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ABSTRACT 

Soil organic carbon (SOC) is a central indicator of soil quality. SOC spatial distribution is 

controlled by aggregate breakdown and transport under effects of soil characteristics, 

rainfall patterns, topography, and management. Capturing the interplay of aggregate 

dynamics and erosion requires a novel and holistic approach that explores breakdown, 

formation, and transport mechanisms across scales. The Intensively Managed 

Landscape Critical Zone Observatory (IMLCZO) in the US Midwest was designed for 

studies to understand critical zone processes considering glacial and management 

legacies. Few studies have examined the influence of glacial-remnant topography on 

aggregate dynamics, which has unknowingly hindered our understanding of SOC 

redistribution and advancement of soil management.  

This study was conducted in two IMLCZO sites to examine SOC variability concerning 

aggregate turnover and transport influenced by topographies. The SOC variability was 

compared between Clear Creek (IA), a hilly and well-connected system, and the Upper 

Sangamon River (IL), a low-relief and poorly-connected system. Focusing on the Upper 

Sangamon, aggregate turnover following raindrop impact and wetting-drying cycles were 

tracked using rare earth elements (REE). This was followed by simulated rainfall studies 

of interrill erosion in field plots with different residues. Finally, aggregate transport 

distances after rain events were quantified by coupling REE measurements with transport 

models.  

The SOC exhibited low variability in high-gradient landscapes due to enhanced 

mobilization and mixing under high runoff. The SOC showed high variability in low-

gradient landscapes due to local depressions trapping of sediments and suppressed 

carbon decomposition under anoxic conditions. Aggregate breakdown dominated in early 

growing seasons due to raindrop impact. After a drying-wetting cycle, more aggregates 

were formed because of reduced rain power by plants, clay shrinkage upon drying, and 

microbial flushes upon rewetting. Fine particles accounted for 97% of lost soil and SOC 

enrichment increased with decreasing soil loss. No-till with high corn residue was most 

effective in reducing erosion and removing residue from no-till systems caused high soil 

loss. Small macroaggregates traveled the longest distances (1.33-117 cm) and extra-

large macroaggregates traveled the shortest distances (0.97-36 cm). This research 

expanded knowledge of aggregate breakdown, formation, and transport in agricultural 

settings and how these processes vary based on local topography, climate, and 

management.  
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Motivation 

In intensively managed landscapes (IMLs), the abundance and distribution of soil organic 

carbon (SOC) serve as central indicators of soil quality, with implications to crop 

productivity and agriculture sustainability (Karlen and Stott, 1994). SOC can exhibit high 

spatial variability across the landscape (Meersmans et al., 2008; VandenBygaart et al., 

2007; Xin et al., 2016). Understanding the degree of SOC spatial variability and its driving 

mechanisms can provide valuable insight for local soil management (e.g., fertilizer 

application, tillage, irrigation) to sustain soil productivity (Lal, 2006; Vieira and Paz 

Gonzalez, 2003). 

Soil erosion and deposition are key mechanisms that can redistribute large amounts 

of SOC across landscapes both horizontally and vertically, especially in IMLs (Wilson et 

al., 2016). These process can result in different degrees of SOC spatial variability (Berhe 

et al., 2008; Berhe et al., 2007; Fiener et al., 2015). Topography, aggregate dynamics, 

transport distances, and management dictate the levels of soil erosion and deposition 

and hence SOC variability. 

Topography regulates overland flow processes (Fissore et al., 2017; Stevens et al., 

2014) through hillslope gradient (Schwanghart and Jarmer, 2011) and the presence of 

small depressions (Passalacqua et al., 2015). The hillslope gradient affects the stream 

power and transport capacity of runoff (Shih and Yang, 2009), translating to variable SOC 

enrichment. In steep landscapes (i.e., high-energy environments), the stream power and 

transport capacity are high enough for general movement of all soil size fractions resulting 

in essentially no SOC enrichment of the eroded sediments compared to the source soil 

(Liu et al., 2019). In flat landscapes (i.e., low-energy environments), the limited stream 

power and transport capacity of shallow sheet flow lead to higher SOC enrichment in 

eroded sediments, and a higher disparity in SOC concentrations in eroded areas versus 

deposition areas. Geographically isolated depressions that are more prominent in the low-

gradient landscapes are sinks of water, fine sediments, and SOC (Cohen et al., 2016). 

The depressions trap and accumulate SOC and thus can enhance its spatial 

heterogeneity. Few studies have explored the driving mechanisms behind the different 

degrees of SOC spatial variability in low-gradient landscapes with topographic 

depressions and high-gradient landscapes.  

Soil aggregates encapsulate and protect varying concentrations and combinations of 

organic material (Six et al., 2004). In natural environments, soil aggregates are seldom 

static but continually breakdown and reaggregate. The breakdown of aggregates by 

raindrop impact (Hogarth et al., 2004; Serio et al., 2019; Shi et al., 2017) or through 

slacking by runoff liberates SOC that is physically protected within aggregates, making it 

more susceptible to movement with runoff (Wacha et al., 2018). The subsequent 

reaggregation of soil fragments due to wetting-drying cycles can conversely stabilize SOC 

within aggregates (Staricka and Benoit, 1995). 
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The susceptibility of aggregates to breakdown by raindrop and runoff is usually 

evaluated through aggregate stability tests (Kemper and Rosenau, 1986). Aggregate 

stability is an integral property of soil structure that affects not only soil erodibility (Le 

Bissonnais and Arrouays, 1997; Nciizah and Wakindiki, 2015) but also air diffusivity 

(Sexstone et al., 1985), water permeability, and carbon storage (Six et al., 2000b). 

Current studies on aggregate stability focus on steep regions (Hou et al., 2018; Wacha et 

al., 2018; Wang et al., 2015), where soil erosion by concentrated flow is more 

pronounced. However, soil erosion can occur even on sufficiently low slopes where 

rainsplash detachment and shallow flow wash are more prevalent (Proffitt et al., 1991). 

The effect of rainsplash detachment and shallow sheet flow on SOC redistribution in low-

gradient landscapes is far less straightforward. Moreover, few studies have investigated 

the back-and-forth interactions of aggregate breakdown and reaggregation. 

The transport distance of eroded aggregates is another critical variable dictating SOC 

redistribution over the landscape (Wainwright et al., 2008). Most previous SOC movement 

studies focus on the bulk soil without investigating the contribution of differently-sized 

aggregate fractions (Matisoff et al., 2001; Polyakov and Nearing, 2004; Zhang et al., 

2018), thus limiting the understanding of SOC redistribution processes over the 

landscape. Aggregate transport is size-selective due to hydrodynamic sorting of water 

(Bianchi et al., 2007). High proportions of organic-rich fine materials (e.g., 

microaggregates) are preferentially removed, with coarser materials (e.g., large 

aggregates) left behind, resulting in high SOC enrichment in eroded sediments. 

Therefore, tracking the transport of different aggregate size fractions across the 

landscape is imperative to fully understand the processes that shape the spatial variability 

of SOC. 

Scope of the Dissertation 

This dissertation details a series of studies that characterize the role of topography (i.e., 

slope gradient and depressions), aggregate dynamics (i.e., breakdown and formation), 

aggregate transport, and management practices on SOC spatial variability, especially in 

low-gradient environments. First, the SOC spatial variability in a low-gradient system with 

topographic depressions (Upper Sangamon River, IL) is examined relative to a steeper 

system with rolling hills (Clear Creek, IA). Both IMLs are in the glaciated Midwest, and the 

different glacial histories are what define their topographical make-up. This study uses 

visible and near-infrared spectroscopy (Vis-NIR) for examining nearly 200 samples in the 

two systems to identify the effects of hillslope gradient and local depressions on vertical 

and lateral patterns of SOC. To understand better this variability, we explored the 

importance of aggregate turnover and subsequent transport (e.g., size-selective transport 

and transport distance) on SOC redistribution over the low-gradient landscape. Three 

field experimental studies will then be discussed regarding the breakdown and transport 

of aggregates in the Upper Sangamon. These sections include the following: (1) tracking 

aggregate breakdown and reaggregation processes under raindrop impacts and wetting-
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drying cycles using rare earth elements (REE) tracers in the field conditions assisted with 

aggregate stability test using simulated rainfall, (2) rainfall simulation experiments for 

investigating aggregate transport characteristics by surface runoff in terms of particle size 

selection and SOC enrichment in eroded sediments under different tillage and residue 

cover treatments, and (3) sediment tracing experiment using REE-labeled aggregates for 

determining the transport distances of graded aggregate size classes in response to a 

series of rain events.  

This research aims to characterize the role of hillslope gradient and topographic 

depressions on SOC spatial variability and examine the processes of aggregate turnover 

and transport to understand better the driving mechanisms of SOC spatial variability. The 

overarching hypothesis is that soil erosion processes in the low-gradient landscape are 

dominated by raindrop detachment and shallow flow (low energy) transport, which 

preferentially remove SOC-enriched finer soil particles at surface and lead to enhanced 

spatial heterogeneity of SOC across the landscape. Additionally, topographic 

depressions in the low-gradient landscape could also increase the degree of SOC spatial 

variability by functioning as sinks of sediment retention and SOC accumulation. We also 

propose that aggregate breakdown and reformation in field conditions are influenced by 

rainfall patterns and associated microbial responses to soil moisture variations. Finally, 

we propose that the nature of transport selectivity could result in variable transport 

distances for aggregate size classes after rain events. 

Literature Review 

This chapter provides background material for understanding the trajectory of this 

research. First, the erosional redistribution of SOC and explanatory factors are explored 

as an introduction to this research. The importance of topography in soil transport and 

SOC spatial distribution is then evaluated with particular attention towards low-gradient 

landscapes with topographic depressions. Third, the hierarchical structure of soil 

aggregates is presented, followed by a description of aggregate dynamics, including 

aggregation and breakdown. Finally, the transport of aggregates is discussed, focusing 

on particle size selectivity of transport, SOC enrichment ratio in eroded sediments, and 

tracing of sediment movement. In each section, the respective knowledge gaps based on 

previous studies are identified. In conclusion, the contributions of this research to these 

knowledge gaps are presented.  

SOC Redistribution with Erosion and Deposition 

Erosion and deposition redistribute large amounts of soil and associated SOC in 

agricultural landscapes with cascading effects on system functions (de Nijs and 

Cammeraat, 2020; Doetterl et al., 2016; Fiener et al., 2015; Kirkels et al., 2014). Rainfall-

driven erosion is a three-step process involving detachment, transport, and deposition. 

Detachment by raindrop impact liberates SOC that is physically protected within soil 

aggregates (Feller and Beare, 1997). Then, finer and less dense soil particles are 
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preferentially transported by overland flow from eroding areas to depositional areas 

(Papanicolaou et al., 2015). It is estimated that 70% of eroded topsoil is stored on the 

landscape in various adjacent depositional topographies, such as floodplains and local 

depressions (Stallard, 1998). The increased wetness and reduced oxygen in these 

depositional areas inhibit microbial decomposition of SOC (Berhe, 2006).  

Interrill and rill erosion are two significant erosion mechanisms within IMLs (Flanagan 

and Nearing, 2000; Zachar, 2011). Interrill erosion occurs through soil detachment by 

raindrop impact, transportation by shallow sheet flow, and delivery to rills (Foster et al., 

1985). Low-density SOC is preferentially removed with fine soil particles by low-energy 

flow, resulting in an enrichment of SOC in the transported sediments (Schiettecatte et al., 

2008). Rill erosion removes soil by concentrated flow running through small, ephemeral 

streamlets or headcuts that function as both sediment source and sediment delivery 

systems (Govers, 1985; Schiettecatte et al., 2008). The general movement of all size 

fractions of soil and SOC by rill flow with high energy decreases SOC enrichment in 

eroded sediments (Wang et al., 2013a). 

Factors controlling soil erosion include climate (e.g., rainfall intensity), topography 

(e.g., slope), soil structure (i.e., soil aggregates), vegetation cover, and human activities 

(Renard et al., 1991). Topography and soil aggregates play central roles in governing 

erosional redistribution of SOC. Topography influences flow direction, runoff erosivity, 

stream power, and soil moisture conditions (Flanagan et al., 2001; Le Bissonnais et al., 

2002; Mathier and Roy, 1993) by way of local and integrated hillslope gradients (Roering 

et al., 2001), landscape positions (Gabbard et al., 1998; Huang et al., 2002), and surface 

morphologic features such as topographic depressions (Roering et al., 1999). These 

parameters strongly dictate transport distances of aggregates and the spatial variability 

of SOC (Chaplot et al., 2009; Yoo et al., 2005). As SOC is embedded within soil 

aggregates (Six et al., 2001; Six et al., 2000b), the breakdown and transport of aggregates 

directly control SOC transport and spatial distribution (Liu et al., 2019). In the following 

sections, the roles of topography, aggregate dynamics, and aggregate transport in SOC 

redistribution processes are further discussed. 

Role of Topography in SOC Redistribution 

Slope Gradient and Curvature 

Slope gradient and curvature (i.e., concave, convex, linear) define the geometry or 

morphology of hillslopes (Wysocki et al., 2000). The gradient is a proxy of the potential 

energy that drives mass movement and erosive forces of surface runoff on the slope 

(Wysocki et al., 2000). Slope shape mainly determines if overland flow is convergent as 

under concave slopes, divergent as under convex slopes, or straight as under uniform 

slopes (Agnese et al., 2007).  

Ruhe (1960) divided a hillslope profile into five sequential segments, i.e., summit, 

shoulder, backslope, footslope, and toeslope, which have become standard definitions 
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for guiding landscape segmentation and defining soil/SOC toposequences (Miller and 

Schaetzl, 2015). The five hillslope positions vary in slope gradient and shape, leading to 

different degrees of SOC movement (Figure 1-1). The relatively level summit is usually 

dominated by rainsplash detachment with limited erosional transport. The shoulder has a 

convex shape and increases in gradient moving down the slope before transitioning to 

the linear backslope. The shoulder and backslope experience large amounts of soil and 

SOC loss as the erosive forces of runoff increase. The footslope and toeslope have 

decreasing slope gradients, reduced transport, and increased deposition of SOC. The 

SOC distribution across these slope positions has been extensively studied over the past 

two decades with reported lower SOC at the upper-to-middle slopes and higher SOC at 

the lower slopes (Berhe et al., 2012; Chaplot et al., 2009; Doetterl et al., 2012; Fiener et 

al., 2015; Foufoula‐Georgiou et al., 2010; Yoo et al., 2005). 

Depressions 

Topographic depressions are low areas or micro-lows with slopes less than 1%, 

surrounded by slight rises on all sides, i.e., micro-highs with slopes of 1% to 3% (Wysocki 

et al., 2000). Thus, they have no natural outlets for surface drainage (Figure 1-2). 

Depressions are common terrain features present on nearly level to gently sloping 

landscapes, such as the Upper Sangamon region of Illinois, where the localized 

depressions are in “saucer” shapes with sizes of 0.2 - 2 acres (USDA, 2004). These 

depressions function as micro-basins for trapping runoff, eroded sediments, and SOC 

from surrounding elevated areas (Bertassello et al., 2018; Cohen et al., 2016; Reddy and 

Patrick, 1975). By increasing surface roughness heterogeneity, these depressions inhibit 

runoff, thus promoting infiltration and increasing soil moisture (Thompson et al., 2010) 

leading to regulation of biogeochemical cycles of carbon (Le and Kumar, 2017; Le and 

Kumar, 2014). Specifically, the elevated wetness induces anoxic conditions that suppress 

the microbial metabolism of carbon in the depressions (Cohen et al., 2016). As a result, 

these local pocketed depressions generally contain higher SOC concentration than the 

surrounding rises. 

Knowledge Gaps  

Numerous studies have shown the importance of hillslope gradient and slope position on 

the spatial variability of SOC in moderately to highly sloping landscapes, where rill erosion 

and SOC transport are enhanced (Papanicolaou et al., 2015; Tu et al., 2018; Xin et al., 

2016; Yoo et al., 2006). However, studies of SOC heterogeneity over low-energy 

landscapes with depressions are scant. Though erosional transport of SOC by 

concentrated flow is limited in very low-gradient landscapes, SOC transport by rainsplash 

and shallow sheet flow does occur (Hogarth et al., 2004; Huang et al., 1983; Legout et 

al., 2005). Moreover, the effect of local depressions on landscape-scale SOC variability 

has not fully been discussed. Therefore, examining the spatial variability of SOC on low- 

gradient landscapes with topographic depressions can provide valuable information for 

improving site-specific soil management that is usually neglected. 
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Figure 1-1. Soil C redistribution along a hillslope profile. Detachment, transport, and 

deposition can occur anywhere along the hillslope, but they are predominantly found at 

specific hillslope positions (Doetterl et al., 2016). 
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Figure 1-2. SOC dynamics of geomorphological transport and biogeochemical cycles in 

low-gradient landscapes with topographic depressions. Runoff and eroded sediments are 

trapped in the local depressions to create SOC hot spots on the land surface (Yan et al., 

2019). 
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Knowledge Gaps  

Numerous studies have shown the importance of hillslope gradient and slope position on 

the spatial variability of SOC in moderately to highly sloping landscapes, where rill erosion 

and SOC transport are enhanced (Papanicolaou et al., 2015; Tu et al., 2018; Xin et al., 

2016; Yoo et al., 2006). However, studies of SOC heterogeneity over low-energy 

landscapes with depressions are scant. Though erosional transport of SOC by 

concentrated flow is limited in very low-gradient landscapes, SOC transport by rainsplash 

and shallow sheet flow does occur (Hogarth et al., 2004; Huang et al., 1983; Legout et 

al., 2005). Moreover, the effect of local depressions on the landscape-scale SOC 

variability has not fully been discussed. Therefore, examining the spatial variability of 

SOC on low-gradient landscapes with topographic depressions can provide valuable 

information for improving site-specific soil management that is usually neglected. 

Aggregate Dynamics 

Aggregate Structure 

Aggregates are architectural organizations of primary soil particles (i.e., sand, silt, clay) 

glued together by organic and inorganic cementing agents (Blanco-Canqui and Lal, 2004; 

Figure 1-3). The bonding forces between the primary particles and cementing agents 

(e.g., cohesion, cation exchange) are functions of soil mineralogy and origin of the 

cementing material (e.g., plant, microbe, fauna). They regulate the stability of aggregates 

against erosive actions of rainfall and runoff and the destructive stress of tillage.  

Soil aggregates are usually classified based on their sizes (Tisdall and Oades, 1982). 

Microaggregates generally range from 0.053-0.250 mm, small macroaggregates are from 

0.250-2.00 mm, and large macroaggregates are greater than 2.00 mm. This classification 

system is widely used in soil science (De Gryze et al., 2006; Márquez et al., 2004; Peng 

et al., 2017; Six et al., 2000b; Tisdall and Oades, 1982) and is typical for the fertile soils 

of the Mississippi River Basin, such as Alfisols and Mollisols (Six et al., 2000b; Tisdall, 

1991). Within this aggregate hierarchy, microaggregates tend to be more enriched in 

carbon and more stable to rainfall, runoff, and agricultural practices than 

macroaggregates (Tisdall and Oades, 1982). Of the macroaggregates classes, small 

macroaggregates tend to have higher carbon content and stability than large 

macroaggregates (Hou et al., 2018; Márquez et al., 2004; Six et al., 2000b).  

Soil aggregates not only physically protect SOC but also limit air diffusion (e.g., 

oxygen), regulate water and solute transport, and influence seed germination and plant 

growth (Braunack and Dexter, 1989a; Braunack and Dexter, 1989b; Dexter, 1988; Horn 

et al., 1994; Liang et al., 2019; Sexstone et al., 1985). All these properties have profound 

effects on agroecosystem functions. Thus, aggregate abundance is often used as a 

metric of soil health (Karlen and Stott, 1994). 
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Figure 1-3. Mechanisms of soil aggregation and aggregate breakdown (modified from 

Barrios, 2007). 
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Aggregation 

Despite their importance to soil health, soil aggregates in natural environments are 

seldom stable but continuously changing. Aggregate dynamics include aggregation, 

breakdown, and interactions among different aggregate size classes (Figure 1-3). 

Understanding these dynamics and their interactions is essential to quantify SOC 

redistribution and, ultimately, sequestration. 

Soil aggregation consists of multiple sequential stages with different binding agents 

and mechanisms dominating each stage. The aggregation model proposed by Tisdall and 

Oades (1982) is believed to be the most substantial theoretical framework for 

understanding aggregation processes. This framework states that primary soil particles, 

namely free clay and silt (<0.053 mm), are bound together into microaggregates by 

persistent binding agents, such as resistant aromatic components, polyvalent metal 

cations (Fe, Al, Ca), and strong organo-metal complexes. The stable microaggregates 

are further bound together into macroaggregates by transient binding agents, such as 

microbial- and plant-derived polysaccharides, and by temporal binding agents, such as 

roots and fungal hyphae. Oades (1984) later postulated that microaggregates could form 

within macroaggregates when coarse materials are tied together by roots and hyphae. 

The major factors influencing soil aggregation include soil fauna (e.g., earthworms), soil 

microorganisms, roots, inorganic binding agents, and environmental variables (Figure 

1-3), which are succinctly described by Six et al. (2004). It is evident from the above 

review that biological-based aggregate formation has been thoroughly studied and well 

understood. However, physical-based aggregate formation due to freezing-thawing and 

wetting-drying cycles is largely missing from the literature (Chaney and Swift, 1986; Dı́az-

Zorita et al., 2002). 

Aggregate Breakdown 

Aggregate breakdown occurs naturally due to rainsplash and runoff. The general 

agreement is that rainfall is the dominant contributor to aggregate structure disintegration 

(Douglas, 1985; Loch and Foley, 1994; Nearing and Bradford, 1985; Nearing et al., 1987). 

In agriculture fields, tillage is also responsible for aggregate breakdown. However, since 

tillage breakdown is well studied and relatively straightforward (Álvaro-Fuentes et al., 

2008; Elliott, 1986; Zhao et al., 2018), this section will focus on rainfall and runoff 

breakdown. 

When hit by raindrops, soil aggregates experience multiple physical and 

physiochemical mechanisms before breaking apart (Elliott, 1986; Oades and Waters, 

1991; Tisdall and Oades, 1982). There are four main mechanisms (Le Bissonnais, 1996): 

(1) air slaking during fast wetting; (2) differential swelling and shrinking during wetting-

drying cycles; (3) physiochemical dispersion of clay particles while wetting; and (4) 

mechanical breakdown by raindrop impact (Table 1-1).  

Air-slaking refers to the miniature “explosion” in aggregates caused by compression 

of entrapped air during fast wetting. Air-slaking depends on the volume of trapped air,  
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Table 1-1. Characteristics of the main mechanisms of aggregate breakdown (Le 

Bissonnais, 1996). 

Mechanism Slaking Swelling Raindrop 
impact 

Dispersion 

Type of forces 
involved   

Internal pressure 
by air during 
wetting  

Internal pressure by 
clay differential 
swelling 

External 
pressure by 
raindrop impact 

Internal 
attractive forces 
between 
colloidal particles 

Soil properties 
controlling the 
mechanism 

Porosity, 
wettability, internal 
cohesion 

Swelling potential, 
wetting conditions, 
cohesion 

Wet cohesion 
(clay, organic 
matter, oxides) 

Ionic status, clay 
mineralogy 

Resulting 
fragments 

Microaggregates Macro and 
microaggregates 

Elementary 
particles 

Elementary 
particles 

Intensity of the 
disaggregation 

Large Limited Cumulative  Total 
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which is in function of aggregate porosity and antecedent moisture content. Coarser 

aggregates slake easier than finer aggregates because of big pore sizes and more 

entrapped air during rapid wetting (Sutherland et al., 1996b). Increased antecedent 

moisture content decreases air slaking because of reduced air and matric potential as the 

pores are filled with water (Gerard, 1987; Truman et al., 1990). Differential swelling and 

shrinking during wetting-drying cycles cause microfractures of aggregates. The degree of 

swelling depends on clay mineralogy & content and wetting rate (Bronswijk, 1991; Tang 

and Shi, 2011). People are often confused with swelling and slaking, especially when it 

comes to their interactions with clay. The significant difference between the two is that 

swelling is positively correlated with clay content while slaking is negatively correlated 

with clay content (Le Bissonnais, 1996). The dispersion of clay occurs when the cohesive 

forces between colloidal particles are reduced by water. The dispersion of clay depends 

on the exchangeable sodium percentage (ESP) of the soil. In fields with high clay content, 

clay dispersion induces rapid crusting, low hydraulic conductivity, and high particle 

mobility by water (Ben-Hur et al., 1992). For raindrop breakdown, the raindrop kinetic 

energy peels off the outer layer of aggregates and produces a high proportion of fine 

particles that are enriched with SOC. 

A notable difference between the four mechanisms is that the former three are driven 

by internal pressures leading to disintegration from the interior of aggregates. In contrast, 

the raindrop breakdown is driven by external forces resulting in fragmentation from the 

exterior of aggregates. Slaking and raindrop peeling are the primary mechanisms 

responsible for aggregate breakdown. Slaking dominates the aggregate breakdown in 

relatively dry soil (i.e., the beginning of rainfall) and is particularly strong under high rainfall 

intensity until field capacity is reached. Afterwards, raindrop impact becomes more 

prevalent to fragment the prewetted aggregates (Bielders and Grymonprez, 2010; Shi et 

al., 2017). Swelling and clay dispersion usually have minor effects on aggregate 

disintegration (Xiao et al., 2018).  

The last mechanism for aggregate disintegration is overland flow. It is often 

considered marginal and presented in a few studies, such as the flume experiments 

conducted by Wang et al. (2012) and Wang et al. (2013a). During these studies, coarser 

aggregates rolled as bedload and were rapidly abraded and broken down into smaller 

fragments. The small pieces were weakly abraded with a reduction in weight and their 

shape became less angular. Clay particles and smaller aggregates were less impacted 

by running flow as they traveled as suspended load. 

Factors influencing aggregate breakdown include soil properties (Skidmore and 

Layton, 1992), topographical positions (Pierson and Mulla, 1990), and agricultural 

management practices (Bronick and Lal, 2005). The soil properties most relevant to 

aggregate breakdown are texture, clay mineralogy, electrolyte and cations, CaCO3 and 

gypsum, Fe and Al oxides, organic matter, and water content (Amezketa, 1999). Different 

combinations of these properties can lead to contradictory results (Le Bissonnais, 1996). 
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Among these factors, organic matter abundance is frequently reported to be the most 

crucial predictor of aggregate stability because of its strong capability of holding primary 

minerals together and ability to hold water, which reduces runoff, aggregate slaking, and 

dispersion (Annabi et al., 2017; Chappell et al., 1999; Elliott, 1986; Pulleman et al., 2005; 

Six et al., 2000a; Tisdall and Oades, 1982). Topography affects aggregate stability by 

regulating overland flow and aggregate transport. Le Bissonnais et al. (2002) and Martz 

(1992) reported lower aggregate stability in upper slope positions (i.e., eroding zone) and 

higher aggregate stability in lower slope positions (i.e., depositional zone). However, 

Wacha et al. (2018) found that aggregate stability decreased downslope along the 

flowpath. It is well known that conservation tillage or no-till practices confer significant 

improvements to soil structure, aggregate stability, and SOC storage compared to 

conventional tillage, which mechanically disintegrates aggregates and causes pore-

clogging and SOC loss (Boogar et al., 2014; Cambardella and Elliott, 1994; Sarker et al., 

2018; Six et al., 1998; Song et al., 2019; Zhang et al., 2012; Zheng et al., 2018). Wickings 

et al. (2016) stressed that it is vital to account for topographical heterogeneity when 

assessing the impact of management practices on aggregate functions as aggregate 

stability is an outcome of the interactions of these factors and their combined effects 

should be considered (Annabi et al., 2017; Hoyos and Comerford, 2005; Martz, 1992; 

Wickings et al., 2016).  

Aggregate Stability Measurement 

The most widely used method to measure aggregate stability is wet sieving (Wang et al., 

2015; Whalen and Chang, 2002). Wet sieving is limited to evaluating aggregate 

breakdown by slaking and clay dispersion. Another method of analysis involves simulated 

rainfall to break aggregates (Farres, 1987; Hou et al., 2018; Li et al., 2013; Wacha et al., 

2018), which mimics more closely the natural processes of raindrop impact and runoff 

entrainment seen in IMLs and thus providing more accurate assessments of soil stability 

and erodibility (Nouwakpo et al., 2018). However, the use of rainfall simulators is not 

widespread because they are expensive and more labor-intensive when compared to wet 

sieving.  

Breakdown and Aggregation Cycles 

The studies presented above have advanced our knowledge regarding aggregate 

stability. However, they have done little to understand the cyclical interactions (i.e., 

turnover) of soil aggregation and breakdown. Aggregate turnover regulates the mass 

transfer between larger aggregates and smaller aggregates. Knowledge about aggregate 

transfers is essential to further our understanding of SOC mobilization and redistribution 

over the landscape. Over the past three decades, direct quantification of aggregate 

structure dynamics has been slowly gaining momentum. De Gryze et al. (2005) added 

wheat residue to crushed soils followed by short-term incubations. They found that the 

formation of large water-stable macroaggregates (>2 mm) increased linearly with 

increasing amounts of residue and respiration rates. Staricka et al. (1992) and Plante et 
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al. (1999) applied inert tracer particles, such as 1-3 mm dysprosium-labeled ceramic 

spheres, to natural soils and proved that the tracers are robust for practical use to study 

soil aggregate dynamics. These studies are a step in the right direction of using tracers 

to track aggregate dynamics, but they are limited since they do not examine the two 

processes of disruption and formation concomitantly.  

The combined tracer and modeling approach proposed by Plante et al. (2002) 

consisted of a four-pool compartment model where all aggregate size classes were 

connected through the material flows into and out of the aggregates. The amounts of soil 

into and out of each aggregate class were determined using a first-order kinetics model. 

De Gryze et al. (2006) built on this work by mixing rare earth element (REE) powders 

homogeneously with crushed soil and recombining the soils during incubation periods. A 

transfer matrix model based on mass conservation was used by De Gryze et al. (2006), 

improving the first-order linear model by Plante and McGill (2002) to quantify aggregate 

transfer between any two size classes. Peng et al. (2017) modified De Gryze et al. 

(2006)'s labeling methods by tagging each aggregate size class with a different type of 

REE before recombining. Furthermore, Peng et al. (2017) expanded the transfer matrix 

model for directly enumerating the change in the proportion of aggregates during the 

breakdown and buildup processes.  

Knowledge Gaps  

These studies of aggregate dynamics, achieved through incubation experiments, are 

predicated on assumptions that (1) biological processes (e.g., microbes) are the only 

factors driving aggregate breakdown and buildup, and (2) soil aggregates do not move 

across space. However, this is not the case in nature as (1) the physical forces of raindrop 

impact and runoff also cause aggregate breakdown and aggregation over a short time 

scale, resulting in mass transfer physically between larger aggregates and smaller 

aggregates, and (2) soil aggregates could be translocated by rainsplash and runoff. 

Quantification of the physical turnover of aggregates under natural conditions is a leap to 

fill in the research gaps. 

Aggregate Transport 

Selective Enrichment of SOC 

The aggregate size distribution of eroded sediments has been widely observed to be finer 

than in-situ soil due to the selective removal of smaller aggregates and silt/clay by 

raindrops and runoff (Liu et al., 2019; Massey and Jackson, 1952). Moreover, the 

transport of loose aggregates is usually associated with sediment sorting, where coarse 

particles deposit first due to higher settling velocity and finer particles travel further owing 

to lower settling velocity (Flanagan and Nearing, 2000). Sediment selectivity and sorting 

contribute to the heterogeneous pockets of different soil and SOC amounts along the 

downslope. In recent years, research on sediment selectivity and sorting have improved 

the modeling of SOC redistribution by considering the contribution of individual aggregate 
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size classes (Chartier et al., 2013; Fu et al., 2016; Wang and Shi, 2015; Wang et al., 

2014; Wang et al., 2013b). 

The transport selectivity on SOC is usually expressed as an enrichment ratio (ER), 

calculated as the SOC component in the eroded soil to that of the source soil (Massey 

and Jackson, 1952). It is commonly believed that interrill erosion is more selective while 

rill erosion is less selective and even non-selective under general movement (Foster et 

al., 1985; Govers, 1985; Proffitt and Rose, 1991; Schiettecatte et al., 2008; Shi et al., 

2012). During interrill erosion, silt/clay particles and finer aggregates, mostly 0.1~0.2 mm 

fractions (Van Dijk et al., 2002) are either peeled off from larger aggregates or ejected by 

raindrop impact and then selectively entrained by shallow sheet flow, resulting in high ER 

values of SOC (Palis et al., 1997; Schiettecatte et al., 2008; Wang et al., 2013b). 

Sutherland et al. (1996a) reported that the <0.063 mm and 0.05-0.1 mm fractions were 

preferentially transported by rainsplash and sheet flow, and the ER values were greater 

than 1. During rill erosion, ER values of SOC decrease close to 1 as high flow velocity 

dominates and tends to mobilize all size fractions (Papanicolaou et al., 2015; 

Schiettecatte et al., 2008). In other words, the eroded sediments have same aggregate 

size distribution and SOC concentration as the source soil because the shear stress of 

rill flow is sufficiently enough to mobilize all size fractions.  

Selective transport of soil aggregates and labile SOC fractions not only occur in those 

specific erosion processes (rainsplash vs. rill erosion) but also vary based on specific 

environmental conditions, such as slope geometry, soil texture, rainfall intensity, and 

runoff. Slope gradient and rainfall intensity have been found to play essential roles in the 

selective enrichment of SOC by controlling stream power (Flanagan and Nearing, 2000). 

When the slope (e.g., <5°) or rainfall intensity (e.g., <45 mm h-1) was sufficiently low, high 

ER values in each aggregate size class were observed due to selective transport of finer 

material by rainsplash and shallow flow (Liu et al., 2019; Papanicolaou et al., 2015). SOC 

enrichment also varies depending on the hillslope position. Papanicolaou et al. (2015) 

reported higher average ER values (~1.5) in the upslope than in the downslope (~1), 

which highlights the importance of rainsplash in the selective transport of finer fractions 

in the upslope.  

Soil and SOC Movement Tracing  

The use of sediment tracers as a tool to better understand erosion and deposition has 

increased due to additional information they provide, such as sediment source 

identification (Abban et al., 2016; Fox and Papanicolaou, 2008; Papanicolaou et al., 2003; 

Wilson et al., 2008), tracking of sediment movement across various spatial scales 

(Polyakov et al., 2009; Wilson, 2003; Wilson et al., 2005; Zhang et al., 2018), and 

estimation of soil erosion and deposition rates (Li et al., 2010; Olson et al., 2013). Guzmán 

et al. (2013) reviewed four commonly used tracers: REE, fallout radionuclides, stable 

isotopes, and magnetic substances. Since Zhang et al. (2001) first showed the reliability 

of REE to trace soil erosion, the use of REE has become more popular due to their small 
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size (<5 𝜇𝑚 ), low background concentration, high affinity to aggregates, and 

noninterference with aggregate movement. 

REE has been used to trace sediment movement across artificial hillslopes 

(Michaelides et al., 2010; Polyakov and Nearing, 2004) and catchments (Liu et al., 2016; 

Zhang et al., 2018) through simulated rainfall. Polyakov et al. (2004) and Polyakov et al. 

(2009) expanded the application of REE to a small natural watershed following storm 

events. In their study, all morphological zones were marked with distinct REE before 

rainfall, and traditional sediment fluxes and erosion rates were determined after rainfall 

with measured REE concentrations. Using REE as tracers, Matisoff et al. (2001) 

measured the transport distances of sediments after thunderstorms, which ranged from 

3-73 cm. Overall, these studies indicate that REE tracing is a reliable approach to track 

soil particle movement across the landscape.  

Knowledge Gaps  

There are still numerous advances necessary to understand landscape sediment 

transport processes. For instance, the sediment transport distance reported by Matisoff 

et al. (2001) was for the bulk soil under the assumption that all soil particles traveled the 

same lengths, which is not the case. It is clear that smaller aggregates travel longer 

distances than coarser aggregates due to sediment selectivity and sorting. Determining 

transport distance for individual aggregate size fractions is critical to accurately visualize 

soil and SOC redistribution over the landscape and scale erosion rates. 

Research Contributions 

The knowledge gaps gleaned in this review must be addressed with targeted efforts to 

fully understand the spatial variability and SOC redistribution in intensively managed 

landscapes, particularly those that are low gradient. Thus, to inform these knowledge 

gaps, this research aims to accomplish the following objectives: 

(1) Examine the roles of hillslope gradient and topographic depressions on the spatial 

variability of SOC in both high- and low-gradient agricultural landscapes and 

differentiate the dominant processes that control the SOC heterogeneity in the two 

environments with distinct topographies.  

(2) Quantify the mass transfer between different aggregate size classes during 

breakdown and reaggregation cycles under natural rainfall using rare earth 

elements (REE) as tracers and examine dominant environment factors that control 

the mass transfer.  

(3) Investigate the surface runoff and soil loss characteristics in field plots with different 

residue cover and tillage treatments using simulated rainfall and examine the 

aggregate transport selectivity and SOC enrichment ratio in the eroded sediments. 

(4) Investigate the differences in transport distances of REE-tagged aggregate size 

classes at various slope positions in response to a series of rainfall events and 

examine their impacts on SOC redistribution over the landscape. 
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Dissertation Outline 

The dissertation consists of six chapters: Chapter 1 is a general introduction. Chapter 2 

presents a comparison study on the influence of topography on SOC spatial variability in 

high- and low-gradient agricultural landscapes. Chapter 3 presents a field study where 

aggregate turnover is tracked under raindrop impact and wetting-drying cycles using REE 

tracers. Chapter 4 presents a simulated rainfall study of soil erosion and SOC enrichment 

ratio by surface runoff in field plots with different tillage and residue cover treatments. 

Chapter 5 presents a field study for quantifying aggregate transport distances after rainfall 

events to understand SOC redistribution using REE tracers. Chapter 6 highlights the 

major conclusions from this dissertation and gives recommendations for future research.  
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Abstract: This study investigated the SOC spatial variability in two intensively managed 

landscapes (IMLs): Clear Creek, IA, a rolling, hilly, well-connected drainage environment, 

and the Upper Sangamon River, IL, a low-relief, poorly-connected drainage environment 

with topographic depressions. Representative hillslopes from both watersheds were 

selected with different hillslope gradients (HG). Soil samples from 0-5 cm and 5-10 cm 

deep were collected at the summit, shoulder, backslope, and toeslope positions of each 

hillslope following the primary flowpaths. SOC concentrations were determined using 

visible and near-infrared spectroscopy (Vis-NIR) and partial least squares regression 

(PLSR). For the high-gradient Clear Creek, HG was negatively correlated with SOC and 

accounted for most of the variation in SOC. Through erosion and deposition, lower SOC 

concentrations were found near the summits and higher levels were at the toeslopes. For 

the low-gradient Upper Sangamon River, gravimetric water content (GWC) and soil bulk 

density (BD) were positively correlated with SOC and accounted for most of the SOC 

variation. In the fields pocketed with depressions, the highest SOC concentrations 

appeared in these depressions compared to surrounding rises due to the deposition of 

SOC-rich fine sediments along with reduced microbial decomposition of carbon under 

anoxic conditions from elevated soil moisture. In contrast to observations for non-

depressions, higher SOC concentration was found at 5-10 cm than at 0-5 cm within the 

depressions. SOC concentrations in Clear Creek were 25% lower on average than that 

in the Upper Sangamon River. Moreover, the SOC concentrations in Clear Creek 

exhibited a unimodal distribution and thus were more homogeneous than the SOC 

concentrations in the Sangamon, which displayed a multimodal distribution. The results 

suggest that the relatively low degree of SOC variability in high-gradient agricultural 

landscapes is mainly related to enhanced erosional mobilization and mixing under high 

surface runoff. By comparison, the high degree of SOC variability in low-gradient 

landscapes is governed by local depressions that trap SOC and hinder biogeochemical 

weathering under anoxic conditions, a process that fundamentally depends on 

topography. 

Keywords: Soil organic carbon, Spatial variability, Visible and near-infrared 

spectroscopy, Topography, Hillslope gradient, Topographic depressions 

Introduction 

Soil organic carbon (SOC) is integral to soil health and agroecosystem resilience, playing 

crucial roles in the physical, ecohydrological, and biogeochemical functioning of 

agricultural soils (Reeves, 1997; Wiesmeier et al., 2019). Understanding the spatial 

variability of SOC at the field and watershed scales is essential for implementing 

sustainable land management practices (Moorman et al., 2004) and for informing carbon 

budgets and carbon transport models (Scharlemann et al., 2014; Yoo et al., 2005). SOC 

can exhibit high heterogeneity vertically through the soil profile and laterally across the 

soil surface, especially in intensively managed landscapes (IMLs) where human activity 

(e.g., tillage) has facilitated its mobility (VandenBygaart et al., 2007). In IMLs, interactions 
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between land management and topography, which includes both gradient and curvature, 

shape SOC heterogeneity over short time scales of storm events and seasons (Li et al., 

2018; Schwanghart and Jarmer, 2011; West and Post, 2002; Yu et al., 2018). Topography 

regulates overland flow and the resulting lateral/ downslope movement of soil and 

associated SOC, as gradient controls stream power and the transfer of momentum from 

the flowing water to the soil particles (Ali et al., 2013; Fissore et al., 2017; Patton et al., 

2019; Papanicolaou et al., 2018; Shih and Yang, 2009). Different degrees of stream 

power selectively entrains lighter, less dense, carbon-rich material translocating it from 

steep upslope eroding zones to relatively flat downslope depositional zones (Figure 2-1a). 

Topography, in the form of closed depressions, also affects the spatial heterogeneity 

of SOC. "Saucer-shaped" depressions usually have no natural outlets of surface flow and 

end up being storage zones for SOC (USDA, 2004; Figure 2-1b). In low-relief landscapes, 

topographic depressions create small, temporary ponded areas that experience anoxic 

conditions (Le and Kumar, 2017; Woo and Kumar, 2017). The reduced microbial 

metabolism of carbon caused by anoxic conditions increases SOC storage in the 

depressions (Keiluweit et al., 2016; Skopp et al., 1990). 

Land management practices can alter the degree of SOC variability induced by 

topography (Hao et al., 2002). Tillage disintegrates aggregates, liberating the protected 

SOC and increasing its susceptibility for mobilization (Hou et al., 2018; Wacha et al., 

2018). Additionally, tillage accelerates oxidation by aerating and drying the soil and 

increases the degree of contact between carbon-consuming microbes and SOC (Abid 

and Lal, 2008; John et al., 2005; Six et al., 2000). Many studies have reported lower SOC 

concentrations in fields under conventional tillage and higher SOC in fields with reduced 

tillage or no-till practices (Elliott and Efetha, 1999; Lopez-Bellido et al., 2017; West and 

Post, 2002). 

To assess the spatial variability of SOC at larger scales, high-resolution mapping of 

near-surface SOC is required. These assessments generally involve extensive field 

campaigns with soil cores collected at different hillslope positions followed by analysis in 

the laboratory (Fox and Papanicolaou, 2007; Wilson et al., 2018). Increasingly, visible 

and near-infrared spectroscopy (Vis-NIR) is being used as a low-cost, rapid method to 

quantify SOC for large numbers of samples (Ben-Dor and Banin, 1995; Chang and Laird, 

2002; Ge et al., 2014; Morgan et al., 2009; Viscarra Rossel et al., 2006). The Vis-NIR 

technique is part of the USDA-NRCS Rapid Carbon Assessment (RaCA) project for 

mapping carbon stocks in the U.S. and the European Land Use/Cover Area frame 

Statistical Survey (LUCAS) to develop a reference database for simulating carbon 

changes (Stevens et al., 2013; Wijewardane et al., 2016; Wills et al., 2014).  

Vis-NIR detects the O-H, C-H, N-H, and C=O functional groups in organic molecules 

based on their optical properties (Margenot et al., 2015; Zou et al., 2010). When a soil 

sample interacts with Vis-NIR light, the functional groups vibrate as they absorb the light 

energy (Stenberg et al., 2010). Soils with more organic molecules, which are darker in  
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Figure 2-1. Examples of typical topographic features in high- and low-gradient IMLs. (a) 

In Clear Creek, the collective effects of rainsplash-, runoff-, and tillage-induced 

erosion/deposition redistribute finer soil particles and SOC along the hillslope (adapted 

from Papanicolaou et al. [2015]); (b) In the Upper Sangamon watershed, surface ponding 

in isolated topographic depressions (red circles) during intense rainfall events (photo 

courtesy of Dr. Thanos Papanicolaou). The two images at different spatial scales illustrate 

different topographic features. 
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color, absorb more light energy than lighter soils with less organic molecules (Ingleby and 

Crowe, 1999). Absorption of light energy in the visible region (i.e., 400-700 nm) occurs 

due to chromophores, whereas light absorption in the NIR region arises from overtones 

of the OH, SO4, and CO3 groups occurring at 700-1900 nm and from combinations of H2O 

and CO2 groups between 1900-2500 nm (Chang et al., 2005; Chang et al., 2001; Ingleby 

and Crowe, 1999). Partial least squares regression (PLSR), principal component 

regression, and stepwise multiple linear regression are commonly used methods to 

determine SOC from these spectral bands (Escandar et al., 2006; Ge et al., 2011; 

Viscarra Rossel, 2008). 

The purpose of the present study is to use information derived from the Vis-NIR 

technique to decipher the influence of topography and management on SOC variability in 

two intensively management landscapes with contrasting slope gradients, but similar 

land-management practices. Specific objectives are to (1) examine the roles of hillslope 

gradient, soil water content, and bulk density on the spatial variability of SOC in both high- 

and low-gradient agricultural landscapes, and (2) differentiate the dominant processes 

controlling SOC heterogeneity in two environments with distinct topographies. By 

addressing these objectives, the study examines the hypotheses that toeslopes in 

dissected landscapes with high-gradient hillslopes and spatially continuous drainage 

pathways exhibit relatively higher spectral absorbances and SOC concentrations 

compared to summits, as selective erosion translocates organic-rich, fine soil downslope, 

while topographic depressions in poorly dissected landscapes with gentle hillslopes and 

poorly defined drainage pathways display higher spectral absorbances and SOC 

concentrations than surrounding topographic highs, as runoff, fine sediment, and organic 

matter converge toward the depressions where microbial decomposition is suppressed. 

Site Descriptions 

Field sites in the Intensively Managed Landscapes Critical Zone Observatory (IML-CZO) 

(Wilson et al., 2018), namely Clear Creek, IA, and the Upper Sangamon River, IL, were 

strategically selected to represent the ranges of hillslope gradients and soil properties 

(e.g., texture, water content, and bulk density) in agricultural landscapes of the U.S. 

Midwest. The 270-km2 Clear Creek watershed (41°39 ̍ - 41°46 ̍ N, 92°00 ̍ - 91°36 ̍ W) is 

located in southeast Iowa (Figure 2-2a), and the 2400-km2 Upper Sangamon watershed 

(39°37  ̍ - 40°33  ̍ N, 89°25  ̍ - 88°08  ̍ W) is in central Illinois (Figure 2-2b). Detailed 

descriptions of both sites can be found in Wilson et al. (2018). Both watersheds have 

continental climates characterized by wet springs, hot summers with mesoscale 

convective storms, relatively dry falls with freeze-thaw cycles, and cold winters with 

snowfall. The two rainfed watersheds have similar mean annual temperatures (9~11℃) 

and average amounts of precipitation (889~1000 mm) (Wilson et al., 2018). 

Historically, a prairie-savanna, forest-wetland mosaic developed following 

deglaciation, facilitating the accumulation of organic matter (Kumar et al., 2018). The  
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Figure 2-2. Geographic locations and slopes of the two study watersheds. (a) Cleek Creek 

watershed is located in southeast Iowa with sites CC#1 and CC#2 at the headwaters and 

sites CC#3 and CC#4 at the lower reaches. Upland slope mostly ranges from 4% to 16%; 

(b) The Upper Sangamon watershed is located in central Illinois with sites US#1 and 

US#2 on the sloping uplands and sites US#3 and US#4 on the morainal plains. Upland 

slope falls in the range of 0-2%. 
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resulting soils are loess-derived Mollisols and Alfisols (Anders et al., 2018). The most 

common soil associations in Clear Creek are the well-drained Tama-Fayette-Downs in 

uplands and poorly-drained Colo-Nevin-Nodaway in lowlands (Wilson et al., 2016). The 

predominant soil associations in the Upper Sangamon include poorly-drained Drummer-

Sable and somewhat poorly-drained Flanagan-Ipava (USDA, 1982). Intensive agriculture 

was introduced in the region around 1820 (Rhoads et al., 2016) with most land presently 

devoted to corn (Zea mays) and soybean (Glycine max) production. Conventional tillage 

is often implemented at flat sites to dry and aerate the soil, while conservation reduced/no-

tillage practices are usually adopted on steeper slopes to reduce soil erosion (Table 2-1). 

These practices have been used since the early 1990s in both watersheds with only slight 

differences in the timing of implementation (Papanicolaou et al., 2015).  

Despite similarities in land use, the two watersheds differ topographically because of 

differences in their glacial histories. Clear Creek (Figure 2-2a) was glaciated during the 

pre-Illinois Episode (~0.5-2.4 Ma), and a long period of fluvioglacial processes left a 

relatively high-gradient landscape characterized by rolling relief and well-connected 

surface drainage networks (Bettis et al., 2003). The Upper Sangamon watershed (Figure 

2-2b) was glaciated multiple times, most recently during the Wisconsin Glacial Episode 

(~25-75 ka), leaving a low-gradient landscape with numerous upland closed depressions 

(Figure 2-1b) and poorly-integrated upland drainage networks (Anders et al., 2018). 

Materials and Methods  

The methodological procedure for this study (Figure 2-3) involves the following steps: (1) 

collection of soil samples from fields with varied hillslope gradients, HG, following a grid 

design (Wilson et al., 2018); (2) laboratory analysis of soil gravimetric water content, 

GWC, and bulk density, BD, using established methods (Wilson et al., 2018); (3) 

measurements of Vis-NIR absorption spectra on dry soil samples following the RaCA 

protocol (Wills et al., 2014); (4) mathematical preprocessing of the spectral data (Zou et 

al., 2010); (5) calibration and validation of the Vis-NIR models using PLSR analysis; and 

(6) statistical analyses to identify the interdependence between SOC and hillslope 

gradient, soil water content, and soil bulk density. 

Soil Sampling  

Four representative fields were selected that cover the topographic range in each 

watershed. In Clear Creek (Figure 2-4a), two fields were selected in the rolling 

headwaters with steeper slopes (CC#1 & CC#2) and two fields were in the lower reaches 

with gentler slopes (CC#3 & CC#4). For the Upper Sangamon (Figure 2-4b), two fields 

were selected in the headwaters (US#1& US#2) and two fields were on the morainal 

plains (US#3 & US#4), all of which with low hillslope gradients. 

The field sampling followed a grid composed of four hillslope positions (i.e., summit, 

shoulder, backslope, and toeslope) and three downslope transects with a minimum of 30 

m spacing between each (Figure 2-4). Each downslope transect was aligned following  
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Table 2-1. General site characteristics. 

Properties 
Clear Creek Sites  Upper Sangamon Sites 

CC#1 CC#2 CC#3 CC#4  US#1 US#2 US#3 US#4 

Latitude (o) 41.738 41.737 41.699 41.698  40.444 40.374 40.396 40.149 

Longitude (o) -91.941 -91.928 -91.688 -91.685  -88.480 -88.194 -88.329 -88.59 

Elevation (m) 239-261 237-243 210-211 210-211  259-265 231-233 218-219 216-217 

Size (m2) 51228 24017 11819 8904  9215 3280 8206 6723 

Slope length (m) 342 166 120 118  111 90 95 92 

Slope gradient (%) 5.74 3.44 1.39 0.84  3.45 2.57 0.8 0.1 

Soil texture SiCL SiCL SiL SiL  SiL SiL CL SiL 

Current tillage RT NT CT CT  NT NT CT CT 

Associated crop Corn Bean Corn Corn  Corn Bean Corn Corn 

No. of samples 48 48 48 48  48 48 48 48 

SiCL: silty clay loam; SiL: silt loam; CL: clay loam; RT: reduced tillage; NT: no-till; CT: conventional 

tillage. 
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Figure 2-3. Schematic overview of the sequential procedure in this study. SU: summit; 

SH: shoulder; BS: backslope; TS: toeslope; R2: coefficient of determination; RMSE: root 

means squares error; RPD: residual predictive deviation; IDW: inverse distance 

weighting; pdf: probability density function. 
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Figure 2-4. Contour and slope maps of the study fields. (a) In Cleek Creek, sites CC#1 

and CC#2 have higher hillslope gradients (2-14%) than sites CC#3 and CC#4 (2-6%); (b) 

In the Upper Sangamon watershed, sites US#1 and US#2 have slightly higher slopes (2-

6%) than sites US#3 and Us#4 (0-2%). Red polygons denote the topographic depressions 

and green dots show the sampling locations. The contour interval is 0.1 m.  
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primary overland flow pathways delineated using LiDAR-derived elevation data and 

hydrology tools in ArcGIS (Jenson and Domingue, 1988). Hence, the sampling implicitly 

accounts for the role of surface runoff and soil water content on SOC variability at different 

hillslope positions with varying ranges of slope. It also allows for sampling inside the 

depressions to evaluate their influences on SOC variability. 

At the grid intersections, soil samples from depths of 0-5 cm and 5-10 cm were 

excavated with a ring (5.08 cm [d] x 5.08 cm [h]) for bulk density measurements (USDA, 

1996). Replicate samples were taken from each location and depth with a steel scoop (5 

cm [l] x 5 cm [w)] x 5 cm [h]) for SOC and gravimetric water content analyses. A total of 

384 soil samples were used in this study. 

Sample Analyses  

The field-moist soil samples were sieved with 8-mm screens to remove stones and large 

residue. The sieved samples were weighed wet and then air-dried to constant weights 

(Hou et al., 2018; Li et al., 2020). The soil bulk density was calculated as the ratio of dry 

soil mass to the volume of the sampled soil defined by the ring. The gravimetric water 

content was calculated as the ratio of water mass to the dry soil mass. The subsamples 

were lightly crushed using a wooden rolling pin and passed through a 2-mm sieve to 

ensure constant particle size effects (e.g., scattering) on the Vis-NIR spectra following the 

RaCA protocol (Wills et al., 2014). A 0.5-g split of the subsamples was analyzed using 

the Sercon Ltd. (Crewe, UK) flash combustion elemental analyzer to provide the 

reference SOC concentration (Hou et al., 2018; Li et al., 2020) for the Vis-NIR model 

calibration and validation.  

Vis-NIR Spectra Measurements 

Absorption spectra of the dry soil samples were measured over the Vis-NIR region (350-

2500 nm) using a portable ASD LabSpec® 2500 spectrometer (Boulder, CO, USA). The 

spectrometer connects to a light source through a fiber optic cable and communicates 

with the controlling computer through an Ethernet interface (Figure 2-5). when making 

measurements, the room was darkened to minimize background irradiance. This 

spectrometer combines three separate holographic diffraction gratings with three 

separate detectors to cover the solar reflected portion of the electromagnetic spectrum 

between 350 nm and 2500 nm, with a sampling interval of 1.4 nm in the 350-1000 nm 

region and 2 nm in the 1000-2500 nm region.  

Approximately 10 g of soil were loaded inside a circular holder with glass base (3.2 

cm [d] x 1.5 cm [h]) and then exposed to the light source for 30 seconds. Each soil sample 

was scanned three times to facilitate the assessment of sampling error (Henderson et al., 

1992). An averaged signal spectrum with an average deviation of 0.06 was developed 

from the three scans for subsequent analysis. The spectral absorbance was calibrated to 

white reference using a circular panel (3 cm [d] x 1.1 cm [h]). Soil samples from the two 

study watersheds had the same reference and QA/QC samples to maintain consistency  
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Figure 2-5. Vis-NIR spectrometer setup for measuring soil spectra. 
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and comparability across regions. 

Spectra Preprocessing 

The use of spectral transformations enhances the chemical absorption peaks and 

reduces the effects of random noise, baseline drift, and soil structure variations, all of 

which in turn affect the accuracy and robustness of model calibration (Ge et al., 2011; 

Wang et al., 2017). The first derivative transformation was used in this study (Chang et 

al., 2005; Ge et al., 2011). To obtain explanatory variables, the spectral absorbances in 

the visible range (450-700 nm) were filtered with a 3-nm moving window due to their high 

vibration frequency, and the spectral absorbances in the near-infrared range (950-1050 

nm, 1300-1500 nm, 1846-2500 nm) were filtered with a 5-nm moving window, reducing 

the number of wavelengths from 2151 to 276 (Zou et al., 2010).  

PLSR Model Calibration and Validation 

PLSR has proven robust for predicting a set of soil-property response variables from large 

sets of spectral-absorbance predictor variables (Stenberg et al., 2010; Viscarra Rossel, 

2008). PLSR analysis decomposes latent variables from the predictor variables, x (i.e., 

spectral absorbance bands) and the response variables, y (i.e., SOC) by selecting 

orthogonal factors that maximize the covariance as well as explain most of the variation 

both in predictors and in responses (Viscarra Rossel, 2008). More details about the PLSR 

method can be found in Martens and Nï (1992). 

Before conducting PLSR analysis, the soil samples were divided into two groups, with 

80% being used for calibration and 20% being used for validation (Wang et al., 2017). A 

stepwise partitioning scheme (Galvao et al., 2005) was used to divide the data, where 

every sixth observation was used for the validation dataset. The calibration was 

implemented using the SIMPLS algorithm in JMP Pro 14 (Cox and Gaudard, 2013). The 

calibrated equation was then used to determine SOC content for the samples in the 

validation dataset based on their spectral analysis. Leave-one-out cross-validation 

(Conforti et al., 2013) with as many as 15 orthogonal factors was adopted during the 

PLSR analysis. The number of orthogonal factors with minimum root mean PRESS 

(predicted residual error sum of squares) was chosen as the optimal number of latent 

variables. 

Model efficiency was evaluated using the coefficient of determination (R2), the root 

mean square error (RMSE), and the residual predictive deviation (RPD). RPD is defined 

as the ratio of the standard deviation of the elemental analyzer measured SOC values to 

the RMSE (Conforti et al., 2013). According to Chang et al. (2001), model performance 

in terms of predictability was assessed based on RPD values, which are classified as 

unsuccessful if RPD < 1.4, moderately successful if 1.4 ≤ RPD ≤ 2, and successful if RPD 

> 2. The PLSR models were separately developed for the Clear Creek and Upper 

Sangamon datasets. 
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Statistical Analyses 

Levene's test was used for testing homogeneity of variance (Levene, 1961), and Tukey's 

HSD (honestly significant difference) test was used for identifying significant differences 

amongst the means of the four site-groups within each watershed (Keselman and Rogan, 

1977). The Shapiro-Wilk test was used to assess the normality of SOC concentration 

(sample size < 200) (Razali and Wah, 2011). Fisher-Snedecor (F) test was used for 

testing equality of variance, and Student's t-test was used for testing significant 

differences between the means of the two watersheds. All statistical tests were 

accomplished using SAS Enterprise Guide 7.1, at a significance level of 0.05. SOC maps 

were generated using the geostatistical toolsets in ArcGIS 10.6.1. The SOC 

concentrations between sampling points were interpolated using the inverse distance 

weighting (IDW) algorithm (Schloeder et al., 2001). Probability density functions (pdfs) of 

SOC concentrations were generated to facilitate the comparison of SOC variability 

between the two watersheds. The central and dispersion trends of SOC pdfs were 

described using traditional statistical parameters: mean, standard deviation, minimum, 

maximum, the coefficient of variation, kurtosis, and skewness. 

Results 

Spectra Analyses and PLSR Predictions 

The spectral absorbances of all soil samples varied from 0.21 to 0.97 (Figure 2-6a and c) 

following the same basic shape as also seen by other researchers (Chang et al., 2001; 

Katuwal et al., 2018; Viscarra Rossel et al., 2016). There was an absorption plateau 

between 400-700 nm that corresponds with iron oxides and N-H bonds (Figure 2-6a and 

c). Absorbance spikes were near 1400 nm, 1900 nm, and 2200 nm, and these 

wavelengths are associated with clay minerals and O-H bonds of free water (Viscarra 

Rossel et al., 2006). The rising absorbances from 2300-2400 nm capture the C-H bonds 

showing enrichment of organic matter (Katuwal et al., 2018). These absorbance peaks 

were significantly enhanced by the first derivative transformations (Figure 2-6b and d). 

Soil from Clear Creek exhibited less variability in spectral absorbances than soil from the 

Upper Sangamon watershed, which was seen with less extensive spread amongst 

different topographic locations. Within each watershed, soil from the summit generally 

had lower spectral absorbances than soil from the toeslopes. Soil from steeper sites 

showed lower absorbances than soil from gentler sites. 

A linear relationship was developed between the measured SOC concentrations of 

sample splits using the elemental analyzer and the corresponding spectral absorbances 

(Figure 2-7 and Figure 2-8). For the Clear Creek dataset, a strong calibration was 

obtained for the 0-5 cm samples with 12 latent variables (PRESS = 0.8). A relatively 

weaker calibration was obtained for the 5-10 cm samples with four latent variables 

(PRESS = 1.13). For the Upper Sangamon dataset, good calibrations were obtained for 

0-5 cm and 5-10 cm samples with five optimal latent variables identified for both models 
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Figure 2-6. Absorbance spectra and first derivative transform of soil at the field summit 

(SU), shoulder (SH), backslope (BS), and toeslope (TS) in (a, b) Clear Creek and (c, d) 

the Upper Sangamon watershed. Numbers in parenthesis are SOC concentrations 

measured by elemental analyzer using the identical soil samples. Gray bars denote the 

absorbance spikes associated with iron oxides, water/clay minerals, and organic matter. 

Presented here is the spectra of soil at 0-5 cm which is in the same shape as soil at 5-10 

cm. 
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Figure 2-7. Scatter plots of elemental analyzer measured SOC against Vis-NIR predicted 

SOC in calibration via PLSR approach for Clear Creek soil from0-5 cm and 5-10 cm, and 

for the Upper Sangamon soil from 0-5 cm and 5-10 cm. The 1:1 line is indicated in each 

plot.  
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Figure 2-8. Scatter plots of elemental analyzer measured SOC against Vis-NIR predicted 

SOC in validation via PLSR approach for Clear Creek soil from 0-5 cm and 5-10 cm, and 

for the Upper Sangamon soil from 0-5 cm and 5-10 cm. The 1:1 line is indicated in each 

plot. 
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(PRESS = 0.27). In Clear Creek, validation results for the 0-5 cm and 5-10 cm samples 

were acceptable. In the Upper Sangamon, model performances on the 0-5 cm and 5-10 

cm samples were also good. Thus, values derived from either PLSR analysis were judged 

to be reliable for evaluating SOC variability in these watersheds. 

Statistical Properties of SOC Concentrations 

The four Clear Creek sites had similar mean SOC concentrations at 0-5 cm with an 

average of 2.11% ± 0.23% and at 5-10 cm with an average of 1.99% ± 0.19% (Figure 

2-9a). However, the four Upper Sangamon sites had significantly (P < 0.0001) different 

SOC concentrations at both depths (Figure 2-9b). The highest SOC concentration was 

found at site US#3 with an average of 3.56% ± 0.28% at 0-5 cm and 3.50% ± 0.50% at 

5-10 cm. The lowest SOC concentration was at site US#1 with an average of 1.79% ± 

0.31% at 0-5 cm and 1.50% ± 0.26% at 5-10 cm. Sites US#2 and US#4 had similar, 

intermediate SOC concentrations at both depths with averages of 2.64% ± 0.42% at 0-5 

cm and 2.45% ± 0.36% at 5-10 cm. 

For both depths, the site-averaged SOC concentrations in the Upper Sangamon 

watershed were 25% higher than the corresponding site-averaged SOC concentrations 

in Clear Creek (P < 0.0001; t-Test). At 0-5 cm, the Upper Sangamon locations had 

average concentrations of 2.66% ± 0.72%, compared to 2.11% ± 0.23% in Clear Creek. 

For 5-10 cm, the Upper Sangamon sites had average concentrations of 2.48% ± 0.81%, 

compared to 1.99% ± 0.19% in Clear Creek. All field sites exhibited higher averaged SOC 

concentrations at 0-5 cm than at 5-10 cm, but there was a greater decrease in mean SOC 

concentrations with depth for the Upper Sangamon sites (P < 0.001) than for the Clear 

Creek sites (P = 0.01). 

Factors Controlling SOC Variability 

Hillslope Gradient 

Hillslope gradient (HG) showed different variability within each watershed. In Clear Creek, 

the headwater sites CC#1 (5.74%) and CC#2 (3.44%) had significantly (P=0.0002) higher 

mean HG than the lower reach sites of CC#3 (1.39%) and CC#4 (0.84%) (Figure 2-9c). 

In the Upper Sangamon watershed, however, all sites had statistically similar mean HG 

values ranging from 0.1% to 3.45% (Figure 2-9d). In both IMLs, HG was inversely related 

to SOC concentration, but to different degrees. In Clear Creek, as the mean decreased 

from 6% to 0.8% moving from the headwaters to the mouth locations, the corresponding 

average SOC concentration increased slightly from 2.06% to 2.12%. In the Upper 

Sangamon watershed, however, as the mean HG decreased from 3% to 0.1% from the 

sloping uplands to the depressional lowlands, the average SOC concentration increased 

from 1.5% to 3.5%.  
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Figure 2-9. Range, median, and mean of (a, b) SOC, (c, d) hillslope gradient (HG), (e, f) 

gravimetric water content (GWC), and (g, h) bulk density (BD) in Clear Creek field sites 

and the Upper Sangamon field sites. For each variable, the plot represents min and max 

values as whiskers, the range of 25% and 75% quartiles as box, the median as the middle 

line, and the mean as the 'x' mark. Different lowercase/uppercase letters represent 

significant differences in mean values between field sites from 0-5 cm/5-10 cm depths, 

using Tukey's HSD test at 𝛼=0.05. 
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Gravimetric Water Content 

Similar to the SOC concentrations, the 0-5 cm soil from all locations had higher 

gravimetric water content (GWC) (Clear Creek: 17% ± 3%; Upper Sangamon: 19% ± 5%) 

than the soil at 5-10 cm (Clear Creek: 16% ± 3%; Upper Sangamon: 17% ± 4%) (Figure 

2-9e and f). In Clear Creek, specifically, the lower reach sites of CC#3 and CC#4 had 

slightly higher mean GWC (17% ± 3% at 0-5 cm; 16% ± 2% at 5-10 cm) than one of the 

headwater sites CC#1 (15% ± 4% at 0-5 cm; 13% ± 2% at 5-10 cm). In the Upper 

Sangamon watershed, the lower-gradient sites on the morainal plain, US#3 (20% ± 2% 

at 0-5 cm; 19 ± 3% at 5-0 cm) and US#4 (25% ± 6% at 0-5 cm; 19% ± 2% at 5-10 cm) 

had significantly higher GWC than the more sloping sites of US#1 and US#2 (16% ± 2% 

at 0-5 cm; 14% ± 3% at 5-10 cm). 

Bulk Density  

The sampling locations in both watersheds showed similar mean bulk density (BD) of dry 

soil at 0-5 cm and 5-10 cm (Table 2-2). However, a correspondence existed in both 

watersheds between BD and most recent tillage practices. In Clear Creek, higher BD at 

0-5 cm was measured at the no-tillage site CC#2 with a mean of 1.19 g cm-3, while lower 

mean BD values were measured at the tilled sites of CC#1 (0.95 g cm-3), CC#3 (1.01 g 

cm-3), and CC#4 (1.04 g cm-3). At 5-10 cm, no significant differences in BD were found 

between the four fields (Figure 2-9g). For both sampling depths in the Upper Sangamon 

watershed, higher mean BD values were also measured at the no-till sites of US#1 and 

US#2 (Figure 2-9h), compared to the tilled sites of US#3 and US#4 (P <0.0001; Tukey's 

HSD). 

Analysis of Principal Factors  

To understand further how HG, GWC, and BD relate to the variability of SOC 

concentrations in the two watersheds, the principal component analysis (PCA) was 

conducted to summarize the major patterns of variation (Figure 2-10). The first (PC1 = 

42.2%) and second (PC2 = 24.7%) principal components accounted for 66.9% of the total 

variation in the variables, having similar weights (-3 to 3) on PC1 but clear partitioning of 

Clear Creek samples from Upper Sangamon samples on PC2. On PC2, Clear Creek 

samples had negative weights (-3 to 0), whereas Upper Sangamon samples had positive 

weights (0 to 2). HG had a negative weight (-3.4) on PC1 and a negative correlation with 

SOC, with soil samples being mainly from Clear Creek. GWC had a positive weight (4.8) 

on PC1 and was positively correlated with SOC, with soil samples being primarily from 

the Upper Sangamon. BD had a positive weight (5) on PC2 and a negative correlation 

with SOC, with soil samples being mainly from the Upper Sangamon. Meanwhile, 

negative associations existed among HG, GWC, and BD. The PCA biplot shows that for 

the higher-gradient Clear Creek, HG accounts for the highest amount of variation in SOC 

concentrations, while for the lower-gradient Upper Sangamon watershed GWC and BD 

account for the most variation in SOC. 
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Table 2-2. Mean and statistical tests of hillslope gradient (HG), SOC concentrations, 

gravimetric water content (GWC), and bulk density (BD) for the four sites across each 

watershed. 

Properties  

Clear Creek Sites  Upper Sangamon Sites 

CC#1 CC#2 CC#3 CC#4 Levene 
test P 

Tukey 
test P 

 US#1 US#2 US#3 US#4 Levene 
test P 

Tukey 
test P 

HG (%) 5.74 
(65) 

3.44 
(98) 

1.39 
(111) 

0.84 
(129) 

0.002 0.0002 
 

3.45 
(123) 

2.57 
(65) 

0.80 
(83) 

0.10 
(39) 

<0.0001 0.103 

0-5 cm              

SOC (%) 2.06 
(8) 

2.19 
(12) 

2.07 
(12) 

2.12 
(10) 

0.402 0.464  1.79 
(17) 

2.54 
(12) 

3.56 
(8) 

2.74 
(18) 

0.332 <0.0001 

GWC (%) 15 
(24) 

18 
(10) 

16 
(13) 

18 
(14) 

0.216 0.005  16 
(12) 

16 
(15) 

20 
(12) 

25 
(24) 

0.124 <0.0001 

BD (g cm-3) 0.95 
(19) 

1.19 
(13) 

1.01 
(17) 

1.04 
(14) 

0.908 0.005  1.29 
(4) 

1.2 
(3) 

1.15 
(2) 

1.04 
(12) 

<0.0001 <0.0001 

5-10 cm              

SOC (%) 1.94 
(9) 

2.11 
(10) 

1.89 
(10) 

2.01 
(7) 

0.816 0.025  1.50 
(17) 

2.33 
(15) 

3.50 
(14) 

2.60 
(13) 

0.144 <0.0001 

GWC (%) 13 
(12) 

18 
(10) 

15 
(15) 

17 
(9) 

0.304 <0.0001  14 
(28) 

14 
(10) 

19 
(14) 

19 
(9) 

0.291 <0.0001 

BD (g cm-3) 1.09 
(16) 

1.20 
(9) 

1.11 
(9) 

1.11 
(10) 

0.078 0.180  1.30 
(7) 

1.20 
(5) 

1.16 
(4) 

1.03 
(7) 

0.228 <0.0001 

Numbers in parentheses show the coefficient of variation in % of the respective variables inside 

the fields. 

Levene's test and Tukey's HSD test were conducted at α=0.05. 
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Figure 2-10. Principal component analysis (PCA) scores and vectors of Vis-NIR predicted 

SOC concentration, hillslope gradient (HG), gravimetric water content (GWC), and bulk 

density (BD) for Clear Creek watershed (CCW) and Upper Sangamon watershed (USW). 

Red arrows represent weighting score and correlation between any two variables. Hollow 

squares represent Clear Creek data at 0-5 cm (gray) and 5-10 cm (black). Solid dots 

represent Upper Sangamon data at 0-5 cm (light green) an 5-10 cm (dark green). 
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SOC Variability at the Field Scale  

The spatial distributions of SOC in each field were examined using the SOC maps (Figure 

2-11). In Clear Creek field CC#1, SOC concentrations increased from 1.88% to 2.18% at 

0-5 cm and from 1.68% to 2.04% at 5-10 cm, moving from the summit to the toeslope. 

Within the less-sloped field CC#2, there were two higher SOC clusters (2.8%) on the 

sides of the central ridge at backslope, and regions of lower SOC (1.97%) were distributed 

on the summit and along the central ridge. SOC at 5-10 cm displayed a similar spatial 

pattern as the upper layer. The fields of CC#3 and CC#4 were less steep, with average 

slopes of less than 1%. In CC#3, the slightly raised summit displayed higher SOC 

concentrations at 0-5 cm (2.40%) and 5-10 cm (2.16%) than the rest of the field. In CC#4, 

higher SOC concentrations (2.25-2.32%) were observed on the slightly raised level 

summit and gently sunken backslope, and lower SOC concentrations (1.94-2.02%) were 

found at the relatively gently sloping shoulder and toeslope. 

In the Upper Sangamon, US#1 had lower SOC concentrations on the steeper summit 

and shoulder (1.55-1.72% at 0-5 cm; 1.48-1.53% at 5-10 cm), and higher SOC at the 

gentler back- and toe-slopes (1.90-1.99% at 0-5 cm; 1.36-1.63% at 5-10 cm). At 0-5 cm 

of US#2, a local area of low SOC was located at the northeast edge of the field (1.57-

2.02%), and higher SOC concentrations were spread throughout the shoulder to the 

toeslope (2.47-2.92%). At 5-10 cm, lower SOC concentrations extended from the summit 

to the backslope (1.98-2.17%), and higher SOC levels distributed around the toeslope 

(2.44-2.73%). The center and northwest corner of US#3 were inlaid with multiple closed 

depressions. These depressions displayed higher SOC concentrations (3.60-4.27%) than 

the surrounding higher areas (2.92-3.37%). In contrast to the depth distribution of SOC 

observed in the non-depression areas, SOC concentrations in the depressions were 

slightly higher at 5-10 cm (4.2%) than at 0-5 cm (3.8%). In US#4, moving from the summit 

to the toeslope, SOC concentrations generally increased from 2.22% to 3.18% at 0-5 cm 

and from 2.41% to 3.05% at 5-10 cm. 

SOC Variability at the Watershed Scale  

A comparison of the SOC variability was conducted between Clear Creek and the Upper 

Sangamon using the pdfs (Figure 2-12). Since the field sites are representative of 

geophysical variations across each watershed, site-combined pdfs of SOC can project 

the degree of SOC variability at the watershed scale. For both 0-5 cm and 5-10 cm depths, 

the pdfs of SOC concentrations of the Clear Creek sites exhibited overlapping "wedge" 

shapes (Figure 2-12a and b), whereas the pdfs of SOC of the Upper Sangamon sites 

displayed various shapes that covered multiple SOC ranges (Figure 2-12c and d). For 

Clear Creek, the site-combined pdf of SOC concentrations at both depths followed a 

sharp "bell" shape symmetrical about the mean values (2.11% at 0-5 cm; 1.99% at 5-10 

cm) with narrow spreads (1.68-2.68% at 0-5 cm; 1.62-2.62% at 5-10 cm) (Figure 2-12e 

and f). The SOC concentrations measured for Clear Creek followed normal distributions, 

an assessment that was verified by the Shapiro-Wilk normality test (Table 2-3). For the  
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Figure 2-11. SOC maps for (a) Clear Creek fields and (b) Upper Sangamon fields at 0-5 

cm and 5-10 cm depths. Red polygons represent topographic depressions and white 

arrows denote the flow directions. The contour interval is 0.1 m. 
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Figure 2-12. Probability density functions (pdfs) of Vis-NIR predicted SOC concentrations 

for the (a, b) Clear Creek sites, (c, d) Upper Sangamon sites, and (e, f) combined sites, 

at 0-5 cm and 5-10 cm depths. 
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Table 2-3. Descriptive statistics of sites-combined SOC concentrations for Clear Creek 

and the Upper Sangamon watershed at 0-5 cm and 5-10 cm depths. 

SOC (%) 

0-5 cm  5-10 cm 

Clear 
Creek 

Upper 
Sangamon 

F-test 
P 

t-test 
P 

 
Clear 
Creek 

Upper 
Sangamon 

F-test 
P 

t-test 
P 

Mean 2.11 2.66 <0.0001 <0.0001  1.99 2.48 <0.0001 <0.0001 

SD 0.23 0.72    0.19 0.81   

Min 1.68 1.32    1.62 1.12   

Max 2.76 4.01    2.62 4.27   

CV 10.90 27.07    9.55 32.66   

Kurt 0.53 -0.88    1.39 -0.34   

Skew 0.70 0.03    0.64 0.35   

Shapiro-Wilk 
test P 

0.079 0.280    0.224 0.384   

SD: standard deviation; Min: minimum; Max: maximum; CV: the coefficient of variation (%); Kurt: 

kurtosis; Skew: skewness.  

F- and t-tests were conducted at α=0.05. 
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Upper Sangamon watershed, the site-combined pdf of SOC at both depths contained a 

multimodal distribution with wide spreads (1.32-4.01% at 0-5 cm; 1.12-4.27% at 5-10 cm) 

(Figure 2-12e and f). The coefficients of variation of SOC concentrations in the Upper 

Sangamon were 27.07% at 0-5 cm and 32.66% at 5-10 cm, which were roughly two times 

higher than that in Clear Creek (Table 2-3). The results illustrate that the surface SOC 

concentrations across the higher-gradient Clear Creek tend to be more homogenous than 

those of the lower-gradient Upper Sangamon watershed, which are more heterogeneous. 

Discussion 

SOC stocks in IMLs are governed by carbon inputs via crop biomass production (Kögel-

Knabner, 2002) and by carbon losses through decomposition and erosion (Berhe et al., 

2018; Doetterl et al., 2016; Kirkels et al., 2014). The decomposition of organic matter is 

driven mainly by microbial activity and regulated by soil microclimate, namely 

temperature, soil moisture, and oxygen availability (Kirschbaum, 1995; Sollins et al., 

1996; Van Veen and Kuikman, 1990). Soil erosion, although often neglected in SOC 

budgets (Wilson et al., 2016), is important in IMLs (Papanicolaou et al., 2015). The rate 

and extent of soil erosion are affected by topography, particularly hillslope gradient and 

topographic depressions, in combination with rainfall-runoff, soil properties, and land 

cover/management (Flanagan and Nearing, 1995). Similar climates between the two 

watersheds examined in the present study, along with similar soil types and land 

cover/management practices, provided the context for determining the effects of 

topography on SOC variability. Topography influences water partitioning between runoff 

and infiltration (Thompson et al., 2010), leading to different rates of transport and 

transformation of SOC (Yan et al., 2019). Through these effects, topography broadly 

controls the spatial distribution of SOC concentrations both vertically and laterally through 

the balance of carbon-loss processes by decomposition and erosion. 

Vertical Variability of SOC 

In the study fields, the occurrence of higher SOC concentration at 0-5 cm than at 5-10 cm 

in non-depression locations is consistent with other studies for this region (Harden et al., 

2002; Ritchie et al., 2007; Rosenbloom et al., 2006), suggesting the typical exponential 

decay of SOC with soil depth (Hilinski, 2001; Ottoy et al., 2016; Rosenbloom et al., 2001). 

The exponential decrease of SOC with depth in the near-surface develops primarily 

because of above-ground biomass and root litters, which are the main sources of carbon 

inputs to soil (Kögel-Knabner, 2002), mostly accumulating in the uppermost soil layer, 

namely 0-5 cm (Martinez et al., 2010). The decrease in SOC with soil depth does not 

hold, however, for depressions, where higher SOC concentration is found at 5-10 cm. 

This increase in SOC at depth probably results from the burial of soil by delivery and 

settling of incoming eroded material to the depressions, which physically protects the 

already residing SOC from decomposition (Berhe et al., 2012; Yan et al., 2019). 

Additionally, the Upper Sangamon fields generally exhibit more significant declines of 
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SOC concentrations between the 0-5 cm and 5-10 cm depths than those at the Clear 

Creek sites. The decreases of SOC concentration with soil depth become more prominent 

in "less-disturbed" sites (Billings et al., 2010; Don et al., 2007). This type of site is 

represented by those in the Upper Sangamon watershed, which is flatter and therefore 

experiences less runoff energy (i.e., stream power) to "disturb" it. Because surface 

erosion is limited, the biogeochemical processes, such as stabilization and 

decomposition, dominate the carbon dynamics in the Upper Sangamon Basin. 

For the high-gradient Clear Creek sites, the mobilization of carbon-rich fine particles 

by runoff reduces the amount of SOC at the surface leading to less variability over depth 

in the top 10 cm of the soil (Harden et al., 2002; Papanicolaou et al., 2015). The possibility 

that runoff-driven erosion also contributes to a uniform SOC profile represents an 

alternative perspective to homogenization of SOC in the topsoil via mechanical mixing by 

tillage (Meersmans et al., 2009; Yan et al., 2019). Most likely, erosion (a by-product of the 

steep hillslope gradients) in combination with mechanical mixing homogenizes the vertical 

SOC profile. 

The results herein do not reveal a direct correlation between SOC concentration and 

tillage intensity. A caveat of this study is that the soil samples analyzed in this study were 

collected as part of individual field campaigns. Therefore it is challenging to capture the 

effects of tillage on dynamic properties of soil such as SOC concentration, bulk density , 

or water content. Papanicolaou et al. (2015) reported that soil bulk density decreased 

directly following tillage events and then rebounded due to weight consolidation. Care, 

however, was given to limit the effects of seasonal dynamics, where samples in the two 

watersheds were collected between harvest and planting to allow sufficient time for 

consolidation. In addition to tillage and consolidation, particle size distribution and organic 

matter content also cause bulk density changes (Keller and Håkansson, 2010; 

Ruehlmann and Körschens, 2009). Nevertheless, the negative correlation between bulk 

density and SOC observed in the Upper Sangamon watershed can be attributed to the 

effect of SOC on bulk density given that increases in organic matter increase soil 

resilience to mechanical compressive stress (Soane, 1990). 

Spatial Variability of SOC 

The SOC concentrations in Clear Creek followed unimodal distributions with mean values 

of 2.11% at 0-5 cm and 1.99% at 5-10 cm and coefficients of variation from 9.55-10.90% 

showing low spatial variability. This result is similar to those reported by Guo et al. (2018) 

for the same area, where the SOC followed the normal distribution with a mean of 2.36% 

and a coefficient of variation of 14.41%. For the Upper Sangamon watershed, the SOC 

concentrations had multimodal distributions with mean values of 2.66% at 0-5 cm and 

2.48% at 5-10 cm and coefficients of variation ranging from 27.07-32.66% revealing 

moderate spatial variability. These values fall in the reported SOC range of 2% to 6% for 

the Upper Sangamon region (Konen et al., 2002; Li et al., 2020). The higher-gradient 
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Clear Creek thus had roughly 25% less carbon and less than half a degree of variability 

of SOC than the lower-gradient Upper Sangamon watershed. 

Topography, in terms of either surface gradient or topographic depressions, 

modulated by tillage induced oriented roughness (Hou et al., in press; Wacha et al., 2020), 

appears to be a primary control of the partitioning of rainfall into surface runoff and 

infiltration (Dunne et al., 1991; Thompson et al., 2010), which influences surface carbon 

dynamics through transport (i.e., erosion and deposition) and transformation (i.e., 

stabilization and decomposition). The surface gradient of Clear Creek is about eight times 

steeper on average than that of the Upper Sangamon watershed (Figure 2-2), providing 

higher potential energy for runoff-driven mobilization. The hillslope-scale plots illustrate 

the significant differences in hillslope gradients between the two watersheds. Differences 

in the spatial distribution and frequency of depressions (e.g., location, sizes, abundance), 

and possible effects of these differences on SOC distribution, is less obvious, given that 

only one of the hillslope plots for the Upper Sangamon River exhibits depressions. To 

characterize differences in depressions between the two watersheds, the location and 

sizes of the depressions were hence mapped for a 6 km × 6 km representative landscape 

from each watershed (Figure 2-13) using the topographic depression identification (TDI) 

model (Le and Kumar, 2014). The TDI model identifies depressions by searching local 

elevation minima and flow spillover thresholds (local elevation maxima). For each area, 

the total number of depressions, the density of depressions by surface area (m2/m2), and 

the density of depressions by storage volume (m3/m2) were computed. The Clear Creek 

watershed, an erosionally dissected landscape, only has depressions on valley floors and 

upland depressions are nearly non-existent (Figure 2-13a). Thus the steeper depression-

free hillslopes in Clear Creek produce runoff with higher stream power and consequently 

enhance erosion-induced carbon mobilization (Fiener et al., 2015; Kirkels et al., 2014; 

Peñuela et al., 2015). The Upper Sangamon site is dominated by a large number of 

upland depressions (Figure 2-13b) that exceeds the number in Clear Creek by an order 

of magnitude. Moreover, the areal density of depressions in the Upper Sangamon 

watershed is 13 times greater than that in Clear Creek, and the volumetric density, or 

average depth of depression storage, in the Upper Sangamon watershed is about three 

times as large as it is in Clear Creek. The high density of upland depressions in the Upper 

Sangamon impedes the connectivity of surface runoff and, when filled with water under 

anoxic conditions, serve as biogeochemical reactors (Marton et al., 2015). These 

depressions substantially contributed to the spatial heterogeneity of SOC over the 

landscape (Cohen et al., 2016). 

Conceptual models were created to illustrate the difference in governing processes 

of SOC dynamics between the two watersheds (Figure 2-14). In the higher-gradient Clear 

Creek, the steeper slopes produce higher runoff volumes with higher stream power 

(Papanicolaou et al., 2018), leading to three primary ways of SOC loss (Figure 2-14a): 

(1) preferential entrainment of carbon-rich particles by erosion usually in the upslope  
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Figure 2-13. Shaded relief maps with identified topographic depressions (red polygons) 

in (a) South Amana-Clear Creek and (b) Goose Creek-Upper Sangamon. The 

depressions were identified by using the topographic depression identification (TDI) 

model of Le and Kumar (2014). Both example sites are 6 km × 6 km in area. The 

resolution of the LiDAR data used is 1 m. Green dots denote the soil sampling locations 

at CC#1, CC#2, and US#4, n represents the number of depressions on each site, 𝛾𝐴 

represents the density of depressions by surface area on each site (m2/m2), 𝛾𝑉 represents 

the density of depressions by storage volume on each site (m3/m2). 
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Figure 2-14. Conceptual relations governing surface carbon dynamics in (a) Clear Creek 

and (b) the Upper Sangamon watershed. Arrow size reflects the magnitude of respective 

variables. 
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(Papanicolaou et al., 2015); (2) enhanced turnover rate of buried carbon that has been 

uncovered by erosion and exposed to oxygen (Doetterl et al., 2016); and (3) erosion-

induced mineralization of carbon during transport due to aggregates breakdown 

(Polyakov and Lal, 2008). The redistribution of soil over the landscape accelerates carbon 

depletion in the upslope eroding zone but slows carbon depletion in the downslope 

depositional zone as the mobilized SOC accumulates and is physically protected through 

burial (Berhe et al., 2012; Berhe et al., 2007; Doetterl et al., 2012; Ritchie et al., 2007).  

The conceptual model shows the lateral geomorphological transport governing SOC 

storage and redistribution in the higher-gradient Clear Creek. Fields in Clear Creek have 

some of the highest erosion rates in Iowa with an average of 2 kg m-2 yr-1 (Abaci and 

Papanicolaou, 2009), due to the combination of steep slopes and intensive agriculture 

management (Cruse et al., 2006; Wilson et al., 2016). The average annual carbon loss 

due to soil erosion is 32 g m-2 yr-1 in CC#1 (Papanicolaou et al., 2015). In terms of the 

variability of SOC, the level of preferential mobilization of organic-rich particles decreases 

with higher runoff volumes due to the general movement of all particles regardless of size 

and density (Papanicolaou et al., 2015; Schiettecatte et al., 2008; Shi et al., 2012). In 

other words, the composition of the mobilized soil is more similar to the composition of 

the source soil under large runoff events, resulting in little to no SOC enrichment of the 

transported soil and lessening the degree of SOC heterogeneity across a field. 

Though low slopes in the Upper Sangamon limit the lateral mobilization of surface 

material, the importance of depressions on SOC biogeochemistry becomes especially 

prominent (Figure 2-14b). The depressions not only collect significant amounts of water 

and organic-rich fine sediments from surrounding higher areas but also increase vertical 

mobilization of material through the soil column (Woo and Kumar, 2019; Zhao et al., 

2018). Microbial decomposition of organic matter is likely suppressed under elevated soil 

moisture and associated anoxic conditions (Li et al., 2020; Skopp et al., 1990), leading to 

SOC accumulation in the depressions (Keiluweit et al., 2016). The higher carbon storage 

in the local depressions than in surrounding areas results in a high degree of SOC 

variability across this IML. Therefore, the SOC storage and distribution in the lower- 

gradient Upper Sangamon is controlled mostly by the biogeochemical cycles, which are 

limited by anoxic conditions in wet depressions. This inference is reflected by the PCA 

result, in which gravimetric water content is mostly related to the variation of SOC. A 

recent study conducted at the same sites by Li et al. (2020) also demonstrated that soil 

moisture correlates strongly with SOC as filling and vertical transport of water are more 

prominent in these depressions.  

Conclusions  

The present study has investigated the spatial variability of SOC concentrations for two 

intensively managed landscapes in the U.S. Midwest that differ substantially in 

topographic characteristics: a hilly erosional-depositional environment (e.g., Clear Creek) 

and a relatively flat, depression-dominated environment (e.g., Upper Sangamon). 
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Hillslope gradient and topographic depressions play central roles in the spatial 

heterogeneity of SOC at field and watershed scales by controlling the fate of water. On 

steep hillslopes, downslope mobilization of material under high runoff rates results in low 

SOC near hillslope summits or ridges and high SOC at toeslopes. On low-gradient 

hillslopes with depressions, mainly present in the Upper Sangamon, microbial 

decomposition of organic matter declines under elevated soil moisture and associated 

anoxic conditions, leading to higher SOC in the depressions than on surrounding rises. 

Additionally, the commonly observed exponential decay of SOC with depth does not hold 

for the depressions, in which SOC at 5-10 cm is physically protected from decomposition 

by the burial of surrounding rises eroded material. In the higher-gradient landscape, lower 

SOC variability occurs both vertically and laterally (unimodal, homogeneous) due to 

accelerated mass mobilization and mixing under high surface runoff. In contrast, SOC in 

the lower-gradient system owns 25% higher concentrations and two times higher spatial 

variability (multimodal, heterogeneous) as more carbon accumulates in the local 

depressions than surrounding areas, of which cascade effect increases the degree of 

SOC heterogeneity. 

The preservation of soil quality is important in the U.S. Corn Belt, where local 

economies are driven by agricultural production. As one of the most important indicators 

of soil quality, SOC substantially affects soil health and crop productivity. The abundance 

and distribution of SOC are strongly influenced by applied management practices in the 

fields. Knowledge of the spatial variability of SOC concentration across the landscape is 

valuable for improving soil quality by altering management practices (e.g., tillage 

methods, fertilizer types) at steeper locations where low SOC concentrations are more 

likely to occur. The Vis-NIR technique can save considerable time and labor when 

analyzing large numbers of soil samples to support watershed-scale SOC modeling or 

developing high-resolution SOC maps for field-scale precision farming. Refinements of 

this method should focus on the variability in the shapes of Vis-NIR spectra to better 

define relationships between site characteristics and dominant spectra spikes. 
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Abstract: Soil aggregate formation and breakdown directly control SOC stabilization 

through the physical protection and/or exposure of organic matter. A rare earth element 

(REE) tracing approach was used to investigate the breakdown and formation processes 

of soil aggregates under natural conditions under raindrop impact and wetting-drying 

cycles. Four aggregate size classes (8-19 mm, extra-large macroaggregates; 2-8 mm, 

large macroaggregates; 0.075-2 mm, small macroaggregates; <0.075 mm, fines, namely 

silt + clay-sized fraction) from soil collected in the Goose Creek (IL) watershed were 

labeled with different REE tracers and broadcast over a 7.3 m × 5 m plot located in the 

same field where the soil was collected. Daily rainfall amount, soil water content, and CO2 

flux were measured by an eddy covariance flux tower near the field and were used to 

assess the responses of soil moisture and microbial activity to rain events. Additionally, 

the aggregate stability index (ASI) of the extra-large, large, and small macroaggregates 

were tested in the laboratory under 5 min of simulated rainfall with a 60-mm h-1 intensity. 

Small macroaggregates were found to have the highest ASI value (0.98 ± 0.01) and SOC 

concentration (3.01% ± 0.03%) compared to the other three fractions. Samples from the 

plots were collected on Day 3 and Day 26 after two series of rainfall events. Soil mass 

transfers between aggregate size fractions through breakdown and formation were 

quantified by following the REE redistribution into the other size fractions. The samples 

collected on Day 3 showed a greater proportion of aggregate breakdown occurred than 

aggregate formation across the four size fractions showing the prominent breakdown by 

raindrop impact. The samples collected on Day 26, following a drying-wetting cycle, 

showed there was a greater proportion of aggregate formation than breakdown between 

the four size fractions manifesting a dominated aggregate stabilization. The aggregate 

turnover times, reciprocal of aggregate turnover rate, increased as the time frame 

increased from 3 days to 26 days (3-8 vs. 53-110 days). Over the entire experiment, small 

macroaggregates turned over most rapidly (0.019 day-1), and extra-large 

macroaggregates and fines turned over most slowly (0.009 day-1). Our results expand the 

understanding and modeling of aggregate dynamics and SOC cycling under raindrop 

impact and climate change triggered wetting-drying cycles.  

Keywords: Aggregate turnover, Rare earth elements, Raindrop impact, Wetting-drying, 

SOC  

Introduction 

Aggregates are fundamental units of soil architecture (Lin, 2012) that control carbon 

storage (Six et al., 2001b), water transport (Le Bissonnais, 1996), and gas exchange 

(Sexstone et al., 1985). Soil aggregates dynamically change in terms of size and 

structural arrangement through breaking or bonding under physical and biological 

processes (Oades, 1993; Six et al., 2004). Aggregate breakdown releases smaller soil 

particles that increase the accessibility of previously occluded and protected SOC to 

microbial attack (Gregorich et al., 1989; Hou et al., 2018; Rovira and Greacen, 1957). 

Conversely, aggregate formation brings together smaller particles and physically 
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stabilizes and protects SOC within aggregates resulting in promising improvement of soil 

structure in agricultural soils (Kibblewhite et al., 2008; Six et al., 2000a). 

Aggregates at the soil surface are frequently impacted by raindrops. Raindrop-

induced forces overcome the bonds that hold together individual particles in aggregates 

(Le Bissonnais, 1996). Rainfall breaks the soil aggregates through the mechanisms of 

slaking and raindrop impact. Rainfall intensity, aggregate porosity, and antecedent soil 

moisture are major factors regulating these mechanisms (Le Bissonnais, 1996; Truman 

et al., 1990). Slaking is the miniature "explosion" of soil aggregates into smaller-sized 

microaggregates with the compression of entrapped air when rapidly wetted (Sutherland 

et al., 1996; Zaher et al., 2005). Meanwhile, raindrop impact causes the mechanical 

breakdown of soil aggregates by the kinetic energy of falling raindrops (the "hammering" 

effect), which leads to the peeling process producing smaller aggregates, as well as clay- 

and silt-sized particles (Ma et al., 2014; Vaezi et al., 2017). During a rain event, slaking 

predominates during the first millimeters of rain when the soil is relatively dry (until field 

capacity is reached), and afterward raindrop impact becomes more prevalent to fragment 

the prewetted aggregates (Legout et al., 2005; Shi et al., 2017). 

Soil aggregates in the field are subject to alternating wetting and drying cycles as soil 

water content can vary greatly (20-40%) both during storm events (Cao et al., 2020; Peng 

et al., 2019) and between events (e.g., days). Short wetting-drying cycles (e.g., a few 

days’ duration) may cause cracks in the soil due to clay swelling and shrinkage (Tang et 

al., 2011). In the longer term (e.g., months), the wetting-drying cycles are directly involved 

in the formation and stabilization of soil aggregates through physical processes or 

indirectly through their interaction with the accumulation of microbes and crop residues 

during growing seasons (Cosentino et al., 2006; Denef et al., 2001a; Utomo and Dexter, 

1982). Cohesion increases in wetted soil, promoting the bonding together of soil particles 

through migration and cementing processes of soluble components (Kemper and 

Rosenau, 1984); when the wetted soil is dried, the particle orientation and location in 

aggregates may remain unaltered, leading to increased aggregate size and stability 

(Hadas, 1990; Rajaram and Erbach, 1999). Furthermore, microbes (e.g., bacterial, 

fungal) proliferate rapidly upon rewetting dry soil (Meisner et al., 2013; Navarro-García et 

al., 2012). These microbes serve as aggregating agents by producing extracellular 

polysaccharides and fungal hyphae that can bind together soil particles into aggregates 

(Chaney and Swift, 1986; Griffiths and Jones, 1965). 

The breakdown and formation are part of the life cycle of aggregates (i.e., aggregate 

turnover), of which two processes are interdependent. However, the literature reviewed 

above focused separately on either the breakdown or the formation thus failing to 

disentangle the iterative process between aggregate breakdown and formation. In recent 

years, a small group of researchers has studied the aggregate turnover process using the 

rare earth elements (REE) as tracers (De Gryze et al., 2006; Peng et al., 2017; Plante et 

al., 1999; Wang et al., 2020), on account of their strong bonding capacity, low background 
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concentration, and high detectability (Kimoto et al., 2006; Zhang et al., 2001). REE oxides 

can uniformly attach to soil aggregates regardless of size and do not affect microbial 

activity or the aggregate turnover process itself, which allows tracking of mass flow 

between aggregates by following the release/incorporation of REE from/into different size 

fractions (De Gryze et al., 2006; Peng et al., 2017). 

Using the REE tracing, Peng et al. (2017) found that a greater amount of aggregates 

exchanged between neighboring size fractions and the addition of glucose increased 

aggregate turnover rates and soil respiration. Morris et al. (2019) reported that arbuscular 

mycorrhizal fungi increased large macroaggregate formation and slowed down large and 

small macroaggregate breakdown. Rahman et al. (2019) showed that corn residue 

incorporation led to a faster turnover of aggregates due to the decomposition of new 

organic matter. However, all these studies were conducted in the laboratory under 

controlled conditions and focused on the effects of biological processes on aggregate 

breakdown and formation. To date, the aggregate dynamics in the field where there is 

more involvement of physical processes (i.e., raindrop impact and wetting-drying cycles) 

remain unknown. 

The purpose of the present study is to decipher soil aggregate dynamics in the field 

under the influence of raindrop impact and drying-wetting cycles using REE as tracers. 

Specific objectives are to (1) test the aggregate stability for various size fractions with 

simulated rainfall; (2) quantify the aggregate transfer paths and turnover rates by coupling 

the REE measurements and a mathematical model framework; (3) investigate the effects 

of raindrop impact and wetting-drying cycles on the observed breakdown and formation 

of soil aggregates. By addressing these objectives, this study expands the knowledge of 

aggregate turnover in field conditions and provides new insights into modeling aggregate 

dynamics and carbon cycling.  

Materials and Methods  

Site Description and Aggregate Preparation  

This study was conducted in a field planted with corn in the Goose Creek watershed near 

De Land, IL (40°08'39.4"N, 88°36'37.0"W). The soil is a Sable silty clay loam (66% silt, 

32% clay, and 2% sand) derived from Quaternary loess with a field capacity of 31% and 

permanent wilting point around 15% (Salter and Williams, 1965). The majority of rain falls 

in May and June, where heavy convectional storms coincide with the early growth of crop 

plants (Wilson et al., 2018). 

In late April 2019, before planting, 32 kg of surface soil (within the top 5 cm) were 

collected carefully from the field using a hand shovel. The soil was immediately sealed in 

a plastic bag, placed in a 20-L bucket, and shipped overnight to the University of 

Tennessee in Knoxville, TN. The large soil clods were gently separated by hand to pass 

through a 19-mm sieve to remove stones, large residues, and earthworms. The soil was 

air-dried for five days and then dry sieved with a rotary sieve shaker at 30 rpm for five 
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minutes and weighed to obtain the targeted particle size distribution based on gradations 

of 8 mm, 4.75 mm, 2 mm, 1.7 mm, 1.4 mm, 1.18 mm, 0.85 mm, 0.6 mm, 0.25 mm, and 

0.075 mm. The dry mean weight diameter (DMWD) was calculated from the dry sieving 

using the following equation (Bavel, 1950): 

DMWD = ∑xi̅wi

n

i=1

 
3-1 

 

where 𝑥𝑖̅ is the mean diameter of each size class (mm), 𝑤𝑖 is the mass proportion of each 

size class, and n is the number of size classes over the whole soil.  

The DMWD index reflects aggregate properties and higher DMWD suggests stronger 

soil particle cohesion in aggregates (Skidmore and Layton, 1992). The sieved soils were 

recombined into four size fractions, including extra-large macroaggregates (8-19 mm), 

large macroaggregates (2-8 mm), small macroaggregates (0.075-2 mm), and fines 

(<0.075 mm, silt + clay sized fraction), herein as X, L, S, and F fractions, respectively. 

Aggregate Stability Index Determination 

The initial aggregate stability of the X, L, and S fractions was tested in the laboratory using 

simulated rainfall following the procedure described in Wacha et al. (2018) and Hou et al. 

(2018). Specifically, 30-50 g of X, L, and S macroaggregates were evenly distributed atop 

8-, 2- and 0.075-mm sieves with catch pans below each to collect the slaked material. 

The samples were exposed to 5 min of simulated rainfall with a 60-mm h-1 intensity 

(Figure C-1). The rainfall was generated by a Norton ladder multiple intensity rainfall 

simulator designed by the National Soil Erosion Research Lab of the U.S. Department of 

Agriculture – Agricultural Research Service. The rainfall simulator has an aluminum frame 

(2.5 m [h] × 2.7 m [l] × 1.5 m [w]) with oscillating VeeJet nozzles suspended on the top 

(Figure C-1a). Water was continuously pumped from a tank to the nozzles with controlled 

pressure to provide spherical raindrops in a median diameter of 2.25-2.75 mm and a 

terminal velocity of 6.8-7.7 m s-1, which mimic the natural distribution and force of 

raindrops for a heavy thunderstorm in the U.S. Midwest (Abban et al., 2017). After each 

5-min rainfall, the slaked aggregates, which were washed through the sieve, were 

transferred into pre-weighed cups and oven-dried at 60°C for 24 h. The aggregate stability 

index (ASI) was calculated using the following equation (Hou et al., 2018; Wacha et al., 

2018): 

𝐴𝑆𝐼 =
M𝑟

Mt
=

Mt − Ms

Mt
 

3-2 

 
where 𝑀𝑡 is the dry mass of total aggregate sample (g); 𝑀𝑠 is the dry mass of soil that 

passed through the sieve upon raindrop disruption (g; Figure C-1d); 𝑀𝑟 is the dry mass 

of soil that remained on the sieve and are resistant to raindrop breakdown (g; Figure C-

1b). 



 

79 

REE Labeling of Soil Aggregates  

Four REE powders, purchased from the People's Republic of China, were used to tag 

different aggregate size classes with a different REE assigned to each size fraction 

(Ytterbium, Yb → X; Erbium, Er → L; Gadolinium, Gd → S; Samarium, Sm → F). The 

purity of each REE oxide was >99.9%. The median diameter (D50) of the powders ranged 

from 2.19 to 3.61 𝜇𝑚 , and the density between 7 and 9 g cm-3. The background 

concentrations of the four REEs in the collected field soil were all less than 10 ppm.  

The REE powders were sorbed to their assigned aggregate fractions in a mass ratio 

of 1:10 (REE: Soil), using the repeated wet-dry cycle method in Polyakov et al. (2004). 

Each aggregate fraction was initially distributed evenly over an aluminum pan (60 cm [l] 

× 30 cm [w] × 2.54 cm [h]). The soil was misted with distilled water to 15% of soil weight. 

The REE powder was then sprinkled over the moist soil and gently mixed with the soil 

aggregates using a spatula. The mixture of aggregates and REE was allowed to air-dry 

for 24 h at room temperature before repeating. This wet-dry procedure was repeated five 

times to secure the bonding of REE with aggregates. Subsamples of ~15 g were saved 

for determining the baseline REE concentration of the tagged aggregates. The four 

labeled aggregate fractions were finally recombined to match the aggregate size 

distribution determined with dry sieving, as mentioned above (i.e., 43% X, 39% L, 16% S, 

and 2% F).  

Aggregate Application and Soil Sampling  

On May 29, 2019 (Day 0), the REE labeled aggregates were uniformly broadcast over a 

rectangular plot located in the sampled field using a calibrated 56-cm wide lawn spreader. 

This was one week after planting, so the plants had not emerged yet. The plot was 7.3 m 

[l] × 5 m [w] with a 0.6% slope. The longer side of the plot aligned with the cornrows and 

the flow pathways (Figure 3-1a). During the experiment, 70 mm of rainfall was delivered 

to the field in three distinct periods (Day 0 – Day 2; Day 14 – Day 15; Day 21 – Day 26). 

Soil sample collection from the tagged plot occurred on Day 3 and Day 26 after 3 and 7 

rain events. Five samples were collected along three downslope transects at equal 1.8 m 

spacing. Surface soil samples were carefully collected in a uniform volume (12.8 cm × 

9.2 cm × 1 cm deep) using a sharp knife without affecting the soil structure. Each soil 

sample was bagged and stored in a cooler and brought immediately to the laboratory in 

Knoxville, TN. The soil samples were oven-dried at 60°C for 24 h and then separated into 

the same four size fractions (X, L, S, and F) as before labeling using an orbital shaker at 

30 rpm. Each aggregate fraction was crushed into fine powders using a wooden rolling 

pin. Subsamples of ~15 g were used to measure the SOC concentration with visible and 

near-infrared spectroscopy (Chapter 2). A 2-g subsample was taken for REE analysis.  

Field Measurements and Rain Power Determination  

Over the one month in situ experiment, the rainfall amount, volumetric soil water content, 

and CO2 flux were measured every 15 min by an eddy covariance flux tower (Campbell  
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Figure 3-1. Plan view of the field plot from different angles on days (a) 0, (b) 3, and (c) 

26. The cyan arrows denote the runoff directions. 
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Scientific, Inc.), which was 2 km northeast of this field. The CO2 flux was used as a proxy 

to assess the microbial activity in the soil. During the inter-rain periods, most of the days 

were sunny with temperatures ranging between 16-28 °C. The corn plants evolved from 

the seed germination to the emergence of eight leaves. Images of the corn plants were 

taken periodically on days 0, 3, 22, 23, 24, 26, 27, 28, 29, and the proportions of the plot 

surface covered by corn plants were determined using the ImageJ software (NIH). A 

strong power-law relationship (𝑦 = 0.57𝑥1.36, R2=0.99, P<0.0001) was obtained between 

the days of the experiment (independent variable, x) and the proportion of the plot surface 

covered by corn plants (dependent variable, y), allowing this equation to be used to 

estimate the corn plant coverage for the days without images (Figure C-2). 

Rain power (R, W m-2), defined as the effective raindrop kinetic energy transferred to 

the soil particles, was calculated using the Gabet and Dunne (2003) formula, where the 

effect of plant cover on dissipating rain power was taken into account: 

𝑅 =
𝜌𝐼𝑣2(1 − 𝐶𝑐)cosθ

2
 

3-3 

 

where 𝜌 is water density (998 kg m-3 for 22 °C temperature), 𝐼 is rainfall intensity (m s-1), 

𝑣 is raindrop velocity (m s-1), 𝐶𝑐  is the proportion of the surface plot covered by corn 

plants, 𝜃 is the plot slope in degrees. 

The raindrop velocity was determined as a function of rainfall intensity (Schmidt, 

1992): 

𝑣 = 6.6𝐼0.07 3-4 

 
REE Analyses  

The REEs were extracted from a subsample of each aggregate fraction by acid digestion 

following ASTM 3050B (USEPA, 1996). A 2-g soil sample was placed in a 250-mL glass 

beaker and 10 mL of 70 wt% HNO3 was added. The mixture was refluxed in a water bath 

at 85°C for 2 h with a ribbed watch glass on top of the beaker to prevent REE loss from 

evaporation. After cooling to less than 70°C, 2 mL of distilled water was added, followed 

by the slow addition of 3 mL of 30 wt% H2O2 to remove organic material. After 

effervescence subsided, another 7 mL of 30 wt% H2O2 was added, and the solution was 

refluxed in an 85°C water bath for 2 h. Then, 5 mL of 36 wt% HCl were added and the 

solution was refluxed at 85°C for 2 h in the water bath. After a 24 h waiting period at room 

temperature, the solution was filtered through 47-mm Whatman filter paper, eluting with 

5 mL of distilled water. The final 10-15 mL sample extract was transferred into a conical 

sterile polypropylene centrifuge tube and sealed with parafilm. The concentrations of 

REEs in the sample solution were analyzed on an inductively coupled plasma mass 

spectrometry (ICP-MS) Agilent 8900 ICP-QQQ (Santa Clara, CA) at the Arizona 

Laboratory for Emerging Contaminants (ALEC) with a detection limit of 5×10-5 ppm. 
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Aggregate Turnover 

This study tracked the mass flow out of X, L, and S fractions following six potential 

breakdown pathways (a-f) and the mass flow into X, L, and S fractions following six 

potential formation pathways (g-l; Figure C-3). The aggregate transfers along each 

pathway from time 𝑡1  to 𝑡2  can be described in a discrete transfer matrix 𝐾(𝑡2−𝑡1) 

according to Peng et al. (2017): 

𝐾(𝑡2−𝑡1) = [

1 − 𝑎 − 𝑑 − 𝑓 𝑖 𝑘 𝑙
𝑎 1 − 𝑖 − 𝑏 − 𝑒 ℎ 𝑗
𝑑 𝑏 1 − 𝑘 − ℎ − 𝑐 𝑔
𝑓 𝑒 𝑐 1 − 𝑙 − 𝑗 − 𝑔

] 

3-5 

 

where 𝑎 to 𝑙 are the changes of proportions of aggregates falling into sizes X, L, S, and F 

from time 𝑡1 to 𝑡2. 

The four aggregate size fractions were assumed to be labeled homogeneously by 

different REEs and the transfer matrix 𝐾(𝑡2−𝑡1) of aggregates can be calculated from the 

changes of REE mass from time 𝑡1 to 𝑡2: 

𝐾(𝑡2−𝑡1) = 𝑀𝑅𝐸𝐸(𝑡2)𝑀𝑅𝐸𝐸(𝑡1)
−1  

3-6 

 
where 𝑀𝑅𝐸𝐸(𝑡1) is the mass of REE in each size fraction at time 𝑡1 (g) and 𝑀𝑅𝐸𝐸(𝑡2) is the 

mass of REE in each size fraction at time 𝑡2 (g).  

To determine the mass of REEs that remained in each aggregate size fraction over 

the plot on each sampling date, the plot (7.3 m [l] × 5 m [w]) was divided into 15 subplots 

centered on the sampling locations. We assume that each aggregate size fraction was 

uniformly distributed over each subplot and had the same REE concentration as the 

aggregates at the subplot's center. Thus, the total mass of REEs in each aggregate size 

fraction in the whole tagged plot at time 𝑡 can be calculated as the summation of REEs 

mass from the 15 subplots:  

𝑀𝑅𝐸𝐸(𝑡) = ∑
𝑀𝐴𝐺𝐺.(𝑡)𝐶𝑅𝐸𝐸(𝑡)𝐴𝑠𝑢𝑏𝑝𝑙𝑜𝑡(𝑖)

𝐴𝑠𝑎𝑚𝑝𝑙𝑒

15

𝑖=1
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where 𝑀𝑅𝐸𝐸(𝑡) is the mass of REEs in each aggregate size fraction at time 𝑡 (g), 𝐶𝑅𝐸𝐸(𝑡) is 

the concentration of REE in each aggregate size fraction (ppm) and calculated as the 

measured concentration of REE subtracted by the background concentration of REE in 

untagged soils, 𝑀𝐴𝐺𝐺.(𝑡) is the mass of each aggregate size fraction (g), 𝐴𝑠𝑢𝑏𝑝𝑙𝑜𝑡(𝑖) is the 

area of subplot 𝑖 (m2), and 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 is the area of soil sampling (121.6 cm2). 

The mass of each aggregate size fraction can be described as a vector: 
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𝑀𝐴𝐺𝐺.(𝑡) = [

𝑋𝑡

𝐿𝑡

𝑆𝑡

𝐹𝑡

] 

3-8 

 

where, e.g., 𝑋𝑡 is the mass of extra-large macroaggregates at time 𝑡 (g).  

Due to the occurrence of mass transfer between the four aggregate fractions during 

the experiment, each aggregate fraction could have four REE tracer signatures on each 

sampling date. Therefore, the concentration of REE at time 𝑡, 𝐶𝑅𝐸𝐸(𝑡), can be described 

as a matrix: 

𝐶𝑅𝐸𝐸(𝑡) = [

[𝑌𝑏𝑋] [𝐸𝑟𝑋] [𝐺𝑑𝑋] [𝑆𝑚𝑋]

[𝑌𝑏𝐿] [𝐸𝑟𝐿] [𝐺𝑑𝐿] [𝑆𝑚𝐿]
[𝑌𝑏𝑆] [𝐸𝑟𝑆] [𝐺𝑑𝑆] [𝑆𝑚𝑆]
[𝑌𝑏𝐹] [𝐸𝑟𝐹] [𝐺𝑑𝐹] [𝑆𝑚𝐹]

] 

3-9 

 

where, e.g., [𝑌𝑏𝑋] is the concentration of Yb in extra-large macroaggregates (ppm) at 

time 𝑡.  

The product of 𝑀𝐴𝐺𝐺.(𝑡)𝐶𝑅𝐸𝐸(𝑡) can be described as: 

𝑀𝐴𝐺𝐺.(𝑡)𝐶𝑅𝐸𝐸(𝑡) = [

𝑋𝑡[𝑌𝑏𝑋] 𝑋t[𝐸𝑟𝑋] 𝑋t[𝐺𝑑𝑋] 𝑋t[𝑆𝑚𝑋]
𝐿t[𝑌𝑏𝐿] 𝐿t[𝐸𝑟𝐿] 𝐿t[𝐺𝑑𝐿] 𝐿t[𝑆𝑚𝐿]
𝑆t[𝑌𝑏𝑆] 𝑆t[𝐸𝑟𝑆] 𝑆t[𝐺𝑑𝑆] 𝑆t[𝑆𝑚𝑆]
𝐹t[𝑌𝑏𝐹] 𝐹t[𝐸𝑟𝐹] 𝐹t[𝐺𝑑𝐹] 𝐹t[𝑆𝑚𝐹]

] 
3-10 

 

The turnover rate (TR, day-1) of each aggregate fraction over the experiment from 

time 𝑡1 to 𝑡2 is calculated using the following equation: 

𝑇𝑅(𝑋) =
|𝑎𝑡1 + 𝑑𝑡1 + 𝑓𝑡1 − (𝑎𝑡2 + 𝑑𝑡2 + 𝑓𝑡2)|

𝑡2 − 𝑡1
 

3-11 

 

𝑇𝑅(𝐿) =
|𝑖𝑡1 + 𝑏𝑡1 + 𝑒𝑡1 − (𝑖𝑡2 + 𝑏𝑡2 + 𝑒𝑡2)|

𝑡2 − 𝑡1
 

3-12 

 

𝑇𝑅(𝑆) =
|𝑘𝑡1 + ℎ𝑡1 + 𝑐𝑡1 − (𝑘𝑡2 + ℎ𝑡2 + 𝑐𝑡2)|

𝑡2 − 𝑡1
 

3-13 

 

𝑇𝑅(𝐹) =
|𝑙𝑡1 + 𝑗𝑡1 + 𝑔𝑡1 − (𝑙𝑡2 + 𝑗𝑡2 + 𝑔𝑡2)|

𝑡2 − 𝑡1
 

3-14 

 
for more information on the transfer pathways and the Peng et al. (2017) aggregate 

turnover model, see Appendix A.  
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Statistical Analyses  

Analysis of variance (ANOVA) with Tukey's HSD (honestly significant difference) test was 

performed at each sampling date to identify the differences among the means of 

measured variables (aggregate size distribution, DMWD, and SOC concentration) across 

the four aggregate size fractions. Tukey's HSD test was applied at a given aggregate size 

fraction to assess the differences among the means of size distribution and DMWD across 

sampling dates. Independent samples t-test was used to identify the differences between 

SOC concentration on Day 3 and Day 26. All tests were implemented with IBM SPSS 

Statistics 27 at a significance level of 0.05.  

Results 

Relationship between Rainfall, Soil Water Content, and CO2 Flux 

As noted above, over the 26-day experiment, 70 mm of rainfall was delivered to the field 

in three distinct periods: Day 0 – Day 2, Day 14 – Day 15, and Day 21 – Day 26 (Figure 

3-2a). The first period consisted of three scattered rain events providing a total of 0.051 

W m-2 of rain power on the soil particles. The heaviest rainfall occurred on Day 0 (the 

night following the aggregate broadcast) with the highest intensity of 18.29 mm h-1 and 

rain power of 0.02 W m-2 (Table B-1). In the second period, two rain events exerted a total 

of 0.062 W m-2 of rain power on the soil particles. The heaviest rainfall occurred on Day 

14 with the highest intensity of 34.56 mm h-1 and rain power of 0.033 W m-2 (Table B-1). 

The third series of rainfall comprised five small events exerting a total of 0.057 W m-2 of 

rain power on the soil particles. The heaviest rain in this period occurred on Day 21 with 

the highest rainfall intensity of 12.19 mm h-1 and rain power of 0.008 W m-2 (Table B-1).  

Both soil water content and soil CO2 fluxes spiked following each rain event (Figure 

3-2b). There was a plateau of soil water content in the first rain period (0-3 days), ranging 

between 32-35% before gradually decreasing to the field capacity by Day 5 (31%). In the 

subsequent dry period, the soil water content continued decreasing until it reached the 

lowest value of 23% and then rebounded up to the field capacity immediately following 

the rain on Day 14. During the third rain period (21-26 days), the soil water content 

fluctuated slightly above the field capacity (31-36%), where the peaks were in concert 

with the rainfall. The REE-labeled aggregates in the field consequently underwent a 

wetting phase between Day 0 – Day 3, a drying phase between Day 4-Day 14, and a 

rewetting phase between Day 15 - Day 26. The CO2 flux was constantly near zero during 

the dry periods but spiked immediately following the rainfall events (Figure 3-2b). The 

CO2 fluxes in the rain periods of Day 0 – Day 3 and Day 21 – Day 26 were dominated by 

positive values (10 to 150 mg m-2 s-1) where the soil water content was around 37%, 

indicating that CO2 emission by soil and plant respirations is greater than CO2 storage 

through photosynthesis. The CO2 fluxes during the rain period of Day14-Day15 were 

dominated by negative values (-7 to -58 mg m-2 s-1) where the soil water content was less 

than 31%, indicating that the CO2 storage is greater than CO2 release. 
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Figure 3-2. Rain power, cumulative rainfall, volumetric soil water content, and CO2 fluxes 

daily at the 5-cm soil depth of the experiment site. Saturation was determined based on 

the average soil bulk density measured in this field; field capacity and permanent wilting 

point were obtained from Salter and Williams (1965) for silty cay loam soils. 
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Aggregate Size Distribution 

The aggregate size distribution and DMWD of the bulk soil across the sampling period 

are shown in Figure 3-3. The proportion of extra-large macroaggregates in the bulk 

sample decreased from 43% on Day 0 to 37% on Day 3 (P = 0.303) and then increased 

significantly to 52% on Day 26 (P = 0.008). Likewise, the proportion of large 

macroaggregates decreased significantly from 39% on Day 0 to 24% on Day 3 (P = 0.001) 

then increased to 32% on Day 26 (P = 0.064). Conversely, the proportion of small 

macroaggregates in the bulk sample increased initially from 16% on Day 0 to 37% on Day 

3 (P < 0.0001) and then dropped back to 16% on Day 26. Finally, the proportion of the 

fines was < 2% on all sampling dates. Comparing to the decreased mass proportion with 

decreasing aggregate sizes on Day 0 (i.e., X>L>S>F), the measured distribution of the 

mass proportion was altered on Day 3 with the small macroaggregates having the highest 

proportion, followed closely by the extra-large macroaggregates, then the large 

macroaggregates and the fines. The distribution on Day 26 was similar to that on Day 0. 

The DMWD of the bulk soil decreased significantly from an initial value of 7.9 mm on Day 

0 to 6.6 mm on Day 3 (P = 0.01) and then increasing to 8.7 mm on Day 26 (P < 0.0001). 

Aggregate Transfers 

The relative aggregate fraction transfers were examined using the REE mass changes 

over the sampling period and the model by Peng et al. (2017) (Figure 3-4). In terms of 

aggregate breakdown, there were proportionally higher transfers on Day 3 (17% ± 12%) 

than on Day 26 (3% ± 2.5%). These transfers were observed to be higher between 

neighboring size fractions than between non-neighboring size fractions. For aggregate 

formation, there was less incorporation of smaller macroaggregates into larger 

macroaggregates on Day 3 (11% ± 2%) than on Day 26 (26% ± 8%). However, the 

incorporation of fines into larger aggregate sizes was greater on Day 3 (29% ± 19%) than 

on Day 26 (8% ± 6%). On Day 26 (Figure 3-4b), the small macroaggregates and fines 

had higher incorporation into extra-large macroaggregates than into their neighboring size 

fractions on Day 3 (Figure 3-4a). Overall, extra-large, large, and small macroaggregates 

exhibited higher transfers through breakdown (21-40%) than through formation (6-13%) 

on Day 3, while on Day 26, the formation transfers were higher (Table 3-1). Additionally, 

extra-large macroaggregates had the greatest mass changes through both breakdown 

and formation, followed by large macroaggregates and small macroaggregates (Table 

3-1). 

The efficacy of REEs in tracking the aggregate transfers was verified by comparing 

the modeled and measured aggregate size distribution (Figure 3-5). Regardless of the 

aggregate size, a global linear relationship (close to the 1:1 line; R2=0.798; P<0.01) was 

obtained, indicating that REEs can be used as an efficacious tracer for studying 

aggregate dynamics in the field conditions. Across the four aggregate size fractions, 

REEs performed better as tracers for predicting the extra-large, large, and small 

macroaggregate dynamics than in predicting the fine particle dynamics. 
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Figure 3-3. Mass proportion of the four aggregate fractions and DMWD of the whole soil 

on days 0, 3, and 26 of the experiment. Different lowercase letters denote significant 

differences at P<0.05 among aggregate fractions on the same sampling date. Different 

uppercase letters denote significant differences at P<0.05 among sampling dates for the 

same aggregate fraction.  
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Figure 3-4. The cumulative transfers between the four aggregate fractions along the 

breakdown and formation pathways on Day 3 and Day 26. X, L, S, and F indicate the 

extra-large macroaggregates (8-19 mm), large macroaggregates (2-8 mm), small 

macroaggregates (0.075-2 mm), and fines (<0.075 mm). Values in arrows are % of the 

mass of REEs in this size fraction relative to its initial mass at the start of the experiment 

on Day 0.  
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Table 3-1. Cumulative changes in proportions of each aggregate fraction through 

breakdown and formation processes and the turnover time of the four aggregate fractions.  

Aggregate  Breakdown (%)  Formation (%)  Turnover rate (day-1)  Turnover time (day) 

fractions D3 D26  D3 D26  D3 D26  D3 D26 

X (8-19 mm) 39 24  13 42  0.131 0.009  8 106 
L (2-8 mm) 40 5  6 7  0.161 0.014  6 70 
S (0.075-2 mm) 21 1  7 0.4  0.151 0.019  7 53 
F (<0.075 mm)       0.288 0.009  3 110 

The F fraction (<0.075 mm) could not be considered in the breakdown and formation processes 

because no fractions smaller than F were investigated in this study. 
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Figure 3-5. Relationship between the predicted aggregate class distribution based on the 

proportion of REEs transfers between any two aggregate size fractions and the measured 

aggregate class distribution from dry sieving. 
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The aggregate turnover rates decreased significantly over the sampling period (Table 

3-1). The turnover rates ranged from 0.131 to 0.288 day-1 during the first 3-day time frame 

and from 0.009 to 0.019 day-1 over the entire 26-day time frame. The aggregate turnover 

time, which is the reciprocal of the aggregate turnover rate, increased as the sampling 

period increased. In the first 3-day time frame, the aggregate turnover times ranged from 

3-8 days with a small difference among the four size fractions. Over the 26-day time 

frame, the turnover times increased in the order of small macroaggregates (53 days) < 

large macroaggregates (70 days) < extra-large macroaggregates (106 days) < fines (110 

days).  

SOC Distribution in Aggregates 

The mean SOC concentration in extra-large macroaggregates decreased significantly 

from 2.78% on Day 3 to 2.63% on Day 26 (P = 0.003; Figure 3-6). No significant changes 

in SOC concentrations were observed in large macroaggregates, small 

macroaggregates, and fines from Day 3 to Day 26 (P > 0.05; Figure 3-6). As a result, the 

size-weighted SOC concentration was slightly lower on Day 26 (2.71%) than on Day 3 

(2.84%). On a given sampling date, small macroaggregates (3.01% ± 0.03%) had 

significantly higher (P < 0.01) SOC concentration than extra-large macroaggregates, 

large macroaggregates, and fines (2.68% ± 0.03%), indicating the preferential 

accumulation of SOC in small macroaggregates.  

Discussion 

Aggregate Dynamics and Effects of Raindrop Impact and Wetting-Drying 

Aggregate dynamics include breakdown, formation, and stabilization. The mechanisms 

behind these processes have been mainly studied in the laboratory under controlled 

conditions. To the best of our knowledge, the present study is the first study that directly 

deciphers aggregate breakdown and formation interactions under field conditions using 

the trade-off of REE between different aggregate size fractions. Past incubation studies 

have focused on the role of microbes in aggregate dynamics (Martens, 2000), neglecting 

the importance of physical processes such as raindrop impacts, runoff, and wetting-drying 

cycles (Six et al., 2004). The tagged aggregates that were applied to the field in this study 

underwent series of rainfall impacts during a wetting-drying-wetting cycle. The aggregates 

broke down more than combined during the first 3 days as they were exposed to 

persistent impacts by raindrops with nearly no protection from the corn plants (< 1.5% 

coverage). The swelling behavior of clay upon wetting may also cause the disintegration 

of aggregates as the clay (32%) and water (32-35%) status of the studied soil was within 

the reported soil swelling limit (clay 30-65%; water 20-40%) by Meisina (2006).  

In contrast to what was observed on Day 3, there was higher incorporation of smaller-

sized aggregates into larger aggregates, especially into the extra-large macroaggregates 

on Day 26. The increased DMWD of the bulk soil on Day 26 also indicates more formation 



 

92 

 

Figure 3-6. SOC concentration in the four aggregate fractions on days 3 and 26 of the 

experiment. Different lowercase letters denote significant differences at P<0.05 among 

aggregate fractions on the same sampling date. Different uppercase letters denote 

significant differences at P<0.05 between sampling dates for the same aggregate fraction. 
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of larger aggregates. Although the aggregates experienced dissipated rain power 

resulting from the growing corn plants, the higher aggregate formation is likely driven by 

the complex interactions between observed wetting-drying events and the dynamics of 

microbial communities and their aggregating agents (Cosentino et al., 2006). Shrinking 

and cracking may occur in the pre-swollen soil as they dried between Day 4 – Day 14, 

promoting new aggregate formation (Tang et al., 2011). The soil water content continued 

to decrease during the period until it reached 23%, where clay shrinkage is likely to occur 

according to the reported shrinking limit of 10-20% for water (Meisina, 2006; Mishra et 

al., 2008). Consistent with previous studies (Borken et al., 2003; Meisner et al., 2013; 

Navarro-García et al., 2012), the subsequent rainfall rewetting between Day 15 – Day 26  

induced multiple pulses of CO2 release suggesting increased microbial activities and crop 

plant respiration, mobilizing carbon physically protected in aggregates, and releasing 

polysaccharides and other exudates (Borken and Matzner, 2009; Liang et al., 2003; 

Manzoni et al., 2012), all of which in turn increase aggregate formation and stabilization 

through adsorption or physical gluing of soil particles into aggregates according to the 

reported shrinking limit of 10-20% for water (Meisina, 2006; Mishra et al., 2008). 

Consistent with previous studies (Borken et al., 2003; Meisner et al., 2013; Navarro-

García et al., 2012), the subsequent rainfall rewetting between Day 15 – Day 26 induced 

multiple pulses of CO2 release suggesting increased microbial activities, mobilizing 

carbon physically protected in aggregates, and releasing polysaccharides and other 

exudates (Borken and Matzner, 2009; Liang et al., 2003; Manzoni et al., 2012), all of 

which in turn increase aggregate formation and stabilization through adsorption or 

physical gluing of soil particles into aggregates (Chaney and Swift, 1986). Particularly, 

the CO2 flushes were triggered at a water content of 37%, which falls in the reported 

range of 25-37%, where most microbial populations are likely to have the maximum 

activity responses (Manzoni et al., 2012). 

Variation in Aggregate Turnover across the Size Fractions 

The amount of soil exchange between the four aggregate size fractions varied within the 

sampling period, demonstrating the dynamism of these processes. Consistent with 

previous laboratory incubation studies (Peng et al., 2017; Wang et al., 2020), greater 

portions of extra-large and large macroaggregates were observed to disintegrate into 

lower-level size groups compared to small macroaggregates, indicating that extra-large 

and large macroaggregates break down more easily than small macroaggregates upon 

the impacts of rainfall. The aggregate stability index (ASI) tests with simulated rainfall 

produced similar values as other studies in the region (e.g., Wacha et al., 2018) 

confirming these observations, as extra-large and large macroaggregates (0.81 ± 0.16; 

0.94 ± 0.01) had lower ASI values on average than small macroaggregates (0.98 ± 0.01; 

Figure 3-7). The ASI values reflect the ability of aggregates to withstand disruptive forces 

of raindrop impact and other authors also found that large macroaggregates are more 

vulnerable to raindrop breakdown than small macroaggregates (Hou et al., 2018). The  
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Figure 3-7. Comparison of aggregate stability index (ASI) and retained material of extra-

large (8-19 mm), large (2-8 mm), and small (0.075-2 mm) macroaggregates.  
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differences in stability against the raindrop breakdown between large and small 

macroaggregates are rooted in their different soil particle composition and binding agents 

(Oades and Waters, 1991; Tisdall and Oades, 1982) as large macroaggregates are small 

macroaggregate clusters loosely held together by roots and fungal strands resulting in an 

unstable structure (Blanchart et al., 2004); while small macroaggregates are composed 

of microaggregates and fines that are glued more persistently by cations, bacterial, 

microbial and plant exudates.  

Aggregate turnover rate integrates both breakdown and formation rates (De Gryze et 

al., 2006; Peng et al., 2017). The aggregate turnover times over the entire experiment 

ranged from 53-110 days, which are broadly in accordance with reported values (e.g., 19-  

95 days by Plante et al. (2002); 30-88 days by De Gryze et al. (2006); 54-130 days by 

Peng et al. (2017); and 41-168 days by Wang et al. (2020)). Our results showed that the 

turnover rates of all aggregate size fractions decreased dramatically on Day 26 compared 

to on Day 3, indicating aggregate stabilization. Other studies also revealed decreasing 

aggregate turnover rates over time and the decreasing trends follow an exponential decay 

(De Gryze et al., 2006; Peng et al., 2017; Wang et al., 2020). Although the first series of 

rain events reduced the amount of extra-large and large macroaggregates, they were 

likely to become slake-resistant after a relatively long drying-wetting cycle due to the 

presence of larger corn plants and more rain power reduction (Denef et al., 2001b). In 

addition to time, our results demonstrated that the aggregate turnover rate is size-

dependent. Small macroaggregates had the fastest turnover rate amongst the four 

studied size fractions due to the more active microbial activities (Jiang et al., 2018). The 

fast turnover rate of small macroaggregates has also been reported in previous laboratory 

incubations (De Gryze et al., 2006; Peng et al., 2017; Rahman et al., 2019) and field 

experiments (Jastrow, 1996; Kay et al., 1988; Plante et al., 2002). 

Relation to Carbon Dynamics 

There is a consensus that aggregate turnover regulates SOC dynamics by controlling 

carbon release and storage in different size fractions (De Gryze et al., 2006; Segoli et al., 

2013; Six et al., 2001a; Six et al., 2000b). The significantly higher SOC in smaller macro- 

aggregates may be partly responsible for the greater aggregate stability measured with 

the simulated rainfall (Figure 3-7), and similar results were reported by other researchers 

(Abid and Lal, 2008; Angers et al., 1997; de Tombeur et al., 2018; Elliott, 1986; Six et al., 

2000c). The abundant SOC in smaller macroaggregates is primarily ascribed to their large 

surface area and strong binding agents (cations, bacterial, microbial and plant exudates), 

which can hold organic material tightly and withstand disruptive forces (Oades, 1984; 

Papanicolaou et al., 2015; Tisdall and Oades, 1982). Hou et al. (2018) found that 

raindrop-stable small macroaggregates contain more than double the SOC portion than 

slaked ones, which is the opposite of that observed for large macroaggregates. The 

relatively fast turnover rate of small macroaggregates may also promote carbon 

accumulation through increased microbial anabolism and new carbon mineralization 
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(Liang et al., 2017; Six et al., 2004). Despite this understanding, only small changes of 

SOC concentration were observed in all aggregate size fractions from Day 3 to Day 26, 

implying a stable state of SOC over the experiment, which is probably because the 26-

day time frame is not long enough to capture SOC changes as the turnover time of SOC 

is generally months to a few years (Metherell, 1993).  

Limitations and Implications 

One limitation in this study is that mobilization of the aggregates by runoff was not 

considered. Although the rainfall was relatively light, the runoff was visually limited, and 

the field is relatively flat, about 40% of the applied REE-labeled aggregates were 

mobilized and deposited downslope (Table B-2). The dynamics of the downslope 

aggregates could not reasonably be considered because the mobilized material likely 

distributed nonuniformly in space, leading to difficulties in determining aggregate 

dynamics through REE tracing. Additionally, a small portion of aggregate fragments may 

have transported vertically into the soil column beyond the sampling depth of 1 cm as 

cracks present on the surface or blown away by the wind (field observation). Nonetheless, 

our results indicate that enough REE-tagged material remained in the source plot to track 

the aggregate dynamics. The most likely mobilized particles were the slaked finer 

particles, which would underestimate the proportions within the breakdown processes but 

not affect the incorporation proportions. Furthermore, we could not collect more soil 

samples between Day 3 and Day 26, especially after the second series of rain events, 

owing to inconvenient transportation and workforce shortage. Last, the system is not 

static, and differences in rainfall characteristics and plant cover may also play a role. In 

the future, more measurements at shorter time intervals are needed to obtain a more 

reliable estimate of aggregate turnover times, as also suggested by De Gryze et al. 

(2006).  

Conclusions 

The present study has investigated the interchangeable breakdown and formation of soil 

aggregates in the field following rain events and wetting-drying cycles using REE tracing 

and supported with simulated rainfall tests and eddy flux tower measurements. A net 

breakdown occurred in the larger aggregate size fractions following an initial series of rain 

events due to disruptive forces of raindrop impact and air slaking, which led to a 

decreased amount of larger macroaggregates and increased amounts of small 

macroaggregates and fines. After a subsequent dry period and another two series of rain 

events, there was a net formation of extra-large and large macroaggregates suggesting 

aggregation due to increased particle binding caused by clay shrinkage upon drying and 

microbial activity flushes upon rewetting. As a result, aggregate turnover rates decreased 

with increasing time. The ASI values increased as the aggregate size class decreased 

because of the type of binding agents prevalent in the different classes. The more 

involvement of microbial activity in smaller macroaggregates resulted in a faster turnover 



 

97 

rate than larger macroaggregates. Additionally, small macroaggregates contained the 

highest SOC concentration among the studied size fractions, ascribed to their higher 

aggregate stability and faster turnover rate which induced a fast storage rate. For the first 

time, this study realized applying a laboratory-established REE tracing and modeling 

approach to the field condition and provides new insights into understanding and 

modeling aggregate structural dynamics under diverse environmental stressors such as 

raindrop impact and weather-controlled wetting-drying cycles.  
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Abstract: Residue cover is well known for reducing soil erosion in agricultural lands. 

However, a better understanding of flow hydraulics and sediment characteristics under 

various amounts of residue cover would help optimize the use of crop residue for soil 

conservation. Simulated rainfall experiments (60 mm h-1; 2-hr) on four field plots in Central 

Illinois were used to evaluate the effects of residue cover on runoff, erosion, particle size 

distributions, and SOC enrichment ratios in eroded sediments. The experimental 

conditions included conventional tillage without residue (CT0), no-till with 5% soybean 

residue (NTS5), no-till with 40% soybean-corn mixture (NTM40), and no-till with 65% corn 

residue (NTC65). The results affirmed that higher amounts of residue (i.e., NTC65) are 

best for reducing runoff (i.e., flow depth, flow velocity, stream power, and transport 

capacity) and soil loss, in this case, by more than two orders of magnitude compared to 

CT0. NTS5 was least effective in controlling erosion, producing 20% higher runoff and 

7% higher soil loss than CT0. NTM40 reduced soil loss by one order of magnitude 

compared to CT0 but failed to inhibit runoff due to the poor quality of existing soybean 

residues. The particle size distributions of eroded sediments in all cases consisted of 

about 97% fine particles (<0.25 mm), evidencing the pronounced size selection of 

transport by shallow overland flow. The measured ERSOC ranged from 1.3-8.1, which 

increased as the intensity of soil loss decreased. This study improved the understanding 

of flow characteristics and sediment transport processes in low-gradient agricultural 

environments.  

Keywords: Runoff hydraulics, Size selectivity, ERSOC, Residue cover, Rainfall 

simulations, Low-gradient fields 

Introduction 

Soil quality degradation by water erosion reduces crop yields and threatens food security 

(Brown, 1981; Pimentel, 2006). In the intensively managed landscapes (IMLs) of the 

Midwestern US, more than one-third of farmland (~0.4 million km2) has lost its carbon-

rich topsoil due to erosion, resulting in a 6% reduction of corn and soybean yields and 

losses of $3 billion for farmers every year (Thaler et al., 2021). The soil erosion in IMLs 

is exacerbated by intensive tillage and residue removal (Papanicolaou et al., 2015). 

Intensive tillage disrupts soil aggregates and the removal of crop residues exposes 

weakened soil particles to direct raindrop impacts leading to high soil loss by surface 

runoff (Elliott, 1986; Wacha et al., 2018).  

It has been recognized that reduced tillage and no-till practices, which leave crop 

residue at the land surface, can effectively curb soil erosion (Bradford and Huang, 1994; 

Jin et al., 2008; Klik and Rosner, 2020). No-till practices enhance soil aggregation and 

soil structural development, thereby increasing the soil’s resistance to raindrops and 

runoff (Arshad et al., 1999; Barthes and Roose, 2002; Bronick and Lal, 2005). Meanwhile, 

crop residue shields surface soils from raindrop detachment (Arsenault and Bonn, 2005; 

Cogo et al., 1984; Jin et al., 2009), as well as alters the hydraulic properties of overland 

flow (i.e., flow depth, flow velocity, flow regime, stream power, shear stress, and 
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resistance) and the sediment transport capacity of runoff (Finkner et al., 1989; Guo et al., 

2018). A number of studies have served to quantify these benefits; for example, a 

laboratory experiment by Leys et al. (2010) showed that runoff depth decreased 

significantly as the residue cover increased from 15% to 45%. Further, Gilley and Kottwitz 

(1995) measured flow resistance on various crop residues and found that the Darcy-

Weisbach friction factor tripled due to the addition of cotton residue. Finally, Shi et al. 

(2013) conducted rainfall simulation experiments to study residue cover effects on erosion 

and reported that the stream power decreased by two orders of magnitude and the soil 

loss decreased by ten times when the residue coverage increased from 15% to 90%. 

Collectively, these studies provide strong evidence that residue cover can reduce the 

erosive power of runoff and consequent soil loss. However, these studies were carried 

out either in laboratory flumes or on steep slopes where concentrated rill flow dominates. 

To date, little attention has been paid to residue cover effects on runoff and soil erosion 

processes in low-gradient fields where interrill shallow flow predominates.  

Selective transport of small soil particles is more prominent in interrill erosion because 

the shallow overland flow has insufficient energy to transport large particles (Farenhorst 

and Bryan, 1995; Govers, 1985; Lu et al., 1988). As such, the particle size distribution of 

eroded sediments tends to be finer than that of the source soil (Alberts et al., 1980; Liu et 

al., 2019; Massey and Jackson, 1952a). Additionally, the transported fine particles often 

contain higher SOC than non-transported large particles due to a large specific surface 

area (Papanicolaou et al., 2015; Wacha et al., 2020). This observation has been 

quantified by the enrichment ratio of SOC, ERSOC, which is defined as the ratio of SOC 

concentration in the eroded sediments to that in the contributing soils (Avnimelech and 

McHenry, 1984). Considerable studies have investigated the enrichment ratio of SOC in 

sediments under various rainfall intensity, slope gradient, and soil properties and found 

that the ERSOC (1.5-5) increased with decreasing intensity of soil erosion (Avnimelech and 

McHenry, 1984; Ghadiri and Rose, 1991; Hu et al., 2013; Nie et al., 2015; Schiettecatte 

et al., 2008). Though these studies provide valuable information on ERSOC and soil 

erosion, little is known about ERSOC in the low-gradient environment under different tillage 

and residue cover treatments.  

The purpose of this study is to investigate the effects of tillage and residue cover on 

runoff erosion processes and size-selective transport of soil aggregates in a low-gradient 

agricultural system. Simulated rainfall experiments were carried out in four field plots in 

Central Illinois, which present different tillage and residue coverage levels. The specific 

objectives are to (1) compare the general hydraulic characteristics of runoff, transport 

capacity, and total soil loss of various aggregate size fractions between the four 

treatments and (2) examine the temporal variations of runoff discharge, sediment 

concentration, the particle size distributions of eroded sediments, and ERSOC under the 

different treatments. By addressing these objectives, this study provides important 
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insights into understanding flow characteristics and selective transport of soil aggregates 

in residue cover affected low-gradient environments. 

Materials and Methods  

Experimental Plots  

The simulated rainfall experiments for this study were conducted on four agricultural plots 

located in the Upper Sangamon River Basin, Central Illinois. The four experimental plots 

differed substantially in tillage states at present and the proportions of surface area 

covered by crop residues (Figure 4-1), including conventional tillage without residue 

(CT0), no-till with 5% soybean [Glycine max] residue (NTS5), no-till with 40% soybean-

corn residue mixture (NTM40), and no-till with 65% corn [Zea mays] residue (NTC65). 

The areal percentages of the plot surface covered by residue were estimated by 

segmenting the residues from field images using the ImageJ software (Figure C-4). The 

four plots were uniform in terms of downslope curvature and had similar slope gradients 

(0.05-2.44%), soil type (silty clay loam), and soil properties (Table 4-1), which allow for 

examining the effects of different tillage practices and residue cover on runoff 

characteristics and soil loss under simulated rainfall. 

Plot CT0, in Goose Creek (40° 8'55.89"N, 88°35'27.93"W), was disked one week 

before the rainfall simulation so it was clear of residue. Plot NTS5 was near Wildcat 

Slough (40°22'27.40"N, 88°11'37.90"W) and was sparsely covered by a small number of 

soybean stubbles (5%). Though this field was tilled in the previous fall, the present soil 

surface was hard and relatively smooth at the time of the rainfall simulation experiment, 

which is likely due to soil consolidation during the winter and early spring (Eltner et al., 

2015). Therefore, this plot was considered as analogous as no-till in this study. Plot 

NTM40 was on the hilltop of Wildcat (40°22'30.10"N, 88°11'36.50"W) with high portions 

of soybean stubbles mixed with a small amount of highly decomposed corn stalks (40%). 

Plot NTC65 was situated at the farmland in Saybrook (40°26'39.49"N, 88°28'48.61"W) 

and was managed as no-till with even year soybean and odd year corn rotations. During 

the rain simulation, the plot surface was covered by a dense portion of corn stalks, leaves, 

and bare corn cobs (65%).  

Rainfall Simulation and Sample Collection 

Runoff and soil loss were monitored from the four plots during experiments conducted in 

mid-April 2016 (Figure 4-1) following the procedure described in Wacha et al. (2020). 

Each rainfall test was run for 120 min with constant 60 mm h-1 intensity to ensure both 

runoff and sediment fluxes reached steady-state conditions (Wacha et al., 2020). Rainfall 

was applied to each plot using Norton ladder rainfall simulators designed by the USDA-

ARS National Erosion Research Laboratory. Figure 4-1a shows the setup for all 

experimental runs conducted for this study. For each test, three rainfall simulators were 

mounted in series over the experimental plot covering an effective rainfall area of 7 m  
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Figure 4-1. (a) Overview of the experimental setup in the field and images of the rainfall 

plots under different tillage practices and residue cover: (b) conventional till without 

residue (CT0); (c) no-till with 5% soybean residue (NTS5); (d) no-till with 40% soybean 

and corn mixture (NTM40); and (e) no-till with 65% corn residue (NTB65). 
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Table 4-1. Experimental conditions of the field rainfall simulations. 

 

 

 

 

  

Plot 
code 

Current state 
of tillage 

Residue 
type 

Residue 
Cover 
(%) 

Slope 
gradient 
(%) 

Bulk 
density 
(g cm-3) 

SOC 
(%) 

Soil texture (%) 

Sand Silt Clay 

CT0 Conventional 
till 

None 0 0.50 1.00 2.79 5 71 24 

NTS5 No-till Soybean 5 1.25 1.29 2.64 18 58 24 
NTM40 No-till Soybean-

corn 
40 2.00 1.16 2.24 15 58 27 

NTC65 No-till Corn 65 2.44 1.34 1.94 21 56 23 
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long by 1.5 m wide. Six oscillating VeeJet nozzles were suspended approximately 2.5 m 

above the plot surface to ensure that the terminal velocity of natural rainfall was reached. 

Water was continuously pumped from a water tank with constant pressure to the nozzles, 

which provided uniform spherical raindrops in a median diameter of 2.5 mm and a terminal 

velocity of 7.25 m s-1. A 20° V-notch weir was installed at the downslope end of the plot 

for runoff monitoring and water-sediment sample collection. The windward sides of the 

rainfall simulators were tarped to minimize wind disturbances to rainfall. Flow depths at 

the weir outlet were recorded every five minutes, followed by immediately collecting runoff 

samples using 1000-mL wide-mouth plastic bottles. The samples were stored in coolers 

and transported overnight to the laboratory in Knoxville, TN, for analysis.  

Sample Analyses 

The runoff samples were weighed and gently shaken to resuspend the settled sediments 

without disrupting aggregates. The water-sediment mixture was passed through a stack 

of 2-mm and 0.25-mm sieves to separate the sediments into three size fractions: large 

macroaggregates (>2mm), small macroaggregates (0.25-2 mm), and fines (<0.25 mm). 

The fractionated particles were stored in separate cups and oven-died at 60°C for 24 h. 

The dry weight of each size fraction was measured to calculate the sediment 

concentration of each particle size. The three aggregate fractions were ultimately 

recombined and the total SOC concentrations were measured with the Sercon Ltd. 

(Crewe, UK) flash combustion elemental analyzer described in Hou et al. (2018). 

Calculations  

Rain Power 

Soil detachment by raindrop impact is the first step of soil erosion (Bielders and 

Grymonprez, 2010). When a raindrop strikes soil, the raindrop kinetic energy is 

transferred to soil particles and water on the surface, detaching soil particles and 

displacing water. However, on a residue-covered surface, the raindrops can be 

intercepted by residues and thus have essentially zero velocity reaching the soil surface 

leading to no capacity to detach soil (Gabet and Dunne, 2003). Therefore, the rain power 

(R, W m-2) was determined for each experimental run to describe the amount of effective 

energy transferred to the soil particles affected by different residue coverages (Gabet and 

Dunne, 2003): 

𝑅 =
𝜌𝐼𝑣2(1 − 𝐶𝑟)cosθ

2
 

4-1 

 

where 𝜌 is water density (assumed to be a constant value of 1000 kg m-3 at 10 ℃), 𝐼 is 

the rainfall intensity (1.6 × 10−5 m s-1), 𝑣 is the terminal velocity of raindrops (7.25 m s-1), 

𝐶𝑟  is the proportion of the plot surface covered by crop residue, 𝜃  is the plot slope 

(degrees).  



 

111 

Runoff Hydraulic Parameters 

The transport of soil particles by rain-induced runoff is the second step of soil erosion, 

which is strongly influenced by the hydraulics characteristics of overland flow (Abrahams 

and Parsons, 1994; Emmett, 1970). To evaluate the effects of residue cover on soil 

erosion, runoff discharge, flow depth, stream power, hydraulic shear stress, flow velocity, 

Reynolds number, Froude number, the Darcy-Weisbach friction, and the Manning’s 

roughness were studied according to previous studies (Guo et al., 2018; Shi et al., 2013).  

The runoff discharge (Q, m3 s-1) was calculated using the following equation for V-

notch weir (Sturm, 2001): 

𝑄 = 1.55× tan(
𝜃𝑤

2
)𝐻𝑤

2.5   
4-2 

 
where 𝐻𝑤 is the flow height above the bottom of the notch (m) and 𝜃𝑤 is the notch angle 

(20°).  

The average flow depth (ℎ, m) was calculated as follows: 

 ℎ =
(𝑄𝑡+1 − 𝑄𝑡)𝑡

𝐴
 

4-3 

 

where 𝑄𝑡+1 is the runoff discharge at time 𝑡 + 1, 𝑄𝑡 is the runoff discharge at time 𝑡, 𝑡 is 

the time interval (s), and A is the plot area (10.5 m2).  

The stream power (𝜔, W m-2) and hydraulic shear stress (𝜏, Pa) were calculated as 

(Govers, 1990):  

𝜔 =
𝛾𝑆𝑄

𝑊
  

4-4 

 
𝜏 = 𝛾ℎ𝑆 4-5 

 where 𝛾 is the specific weight of water (kg m-2 s-2) and calculated as 𝛾 = 𝜌𝑔, where 𝜌 is 

water density (kg m-3), 𝑔  is the gravitational acceleration (9.81 m s-2),  𝑆  is the slope 

gradient, ℎ is the average flow depth (m), and 𝑊 is the plot width (1.5 m).  

The average flow velocity (V, m s-1) can be determined as:  

𝑉 =
𝜔

𝜏
   4-6 

 The Reynolds number (𝑅𝑒) and Froude number (𝐹𝑟) were calculated to reflect the 

flow regime (Abrahams et al., 1986):  

𝑅𝑒 =
𝑉ℎ

𝑣
 

4-7 

 
𝐹𝑟 =

𝑉

√𝑔ℎ
 4-8 
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where 𝑉 is the average flow velocity (m s-1), ℎ is the average flow depth (m), 𝑣 is the 

kinematic viscosity(assumed to be a constant value of 1.3 × 10−6 𝑚2𝑠−1 at 10 ℃).  

The Darcy-Weisbach friction factor (f) and Manning’s roughness coefficient (𝑛, m-1/3 

s) were calculated to determine flow resistance: 

𝑓 =
8𝑔ℎ𝑆

𝑉2
 

4-9 

 

𝑛 =
ℎ

2
3√𝑆

𝑉
 

4-10 

 where 𝑔 is the gravitational acceleration (m s-2), 𝑆 is the slope gradient, ℎ is the average 

flow depth (m), and 𝑉 is the average flow velocity (m s-1).  

Sediment Transport Capacity  

To evaluate whether a soil particle will move or settle under certain runoff, the sediment 

transport capacity (𝑇𝑐, g m-1 s-1) of the shallow overland flow was estimated for each 

aggregate size fraction using the Yalin equation (Papanicolaou et al., 2015): 

𝑇𝑐

(𝑆𝐺𝑖)𝑑𝑖𝜌𝑤
0.5𝜏0.5

= 0.635𝛿[1 −
1

𝛽
ln(1 + 𝛽)] 4-11 

 

𝛽 = 2.45(𝑆𝐺𝑖)
−0.4(𝜏𝑐

∗)0.5𝛿 4-12 

 

𝛿 =
𝜏∗

𝜏𝑐
∗
− 1 (𝑤ℎ𝑒𝑛 𝜏∗ < 𝜏𝑐

∗, 𝛿 = 0) 4-13 

 
𝜏∗ =

𝜏

𝜌𝑤(𝑆𝐺𝑖 − 1)𝑔𝑑𝑖
 4-14 

 where 𝑆𝐺𝑖 is the particle specific gravity of size fraction 𝑖 (𝑖 denotes >2 mm, 0.25-2 mm, 

and <0.25 mm fractions), 𝑑𝑖 is the medium particle diameter of size fraction 𝑖 (m) and 

approximated using the empirical equations described in Papanicolaou et al. (2015), 𝜌𝑤 

is water density (g m-3), 𝜏 is the hydraulic shear stress (Pa), 𝜏𝑐
∗ is the dimensionless critical 

shear stress from Shields Diagram, 𝜏∗is the dimensionless hydraulic shear stress, 𝛽 and 

𝛿 are dimensionless parameters reflecting soil properties.  

Enrichment Ratio of SOC 

For determining SOC loss by erosion, the SOC enrichment in sediment compared to 

source area soil, expressed as the enrichment ratio (ERSOC), was calculated using the 

following formula (Massey and Jackson, 1952b): 

𝐸𝑅𝑆𝑂𝐶 =
𝑆𝑂𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡

𝑆𝑂𝐶𝑠𝑜𝑢𝑟𝑐𝑒
   

4-15 

 

where 𝑆𝑂𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 is the SOC concentration (%) in the sediments collected at the weir 

outlet and 𝑆𝑂𝐶𝑠𝑜𝑢𝑟𝑐𝑒 is the SOC concentration (%) in the plot source soils. ERSOC > 1 
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indicates SOC accumulation in the eroded sediments and ERSOC < 1 indicates SOC 

depletion in the eroded sediments. 

Results 

General Characteristics of Rain Power, Runoff, and Soil Loss 

The residue cover presence influenced rain power, general runoff hydraulics, and soil 

loss, as shown in Table 4-2. The rain power consistently decreased with increasing 

residue cover. The residue cover of 5, 40, and 65% reduced the rain power by 5, 50, and 

66%, respectively, compared to the bare soil case. Conversely, the runoff responded 

differently to the various surface conditions. The runoff coefficients (defined as the 

percentage of rainfall converted into overland flow during an event) were relatively high, 

ranging from 0.5 to 0.7 in the bare soil (CT0) and low-medium residue cover (NTS5 and 

NTM40) plots. For the high residue cover plot (NTC65), the runoff coefficient was two 

orders of magnitudes (0.01) lower than other plots. Likewise, the average flow depth (ℎ) 

was highest under NTM40 (5.27 mm), medium under CT0 and NTS5 (3.28 mm), and 

lowest under NTC65 (0.14 mm). The average flow velocity (ℎ) was higher under CT0, 

NTS5, and NTM40 (0.023 ± 0.001 m s-1) than under NTC65 (0.013 m s-1). 

Correspondingly, the Reynolds number (𝑅𝑒) was highest under NTM40 (94), medium 

under CT0 and NTS5 (57 ± 4), and lowest under CT65 (1.3). The Froude numbers (𝐹𝑟) 

were generally low in all cases, varying from 0.10 to 0.39.  

The stream power (𝜔) was generally low, with a highest observed value of 0.0241 W 

m-2 for NTM40 and the lowest value of 0.0004 W m-2 for NTC65 (Table 4-2). Similarly, the 

hydraulic shear stress (𝜏) varied from 0.034 to 1.035 Pa with the highest value for NTM40 

and lowest value for NTC65. The Darcy-Weisbach friction ( 𝑓 ) and the Manning’s 

roughness (𝑛) showed increasing trends with increasing residue cover except for the 

NTC65 case, which had the smallest 𝑓 and 𝑛 values. The estimated sediment transport 

capacity by flow from the CT0 plot ranged from 0.02 to 3 g m-1 s-1 with the highest 

transport rate observed for the smallest particles. The transport capacity of flow from the 

NTS5 plot was six times higher compared to CT0, which had the highest value of 12.26 

g m-1 s-1 for fines particles (< 0.25 mm) and the lowest value of 2.83 g m-1 s-1 for small 

macroaggregates (0.25-2 mm). The runoff from the NTM40 plot possessed the highest 

transport capacity on all size fractions, which had the highest value of 63.2 g m-1 s-1 for 

large macroaggregates and the lowest value of 45.39 g m-1 s-1 for small macroaggregates. 

In contrast, the NTC65 flow only can transport fine particles with a small capacity of 0.03 

g m-1 s-1. Consequently, the cumulative soil loss from each plot was in the rank of NTS5 

(2281 g) > CT0 (2131 g) > NTM40 (843 g) > NTC65 (16 g), in which fine particles 

accounted for 97% of the total lost soil.  
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Table 4-2. Rainfall simulation results of rain power, hydraulic parameters of overland flow, 

sediment transport capacity, and the cumulative loss of each aggregate size fractions for 

the experimental plots.  

 
Note: 𝑅, rain power; RC, runoff coefficient; ℎ, average flow depth; 𝑉, average flow velocity; 𝜔, 

stream power; 𝜏 hydraulic shear stress; 𝑅𝑒, Reynolds number; 𝐹𝑟, Froude number; 𝑓, Darcy-

Weisbach friction factor; 𝑛, Manning’s roughness coefficient; 𝑇𝑐 , sediment transport capacity; 

CSL, cumulative soil loss.  
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Temporal Variation of Runoff Discharge and Sediment Concentration  

Figure 4-2 illustrates the temporal variations in runoff discharge and sediment 

concentration under various tillage and residue cover treatments. The tilled plot with bare 

soil (CT0) and the no-till plots with low-medium residue cover (NTS5 and NTM40) 

exhibited similar runoff processes and patterns with three distinct stages: the period from 

the start of rainfall to runoff initiation, the period from runoff initiation to peak runoff, and 

the period of steady-state (Figure 4-2a). For CT0, the runoff increased fast during the 11 

to 63 min of rainfall before slowly approaching the steady state. The runoff discharge 

under NTM40 increased faster than CT0 during the 12 to 58 min of rainfall followed by 

the steady-state of 148 ± 7 cm3 s-1. The runoff discharge regarding NTS5 increased 

rapidly during the 13 to 47 min of rainfall with a subsequent steady state of 85 ± 8 cm3 s-

1. For the no-till plot with high residue cover (NTC65), the runoff discharge was 

consistently low throughout the rainfall simulation (2.1 ± 0.6 cm3 s-1).  

The sediment concentration patterns varied based on tillage practices and residue 

cover (Figure 4-2b). The tilled plot with bare soil (CT0) and the no-till plot with 5% residue 

cover (NTS5) produced high sediment concentrations during the first few minutes of 

runoff and then decreased to a constant level 3.5 g L-1. In contrast, the no-till plots with 

40% (NTM40) and 65% (NTC65) residue cover led to consistently low sediment 

concentrations during the entire rainfall simulation (1.3 ± 0.5g L-1).  

Temporal Variation of Particle Size Distribution and ERSOC 

Figure 4-3 shows the temporal variations in eroded sediment particle size (expressed as 

a relative proportion) under the four treatments. The fine particles (< 0.25 mm) comprised 

the highest proportion of sediments varying between 92 and 99% throughout all rainfall 

simulations, regardless of different treatments. The percentages of small (0.25-2 mm) and 

large (> 2 mm) macroaggregates in all cases were less than 10% during the rainfall and 

exhibited smaller temporal variations under CT0 than under other treatments. 

The ERSOC in sediments differed greatly between the different treatments during the 

simulated rainfall (Figure 4-4). Under both CT0 and NTS5, the ERSOC in sediments 

exhibited similar values and patterns varying slightly around the mean of 1.6. The 

maximum ERSOC values in CT0 and NTS5 sediments were 2.2 and 1.9, respectively, and 

occurred at 102 min of the rainfall. The ERSOC in NTM40 sediments initially decreased 

and then increased to a steady-state (2.7-3.4) followed by a sudden decrease around 75 

min and a return to steady-state. Under NTM40, the minimum ERSOC was 2.0 occurring 

at 19 min of the rainfall and the maximum ERSOC was 4.0 occurring at the end of rainfall. 

For NTC65, the ERSOC in sediments varied largely during the simulated rainfall, which 

initially decreased rapidly from the maximum value of 8.1 to the minimum value of 3.3 

and then increased gradually and leveled off around 6.5. Overall, the mean ERSOC in all 

sediments followed this order of statistical significance (p < 0.0001): CT0 = NTS5 (1.6 ± 

0.2) < NTM40 (3.0 ± 0.5) < NTC65 (5.6 ±1.7) (Figure 4-4).  
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Figure 4-2. Temporal changes of (a) runoff discharge and (b) sediment concentration 

under different tillage practices and residue cover. The meaning of the different plot codes 

is given in Table 4-1.  
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Figure 4-3. Temporal changes of the percentage of eroded sediment particles under 

different tillage practices and residue cover (note: a based-10 log scale is used for the y-

axes). 
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Figure 4-4. Temporal changes of the enrichment ratio of SOC (ERSOC) under different 

tillage practices and residue cover. The boxplot in the upper right corner shows the mean 

('x' mark) and range of ERSOC values for different tillage practices and residue cover. 

Different letters represent significant differences in mean values between the treatments 

(P < 0.05).  
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Relationship between Flow Resistance, Sediment Concentration, and ERSOC 

The relation between instantaneous Darcy-Weisbach friction factor and total sediment 

concentration was explored to identify the dominant erosive processes involved (Figure 

4-5a). Under the bare (CT0) and low-medium (NTS5 and NTM40) residue cover, a 

negative correlation existed between the Darcy-Weisbach friction and sediment 

concentration. For the high residue cover case (NTC65), the relationship between the 

Darcy-Weisbach friction and sediment concentration was not clear as the sediment 

concentration was steadily low. The relationship between the sediment concentration and 

ERSOC was also examined to identify the selective SOC enrichment process in the eroded 

sediments (Figure 4-5b). Generally, the ERSOC decreased as the sediment concentration 

increased, but the trend was variable between treatments. As residue cover increased, a 

milder drop in ERSOC was noted.  

Discussion  

Effects of Residue Cover on Rain Power and Runoff Hydraulics  

Erosion control effectiveness depends on the surface conditions induced by particular 

management practices such as residue cover (Wischmeier, 1973). Consistent with 

previous studies (Guo et al., 2018; Jin et al., 2009; Laflen and Colvin, 1981), our results 

showed that the total soil loss decreased significantly with increasing residue cover. 

Residue cover reduces soil erosion in two ways. The first is by reducing the direct impact 

of raindrops on the soil surface in proportion to the percentage of the surface covered by 

residue (Cogo et al., 1984). This can be observed herein as the decreasing rain power 

seen with increasing residue coverage during the four rainfall simulations. According to 

the rainfall simulation experiments by Gabet and Dunne (2003), the decreased rain power 

by residue cover can significantly reduce soil detachment rates as the raindrop kinetic 

energy imposed on soil particles is attenuated.  

Second, the residue on the surface influences the hydraulic characteristics of 

overland flow, which dictates the sediment transport capacity of runoff. Our results 

showed that the Reynolds numbers were <100 (1.3-94) and Froude numbers were <1 

(0.10-0.39) for all experimental runs, indicating the laminar and subcritical flow regimes 

(Lawrence, 1997). Parsons et al. (1994) also reported a low range of Reynolds number 

(0.43-4.8) for flow through a rough surface (i.e., grassland). The Darcy-Weisbach friction 

factor varied from 1.99 to 15.2, which fell in the range commonly reported in the literature 

of 0.1 to 20 for residue- or vegetation-covered surface (Abrahams et al., 1986; Gilley and 

Kottwitz, 1995; Lawrence, 1997). Interestingly, the stream power, shear stress, and 

transport capacity in NTS5 and NTM40 were higher compared to CT0 regardless of their 

higher percentage of residue cover. This is probably because of the existing small and 

highly decomposed soybean residues in the NTS5 and NTM40 plots, which created less 

roughness than the tillage-induced roughness in the CT0 plot. This finding demonstrated 

that the efficacy of residue on reducing erosive runoff power is influenced not only by the 
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Figure 4-5. (a) Darcy-Weisbach friction factor versus sediment concentration and (b) 

sediment concentration versus the enrichment ratio of SOC (ERSOC) for different tillage 

practices and residue cover.  
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surface cover proportions but also by the size and quality of residue.  

Effects of Tillage and Residue on Runoff Generation and Sediment Transport  

For the no-till plot covered by highly decomposed soybean-corn residues (NTM40), the 

runoff discharge remained high because surface soil pores were shielded and rainfall 

infiltration was low (Freebairn and Gupta, 1990). The soybean residues can be easily 

moved by runoff due to their small size and lightweight, thus failing to reduce runoff 

velocity and power (Cogo et al., 1984). However, the total soil loss from NTM40 was two 

times lower than from those with little or no residue (NTS5 and CT0), owing to the reduced 

soil detachment rates and few loose particles available for transport (Bradford and Huang, 

1994). For the no-till plot with high corn residue (NTC65), the runoff discharge was two 

orders of magnitude lower than that of NTM40, which is due to rainfall interception by 

corn residues (i.e., bare corn cobs, stalks, and leaves) and runoff ponding behind large 

residue pieces (Bradford and Huang, 1994). The soil loss from NTC65 dropped by one 

order of magnitude because low detached particles available for transport, low stream 

power to transport and deposition of sediments in the residue pieces created small 

reservoirs. This result demonstrated that corn residue is more effective in reducing both 

runoff and soil loss than soybean residue, as also suggested by other researchers (Cogo 

et al., 1984; Ketcheson and Stonehouse, 1983); thus, the type of residue cover appears 

to be of importance along with the percent residue cover. 

Under little (NTS5) and no (CT0) residue covered cases, the runoff discharge from 

NTS5 was twice higher than that from CT0 during the first 40 min of rainfall, which is due 

to lower infiltration rates in the compacted surface and clogging of pores by raindrop 

splash (A. Fattah and K. Upadhyaya, 1996; Zhang et al., 2019). The runoff discharge was 

lower under CT0 because of greater tillage-induced surface roughness and water storage 

in the rut depressions (M. Mohamoud et al., 1990). The raised rainfall infiltration rates 

through the loose soil column could also cause the observed lower runoff discharge at 

the early stage (Arshad et al., 1999; Carretta et al., 2021). The steady-state runoff 

discharge was about the same under NTS5 and CT0 because surface sealing is primarily 

responsible for infiltration and runoff rates at the late stage of simulated rainfall (Bradford 

and Huang, 1994). Theoretically, the NTS5 no-tilled soil should have higher aggregate 

stability than the CT0 tilled soil. However, this superiority of NTS5 seems offset by its 

higher early-stage runoff rates, resulting in slightly higher sediment concentration and 

total soil loss than CT0. These findings revealed that removing crop residues from the no-

till system could result in as high as or higher soil loss than those obtained with 

conventional tillage practices since the smooth soil surface with inadequate residue cover 

will seal and crust, enhancing runoff generation and soil transport (Bradford and Huang, 

1994). 
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Effects of Residue Cover on Size Selectivity of Transport  

The particle size distributions of the eroded sediments from the four plots were dominated 

by fine particles (>95%), indicating that the transport processes are highly size-selective 

regardless of surface conditions. This is likely due to the generally low slope gradients of 

the four plots (0.5-2.44%; Table 4-1), which generally produce low stream power (0.0002-

0.0181 W m-2; Table 4-2) that can only mobilize microaggregates and silt/clay-sized 

particles. The ERSOC was in the range of 1.3-8.1, which is consistent with the reported 

range of 0.74-6.2 in literature (Martínez-Mena et al., 2002; Papanicolaou et al., 2015; 

Schiettecatte et al., 2008). The negative relationship between ERSOC and sediment flux 

(Figure 4-5b) was also reported by previous research (Ghadiri and Rose, 1991; Hu et al., 

2013; Jin et al., 2009; Schiettecatte et al., 2008). Massey and Jackson (1952b) pointed 

that the erosive processes are more selective for SOC (namely high ERSOC) when the 

amount of soil material eroded is low, which is the case of NTC65 where only small 

amounts of SOC-enriched fine particles (0.03 g m-1 s-1) were mobilized (Table 4-2). 

Additionally, the observed large temporal variation of ERSOC under the low soil loss case 

of NTC65 was also reported by Cogle et al. (2002), indicating high uncertainty of sediment 

delivery under residue-induced low runoff events.  

Conclusions 

This study investigated the rain power, runoff hydraulic characteristics, and size-selective 

transport of soil aggregates using simulated rainfall on four low-gradient plots with 

variable levels of tillage and residue cover, including conventional tillage without residue 

(CT0), no-till containing 5% soybean residue (NTS5), no-till containing 40% soybean-corn 

mixture (NTM40), and no-till containing 65% corn residue (NTC65). As expected, the 

estimated rain power decreased with increasing residue cover percentage, and the 

overland flow from all plots was in the laminar and subcritical regimes. The high percent 

of large corn residues in the NTC65 plot produced flow with the lowest flow depth, flow 

velocity, stream power, and transport capacity, resulting in the lowest soil loss and highest 

ERSOC. The NTS5 plot exhibited similar flow hydraulic characteristics and soil loss as the 

CT0 plot, indicating that removing residue cover from the no-till system could result in 

substantial soil erosion due to increased runoff from crusting and sealing. About 97% of 

the eroded sediments were fine particles (0.25 mm), suggesting the pronounced transport 

selectivity of the shallow interrill flow. The measured ERSOC values increased as the 

intensity of soil erosion decreased, which can be attributed to residue cover. Overall, this 

study systematically investigated the flow characteristics and selective transport of soil 

aggregates under various levels of tillage and residue cover. Insights were gained which 

improved the understanding of aggregate transport processes in low-gradient 

environments, an understudied contest, and provided important insights into improving 

agricultural management to control erosion and maintain soil health. The simulated 

rainfall is limited to the plot scale, which cannot fully capture aggregate and SOC transport 
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processes on a larger scale. Future studies should explore the aggregate transport 

distance and SOC redistribution processes at the field scale under natural rainfall 

conditions.  
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Abstract: Quantifying transport distances of soil aggregates is essential for 

understanding the fate of soil organic carbon (SOC) on the landscape. In this study, 

natural soil aggregates were separated into four size classes (8-19 mm, extra-large 

macroaggregates; 2-8 mm, large macroaggregates; 0.075-2 mm, small 

macroaggregates; <0.075 mm, fines) and tagged with rare earth elements (REE). The 

tagged aggregates were placed in plots that drained to a major flowpath in a field with 

freshly planted corn in the Goose Creek, IL, watershed. Surface soil samples were 

collected both within and downslope of each tagged plot following 70 mm rainfall which 

fell over ten events within 26 days. The transport distances of the different aggregate size 

fractions were determined by coupling the REE concentrations with existing diffusion and 

exponential transport models. The REE concentrations declined rapidly with downslope 

distance in the upper slope and were well represented by the exponential model. The 

predicted transport distances for all aggregate size fractions in this location were less 

than 1.5 cm, as rain splash and interill shallow flow were the dominant transport 

mechanisms. Conversely, the observed trend of REE concentrations at the toe-slope 

versus downslope distance was better described by the diffusion model, with predicted 

transport distances greater than 15 cm. This is attributed to higher slope gradients 

resulting in higher runoff amounts and more erosion. Variable transport distances were 

found based on aggregate size. The longest distances of transport were found for small 

macroaggregates (1.33-117 cm) due to the combination of their small size and low density 

from high SOC concentrations, inducing a low settling velocity. Finally, the shortest 

transport distances were observed for extra-large macroaggregates (0.97-36 cm) due to 

their larger size and higher density and consequently higher settling velocity. The 

measured SOC concentrations of the bulk soil increased with increasing distances 

downslope. These results expand the understanding and modeling of process-based soil 

erosion and SOC redistribution and stress the importance of aggregate sizes and 

topographic characteristics on soil transport distances.  

Keywords: Soil aggregates, Transport distance, Rare earth element, Rainfall, Diffusion 

model, Exponential model, SOC redistribution  

Introduction 

Soil erosion consists of a sequence of steps including raindrop detachment, transport by 

overland flow, and deposition, which can collectively be quantified as a transport distance 

from the eroding source to the depositional sink (Dunne et al., 2010; Nearing et al., 1999; 

Polyakov and Nearing, 2003). Nonetheless, very few studies of the transport distance of 

soil particles have been undertaken. Transport distances dictate the spatial patterns of 

redistributed SOC over the landscape (Hu et al., 2016; Hu and Kuhn, 2014). This is 

essential information for process-based soil erosion and SOC transport models (Parsons 

et al., 2004; Wainwright et al., 2008a) and for locating erosion control practices to improve 

soil health (Burroughs Jr and King, 1989; Kuhn et al., 2009).  
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Transport distance is strongly affected by particle size (Kirkby, 2010; Kuhn et al., 

2009) with a widely ascribed inverse relationship between particle size and settling 

velocity (Hairsine and Rose, 1991; Heng et al., 2011). Hu et al. (2016) studied the 

transport distance of soil aggregates along a slope after rainfall events. They found that 

larger aggregates were mainly distributed on the upper slope (implying shorter transport 

distances) and smaller aggregates were on the lower slope (implying longer transport 

distances). Additionally, the smaller particles carry with them more organic matter than 

larger particles (Hu and Kuhn, 2016; Nie et al., 2014; Schiettecatte et al., 2008), which 

may cause the commonly observed high SOC concentration in the downslope and low 

SOC concentration in the upslope (Hu et al., 2016; Kirkels et al., 2014; Papanicolaou et 

al., 2015). However, the studies mentioned above made inferences on travel distances 

of soil aggregates based upon their depositional locations which failed to yield information 

on their actual transport distances in field settings.  

Over the past two decades, the use of rare earth elements (REEs) as tracers has 

increased for determining sediment source (Stevens and Quinton, 2008; Zhu et al., 2011), 

erosion rates (Lei et al., 2006; Liu et al., 2004; Zhang et al., 2008), and spatial patterns 

of soil redistribution (Polyakov et al., 2009; Polyakov and Nearing, 2004; Szabó et al., 

2020). Conversely, the use of REEs to assess transport distance is relatively rare. REEs 

are good tracers due to their low concentration in natural soils, high adsorption capacity, 

noninterference with particle movement, and high detection sensitivity (Zhang et al., 2001; 

Zhang et al., 2003), which allow researchers to track the movement of single particles or 

aggregated soils across landscapes. Matisoff et al. (2001) placed different REE-tagged 

soils at the upper, middle, and lower slopes for determining soil transport distances after 

a thunderstorm event. However, Matisoff et al. (2001) used uniformly sized soil particles. 

Likewise, soil tagging using one tracer for all aggregate sizes could cause 

underestimation or overestimation of transport distance from a given area as finer soil 

fractions are preferentially eroded and travel longer distances. In comparison, coarser 

soil fractions tend to deposit fast and travel shorter distances.  

In this study, natural soils were labeled with multi-REEs based on four size fractions 

and then applied to the upper-, mid-, and toe-slopes of the field to address the nonuniform 

transport issue of soil aggregates. Soil samples along the transport pathways were 

collected for REE analyses following a series of rainfall events. The objectives were to (1) 

quantify the transport distances of the four aggregate size fractions within each 

topographic position by coupling the REE concentrations and existing transport models 

and (2) investigate the resulting downslope patterns of SOC concentrations within each 

topographic position. By addressing these objectives, this study presents a new technique 

to assess aggregate transport distance based on their sizes and provides insights into 

relationship of transport distance and the interplay of aggregate sizes and topographic 

characteristics.  
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Materials and Methods 

Site Description  

This study was conducted in an agricultural field (0.085-km2) located in the Goose Creek 

watershed near De Land, Illinois (40°08'39.4"N, 88°36'37.0"W; Figure 5-1a). This region 

was a product of the Wisconsin glaciation period (~25-75 ka), which left it with a low-relief 

landscape and large quantities of fine-grained materials in the soil (Anders et al., 2018). 

The soil classified as a Sable silty clay loam (fine-silty, mixed, superactive, mesic Typic 

Endoaquolls), containing 66% silt, 32% clay, 2% sand, and 3% SOC (USDA-NRCS 

SSURGO). Because of the high amounts of silt and clay, soil crusting is likely to occur 

following rain events, which reduces water infiltration and induces erosion through 

increased runoff (Bissonnais and Singer, 1992). The field had a slope of 0.15% on 

average with a 300-m long main flowpath running parallelly to the tillage contours (east-

west flow) in the upper part and perpendicularly (north-south flow) in the lower part (Figure 

5-1b). This study focused on the lower part where more concentrated overland flow would 

like to occur and more pronounced aggregate transport was expected (Figure 5-1c).  

The average annual precipitation in this location was 1000 mm with the majority 

occurring in spring and early summer when this study was performed. During this time, 

heavy convectional storms prevailed in conjunction with tilled surface soil exposure to 

raindrops and runoff without canopy protection, resulting in severe topsoil loss by erosion. 

Soil erosion rate in this field has not been previously determined, but our (unpublished) 

preliminary modeling results using the Revised Universal Soil Loss Equation showed that 

the erosion rate in May and June of 2017 and 2018 was 0.28 ± 0.09 kg m-2 yr-1 on average, 

which was less than the soil tolerance value of 13 kg m-2 yr-1 for this type of soil 

(Harshbarger and Swanson, 1964).  

Aggregate Preparation and Application  

Three positions were selected along the lower part of the main flowpath following the 

steepest line of descent, designated as the upper-, mid-, and toe-slopes. About 30 kg of 

soils were collected from each position in October 2018 after harvest and again in April 

2019 before planting (Figure 5-1c). The soils were air-dried and separated into four 

aggregate size fractions by dry sieving: extra-large macroaggregates (8-19 mm, X), large 

macroaggregates (2-8 mm, L), small macroaggregates (0.075-2 mm, S), and fines 

(<0.075 mm, F). Each aggregate size fraction was labeled with a different REE powder 

using the repeated wetting-drying method (Polyakov et al., 2004): Ytterbium, Yb → X,  

Erbium, Er → L, Gadolinium, Gd → S, and Samarium, Sm → F. The four REE-labeled 

aggregate fractions from each slope position were ultimately recombined to match the 

aggregate size distribution determined with dry sieving (Figure 5-2). Details of the 

aggregate separation, REE properties, and aggregate labeling were described in Chapter 

3.  



 

132 

 

Figure 5-1. (a) Location of the study site in the Goose Creek watershed of the Upper 

Sangamon River Basin in central Illinois, USA; (b) Map of elevation and flowpaths of the 

agricultural field where the experiment was conducted; (c) Map of the rare earth element 

tagged source plots (square) and soil sampling transects (dots) at the upper-, mid-, and 

toe-slopes. Gray polygons denote the locally topographical depressions; (d) Side view of 

a tagged plot at the upper slope right after the aggregate application (May 29, 2019); (e) 

Field image of the main flowpath 22 days (June 20, 2019) after the aggregate application. 

Cyan arrows denote directions of the lateral flow delivering to the main flowpath. 
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Figure 5-2. The initial mass proportion of the four aggregate size fractions in the soil used 

to tag the source plots at the upper-, mid-, and toe-slopes. Different lowercase letters 

denote significant differences at P < 0.05 among aggregate size fractions at the same 

slope location. Different uppercase letters denote significant differences at P < 0.05 

among slope locations for the same aggregate size fraction. 
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On May 29, 2019 (Day 0), about 20 kg of REE-labeled aggregates were uniformly 

broadcast over the rectangular plots at the upper-, mid-, and toe-slopes (Figure 5-1c), 

using a 56-cm wide lawn spreader. The longer side of each plot was aligned with the 

cornrows, which ran perpendicularly to the main flowpath (Figure 5-1d and e). The three 

tagged plots differed slightly in dimensions and local slope gradients (Table 5-1). The toe 

slope plot was surrounded by more topographic depressions than the upper- and mid-

slope plots (Figure 5-1c). One week before applying the labeled aggregates, the field was 

disked and planted with corn and left with about 5% decomposed corn residue. Over the 

subsequent study period, the corn plants evolved from seed germination to a maximum 

height of 30 cm, leading to aggregate exposure to raindrop impacts and overland flow 

wash (particularly early in the study).  

Sample Collection and Analyses  

On June 24, 2019 (Day 26), after three periods of rain, surface soil samples were 

collected in a uniform volume (12.8 cm × 9.5 cm × 1 cm deep) both within and downslope 

from the lower edge of each tagged plot at logarithmically increasing distances from 5-10 

cm to 13-78 m perpendicular to and then along the main flowpath (Figure 5-1c). Soil 

samples along the transport pathways were particularly collected from those intermittent 

depositional patches (Figure 5-3). Rainfall was measured every 15 min by an eddy 

covariance flux tower (Campbell Scientific, Inc.) which was 2 km northeast of the field. 

Over the 26 days, ten rain events occurred in three distinct periods (Day 0 – Day 2; Day 

14 – Day 15; Day 21 – Day 26), totaling 70 mm of rainfall. Shallow sheet flow was 

observed in the cornrows and the main flowpaths during extreme rainfall events.  

The soil collected was air-dried and then crushed to less than 2 mm using a wooden 

rolling pin. The REEs were extracted from a 2-g subsample using acid digestion (USEPA, 

1996). The concentrations of the REEs were measured on an inductively coupled plasma 

mass spectrometry (ICP-MS) Agilent 8900 ICP-QQQ (Santa Clara, CA) at the Arizona 

Laboratory for Emerging Contaminants (see the extraction of REEs detailed in Chapter 

3). Subsamples of ~15 g were used to determine the SOC concentration using the visible 

and near-infrared spectroscopy (Chapter 2).  

Soil Transport Models  

Models of soil transport in the agricultural context have different underpinnings. One 

approach to represent soil particle transport on hillslope, such as soil creep, is to use a 

diffusion model (Dietrich et al., 2003; Heimsath et al., 1997; McKean et al., 1993). Bedload 

transport is often described as combined advection-dispersion processes (Schumer et 

al., 2009; Lajeunesse et al., 2018). A particle entrained by the flow especially by shallow 

flow can repeatedly settle back to the bed, where they can remain trapped for a long time 

before moving with flow again. This behavior is analogous to the diffusive motion (Fathel 

et al., 2016). Mathematical models describing rainsplash transport in interrilll erosion has 

been formulated as an exponential equation ((Van Dijk et al., 2002; Van Dijk et al., 2003; 
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Table 5-1. Characteristics of the tagged source plots at the upper-, mid-, and toe-slopes. 

Slope location Length (m) Width (m) Slope (%) Flowpath length (m) Aggregate applied (kg) 

Upper 9.0 2.4 0.4 27 22 
Mid 7.9 1.8 0.1 78 20 
Toe 7.3 5.0 0.6 30 21 
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Figure 5-3. Field images showing (a) the depositional patches of sediments and (b) soil 

sample collection from these patches using a rectangular metal frame (12.8 cm long by 

9.5 cm wide). 
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Wainwright et al., 2008a). In this studied low-gradient field, transport of the REE-labeled 

aggregates may occur by rainsplash and by shallow flow entrainment. As a consequence, 

both diffusion and exponential models were used to describe the transport of aggregates 

to permit comparisons of aggregate transport distances calculated with both models and 

identifications of governing mechanisms of transport. 

The diffusion model assumes that aggregate transport can be mathematically 

described as simple and one-dimensional diffusion according to Matisoff et al. (2001): 

𝜕𝐶

𝜕𝑡
= 𝐷𝑝

𝜕2𝐶

𝜕𝑥2
 

5-1 

 

where C is the REE concentration (ppm), t is time (s), 𝐷𝑝  is the particle diffusion 

coefficient (cm2 s-1), and 𝑥 is the downslope distance (m). Eq. 5-1 can be solved with a 

Gaussian function:  

𝐶(𝑥, 𝑡) = 𝐶0 +
(𝐶𝑚 − 𝐶0)

𝜎√2𝜋
exp [

(𝑥 − 𝜇)2

2𝜎2
]    

5-2 

 

where 𝐶𝑚  is the maximum concentration of REE (ppm) in tagged soil,  𝐶0  is the 

background concentration of REEs (ppm) in untagged soils, 𝜇 is the downslope position 

of the maximum tracer concentration (the transport distance (cm) of the entire center of 

mass of the tagged aggregates), 𝜎 is the spread of the peak concentration and represents 

the transport distance (cm) caused by particle diffusion. In this study, 𝜎 was determined 

by fitting Eq. 5-2 to the REE concentration versus distance data.  

The exponential model assumes that aggregate transport can be described also as 

an exponential function of distance (Matisoff et al., 2001): 

𝐶(𝑥) = 𝐶0 + (𝐶𝑚 − 𝐶0) exp(−𝑘𝑥)   5-3 

 where 𝐶(𝑥) is the REE concentration (ppm) in the eroded soil at downslope distance 𝑥 

(m), 𝐶0 is the background concentration of REEs (ppm) in untagged soils, 𝐶𝑚 is the REE 

concentration (ppm) at the source, and 1/𝑘 is the characteristic transport distance (cm), 

which was determined by fitting Eq.5-3 to the REE concentration versus distance data. 

Results  

Rainfall 

As noted in the “sample collection and analyses” section, 70 mm of rain fell in the field in 

three distinct periods (Day 0 – Day 2; Day 14 – Day 15; Day 21 – Day 26, see Figure 5-4). 

In the first period, a 4-h event occurred less than 7 hours after the aggregate broadcast 

providing 10 mm of rainfall with a maximum intensity of 18.29 mm h-1 (Table 5-2). This 

was followed over the next two days with two scattered, light events producing 4 mm of 

rainfall. The second period consisted of a single 19 mm thunderstorm (5.25-h) occurred  
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Figure 5-4. Rainfall intensity and cumulative rainfall over the study period. Data on 16-18 

days are missing. Detailed characteristics of the rainfall events are given in Table 5-2.  
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Table 5-2. Rain events and their characteristics over the study period. 

Rain event Date Exp. time Duration Rainfall amount Max. intensity  

  (d) (h) (mm) (mm h-1) 

R1 5/29 0 4.00 9.91 18.29 

R2 5/30 1 1.00 1.78 3.05 

R3 5/31 2 1.00 2.54 6.10 

R4 6/12 14 5.25 19.05 34.56 

R5 6/13 15 0.25 0.25 1.02 

R6 6/19 21 3.75 13.46 12.19 

R7 6/20 22 1.25 4.83 8.13 

R8 6/22 24 1.25 1.52 2.03 

R9 6/23 25 0.75 3.81 11.18 

R10 6/24 26 0.75 1.52 4.06 
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14 days after the broadcast with a maximum intensity of 34.56 mm h-1 (the largest event 

during the study). The third period of rainfall comprised five small events accumulating 25 

mm of rainfall with a maximum intensity of 12.19 mm h-1. In total, June 2019 was a 

particularly dry month in which 82 mm of precipitation fell compared to the June 2015-

2020 monthly average of 124 mm. As such, less soil movement than normal was 

expected. 

Aggregate Transport Distance along the Slope  

Figure 5-5 shows the REE concentration versus distance data for all transects at the 

upper-, mid-, and toe-slopes and their curve fits for the diffusion model (black line; Eq.5-2) 

and the exponential model (red line; Eq.5-3). The coefficients of determination (R2) and 

root-mean-square deviation (RMSE) of the model fits and the calculated transport 

distances of aggregate fractions are presented in Table 5-3. In all cases, the REE 

concentrations were at their peak near the tagged soil origin, decreased rapidly 

downslope, and neared background concentrations further from the tagged locations. 

However, the specific curve fits for each slope position differed slightly. At the upper slope 

(Figure 5-5a, b, c, and d), all REE concentrations showed a cliff-like decline to background 

concentrations moving from the tagged location to downslope untagged locations. For 

this plot, the trends were better described by the exponential model (R2=0.99; 

RMSE=0.34-1.14) than by the diffusion model (R2 = 0.04-0.09; RMSE=117-864). At the 

mid-slope, the Yb and Sm concentrations versus distance (Figure 5-5e and h) were 

similar in form to those at the upper slope, which were better represented by the 

exponential model (R2= 0.86-0.99; RMSE=2.65-17) than by the diffusion model (R2=0.06-

0.32; RMSE=37-140). Conversely, Er and Gd concentrations versus distance (Figure 5-5f 

and g) fitted slightly better to the diffusion model (R2 = 0.87-0.88) than to the exponential 

model (R2=0.77-0.85). Finally, at the toe slope (Figure 5-5i, j, k, and l), all REE 

concentrations raised to peak values 28-114 cm downslope from the tagged location and 

then dropped rapidly to background levels further down the flow pathway. Here, the REE 

concentrations were better characterized by the diffusion model (R2=0.82-0.99) than by 

the exponential model (R2=0.26-0.56). 

Particle transport distances were determined for each plot based on the model shown 

to better fit the field data. At the upper slope, particle transport distances derived from the 

exponential model ranged from 0.97 cm to 1.46 cm (Table 5-3). At the mid-slope, particle 

transport distances derived from the exponential model were 2 cm for extra-large 

macroaggregates, 98 cm for large macroaggregates, 117 cm for small macroaggregates, 

and 103 cm for fines. At the toe slope, transport distances obtained from the diffusion 

model were 15 cm for extra-large macroaggregates, 26 cm for large macroaggregates, 

38 cm for small macroaggregates, and 23 cm for fines. Overall, at all slope positions, 

transport distances were the greatest for small macroaggregates (52 ± 59 cm) and the 

smallest for extra-large macroaggregates (6 ± 8 cm). Large macroaggregates (42 ± 50 

cm) and fines (42 ± 54 cm) had intermediate and similar transport distances. For a given  
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Figure 5-5. Concentrations of the four rare earth tracers along each of the downslope 

transects at the upper-, mid-, and toe-slopes (dots), diffusion model fits (black lines), 

exponential model fits (red lines), and background concentrations of the rare earth 

element in untagged soils (dash lines). Downslope distances are sampling distances 

measured from the lower end of the tagged soil plot. Calculated transport distances are 

given in Table 5-3.  
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Table 5-3. Diffusion and exponential model fits and calculated transport distances of the 

four aggregate size fractions at the upper-, mid-, and toe-slope locations a. 

Slope 
location 

REE Assigned  
aggregates 

R2   RMSE  Transport distance (cm) 

Diffusion  
model 

Exponential  
model 

 Diffusion  
model 

Exponential  
model 

 Diffusion  
model b 

Exponential  
model c 

Upper Yb X 0.08 0.99  205 1.14  3931 0.97 
Er L 0.08 0.99  864 6.16  3093 1.22 
Gd S  0.09 0.99  375 4.19  3643 1.33 
Sm F 0.04 0.99  117 0.34  8472 1.46 

Mid Yb X 0.06 0.99  140 2.65  27972 2.00 
Er L 0.87 0.77  226 299  36 98 
Gd S 0.88 0.85  297 333  73 117 
Sm F 0.32 0.86  37 17  5556 103 

Toe Yb X 0.99 0.39  108 726  15 106 
Er L 0.97 0.56  213 809  26 163 
Gd S 0.88 0.26  175 429  38 486 
Sm F 0.82 0.43  177 320  23 173 

a Model fits are shown in solid lines for the diffusion model and dashed lines for the exponential 

model in Figure 5-5. b Transport distance =𝜎. c Transport distance=1/k. X, L, S, and F indicate the 

extra-large macroaggregates (8-19 mm), large macroaggregates (2-8 mm), small 

macroaggregates (0.075-2 mm), and fines (<0.075 mm). Bold numbers mark the model with a 

better fit. 
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size fraction, transport distance at the mid-slope was generally the longest (80 ± 53 cm), 

followed by those at the toe slope (26 ± 10 cm). No significant translocations were found 

in the four fractions at the upper slope (1.25 ± 0.21 cm). 

Spatial Distribution of Eroded SOC 

The relationships between the SOC concentrations of eroded aggregates and the 

distances downslope for the upper-, mid-, and toe-slope transects are shown in Figure 

5-6. In all cases, the SOC concentrations increased with increasing distances downslope 

from the tagged source plots. This increasing trend was found to be more significant at 

the toe slope (R2 = 0.36) than at the mid-slope (R2 = 0.17) and the upper slope (R2 = 

0.05). The toe-slope transect (2.74 ± 0.14 %) had a slightly higher SOC concentration on 

average than the mid-slope (2.54 ± 0.11 %) and the upper-slope (2.48 ± 0.07 %).  

Discussion 

It is generally accepted that natural soils are eroded as individual particles and as 

aggregates, for which different physical characteristics lead to variable transport 

distances (Bonniwell et al., 1999; Wacha et al., 2018). The use of multi-REEs to 

differentially tag aggregate size fractions permits tracing the dynamic transport of soil 

aggregates and disentangles differences in transport distances. Tagging natural soils 

from the test locations minimized the differences in particle size, particle density, and 

SOC content compared to untagged soil (Matisoff et al., 2001). Therefore, the tagged 

aggregates are expected to have similar behavior as the untagged aggregates during 

erosional transport. With this expectation, the results of the experiments reported above, 

to the best of our knowledge, provide the first actual transport distances for four 

consecutive aggregate size fractions at the field scale under natural rainfall conditions.  

The REE concentrations in the four aggregate fractions at the upper slope decreased 

precipitously to background concentrations downslope from the plot, being best described 

mathematically by the exponential model. These findings are consistent with those 

reported for rain splash transport (Van Dijk et al., 2003; Van Dijk et al., 2002), in which 

the spatial distribution of transported particles from a point source is described by an 

exponential decay function. In this study, raindrop detachment and interrill flow are likely 

to be the main mechanisms for aggregate transport in the upper slope because the slope 

gradient (0.4%) is very low and concentrated overland flow may be absent (especially 

during light events) or too weak to mobilize the soil particles (Hairsine and Rose, 1991). 

Other distribution functions such as the gamma distribution have been suggested for 

representing the transport distances for particles in interrill flow (Hassan et al., 1991; 

Wainwright et al., 2008b). The exponential distribution provides a special case of the 

gamma distribution with most sediments traveling a short distance before settling 

(Parsons and Stromberg, 1998).  

In contrast to what is observed in the upper slope, the REE concentrations versus 

distance data at the toe-slope were well represented by the diffusion model, consistent 
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Figure 5-6. The relationship between SOC concentration of eroded aggregates and 

downslope distance for the upper-, mid-, and toe-slopes transects. 
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with results from Matisoff et al. (2001) for the same topographic position. The diffusion 

model has commonly been used to characterize soil creep (Furbish et al., 2017; Roering 

et al., 1999). It is likely that aggregates at the toe slope slide slowly along the bed surface 

under low slope induced shallow weak flow, which propagates downslope movement of 

aggregates analogously as diffusion. Aggregate transport at the mid-slope exhibited both 

exponential and diffusion characteristics, indicating that aggregate movement at the mid-

slope is in transition from rainsplash-dominated transport to shallow runoff-dominated 

transport (Papanicolaou et al., 2015).  

The transport distance predicted by the models generally decreased with increasing 

aggregate sizes (Table 5-3), which broadly follows the trend reported for coarse sand 

particles by previous studies (Parsons and Stromberg, 1998; Parsons et al., 1998). 

Transport distance is rooted in size governed settling velocity, in which larger aggregates 

settle faster, resulting in shorter transport distance, and smaller aggregates settle slower, 

leading to longer transport distance (Hairsine et al., 1999; Shi et al., 2012). This can also 

be supported by the widely observed finer aggregate size distribution in eroded sediments 

compared to source soil (Alberts et al., 1980). In this study, the fines (namely silt- and 

clay-sized particles) at the toe slope surprisingly had a shorter transport distance (23 cm) 

than the small macroaggregates (38 cm), which seems to conflict with the theory of finer 

particles traveling longer distances than coarser particles. This is probably due to the 

extremely low mass proportion of fines in the tagged soil (2%; Figure 5-2). On the other 

hand, small macroaggregates could be the easiest fraction to transport (Liu et al., 2019; 

Sutherland et al., 1996) as they have the highest SOC concentration and resultant low 

density (Ruehlmann and Körschens, 2009; Chapter 3).  

The aggregate transport distances from the mid- and toe-slope plots were greater 

than those at the upper-slope plot, likely due to the smaller slope gradients on the summit 

top than on the mid- and toe-slope faces. The combination of greater slope gradients and 

the consequent greater amount of fast-moving runoff would result in longer transport 

distances (Papanicolaou et al., 2018). The primary depositional sites are the local 

depressions at the toe slope and the grass buffer strips on the edge of the field (Figure 

5-1b and c), although a few depressions at the mid-slope could also collect some soil in 

transit. Overall, the results of this study indicate that transport distances of the aggregates 

in the fields are short. The relatively short study period (about one month) and light events 

could be the reason of the observed short distances of transport.  

There is a consensus that erosional transport of soil redistributes a large quantity of 

SOC over the landscape (Doetterl et al., 2016; Kirkels et al., 2014; Zhang et al., 2006), 

and the site of SOC deposition depends on the transport distances of the soil aggregates 

containing the SOC (Hu and Kuhn, 2016). Consistent with other researchers (Hu et al., 

2016; Li et al., 2018; Yoo et al., 2006), SOC concentrations in the eroded aggregates 

were found to increase with increasing downslope distance from the tagged sites. These 

results demonstrate the impact of transport distances on the spatial patterns of SOC 
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redistribution. The observed high SOC concentrations in the downslope far from the 

tagged sources are likely to be associated with those fractions with long travel distances, 

which was found herein to be the small macroaggregates (Table 5-3). This is supported 

by the previous work in Chapter 3 on soils from the same location, in which small 

macroaggregates were found to contain the highest SOC concentration. A considerable 

number of studies have also shown the preferential accumulation of SOC in macro- and 

micro-aggregates due to their large specific surface area and strong binding agents of 

microbial and plant exudates (An et al., 2010; Oades, 1984; Six et al., 2000). Therefore, 

the SOC-enriched small macroaggregates appear to be highly influential in this landscape 

as they are preferentially eroded and transported long distances before coming to rest, 

effectively reshaping the spatial distribution of SOC.  

Conclusions 

This study investigated the transport distances of soil aggregates within three hillslope 

topographic positions in an agricultural field following a series of rainfall events using rare 

earth elements (REEs) tracing and established transport models. In all instances, REE 

concentrations decreased rapidly downslope, from peak concentrations near the 

locations where the tagged soils were placed, to background concentrations just down 

gradient. In the upper slope, this rapid drop-off in REEs concentrations was well 

represented by the exponential model, and the predicted transport distances for all 

aggregate size fractions are very short (0.97-1.46 cm). This was attributed to the small 

local slope gradients, rain splash, and interill shallow flow being the dominant transport 

mechanisms. However, in the toe-slopes, the REEs concentration profiles were better 

described by the diffusion model, and the predicted transport distances (15-38 cm) are 

longer than those in the upper slope. Soil transport at the mid-slope exhibited both 

diffusion and exponential characteristics dependent on sizes and had the largest transport 

distance variations (2-103 cm). This is attributable to the greater local slope gradients and 

the consequent greater amount of high-velocity runoff. Meanwhile, the analogous soil 

creeps induced by the combination of low slopes and rainfall (which is better represented 

by diffusion models) could have caused aggregates to migrate. Finally, consistent with 

the literature, the transport distances at given slope positions varied with aggregate size. 

The longest distances of transport were found for small macroaggregates (52 ± 59 cm), 

which, although counterintuitive, was attributed to their combination of small size and 

having the highest SOC concentration of any of the particle size groups. The shortest 

transport distances were found for extra-large macroaggregates (6 ± 8 cm) because of 

their large size and consequently fast settling velocity. The varying transport distances of 

the eroded aggregates regulate the spatial patterns of SOC redistribution, in which the 

SOC concentrations increased with increasing distances downslope. For the first time, 

this study quantified the actual transport distances for various aggregate size fractions in 

the field under natural rainfall conditions, providing invaluable insights into modeling 

process-based soil and SOC redistribution by accounting for the interplaying effects of 
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aggregate sizes and local topographic characteristics. Future studies will explore the 

possibility of the applied material traveling into neighboring streams through rills and 

gullies. 
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Conclusions 

This dissertation investigated the SOC spatial variability and soil redistribution in a low-

gradient agricultural watershed in the Midwestern US as functions of topography, 

aggregate dynamics, transport selectivity, and transport distances of soil aggregates. The 

visible and near-infrared spectroscopy (Vis-NIR) and partial least squares regression 

(PLSR) were used to determine SOC concentrations, while a rare earth elements (REE) 

tracing approach was used to track the interactive breakdown and formation of four 

aggregate size fractions in situ under raindrop impact and weather-driven wetting-drying 

cycles. Then, simulated rainfall experiments were conducted on field plots to investigate 

the soil transport characteristics by surface runoff in terms of size selectivity and SOC 

enrichment in eroded sediments under various tillage and residue cover treatments. 

Finally, the REE tracing approach was used to assess the transport distances of each 

aggregate size fractions for the upper-, mid-, and toe-slopes by incorporating REE 

concentrations into existing diffusion and exponential models. The following is a summary 

of the major findings of the dissertation: 

(1) In the higher-gradient landscape, lower SOC variability occurred vertically and 

laterally (unimodal, homogeneous) due to accelerated mass mobilization and 

mixing under high surface runoff. In contrast, SOC in the lower-gradient system had 

25% higher concentrations and two times higher spatial variability (multimodal, 

heterogeneous) as more carbon accumulated in the local depressions than 

surrounding areas. 

(2) A net breakdown occurred in the larger aggregate size fractions following an initial 

series of rain events due to raindrop impact, which led to a decreased amount of 

larger macroaggregates and increased amounts of small macroaggregates and 

fines. After a subsequent drying-wetting cycle, there was a net formation of extra-

large and large macroaggregates due to increased particle binding by clay 

shrinkage upon drying and microbial activity flushes upon rewetting.  

(3) The aggregate turnover times increased as the time frame increased from 3 days 

to 26 days (3-8 vs. 53-110 days). Over the entire experiment, small 

macroaggregates turned over most rapidly (0.019 day-1), and extra-large 

macroaggregates and fines turned over most slowly (0.009 day-1).  

(4) Simulated rainfall-induced runoff from the field plots was within the laminar and 

subcritical flow regimes. The fine particles accounted for 97% of the total lost soil 

showing high size selectivity of aggregate transport in the low-gradient 

environment. The measured ERSOC was in the range of 1.3-8.1, which increased 

as the total soil loss decreased.  

(5) High amounts of residue cover (i.e., no-till with 65% corn residue) are best for 

reducing runoff erosive power and soil loss, by more than two orders of magnitude 

compared to those obtained with conventional tillage practices. While the no-till with 

low amounts of residue cover (i.e., no-till with 5% soybean residue) was the worst 
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alternative to control erosion, which produced 20% higher runoff and 7% higher soil 

loss than those under conventional tillage practices.  

(6) In the upper slope, the REE concentration profiles were represented by the 

exponential model, with shorter transport distances of aggregates (0.97-1.46 cm). 

In the toe-slopes, the REE concentration profiles were described by the diffusion 

model with longer aggregate transport distances (15-117 cm).  

(7) The transport distances at given slope positions varied with aggregate size. The 

longest distances of transport were found for small macroaggregates (1.33-117 cm) 

and the shortest transport distances existed in extra-large macroaggregates (0.97-

36 cm).  

Future Work 

Based on the findings reported in this dissertation, the following recommendations are 

suggested for future work:  

(1) The Vis-NIR technique was shown to save considerable time and labor when 

analyzing large numbers of soil samples to support watershed-scale SOC modeling 

or developing high-resolution SOC maps for field-scale precision farming. Future 

studies should refine this method and focus on the variability in the shapes of Vis-

NIR spectra to better define relationships between site characteristics and 

dominant spectra spikes. 

(2) SOC concentration varies across aggregate size fractions, which could be 

responsible for the varied turnover rates observed for different aggregate size 

fractions. This knowledge can be used to improve the design of modeling aggregate 

turnover and carbon cycling in different pools. Future work should tease out the 

cycling and turnover rates of aggregate associated SOC and how this process 

affects carbon budgets.  

(3) The simulated rainfall experiments were confined to the low-gradient system where 

soil erosion is relatively mild compared to those in steep environments. Future 

studies should explore the effects of residue cover on selective transport of 

aggregates and erosion control in steep environments where erosion is inherently 

severe. 

(4) The transport distances of all aggregate size fractions are generally short in the 

agricultural field over the monitored time period. Due to the relatively short 

experimental timeframe, we are not certain if any particles transported through the 

grass buffer strips and eventually entered the stream that was next to the field. 

Future study should explore the time for the applied material to travel into 

neighboring streams through rills and gullies, the impact of traveled sediments on 

water quality, and the upland-river connectivity. This would require longer-term 

studies that were not feasible in this project.  
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Appendix A: Aggregate Turnover Model  

 
This study tracked the mass flow out of X, L, and S fractions following six potential 

breakdown pathways (a-f) and the mass flow into X, L, and F fractions following six 

potential aggregation pathways (g-l; Figure C-3).  

The transfers between time 𝑡1 and 𝑡2 can be described in a discrete transfer matrix 

𝐾(𝑡2−𝑡1) according to Peng et al. 2017:  

𝐾(𝑡2−𝑡1) = [

𝑋
𝐿
𝑆
𝐹

] 
A-1 

 

𝐾(𝑡2−𝑡1) = [

1 − 𝑎 − 𝑑 − 𝑓 𝑖 𝑘 𝑙
𝑎 1 − 𝑖 − 𝑏 − 𝑒 ℎ 𝑗
𝑑 𝑏 1 − 𝑘 − ℎ − 𝑐 𝑔
𝑓 𝑒 𝑐 1 − 𝑙 − 𝑗 − 𝑔

] 
A-2 

 

where 𝑎 to 𝑙 are the changes of proportions of aggregates (% of the initial mass of each 

aggregate fraction) falling into sizes X, L, S, and F between time 𝑡1 and 𝑡2; 𝑡1 represents 

the initial time Day 0, 𝑡2 represents Day 3 or Day 26.  

The mass of aggregates in the plot at time 𝑡1 and 𝑡2 can be described by vectors 

𝑀𝐴𝐺𝐺.(𝑡1) and 𝑀𝐴𝐺𝐺.(𝑡2): 

𝑀𝐴𝐺𝐺.(𝑡1) =

[
 
 
 
 
𝑋𝑡1

𝐿𝑡1

𝑆𝑡1

𝐹𝑡1 ]
 
 
 
 

 
A-3 

 

𝑀𝐴𝐺𝐺.(𝑡2) =

[
 
 
 
 
𝑋𝑡2

𝐿𝑡2

𝑆𝑡2

𝐹𝑡2 ]
 
 
 
 

 
A-4 

 

where X, L, S, and F represent the mass of extra-large macroaggregates (8-19 mm), large 

macroaggregates (2-8 mm), small macroaggregates (0.075-2 mm), and fines (<0.075 

mm), respectively. When the mass conservation of aggregates is assumed during transfer 

between time 𝑡1 and 𝑡2, their relationship can be described as follows:  

𝑀𝐴𝐺𝐺.(𝑡2) = 𝐾(𝑡2−𝑡1)𝑀𝐴𝐺𝐺.(𝑡1) 
A-5 

 
We assume that the four aggregate fractions were labeled homogeneously by 

different REEs, and there was no loss of REEs during the dry sieving, the transfer matrix 

𝐾(𝑡2−𝑡1) in aggregates can be determined from the changes of REE mass between time 
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𝑡1  and 𝑡2 . First, the REE concentrations in different aggregate fractions at time 𝑡  are 

presented as:  

𝐶𝑅𝐸𝐸(𝑡) = [

[𝑌𝑏𝑋] [𝐸𝑟𝑋] [𝐺𝑑𝑋] [𝑆𝑚𝑋]
[𝑌𝑏𝐿] [𝐸𝑟𝐿] [𝐺𝑑𝐿] [𝑆𝑚𝐿]
[𝑌𝑏𝑆] [𝐸𝑟𝑆] [𝐺𝑑𝑆] [𝑆𝑚𝑆]
[𝑌𝑏𝐹] [𝐸𝑟𝐹] [𝐺𝑑𝐹] [𝑆𝑚𝐹]

] 
A-6 

 

where, e.g.,  [𝑌𝑏𝑋] is the concentration of Yb in extra-large macroaggregates. The mass 

of REEs in the four aggregate fractions are:  

𝑀𝑅𝐸𝐸(𝑡) = 𝑀𝐴𝐺𝐺.(𝑡)𝐶𝑅𝐸𝐸(𝑡) = [

𝑋𝑡[𝑌𝑏𝑋] 𝑋𝑡[𝐸𝑟𝑋] 𝑋𝑡[𝐺𝑑𝑋] 𝑋𝑡[𝑆𝑚𝑋]
𝐿𝑡[𝑌𝑏𝐿] 𝐿𝑡[𝐸𝑟𝐿] 𝐿𝑡[𝐺𝑑𝐿] 𝐿𝑡[𝑆𝑚𝐿]

𝑆𝑡[𝑌𝑏𝑆] 𝑆𝑡[𝐸𝑟𝑆] 𝑆𝑡[𝐺𝑑𝑆] 𝑆𝑡[𝑆𝑚𝑆]
𝐹𝑡[𝑌𝑏𝐹] 𝐹𝑡[𝐸𝑟𝐹] 𝐹𝑡[𝐺𝑑𝐹] 𝐹𝑡[𝑆𝑚𝐹]

] 
A-7 

 

When the mass of REEs is assumed to follow the mass conservation during 

aggregate transfers, Eq. A-7 can be written as follows: 

𝑀𝑅𝐸𝐸(𝑡2) = 𝐾(𝑡2−𝑡1)𝑀𝑅𝐸𝐸(𝑡1) 
A-8 

 
Consequently, the transfer matrix 𝐾(𝑡2−𝑡1) can be calculated: 

𝐾(𝑡2−𝑡1) = 𝑀𝑅𝐸𝐸(𝑡2)𝑀𝑅𝐸𝐸(𝑡1)
−1  

A-9 

 
Since the soil is the mixture of four different aggregate fractions, aggregate transfer 

may happen during the recombination process at time 𝑡1(Peng et al., 2017). Here, we 

assume that the aggregate transfer through recombination is negligible because the 

aggregates were recombined very gently.  

In the aggregate breakdown (BD) direction, the changes in aggregate proportion of 

X, L, and S fractions during the experiment from time 𝑡1 to 𝑡2 are expressed as follows:  

𝐵𝐷(𝑋) = (𝑎𝑡2
− 𝑎𝑡1

) + (𝑑𝑡2
− 𝑑𝑡1

) + (𝑓𝑡2 − 𝑓𝑡1) A-10 

 𝐵𝐷(𝐿) = (𝑏𝑡2
− 𝑏𝑡1

) + (𝑒𝑡2
− 𝑒𝑡1

) A-11 

 𝐵𝐷(𝑆) = 𝑐𝑡2
− 𝑐𝑡1

 A-12 

 In the aggregate reformation (RF) direction, the changes in aggregate proportion of 

newly formed aggregates in X, L, and S fractions during the experiment from time 𝑡1 to 𝑡2 

are expressed as follows: 

𝑅𝐹(𝑋) =
(𝑖𝑡2 − 𝑖𝑡1)𝐿𝑡1 + (𝑘𝑡2

− 𝑘𝑡1
)𝑆𝑡1 + (𝑙𝑡2 − 𝑙𝑡1)𝐹𝑡1

𝑋𝑡1

 A-13 
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𝑅𝐹(𝐿) =
(ℎ𝑡2

− ℎ𝑡1
)𝑆𝑡1 + (𝑗𝑡2 − 𝑗𝑡1)𝐹𝑡1

𝐿𝑡1

 A-14 

𝑅𝐹(𝑆) =
(𝑔𝑡2

− 𝑔𝑡1
)𝐹𝑡1

𝑆𝑡1

 A-15 

 In the aggregate breakdown direction, if BD>0, this fraction undergoes a 

destabilization process over time; if BD<0, this fraction undergoes a stabilization process 

time. In the aggregate formation process, RF is always greater than 0. The F fraction 

(<0.075 mm) could not be considered in the aggregate breakdown and formation 

processes given that no fractions smaller than F were investigated in this study.  

The turnover rate (TR, day-1) of each aggregate fraction during the experiment from 

time 𝑡1 to 𝑡2 is expressed as following: 

𝑇𝑅(𝑋) =
|𝑎𝑡1 + 𝑑𝑡1 + 𝑓𝑡1 − (𝑎𝑡2 + 𝑑𝑡2 + 𝑓𝑡2)|

𝑡2 − 𝑡1
 

A-16 

 

𝑇𝑅(𝐿) =
|𝑖𝑡1 + 𝑏𝑡1 + 𝑒𝑡1 − (𝑖𝑡2 + 𝑏𝑡2 + 𝑒𝑡2)|

𝑡2 − 𝑡1
 

A-17 

 

𝑇𝑅(𝑆) =
|𝑘𝑡1 + ℎ𝑡1 + 𝑐𝑡1 − (𝑘𝑡2 + ℎ𝑡2 + 𝑐𝑡2)|

𝑡2 − 𝑡1
 

A-18 

 

𝑇𝑅(𝐹) =
|𝑙𝑡1 + 𝑗𝑡1 + 𝑔𝑡1 − (𝑙𝑡2 + 𝑗𝑡2 + 𝑔𝑡2)|

𝑡2 − 𝑡1
 

A-19 

 
The turnover time of each aggregate fraction is the reciprocal of its turnover rate.  

To test the efficacy of REEs as tracers for aggregate transfer, the mass of each 

aggregate fraction was predicted using Eq. A-7.  
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Appendix B: Tables  

 

Table B-1. Rainfall events and their characteristics over the study period.  

Event Date Exp. time Duration Rainfall amount Max. intensity Corn cover Max. rain power 

  (d) (h) (mm) (mm h-1) (%) (W m-2) 

R1 5/29 0 4.00 9.91 18.29 0.00 0.020 

R2 5/30 1 1.00 1.78 3.05 0.57 0.003 

R3 5/31 2 1.00 2.54 6.10 1.46 0.006 

R4 6/12 14 5.25 19.05 34.56 20.78 0.033 

R5 6/13 15 0.25 0.25 1.02 22.83 0.001 

R6 6/19 21 3.75 13.46 12.19 36.13 0.008 

R7 6/20 22 1.25 4.83 8.13 38.50 0.005 

R8 6/22 24 1.25 1.52 2.03 43.36 0.001 

R9 6/23 25 0.75 3.81 11.18 45.84 0.006 

R10 6/24 26 0.75 1.52 4.06 48.36 0.002 
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Table B-2. Mass of REEs inside the tagged source plot and its downslope untagged area 

on Day 0 and Day 26 and its net changes between Day 0 and Day 26. 

REE  Tagged source (g)  Loss from source (g)  Untagged downslope (g) 

 D0 D26  D0-D26  D26 

Yb  191 113  78  75 
Er  311 158  154  176 
Gd  91 49  42  30 
Sm  11 5  6  41 
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Appendix C: Figures  

 

 

Figure C-1. (a) Front view of the rainfall simulator setup for the aggregate stability tests; 

(b) the retained, (c) wet slaked, and (d) dry slaked material after simulated rainfall on the 

aggregate samples. 
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Figure C-2. The relationship between the experiment days and the proportion of the plot 

surface covered by corn plants. 
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Figure C-3. The 12 possible transfer pathways among four different aggregate size 

fractions. a-f denotes aggregate breakdown directions, g-l denotes aggregate formation 

directions. X, L, S, and F indicate aggregates in 8-19 mm, 2-8 mm, 0.075-2 mm, and 

<0.075 mm, respectively.  



 

165 

 

Figure C-4. Segmentation of residue cover for the no-till plots using the ImageJ software. 

The red color denotes the identified crop residues. 
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