods). Bars Represent the Minimum and Maximum Values for Each 

System. (Note: a sample of MDC from mid-spring was excluded as an outlier). 
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be dominant in the topsoil. Triaxial shaped voids are typically formed by shrinking/swelling 

cycles or the formation of ice lens’ creating a wide, horizontal shaped void, whereas, prolate 

shaped voids are typically formed by root development (Taina et al. 2013). The topsoil under 

mature deciduous systems had a higher proportion of triaxial and oblate shaped voids compared 

to the topsoil under young systems (p<0.05). Whereas, the topsoil under young deciduous 

systems had a higher proportion of equant shaped voids compared to the topsoil under mature 

systems (p<0.001).  According to Taina et al. (2012), equant voids can be formed due to the 

packing of soil particles into small aggregates creating a sphere-like shaped void.  

The mid-spring sampling period exhibited differences in the proportion of void shapes for 

the topsoil under all deciduous systems except for the topsoil under YDC, which had the same 

proportion of void shapes during all sampling periods. The topsoil under mature deciduous 

systems had higher proportions of triaxial voids during the mid-spring sampling period compared 

to early summer and late fall sampling periods; whereas, young deciduous systems, had a lower 

proportion of triaxial voids during the mid-spring sampling period. The topsoil under mature 

deciduous systems had decreased proportions of equant and prolate voids during mid-spring 

sampling compared to the early summer and late fall sampling periods. The topsoil under young 

deciduous systems had an increase in the proportion of equant voids compared to the topsoil 

under mature deciduous systems (p<0.05).  

Differences in the proportions of the void shape of the topsoil under deciduous systems 

were only identified when comparing the age of the system. The higher measures of oblate and 

triaxial shaped voids in the topsoil under mature systems may indicate a stronger influence of 

wetting/drying and freezing/thawing cycles compared to the topsoil under young deciduous 

systems. In addition, the differences in the proportion of void shapes in the topsoil under 

deciduous agroforestry systems during the mid-spring sampling period compared to the early 

summer and late fall sampling periods may suggest soil process’ such as freeze/thaw cycles and 
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biological growth occurring between the late fall and mid-spring sampling periods that influences 

the void morphology.    

4.4.5 Void Orientation 
Intra-aggregate voids in the topsoil under deciduous agroforestry riparian systems are 

primarily oriented as either inclined or near-horizontal (Figure 4.5). Maric (2016) found that 

inclined and near-horizontal voids were more dominant in the topsoil under agriculture land use, 

which suggests influences on the orientation of the voids, that are not the result of land use 

management. Differences were identified when comparing the proportion of inclined and near-

horizonal orientated voids from the topsoil under deciduous systems when comparing soil texture 

during the mid-spring sampling period (p<0.05). The topsoil under deciduous agroforestry 

systems on loam soils were found to have a lower proportion of inclined voids and a higher 

proportion of near-horizontal voids compared to the topsoil under deciduous systems on clay 

soils.  

Intra-aggregate voids orientated near-vertical, inclined vertical or inclined-horizontal 

exhibited proportions of less than 20 percent. Voids with a vertical orientation are commonly 

caused by micro-root development (Maric 2016); a low proportion of vertical orientated voids 

suggests that root development, in deciduous systems, have a lower influence on the orientation 

of the voids.  

 Topsoil collected from deciduous systems during mid-spring, exhibited an increased 

proportion of near-horizontal oriented voids and a decreased proportion of inclined orientated 

voids when compared to the early summer and late fall sampling periods (p<0.05). A higher 

proportion of near-horizontal orientated voids during the mid-spring sampling period is 

suggestive of a soil process, such as the formation and melting of ice lenses, or shrinking/swelling 

cycles in the soil, that results in wide, horizontal voids (Taina et al. 2013).  According to Zhang et 

al.  
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Figure 4.5: Proportion of Intra-aggregate Voids Classified by Orientation of Topsoil under 

Deciduous Agroforestry Riparian Buffer Systems as a Function of a Sampling Year (n= 4 sites * 4 

replicates * 3 sampling periods). Bars Represent the minimum and Maximum Values for Each 

System. (Note: a sample of MDC from mid-spring was excluded as an outlier). 
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(2016), soil aggregates are shaped as elongated and horizontal during the freezing period, as the 

aggregates form between the ice lenses, which then thaw into voids. The increase of near- 

horizontal orientated voids suggest that freeze-thaw cycles have a dynamic influence on the 

topsoil structure under deciduous agroforestry systems. 

4.5 Coniferous Tree Systems 

4.5.1 Void Volume 
 The mean void volume for the topsoil under coniferous agroforestry systems ranged 

between 15 – 30 percent of the total soil volume (Figure 4.6). The maximum void volume was 50 

percent from the topsoil under YCC during mid-spring sampling, whereas, the minimum void 

volume was 8 percent from the topsoil under YCL during late fall sampling.  

During the early summer sampling period, the topsoil under coniferous systems on clay soils 

exhibited higher mean void volume compared to the topsoil under coniferous systems on loam 

soils, although was not found to be statistically significant. Differences in the mean void volume 

when comparing the soil age or temporal changes were not found. The topsoil under coniferous 

systems were not found to follow a similar pattern on the mean void volume as the topsoil under 

deciduous systems. The topsoil under the coniferous system did not find a pattern of increased 

void volume during the mid-spring sampling season, apart from the topsoil under YCL. The lack 

of pattern on the mean void volume suggest that temporal processes do not have an influence on 

the void volume of the topsoil under coniferous systems. 
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Figure 4.6: Mean Void Volume as a Percentage from the Total Soil Volume of the Topsoil under 

Coniferous Agroforestry Riparian Buffers as a Function of a Sampling Year (n= 4 sites * 4 replicates 

* 3 sampling periods). Bars Represent the Minimum and Maximum Values for Each System.  

4.5.2 Intra-Aggregate Void Volume 
The percentage of mean resolvable intra-aggregate void volume of the topsoil under coniferous 

agroforestry riparian buffer systems ranges from approximately 0.5 to 0.9% of the void volume 

(Figure 4.7). The maximum intra-aggregate void volume was found to be approximately 1.3% of 

the void volume from the topsoil under the young system on clay (YCC) and the minimum value 

being 0.2% of the void volume from the topsoil under the mature system on clay (MCC).  

Differences were found for the volume of intra-aggregate voids of the topsoil under coniferous 

agroforestry systems when comparing the systems age, with the volume of intra- aggregate voids 

in the topsoil under young systems were found to be higher volume compared to topsoil under 

mature systems (p<0.001). The pattern may be due to the influences of the grassed understory 

vegetation of the young agroforestry systems. A study by Udawatta et al. (2008) compared the 

mean void volume (at a 100 µm scale) of the soil between an agroforestry buffer and a grassed 

buffer. Results found the average void volume of the soil under an agroforestry buffer and a 

grassed buffer were found to be similar. Therefore, it is difficult to conclude on the type of 
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influences on the topsoil structure under young systems, to have a higher intra-aggregate void 

volume. 

 

Figure 4.7: Percentage of Mean Void Volume Categorized as Intra-Aggregate Voids of Topsoil under 

Coniferous Agroforestry Riparian Buffers as a Function of a Sampling Year (n= 4 sites * 4 replicates 

* 3 sampling periods). Bars Represent the Minimum and Maximum Values for Each System. (Note: a 

sample of MDC from mid-spring was excluded as an outlier). 

 

4.5.3 Void Size 
Approximately 80 percent of the intra-aggregate voids in the topsoil under coniferous 

agroforestry riparian systems were between fine mesovoids to coarse mesovoids in size during 

the sampling year (Figure 4.8). During all three sampling periods, the topsoil under mature 

coniferous systems exhibited a higher proportion of medium mesovoids and very coarse 

mesovoids, compared to the topsoil under young coniferous systems (p<0.05). When comparing 

soil texture, the topsoil under coniferous systems on loam soils had a higher proportion of intra-

aggregate voids, that were between very coarse mesovoid and very fine macrovoid sized, 

compared to the topsoil under coniferous systems on clay soils (p<0.05). The topsoil under 
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Figure 4.8:  Percentage of Intra-Aggregate Voids Categorized by Size of the Topsoil Under Coniferous 

Agroforestry Riparian Buffers as a Function of a Sampling Year (n= 4 sites * 4 replicates * 3 sampling 

periods). Bars Represent the Minimum and Maximum Values for Each System. (vc= Very coarse, vf= very 

fine, f= fine, m= medium, c= coarse, micro= microvoids, meso= mesovoids) 
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coniferous systems on loam soils had a higher proportion of very coarse microvoids compared to 

the topsoil under coniferous systems on clay soils (p<0.05).  

During the early summer sampling time, differences in the proportions of very fine, fine and 

medium sized mesovoids from the topsoil under coniferous systems were identified when comparing soil 

texture. The topsoil under coniferous systems on clay soils were found to have a higher proportion of very 

fine and fine mesovoids, whereas the topsoil under coniferous systems on loam soils were found to have a 

higher proportion of medium mesovoids (p<0.05).  

The voids in the topsoil under coniferous agroforestry systems observed no differences in the 

distribution of void sizes when comparing age and soil texture during the late fall sampling period. 

During the mid-spring sampling time, mature coniferous systems had a higher proportion of medium 

sized mesovoids compared to topsoil under young coniferous systems (p<0.05). The topsoil under 

coniferous systems on loam soils exhibited a proportion of very coarse mesovoids from the mid-spring 

sampling period, whereas very coarse mesovoids were not observed in the topsoil under coniferous 

systems on clay soils (p<0.05).  

The higher proportion of coarser sized voids found in loam soils, and finer sized voids found in 

clay soils under agroforestry systems, suggests a strong influence of soil texture on the proportion of void 

sizes. Loam soils, which has a higher proportion of sand content compared to clay systems, tend to have 

larger sized voids, due to the presence of large soil particles; in contrast clay has smaller particles and 

therefore smaller sized voids 

4.5.4 Void Shape 
Intra-aggregate voids in the topsoil under coniferous agroforestry systems were dominantly 

triaxial shaped (Figure 4.9). Mature coniferous systems exhibited a higher proportion of triaxial voids 

compared to the topsoil under young coniferous systems (p<0.05). Except for YCL during the mid-spring  
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Figure 4.9: Percentage of Intra-aggregate Voids Classified by Shape of the Topsoil under Coniferous 

Agroforestry Riparian Buffer Systems as a Function of a Sampling Year (n= 4 sites * 4 replicates * 3 

sampling periods). Bars Represent the Minimum and Maximum Values for Each System. 
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sampling period, prolate shaped voids were second most abundant voids for all coniferous 

systems. The topsoil under young coniferous systems exhibited a higher proportion of prolate shaped 

voids compared to the topsoil under mature coniferous systems (p<0.05). This may be due to the grassed 

understory causing root-like shaped voids in the topsoil under young coniferous systems, whereas mature 

coniferous systems have little to no understory vegetation (Figure 1.1). 

During the mid-spring sampling period, the percentage of triaxial shaped voids in the topsoil of 

young coniferous systems ranged between a minimum of 4-12 percent and maximum of 86-89 percent. 

Given the large range in the percentage of triaxial voids, the mid-spring sampling period exhibited a 

lower mean proportion of triaxial voids in the topsoil under young coniferous systems compared to the 

proportion of triaxial voids in the topsoil under mature coniferous systems.  

Differences in the proportion of oblate voids were found during the early summer sampling 

period, with mature coniferous systems exhibiting a higher proportion of oblate voids compared to the 

topsoil under young coniferous systems (p<0.05). The topsoil under coniferous systems on loam soils 

exhibited a higher proportion of equant shaped voids compared the topsoil under coniferous system on 

clay soils (p<0.05). The proportion of equant voids in the topsoil under YCL during the mid-spring 

sampling period doubled in proportion compared to the observations during early summer and late fall 

sampling periods. In contrast, the proportion of equant voids in the topsoil under YCC, during the mid-

spring sampling period, reduced by half in comparisons to the proportions observed during the other 

sampling periods. 

4.5.5 Void Orientation 
More than 60 percent of the volume of intra-aggregate voids in the topsoil under coniferous 

agroforestry riparian systems were either inclined or near-horizontal in orientation during the early 

summer and late fall sampling periods (Figure 4.10). The mid-spring sampling period exhibited a higher  
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Figure 4.10: Percentage of Intra-aggregate Voids Classified by Orientation of the Topsoil under Coniferous 

Agroforestry Riparian Buffer Systems as a Function of a Sampling Year (n= 4 sites * 4 replicates * 3 

sampling periods). Bars Represent the Minimum and Maximum Values for Each System. 
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proportion of near-horizontal voids and a lower proportion of inclined voids compared to the 

early summer and late fall sampling periods in the topsoil under coniferous systems to have (p<0.001). 

The topsoil under coniferous systems on loam soils had a higher proportion of inclined-horizontal 

voids compared to the topsoil of coniferous systems under clay soils (p<0.001). Furthermore, the topsoil 

under mature coniferous systems exhibited a higher proportion of inclined-horizontal voids compared to 

the topsoil under young coniferous systems (p<0.05). Temporal differences in the proportion of inclined-

horizontal voids in the topsoil under coniferous systems, had a lower proportion during the mid-spring 

sampling period compared to early summer and late fall sampling periods (p<0.05).  

Intra-aggregate voids that are vertically orientated had a lower proportion in the topsoil under 

coniferous systems compared to inclined or horizontal oriented voids. The topsoil under mature 

coniferous systems had a higher proportion of inclined-vertical voids compared to the topsoil under young 

coniferous systems (p<0.05). During the late fall sampling period, differences in the proportion of 

inclined-vertical voids were found in the topsoil under coniferous systems on clay soils compared to the 

topsoil under coniferous systems on loam soils (p<0.05).  

The topsoil under coniferous systems exhibited lower proportions of near-vertical voids during 

mid-spring sampling period compared to the early summer and late fall sampling periods (p<0.05). 

Temporal differences in the proportion of topsoil void orientations under coniferous systems, except soils 

under MCL, were observed during the mid-spring sampling period in comparison to the early summer 

and late fall sampling periods. This suggests soil processes occurring between the late fall and mid-spring 

sampling periods, are influencing the orientation of the intra-aggregate voids in the topsoil of coniferous 

agroforestry riparian systems. The higher proportion of near-horizontal voids during the mid-spring 

sampling period compared to the early summer and late fall sampling periods may be due to the thawing 

of ice lenses, which leave wide, horizontal shaped voids (Taina et al. 2013). 



 

 

67 

 

4.6 Conclusion 
The void morphology of the topsoil under deciduous and coniferous systems were found to be 

influenced by forest age, soil texture and temporal differences.  The topsoil under coniferous agroforestry 

riparian systems were more influenced by age and soil texture than the topsoil under deciduous 

agroforestry systems. The void morphology of the topsoil under coniferous systems exhibited differences 

when comparing soil texture, such as the proportions of void size and void orientation. When comparing 

the age of the coniferous systems, differences were observed in the volume of intra-aggregate voids, the 

proportion of void sizes, void shape and void orientation. The void morphology of the topsoil under 

deciduous agroforestry systems exhibit differences, based on age, in the proportion of void shapes. In 

addition, based on soil texture the void morphology of the topsoil under deciduous systems exhibited 

differences in the proportion of medium sized mesovoids. The results suggest that void morphology of the 

topsoil under deciduous agroforestry systems may be influenced by differences in vegetation type, 

biological activity or biomass inputs.  

Multiple void morphology parameters indicated temporal structural changes occurring post-

winter, specifically impacts from freeze-thaw cycles, have a dynamic influence on the topsoil structure. 

This was evidenced by a decrease in the proportion of large voids in the topsoil from both deciduous and 

coniferous systems during the mid-spring sampling period compared to the early summer and late fall 

sampling period. As well, a higher proportion of near-horizontal voids were observed during the mid-

spring sampling period under both coniferous and deciduous agroforestry systems, which suggests soil 

processes occurring between late fall and mid-spring sampling period are influencing the morphology of 

the voids. The increased near-horizontal voids may due to soil cycles such as freezing-thawing or 

shrinking/swelling over the winter season, which results in wide, horizontal voids. A wide, horizontal 

void also describes the triaxial shaped void, which were found in higher proportions during the mid-

spring sampling period in the topsoil under the mature agroforestry systems. Lastly, a higher proportion 
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of prolate voids were exhibited in the topsoil under young systems during the mid-spring sampling period 

in comparison to the early summer and late fall sampling periods, which may be the result of root activity 

from the grassed understory vegetation. Void morphology parameters of the topsoil under agroforestry 

systems indicated to be dynamic, due to processes occurring during seasonal changes.  
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Chapter 5: Quantifying the Spatial Distribution of the Soil 

Matrix under Agroforestry Riparian Systems 

5.1 Introduction 
Agroforestry systems can be beneficial soil conservation tools for land management and 

environmental conservation purposes. Soil structural quality can be altered by land use and management, 

which includes the incorporation of agroforestry onto land. Soil structure consists of the spatial 

arrangement of voids, matrix, minerals and organic matter (Brewer 1964). Chemical, physical and 

biological processes, such as microbial activity, organic matter decomposition, water infiltration, nutrient 

cycling and gas exchange, can be impacted by the structural quality of the soil matrix (Caplan et al. 

2017). The soil matrix is the arrangement of soil particles, minerals, organic matter and voids creating a 

structured medium. The heterogeneity of the soil matrix is an important factor for the protection of 

organic matter and formation of macro-aggregates (Oades 1993).  

The analysis of soil structure is often invasive and destructive, typically destroying the soil sample. 

X-ray computed topography is a non-destructive method producing 3-dimensional (3D) images of soil 

structure (Taina et al. 2010); that can be applied to intact soil cores to further isolate segments of the soils, 

typically voids, solids and the soil matrix. The soil matrix is the segmented image that consists of material 

that has not been identified as a void or a solid constituent. Analysis of soil matrix radiodensities can be 

used to quantify the spatial distribution and temporal differences within the sample. CT imagery is 

comprised of voxels, which are measured radiodensity values, in Hounsfield units (HU). 

The chapter seeks to understand the spatial distribution of the soil matrix radiodensity under 

agroforestry riparian buffer systems. Riparian buffer characteristics such as the age of establishment 

(mature/young), tree type (deciduous/coniferous) and soil texture (loam/clay) were compared to 

understand its influences on the spatial distribution of the soil matrix under agroforestry riparian systems. 

Temporal differences were also observed by sampling at three time periods. 
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5.2  Hypothesis and Objectives 

5.2.1 Hypotheses 
1. Texture does not influence the structural dynamics of the soil matrix in agroforestry riparian 

buffers. 

2. The age of the tree stand does not influence the structural dynamics of the soil matrix in 

agroforestry riparian buffers. 

3. The type of tree stand, either coniferous or deciduous, does not influence the structural dynamics 

of the soil matrix in agroforestry riparian buffers. 

5.2.2 Objectives 
The objective of  this chapter is to quantify the microstructure of intact samples, to isolate the soil 

matrix, using 3D x-ray CT imagery of agroforestry riparian buffer systems to compare the spatial 

distribution of the soil matrix between soil texture (clay or loam soils), forest age (young or mature) and 

forest type (coniferous or deciduous) systems, within a given year during the early summer, late fall and 

mid-spring.  

5.3  Material and Methods 
Topsoil samples were collected from eight agroforestry riparian systems (see Table 2.1 for the full 

description of the systems). Soil samples were collected as intact soil cores using tubes that are 15 cm in 

length, with an inside diameter of 64 mm. Samples were collected using the techniques developed by the 

Soil Imaging Laboratory SES- University of Guelph Figure 2.2). Four replicate samples were collected 

during early summer (July 2018), late fall (December 2018) and mid-spring (May 2019) for each 

agroforestry system. Timing of sampling was chosen to reflect the influence of temporal dynamics. After 

sampling, the samples were refrigerated to limit the activity of soil microorganisms. The samples were 

then placed in a drying oven at the temperature of 40°C until a constant weight.  

The cores were imaged using a GE MS8x-130 X-ray µCT scanner (120 kv, 155 mA, 0.5 mm Cu 

filter, 1700 ms exposure), located in the Soil Imaging Laboratory SES- University of Guelph, at an 
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acquisition pixel size of 40 x 40 µm. Image reconstruction was done using GE Reconstruction Utility with 

image correction at a spatial resolution of 40 µm (volume of the voxel= 40 x 40 x 40 µm) and a sub-

volume selection with dimensions of 33.6 mm x 33.6 mm x 24 mm (Figure 2.3). A Gaussian Smooth, 

with a radius of 1, was applied to the reconstructed images using GE Microview (GE Healthcare 2005). 

The images were converted from a vff format to tiff stack images and corrected to Hounsfield Units (HU). 

Image processing and quantitative analyses were preformed using NIH ImageJ (Rasband 2007). 

The application is composed of third-party plugins and plugins developed by the Soil Imaging Laboratory 

SES-University of Guelph (Heck 2013) (Figures 2.4-2.6 for processing and analysis guidelines). The tiff 

stack images of the soil core are initially processed by using the plug-in “16-bit histogram” to evaluate the 

frequency distribution of the topsoil imagery. The 16-bit histogram output typically generates two 

Gaussian distributions peaks of the radiodensities of the images. The first distribution peak indicates soil 

components of low radiodensity, which are identified as voids, whereas the second distribution peak 

indicates a soil component of higher radiodensity, which are identified as non-void or as the soil matrix. 

The two distribution peaks enable the process of image segmentation, using a modified technique by 

Schlüter et al. (2010), to isolate the soil matrix from the soil voids and the soil solids. 

A 16-bit histogram and semivariogram of the soil matrix core images were generated for the analysis 

of the soil structure spatial distribution. Semivariograms of each sample were generated in the x, y and z 

directions and averaged for each agroforestry system. The semivariance of the x, y and z directions were 

normalized to compare the soil structure of each agroforestry system over lag distances (millimetres). 

Near-origin semivariogram parameters (RVF, RSF, SDT and FDO) were calculated for each sample, 

according to Balageur-Beser et al. (2013), and then averaged in the x, y and z directions for each 

agroforestry system. 
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Descriptive statistics of the mean, minimum and maximum values of the radiodensities and the four 

near-origin parameters in the x, y and z directions were calculated for the soil matrix images. Statistical 

analysis was performed using the software, IBM SPSS Statistics 25 (2019). Comparisons of mean 

radiodensity values was performed using a t-test against differences of soil texture and age for deciduous 

and coniferous agroforestry systems. Temporal analysis on mean radiodensity values was also performed 

using a one-way ANOVA. Kruskal-Wallis nonparametric analysis of variance was performed on the near-

origin semivariogram parameters with significance being p<0.05 and a confidence interval at 0.95. The 

analysis compared the differences between forest age, tree type and soil texture within each sampling 

period to understand any seasonal specific trends. Temporal trends were also analyzed for significant 

relationships for each individual property (mature, young, deciduous, coniferous, loam, clay). 

5.4 Deciduous Tree Systems 

5.4.1 Descriptive Statistics of Radiodensity 
 The mean radiodensities of the soil matrix under deciduous systems ranged from approximately 

1600-2100 HU (Table 5.1). The minimum values of the radiodensities of the soil matrix under deciduous 

systems were found to range from approximately 1400-2000 HU, and the maximum values to range from 

approximately 1700-2100 HU. The mean value of the soil matrix radiodensity under deciduous systems 

was found to be higher than the mean radiodensity range of the topsoil radiodensity. This suggests that 

the mean radiodensity of the topsoil is influenced by inter-aggregate voids, which are not present in the 

soil matrix, lowering the mean radiodensity.  

The topsoil under mature system on clay textured soils (MDC) exhibited higher mean soil matrix 

radiodensity compared to the soil matrix under other deciduous systems at all sampling periods. The soil 

matrix under the mature systems on loam soil (MDL) exhibited lower mean radiodensity in the early 

summer and late fall sampling periods, whereas, young systems on clay textured soils (YDC) exhibited 

lower mean radiodensity compared to the soil matrix during the mid-spring sampling period. 
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 Comparing the radiodensities of the soil matrix under deciduous system differences were noted 

when comparing by soil texture (p<0.05). The soil matrix under deciduous systems on clay textured soils 

exhibited higher mean radiodensity compared to the soil matrix under deciduous systems on loam soils. 

Soil texture typically has an influence on soil density due to the proportions of soil particle size groups 

having different packing arrangements that impact the abundance and size of voids (USDA 2008). For 

example, large soil particles create large voids and therefore a low abundance of voids. The low 

abundance of voids allows for more soil material creating a higher bulk density (USDA 2008). Sand-sized 

soil particles are the largest sized particles which creates a low abundance of large voids compared to clay 

sized particles. Generally, when comparing soils that are loam and clay textured, it is expected that loam 

textured soils will have a higher density because of the higher proportion of sand particles compared to 

clay textured soils. However, the mean radiodensity of the soil matrix under deciduous systems on clay 

soils was found to be higher than the soil matrix under deciduous on loam soils. The results may be due to 

differences in soil structural components within the soil matrix, such as differences in organic matter or 

the abundance of voids. 
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Table 5.1: Descriptive Statistics of the Radiodensity from the Soil Matrix under Deciduous Agroforestry Riparian Buffers as a 

Function of a Sampling  Year (Sites n= 4 sites *4 replicates * 3 sampling periods)  

Sampling 

Site 
Radiodensity (HU) 

 Early Summer Late Fall Mid-Spring 

 Mean Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum 

MDL 1695 1417 1823 1690 1521 1792 1733 1675 1765 

YDL 1778 1720 1800 1698 1549 1793 1685 1613 1774 

MDC 2062 2021 2120 2009 1752 2139 1827 1710 2127 

YDC 1777 1734 1833 1813 1740 1896 1671 1440 1777 
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Figure 5.1:  Normalized Semivariograms of the Soil Matrix under Deciduous Agroforestry Systems as a Function of a Sampling Year (n=4 sites 

*4 replicates *3 sampling periods) 
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5.4.2 Spatial Analysis 
The semivariograms of the soil matrix under deciduous agroforestry riparian systems, except 

for YDC during the mid-spring sampling was found to have a convex curvature at short lag 

distances (Figure 5.1). The convex curvature describes the radiodensity pattern of the soil matrix 

structure at short lag distances to be heterogenous. exhibited short lag variability in the x, y or z 

directions. The normalized semivariance of the soil matrix under YDC during mid-spring 

sampling period exhibited a concave curvature at a short lag distance, describing a homogenous 

radiodensity pattern at short range distances.  

Normalized semivariance in the x, y and z directions for the soil matrix under MDL was 

found to be overlapping at all three sampling times. This was also found for results found of the 

soil matrix radiodensity under YDL during late fall, MDC during mid-spring and YDC during 

early summer and late fall sampling times. The overlapping of the normalized semivariance in all 

three directions suggest an isotropic structural pattern at short lag distances. 

The soil matrix under MDC from the early summer and late fall sampling periods and YDC 

during mid-spring sampling period exhibited variation in the mean normalized semivariance in 

the y direction. Variability of the normalized semivariance of the soil matrix under YDL was 

identified in all three directions from the lag distance between zero and one to the lag distance of 

three during the mid-spring sampling period. Variation of the normalized semivariance in one or 

more directions, suggest an anisotropic radiodensity structural pattern at short lag distances. 
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5.4.3 Near-Origin Semivariogram Parameters 
The mean RVF value of the soil matrix under deciduous systems exhibited differences when 

comparing forest age (p<0.05) and soil texture (p<0.05) during the mid-spring sampling period 

(Table 5.2). During the mid-spring sampling period, the soil matrix under young deciduous 

systems had higher mean RVF compared to the soil matrix under mature systems. Additionally, 

the soil matrix under deciduous systems on clay soils had higher mean RVF values compared to 

the soil matrix under deciduous systems on loam soils.  

The mean RVF values of the soil matrix under YDC from the mid spring sampling period 

was three times higher, which suggests lower variability of radiodensity pattern at short lag 

distances, compared to the soil matrix under the remaining deciduous systems. The soil matrix 

under YDL exhibited lower mean RVF values in the early summer and late fall sampling periods, 

suggesting a higher spatial variability of at short lag distances; whereas, MDL exhibited lower 

mean RVF values compared to the other deciduous systems during the mid-spring sampling 

period. A lower RVF described a higher variability of radiodensity pattern in the soil matrix at 

short lag distances under deciduous systems on loam soils. 

Differences in the mean RSF values of the soil matrix under deciduous systems were 

found when comparing forest age (p<0.01) during the early summer sampling period; whereas, 

differences based on soil texture were identified during the late fall(in the x and y directions) and 

mid-spring sampling periods (p<0.05). During the early sampling period, the soil matrix under 

mature deciduous systems exhibited higher mean RSF values compared to the soil matrix under 

young deciduous systems. The mean RSF values describe the degree of soil structural complexity 

at short lag distances of the soil matrix under deciduous systems. This suggests that during the 

early summer sampling period, the soil matrix under mature deciduous systems exhibited a more 

complex radiodensity spatial distribution at short lag distances compared to the soil matrix under 

young deciduous systems. As for the late fall and mid-spring sampling periods, the soil matrix 
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Table 5.2: Near-origin Semivariogram Parameters, according the Balaguer et al. (2010),  for the Soil Matrix under Topsoil Samples under 

Deciduous Agroforestry Riparian Buffer Systems as a Function of a Sampling Year (n= 4 sites *4  replicates *3 sampling periods) 

Sampling 

Season Early Summer Late Fall Mid- Spring 

RVF 

Site X Y Z X Y Z X Y Z 

MDL 22.9 22.9 25.4 21.3 21.4 23.3 12.8 12.8 14.0 

YDL 13.4 13.5 15.2 16.1 16.0 18.4 16.8 16.9 19.3 

MDC 20.1 20.0 23.9 18.3 18.6 23.6 18.5 18.0 20.8 

YDC 22.7 22.6 25.3 25.0 24.9 28.5 63.4 63.3 70.8 

RSF 

Site X Y Z X Y Z X Y Z 

MDL 3.1 3.1 3.2 3.1 3.1 3.2 2.8 2.8 2.9 

YDL 3.0 3.0 3.1 3.1 3.1 3.2 2.9 2.9 3.0 

MDC 3.2 3.1 3.3 3.1 3.1 3.3 2.7 2.7 2.9 

YDC 2.7 2.7 2.8 2.7 2.7 2.8 2.1 2.2 2.2 

SDT (x105)  

Site X Y Z X Y Z X Y Z  

MDL -7.1 -7.1 -6.0 -5.7 -5.7 -4.8 -6.3 -6.3 -5.8  

YDL -13.9 -13.8 -12.7 -7.2 -7.3 -6.2 -5.5 -5.4 -4.9  

MDC -5.0 -5.1 -3.3 -5.6 -5.9 -3.5 -5.4 -5.5 -5.3  

YDC -3.4 -3.5 -3.0 -3.1 -3.1 -5.7 1.1 1.1 1.0  

FDO (x105)  

Site X Y Z X Y Z X Y Z  

MDL 1.2 1.2 1.2 1.1 1.1 1.0 0.9 0.9 0.9  

YDL 1.9 1.9 1.7 1.1 1.1 1.0 0.8 0.8 0.8  

MDC 1.0 1.0 1.0 1.1 1.1 0.9 0.8 0.9 0.8  

YDC 0.7 0.7 0.6 0.6 0.6 0.6 0.2 0.2 0.2  
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under deciduous systems on loam soils had higher mean RSF values compared to the soil matrix 

under deciduous systems on clay soils. This suggests that the soil matrix under deciduous systems 

on loam textured soils have a higher degree of spatial complexity at short lag distances compared 

to the soil matrix under deciduous systems on clays soils. The soil matrix under YDC consistently 

had lower mean RSF values during all three sampling periods, which suggests a lower complexity 

in spatial distribution compared to the soil matrix under the remaining deciduous systems. 

Temporally, the soil matrix under deciduous systems exhibited lower mean RSF values 

during the mid-spring sampling period when compared to the soil matrix under deciduous 

systems on clay soils (p<0.05), deciduous systems on loam soils (p<0.001), mature deciduous 

systems (p<0.001) and young deciduous system (p<0.05) to early summer and late fall sampling 

periods. This suggests a lower complexity in the soil matrix radiodensity spatial distribution at 

short lag distances under deciduous systems during the mid-spring sampling period compared the 

early summer and late fall sampling periods.  

The mean SDT values of the soil matrix under deciduous agroforestry systems, except for 

YDC during the mid-spring sampling period, had negative values. The negative values indicate 

heterogeneity in the soil matrix spatial distribution at short lag distances under deciduous 

systems. The mean SDT values of the soil matrix under YDC during the mid-spring sampling 

period describe a homogenous spatial distribution at short lag distances. Furthermore, differences 

in the mean SDT values of the soil matrix under deciduous systems were found when comparing 

soil texture (p<0.001). The soil matrix under deciduous systems on loam soils had higher 

negative mean SDT values compared to the soil matrix under deciduous systems on clay soils. 

This suggests that the soil matrix under deciduous systems on loam soils had higher spatial 

distribution heterogeneity at short lag distances, compared to the soil matrix under deciduous 

systems on clay soils. Differences in the mean SDT values of the soil matrix under deciduous 
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systems were identified when comparing forest age during the mid-spring sampling period 

(p<0.05). The soil matrix under mature deciduous systems had higher negative mean SDT values, 

compared to the soil matrix under young deciduous systems during the mid-spring sampling 

period. This suggest that during the mid-spring sampling period, mature deciduous systems had 

higher spatial distribution heterogeneity at short lag distances, compared to the soil matrix under 

young deciduous systems. The early summer and late fall sampling found that the soil matrix 

under the young deciduous system on loam had a higher negative SDT values compared to the 

mature system on loam. Temporal differences in the SDT values were identified in the soil matrix 

under deciduous systems on loam soils during the early summer sampling period (p<0.05). The 

SDT values of the soil matrix under deciduous systems on loam soils had a higher negative mean 

SDT values, compared to the late fall and mid-spring sampling periods. Higher spatial 

distribution heterogeneity at short lag distances were identified for the soil matrix under 

deciduous systems on loam soils during the early summer sampling period. 

For the topsoil under deciduous agroforestry riparian systems, differences in FDO values of 

the soil matrix were found when comparing soil texture (p<0.05). The soil matrix under 

deciduous systems on loam soils had higher mean FDO values compared to the soil matrix under 

deciduous systems on clay soils. At short lag distances, FDO can describe the consistency of the 

soil matrix radiodensity spatial distribution, suggesting that the soil matrix under deciduous 

systems on clay soils have a more uniform radiodensity distribution compared to the soil matrix 

under deciduous systems on loam soils. The mean FDO values of the soil matrix under deciduous 

systems were lower during the mid-spring sampling period compared to the early summer 

sampling period (p<0.05). This suggests that the soil matrix under deciduous systems during the 

mid-spring sampling period exhibit higher uniformity in radiodensity distribution at short lag 

distances compared to the soil matrix under deciduous systems during the early summer sampling 

period. 
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The soil matrix under the deciduous agroforestry systems were influenced by forest age, soil 

texture and temporal differences.  The soil matrix under deciduous agroforestry systems on loam 

soils had a more heterogenous structural pattern compared to the soil matrix under deciduous 

systems on clay soils. This was indicated by the observations made by RVF, RSF, SDT and FDO 

values. The soil matrix under mature deciduous agroforestry systems had a more heterogenous 

structural pattern compared to the soil matrix under young deciduous systems at specific 

sampling times. The forest age was not a consistent comparison for the spatial distribution of the 

soil matrix radiodensity, as the soil matrix under YDL was found to have a more dynamic and 

heterogenous structural pattern at short distances compared to the other deciduous systems.  

Temporal differences were found for all four parameters when comparing the normalized 

semivariance of radiodensity during the mid-spring sampling period to early summer and late fall 

sampling periods. This may be due to a soil physical processes such as freeze/thaw cycles, 

shrink/swell cycles or new growth occurring after the soil between the end of the winter season 

and the spring season. According to Taber (1930), during the freeze-thaw process, the ice crystals 

exerts pressure on the matrix surface, reducing the volume of intra-aggregate voids. The 

dynamics of freeze-thaw cycles is found to influence the radiodensity structural distribution.  

5.5 Coniferous Tree Systems 

5.5.1 Descriptive Statistics of Radiodensity 
The mean radiodensities of the soil matrix under coniferous systems ranged between 

1500-1800 HU (Table 5.3). The minimum radiodensity values of the soil matrix under 

coniferous systems ranged of approximately 1100 to 1850 HU, whereas the maximum 

radiodensity values ranged between 1700 to 1950 HU. The soil matrix under YCC 

exhibited higher mean radiodensity compared to the soil matrix under the other 

coniferous systems during the early summer and late fall sampling periods. During the 
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Table 5.3: Descriptive Statistics of the Radiodensity from the Soil Matrix under Coniferous Agroforestry Systems as a Function of a Sampling 

Year (n=4 sites *4 replicates *3 sampling periods) 

Sampling Sites Radiodensity (HU) 

 Early Summer Late Fall Mid-Spring 

 Mean Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum 

MCL 1663 1665 1748 1621 1502 1735 1669 1479 1760 

YCL 1655 1594 1692 1673 1507 1788 1701 1654 1774 

MCC 1644 1566 1685 1638 1414 1759 1685 1521 1787 

YCC 1824 1669 1964 1863 1795 1947 1508 1157 1792 
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mid-spring sampling period, the soil matrix under YCL had a higher mean radiodensity 

compared to the soil matrix of the other coniferous systems. The soil matrix under young 

coniferous systems had a higher mean radiodensity compared to soil matrix under mature 

coniferous systems during the late fall sampling period (p<0.05). The early summer and mid-

spring sampling periods found no differences in the mean radiodensities of the soil matrix under 

coniferous systems when comparing soil texture or the forest age of the system. 

5.5.2 Spatial Analysis 
The semivariograms of the soil matrix under all coniferous agroforestry was found to have a convex 

curvature at short lag distances (Figure 5.2). The convex curvature describes the radiodensity pattern of 

the soil matrix structure at short lag distances to be heterogenous. Normalized semivariograms of the soil 

matrix under coniferous systems were found to be overlapping for MCL after the lag distance of two for 

all three sampling times, YCL during the mid-spring sampling time, MCC during the early summer and 

late fall sampling times. The overlapping of the normalized semivariance in the three directions describes 

a radiodensity spatial distribution that is more isotropic at short lag distances.  

Variability of the soil matrix normalized semivariance in the y direction was identified in samples from 

YCC in the early summer (from a lag distance of one to five) and mid-fall sampling periods, and in the x 

(horizontal) direction in the late fall sampling period. Variability in the normalized semivariance in the z 

direction was identified for the soil matrix under the YCL during the early summer sampling time, 

describing anisotropic structural variability in the horizontal direction. The soil matrix under MCC during 

the mid-spring sampling period exhibited variability of the normalized semivariance in all three directions 

from the lag distance of two. This suggests that at short lag distances, the spatial distribution of the soil 

matrix structure under MCC had an anisotropic pattern in all three directions. The normalized  
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Figure 5.2:  Normalized Semivariograms of the Soil Matrix under Coniferous Agroforestry Systems as a Function of a Sample Season (n=4 sites 

*4 replicates *3 sampling periods) 
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semivariance of the soil matrix radiodensity under coniferous systems were not influenced by 

age, soil texture or temporal differences. 

5.5.3 Near-Origin Semivariogram Parameters 
The soil matrix under coniferous systems on clay soils exhibited higher mean RVF values 

compared to the soil matrix under coniferous systems on loam soils (p<0.001) (Table 5.4). This 

suggests that the soil matrix under coniferous systems on clay soils had lower structural  

variability at short range distances compared to the soil matrix under deciduous systems on loam 

soils. 

Mature coniferous systems was found to have higher mean RSF values of its soil matrix 

radiodensity values compared to the soil matrix under young coniferous systems(p<0.001). This 

suggests that the soil matrix under mature coniferous systems had higher structural complexity at 

short lag distances compared to the soil matrix under young coniferous systems. 

The mean SDT values of the soil matrix under coniferous agroforestry systems exhibited 

negative values, indicating structural heterogeneity at short lag distances. Differences in the mean 

SDT values of the soil matrix under coniferous systems were identified when comparing soil 

texture during the early summer (p<0.001) and late fall (p<0.05) sampling periods. The soil 

matrix under coniferous systems on loam soils had higher negative mean SDT values compared 

to the soil matrix under coniferous systems on clay soils. This suggests that during the early 

summer and late fall sampling periods, the soil matrix under coniferous systems on loam soil had 

a more heterogenous structural distribution at short lag distances compared to coniferous systems 

on clay soils. The soil matrix under mature coniferous systems exhibited higher negative mean 

SDT values compared to the soil matrix under young coniferous systems, during the mid-spring 

sampling period (p<0.05). This suggests that during the mid-spring sampling period, the soil 

matrix under mature coniferous systems had a more heterogenous structural distribution at short 

lag distances compared to the soil matrix under young coniferous systems.  The soil matrix under
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Table 5.4: Near-origin Semivariogram Parameters, according the Balaguer et al. (2010), for the Soil Matrix under Coniferous 

Agroforestry Riparian Buffer Systems as a Function of a Sampling Year  (n = 4 sites* 4 replicates * 3 sampling periods) 

Sampling 

Season 
Early Summer Late Fall Mid- Spring 

RVF 

Site X Y Z X Y Z X Y Z 

MCL 13.6 13.6 13.7 13.1 13.2 13.8 12.4 12.5 13.2 

YCL 16.1 16.1 17.8 15.3 15.3 16.6 12.1 12.2 14.2 

MCC 24.7 24.8 26.1 23.3 23.1 25.8 28.9 29.1 30.4 

YCC 64.4 64.0 73.7 33.1 33.7 38.9 17.2 17.2 19.3 

RSF 

Site X Y Z X Y Z X Y Z 

MCL 3.1 3.1 3.2 3.0 3.0 3.1 3.0 3.0 3.1 

YCL 2.5 2.5 2.7 2.8 2.8 2.9 2.8 2.8 3.0 

MCC 3.2 3.2 3.3 3.2 3.2 3.3 3.0 3.0 3.1 

YCC 2.5 2.5 2.7 2.5 2.5 2.6 3.0 3.0 3.1 

SDT (x105)  

Site X Y Z X Y Z X Y Z  

MCL -6.8 -6.8 -7.1 -7.4 -7.3 -7.4 -7.8 -7.7 -7.7  

YCL -6.3 -6.3 -6.0 -6.0 -6.0 -5.7 -4.9 -4.8 -4.4  

MCC -5.4 -5.3 -4.2 -5.2 -5.2 -3.8 -6.9 -6.9 -6.5  

YCC -1.4 -1.4 -1.0 -1.9 -1.8 -1.4 -6.3 -6.3 -5.8  

FDO (x105)  

Site X Y Z X Y Z X Y Z  

MCL 1.0 1.0 1.0 1.1 1.0 1.1 1.1 1.1 1.1  

YCL 1.0 1.0 1.0 0.9 0.9 0.9 0.7 0.7 0.6  

MCC 1.3 1.3 1.3 1.2 1.2 1.1 1.1 1.1 1.1  

YCC 0.5 0.5 0.4 0.5 0.5 0.5 0.9 0.9 0.9  
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coniferous systems on clay soils exhibited a higher negative mean SDT values in the mid-spring 

sampling period compared to the early summer and late fall sampling periods (p<0.05). This 

suggests that during the mid-spring sampling period, the soil matrix under coniferous systems on 

clay soils had a more heterogenous structural distribution at short lag distances compared to the 

soil matrix under the same systems during the early summer and late fall sampling periods. 

The soil matrix under mature coniferous systems exhibited higher mean FDO values 

compared to the soil matrix under young coniferous systems (p<0.05). At short lag distances 

FDO can describe the consistency of the soil matrix radiodensity distribution. This suggests that 

the soil matrix under young coniferous systems had a higher uniform radiodensity distribution at 

short lag distances compared to the soil matrix under mature deciduous systems. 

The soil structural distribution at short lag distances of the soil matrix under MCL soils 

exhibited a more heterogenous radiodensity distribution compared to the soil matrix under young 

coniferous systems or coniferous systems on clay soils. YCC exhibited a more homogenous 

structural distribution, compared to the soil matrix under the other coniferous systems, as seen in 

the four semivariance parameters. Statistically significant differences were identified when 

comparing SDT values across different temporal periods, suggesting that the mid-spring sampling 

period had a more heterogenous radiodensity distribution at short lag distances compared early 

summer and late fall sampling periods. 

5.6 Conclusion 
The radiodensity distribution of the soil matrix under deciduous and coniferous systems were 

influenced by forest age, soil texture and temporal differences.  Differences were observed in the 

mean soil matrix radiodensity values when comparing soil texture under deciduous systems and 

when comparing soil age during the late fall sampling under coniferous systems. The 
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semivariograms exhibited a convex curvature at short lag distances, except for the soil matrix 

under YDC during the mid-spring, indicating a more homogeneous structural distribution.  

Utilizing the near- origin semivariance parameters, differences were noted in the soil matrix 

when comparing forest age and soil texture. The soil matrix under mature systems or systems on 

loam soils had a more heterogenous structural distribution at short lag distances compared to the 

soil matrix under young systems or systems on clay soils. Trends in RVF, RSF, SDT and FDO, 

when comparing soil texture were identified in the soil matrix under deciduous systems and RVF, 

RSF and SDT when comparing forest age. Trends in RVF, RSF and SDT, when comparing soil 

texture were identified in the soil matrix under coniferous systems RSF, SDT and FDO when 

comparing forest age.  

The near- origin semivariogram parameters of the soil matrix under deciduous agroforestry 

systems exhibited more temporal differences compared to the soil matrix under coniferous 

systems. Temporal differences were identified in the soil matrix under deciduous systems for all 

near-origin semivariogram parameters when comparing the mid-spring sampling period to the 

early summer and late fall sampling periods. Specifically, the structural dynamics of the soil 

matrix under deciduous systems were found to be more homogenous radiodensity spatial 

distribution after the winter season, compared to pre-winter samples. The soil matrix under 

coniferous systems exhibited temporal differences in SDT values during the mid-spring sampling 

period, compared to the early summer and late fall sampling periods. This suggests that the soil 

matrix under deciduous systems influenced more by soil processes between the late fall and mid-

spring sampling periods, compared to the soil matrix under coniferous systems. 

Across the agroforestry systems, the soil matrix under YDC was found to have temporal 

differences post-winter that described the radiodensity spatial distribution to be dynamically more 

homogenous compared to the samples of the remaining agroforestry systems. The soil matrix 
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under YCC presented that the radiodensity spatial distribution was found to be more homogenous 

compared to samples of the remaining coniferous systems. Temporally, the soil matrix under 

YCC was found to be more heterogenous post-winter when comparing the results of mid-spring 

to early summer and late fall. The samples under YDC and YCC, although found to be more 

homogenous in radiodensity spatial distribution, were found to be more dynamic compared to the 

other agroforestry systems. The systems that were found to be more heterogenous soil matrix 

structure distribution was found to be fairly split between MDL and YDL but found to be less 

dynamic compared to the soil matrix under YDC and YCC.  

Chapter 6: Conclusion 
 The goal of this study was to quantify the soil microstructure and void morphological 

characteristics, using X-ray CT, to understand the spatial distribution of the topsoil (0-15 cm) 

under agroforestry riparian buffer systems. The study analyzed soil structure based on forest age 

(mature vs. young), soil texture (clay vs. loam) and forest type, (deciduous vs. coniferous), to 

understand the influence on the topsoil microstructural dynamics.  Differences in the soil 

microstructure of topsoil under agroforestry riparian systems can provide information into the 

relationship between soil structure and the associated chemical, biological and physical processes. 

As a component of the large initiative “Riparian buffer plantings: an agroforestry land-use for 

greenhouse gas mitigation including multiple benefits to Canadian agriculture”, this study 

investigated the relationship of the topsoil microstructure in agroforestry systems, in relation to 

measured quantitative values of soil processes, such as soil organic carbon, Vijayakumar (2019),  

gas emissions, Baskerville (2019), and biological activity, Mafa-Attoye (2020) in ancillary 

studies during the same period as this study.  The study segmented the topsoil imagery to analyze 

the whole soil, the soil matrix and the morphology of the voids, during three sampling periods.  
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 Differences in the spatial distribution of intact soil cores under agroforestry systems were 

identified when comparing age, soil texture and temporal differences; although, the semivariance 

parameters did not describe the same trends. The mean second derivative at third lag (SDT) 

values, under deciduous systems on loam soils, had a structural pattern that was less variable at 

short lag distances compared to the topsoil under deciduous systems on clay soils. The opposite 

was identified for coniferous systems, which the topsoil structure under coniferous systems on 

clay soils had a structural pattern that was less variable at short lag distances compared to the 

topsoil under coniferous systems on loam soils. Similarly, when comparing ratio between the 

values if the total variance and the semivariance at first lag (RSF) based on forest type, the topsoil 

under deciduous systems on loam soils had a spatial distribution that was more complex at short 

lag distances compared to the topsoil under deciduous systems on clay soils. However, the topsoil 

under coniferous systems on clay soils had a radiodensity spatial distribution that is more 

complex at short lag distances compared to the topsoil under coniferous systems on loam soils. 

The first derivative near the origin (FDO) values in the topsoil under young agroforestry systems, 

from both deciduous and coniferous systems, exhibited more uniform structural patterning at 

short lag distances compared to the topsoil under mature coniferous systems.  

The radiodensity distribution of the soil matrix under agroforestry systems exhibited 

consistent trends when comparing forest age and soil texture. When comparing age, the soil 

matrix under mature agroforestry systems had a more heterogenous structural pattern at short lag 

distances compared to the soil matrix from topsoil under young agroforestry systems. This was 

observed in the ratio between the values if the total variance and the total variance at first lag 

(RVF), RSF and SDT values under deciduous systems, and RSF, SDT and FDO under coniferous 

systems. When comparing soil texture, the soil matrix under agroforestry systems on loam soils 

had a more heterogenous structural pattern at short distances compared the soil matrix under 

agroforestry systems on clay. This was observed in the RVF, RSF, SDT and FDO values under 
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deciduous systems, and RSF, SDT and FDO values under coniferous systems. The trends 

identified in the structural variability of soil matrix under the observed agroforestry systems 

enable further understanding of the influence of the soil matrix on chemical, biological and 

physical soil processes when comparing forest age and soil texture. 

 The void morphology of the topsoil under deciduous agroforestry systems exhibited 

differences in the proportion of void shapes when comparing forest age. When comparing soil 

textures, differences in the proportion of medium sized mesovoids were noted in the topsoil under 

deciduous systems and the proportion of void size and orientation in topsoils under coniferous 

systems. When comparing the systems age to the void morphology of the topsoil under 

coniferous systems, there were differences in the volume of intra-aggregate voids, proportion of 

void sizes, void shape and void orientation. This suggests that the void morphology of the topsoil 

under coniferous systems are more influenced by the age of the system and soil texture than the 

topsoil under deciduous agroforestry systems. Therefore, the void morphology of the topsoil 

under deciduous agroforestry systems may be influenced by vegetation type of the agroforestry 

system, rather than forest age or soil texture. 

 During the three sampling periods, differences were observed in the topsoil, soil matrix 

and void morphology, when comparing the mid-spring sampling period to early summer and late 

fall sampling periods. This suggests that between the late fall and the mid-spring sampling period 

(winter to post-winter), there are soil processes occurring that influence the dynamics of soil 

structure, such as freeze/thaw cycles, shrinking/swelling, wetting/drying, biological activity 

and/or vegetation growth. Results of the topsoil and soil matrix radiodensity structural 

distribution found that samples that were found to be structurally more homogenous (YDC, 

YCC), had more dynamic changes post-winter when comparing mid-spring results to early 

summer and late fall samplings. During the one sampling year, the topsoil samples under 
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coniferous system were found to all have structural dynamic changes, indicating a more 

heterogenous soil structural distribution during the mid-spring sampling compared to early 

summer and late fall sampling. The topsoil under deciduous systems were found to have a 

relatively similar structural distribution or a more homogenous structural distribution when 

comparing mid-spring results to early summer and late fall samplings. However, it is difficult to 

determine which agroforestry system was found to have the least dynamic topsoil structural 

distribution. For example, the soil matrix under YDC found large changes in its radiodensity 

spatial distribution, such as positive mean SDT values, suggesting the processes that occurred 

after the winter season, influenced the topsoil structure to have a more homogenous pattern in the 

mid-spring sampling compared to pre-winter sampling during the sampling year. As for void 

morphology parameters, the topsoil under YDC was found to have little temporal influences 

when describing void morphology parameters. Each agroforestry system was found that the 

topsoil soil structure is influenced by seasonal changes, however, the temporal influences were 

found to influence the soil structure distribution as to be more or less heterogenous when 

comparing sampling times.  

For the implementation of agroforestry systems, with the goal of increasing soil structure 

quality and processes, the results of the study suggest that deciduous systems will influence a 

more heterogenous topsoil compared to coniferous systems. Soil texture also had a strong 

influence on the soil structure distribution, with loam soils having a more heterogenous structural 

pattern compared to clay soils. This is especially important when implementing coniferous 

systems, as soil texture had a greater influence on the soil structural distribution under coniferous 

systems compared to age. This suggestion is made by parameters that were studied for one 

sampling year. A multi-year study of the topsoil under agroforestry systems would provide 

further understanding of temporal influences on the spatial distribution of the topsoil structure 

under agroforestry systems. Further understanding of the dynamics in the spatial distribution from 
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topsoil microstructure under agroforestry riparian systems could provide more information on its 

influences on the chemical, biological and physical soil processes. 
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