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ABSTRACT
Within agricultural soils, the active layer is by far the most dynamic
in response to management. Tillage fragments the structure of the soil,
breaking down aggregate size fractions and weakening soil aggregates and
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reducing their resilience to mechanical and hydrological forces. This can
also dampen biological activity through alterations of the soil
microclimate. With precipitation patterns changing to more extreme
rainfall events, agricultural soils will be expected to handle larger volumes
of incoming rainfall in a shorter amount of time. Certain management
practices may encourage infiltration and remove landscape effects by
increasing residue cover or cover crops, which can absorb raindrop impact
and disrupt flowpath connectivity. Quantifying the soil aggregate
characteristics (size distribution and stability) within the active layer may
provide key information into tillage disturbance and unveil landscape
processes. In this chapter we discuss some methods of determining these
characteristics.

Keywords: aggregate stability, management, landscape processes, soil
active layer, raindrop impact, biological activity

INTRODUCTION
The structure of the soil relates to the distribution of aggregates size
fractions and ability to maintain pore spacing under applied forcing (DiazZorita et al., 2002). Within the cracks and confines of the soil lives a vast
population of microorganisms, critical in the decomposing of organic
material and nutrient cycling (Gougoulias et al., 2014). Soil microbes also
produce a mixture of gummy substances (e.g., polysaccharides) that cement
aggregates and aid in formation (Lehmann and Rillig, 2015). Soil fertility
and production rates have been positively associated with soil with higher
microbial biomass, organic matter and aggregate stability (Hatfield et al.,
2018).
In agricultural landscapes the soil active layer (top 5-10 cm) is at the
interface of dynamic exchanges of water, gas and nutrient fluxes. The bulk
of soil CO2 respiration as an indicator for microbial activity originates from
these top soil layers (Hicks Pries et al., 2017; Xiao et al., 2015). During a
rainfall event, aggregates within the soil active layer are subjected to
hydrologic forces. In addition to the rainfall-induced breakdown of surface
aggregates, rainwater can also penetrate void spaces within the aggregate
structure causing the aggregate to rupture due to building excess internal
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pore pressure (Wacha et al., 2018). The finer grained encapsulated material
within the aggregates can accumulate and clog pore spaces. As more pore
space becomes clogged, the soil active layer begins to restrict water
movement into the soil column, dampening infiltration and causing ponding
(Hatfield et al., 2017). Due to a collapsing structure and unstable
microclimatic conditions for soil microbes, biological activity decreases
which further degrades soil conditions (Figure 1).

Figure 1. Schematic comparing the impact of soil biological activity on stability and
soil-water interactions.

Extreme precipitation events have been increasing over the past decades
worldwide and throughout the United States, especially in the Midwest
(Pryor et al., 2014; Prein et al., 2017). When these episodic, high magnitude
storm events hit, agricultural soils will be expected to handle large volumes
of incoming rainfall in a shorter amount of time (Rosenzweig et al., 2001).
The soil active layer may act as a regulator or restrictor of water moving
vertically (down) into the soil column based on the ability to maintain pore
spacing under hydrological forcing (Six et al., 2000). A regulating layer
allows water to infiltrate into the soil while a restricted layer instigates
runoff. During heavy rainfall, these effects can become more pronounced as
runoff fluxes from a collection of fields (hillslopes) may overload drainage
networks, triggering flooding events, amplify fluvial erosion and mass

206

Kenneth M. Wacha, Jerry L. Hatfield, Thanos Papanicolaou et al.

failure of the stream banks (Papanicolaou et al., 2017). The adoption of
certain conservation management practices and their response to the
structure of the soil active layer may be critical in managing these fluxes
during intense storm events.
In this chapter we will demonstrate on the example of Midwestern US
agriculture how soil and crop management in the agricultural landscape
impact the resilience of soil aggregates during rain events, and which
amelioration methods exist for growers.

ROLE OF MANAGEMENT
Crop production in the US Midwest is constrained within a 5-6 month
growing season window, with the majority of these cropping systems being
rain fed with the bulk of precipitation being delivered during late spring to
early summer months. During the early parts of the growing season, the crop
canopy is negligible, which along with surface residue can act as a shield for
the soil surface against raindrop impact (Martinez-Mena et al., 2000).
Without the presence of cover, the kinetic energy of the falling raindrops can
be transferred directly into the soil surface, which can dislodge soil fractions
that can be swept away when overland flow conditions develop (Nearing et
al., 2017). The rainfall-induced breakdown of surface aggregates can also
promote crusting and influence the size selectivity or enrichment of material
available for transport (Neave and Rayburg, 2007; Shi et al., 2017). Soil
surfaces without an established cover may also be directly exposed to intense
sunlight which can rapidly elevate surface temperatures (Mitchell et al.,
2012). Bare soil surface temperatures in the US Midwest have been reported
to exceed 120°F during the middle of the day (Hatfield et al., 2018a). Such
amplified temperatures are not conducive for soil biology and may stress or
even terminate crop production.
Management that increases surface residue may help protect the soil
surface from direct raindrop impact and provide larger inputs of organic
material and a stable microclimate for soil biology (Shaver et al., 2002;
Trivedi et al., 2015). An important aspect of increasing the biological
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capacity within the soil is to provide more stable soil aggregates and enhance
nutrient cycling (Hatfield and Walthall, 2015). To provide additional
protection of the soil surface against raindrop impact during the bookends
of the growing season, management practices have used cover crops,
resulting in decreased runoff and soil loss (Kaspar et al., 2001; Zuazo and
Pleguezuelo, 2009). The residue layer behaves as a passive blanket to the
soil surface while the cover crops acts as an active blanket, promoting fresh
supplies of organic material and microbial communities in addition to
physical protection. Neglecting surface cover can result in enhanced
rainsplash effects, which breaks down surface aggregates and dislodges soil
particles making them vulnerable to flow entrainment (Papanicolaou et al.,
2015).
Any tillage disturbance that removes cover increases the potential for
surface sealing and crusting during a storm event. Tillage physically disrupts
the soil active layer, fragmenting soil aggregates, causing the distribution of
size fractions to become more pronounced in finer fractions to varying
degree based on intensity (Wacha et al., 2018). In addition, sub-surface soil
can be inverted and exposed to wetting and drying and raindrop impact (Six
et al., 2000). Tillage incorporates surface residues in the soil, which sparks
microbial decomposition and fluxes (losses) of carbon dioxide from the soil
due to increased aeration and a fresh supply of labile material released from
exposed soil aggregates (Roberts and Chan, 1990; Reicosky, 1997; Six et
al., 2000). Tillage has a further down spiraling effect on soil aggregation due
to a diminished organic matter supplies and providing unstable
microclimatic conditions for the soil biology (Wardle and Parkinson, 1990;
Hatfield et al., 2017).

ROLE OF LANDSCAPE
During high storm events the negative influences of management on the
soil active layer may become pronounced when moving to the landscape
scale. Agricultural landscapes consist of both eroding and depositional areas
(Papanicolaou et al., 2015). When runoff is generated, organic material and
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aggregate fractions displaced with rainsplash is transported from interrill
areas to various flowpathways called rills that in turn convey material to
downslope positions (Figure 2; Govers and Poesen, 1988; Schiettecatte et
al., 2008). The flow within the rill applies a shear stress to the bed to varying
degree as a function of flow depth and gradient, and when this stress exceeds
the critical erosional strength of the soil, the rill bed begins to erode,
mobilizing and transporting various size fractions of material along the
downslope (Wacha et al., 2018). Aggregate fractions entrained in the flow
can be further subjected to hydraulic forces and breakdown during transport
(Wang et al., 2017). Once the carrying capacity of the flow is exceeded,
larger size fractions of material may begin to fall out of suspension and
deposit. The redistribution (transport and deposition) of material across
agricultural landscapes is highly regulated by slope, aspect, topographic
curvature (convex vs concave) and roughness (Abban et al., 2017;
Papanicolaou et al., 2018).

Figure 2. Conceptual sketch highlighting the landscape and biogeochemical processes
impacting the soil active layer of an intensely managed agricultural hillslope.
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As a result of the aggregate size fractions and organic material being
redistributed during storm events, agricultural landscapes can have high
spatial and temporal variability in soil texture, organic matter content, and
structure (Huang et al., 2016). Variations in soil composition can heavily
influence soil-water interactions and nutrient cycling. Several studies have
observed higher microbial activity in depositional portions of the landscape
compared to upslope, eroding sections (Wickings et al., 2016; Sekaran et al.,
2018). These dynamics can also prompt yield gaps (difference between
potential and actual yield) throughout the field which impacts available
biomass and potential stocks of surface residue to varying degrees of residue
management (Hatfield et al., 2018b).

SOIL AGGREGATE CHARACTERISTICS:
WHAT DO THEY TELL US?
To better understand how management and landscape impact the
regulative/restrictive tendencies of the soil active layer, it is important to
focus on the aggregate characteristics (size distribution and stability)
dictating soil structure. There are a collection of well-documented methods
used to quantify aggregate characteristics by applying disruptive forces to
the soil aggregates that mimic processes aggregates could be exposed to
within the landscape (Kemper and Rosenau, 1986; Bronick and Lal, 2005).
These methods include the use of dry sieving to assess relative degree of
abrasion triggered through tillage events (Yang et al., 1998; Larney, 2008;
Ciric et al., 2012) or exposure to hydrologic forcing through wet sieving or
rainfall simulator to assess aggregate breakdown via raindrop impact
(Eynard et al., 2004; Wang et al., 2015a; Wacha et al., 2018). A brief
synopsis of these methods follows and what information they can provide.
To determine the dry aggregate size distribution (DASD), air dried
samples are run through a stack of sieves on a flat or rotary shaker (Perfect
et al., 1993), using sieve sizes corresponding to significant breaks in
aggregate classification (Tisdall and Oades, 1982). The mass of aggregates
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recorded from each sieve are used to determine the DASD, and a dry
mean weight diameter (DMWD), a characteristic diameter weighted
proportionally to aggregate size (Ciric et al., 2012). Studies have looked the
resistance of aggregates to abrasion by repeated dry sieving of the sample to
determine changes in the DASD (Kemper and Rosenau, 1986).
To measure the disruption and breakdown of aggregates under the
presence of water, studies have utilized wet sieving apparatus (Kemper and
Rosenau, 1986; Catania et al., 2018). Similar to dry sieving methods,
samples are placed atop a stack of sieves with the sieve stack being agitated
(raising and lowering of sample in the water) for several minutes under a
constant rate (Karlen et al., 2013). During the test, water fills the voids of
the aggregates casing them to disintegrate completely or remain intact based
on internal bond and cohesive strength (Amézketa, 1999). The proportion of
water stable aggregates (WSA) of each size fraction is estimated from dry
masses retained on sieves, which allows for a wet mean weight diameter
(WMWD) of the stable fractions to be quantified.
Additional studies have used rainfall simulators to better reflect the
influence of raindrop impact on the breakdown of surface aggregates
(Almajmaie et al., 2017; Shi et al., 2017). A calibrated simulator applies
kinetic energy through a fixed rainfall intensity to the samples placed atop a
sieve to assess resilience (Moebius et al., 2007; Wacha et al., 2018).
Aggregate fractions can be broken down directly by raindrop impact or by
the building of internal pressure as water fills void spaces (Farres, 1980).
These methods can also provide insight into erosion potential by looking the
manner in which aggregates break down and what size fractions are
available for transport during a rainfall event (Hu et al., 2013; Papanicolaou
et al., 2015).
Each of the above-mentioned methods used to quantify aggregate
characteristics provides some level of insight into the impact of management
and landscape processes (Bronick and Lal, 2005). The DASD and DMWD
have been used extensively in studies evaluating differences in tillage
intensity, seedbed structure and susceptibility to erosion processes (Yang et
al., 1998; Eynard et al., 2004; Larney, 2008). Based on a given intensity,
tillage events can reshape the size distribution of aggregates within the soil,
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thereby altering supplies of organic matter and disrupting pore continuity
(Arsahd et al., 1990; Wang et al., 2015b). Elliot and Efetha (1999) reported
a 37% increase in DMWD, 42% higher infiltration, and 31% more soil
organic carbon after a decade of no-till management. In a similar finding,
Eynard (2004) seen a 32% increase in DMWD in the top 5 cm after 10 years
of no-till conversion. The DASD has also been used to describe the
heterogeneity of microbial community profiles (Schutter and Dick, 2002)
and nutrient composition (Whalen and Change, 2002) amongst various
aggregate size fractions. Microbial communities differ with respect to
aggregate size fractions, which creates a complex environment for microbes
within the active layer (Li et al., 2015). Bacteria, fungal and total biomass
were reported to be 32% greater in aggregates under no-till compared to
conventional tillage (Helgason et al., 2010). Tillage influences microbial
biomass and activity, with variations most pronounced in macroaggregate
fractions (Gupta and Germida, 1988; Yang and Wander, 1998).
The proportion of water stable aggregates (WSA) have also been widely
used to distinguish between management (Shaver et al., 2002; Cantón et al.,
2009; Pulido Moncada et al., 2013; Li et al., 2015). Tillage negatively
impacts aggregation processes directly by altering the size distribution of
aggregate fractions, supply of organic matter, and biological activity through
changes in soil microclimate (Hatfield et al., 2017). In a study comparing
conventional and no-till systems, Franzluebbers and Arshad (1996)
observed significantly lower WSA and MWD in the top soil of the tilled
system. These trends resound in other agricultural study sites assessing the
impact of tillage intensity on stable aggregates (Amezketa, 1999; Pikul et
al., 2009; Karlen et al., 2013). Additionally, when assessing the stability of
soil aggregates under hydrologic forcing (rainfall), stability was found to
decrease with increasing tillage intensity (Moebius et al., 2007; Wacha et
al., 2018).
In terms of landscape, significant relationships have been observed
between stability and profile curvature, as more stable aggregates have been
reported in convex areas where flow and erosion potential are lower (Cantón
et al., 2009). Stability and DMWD values were shown to decrease along the
downslope, due in part to additional fluvial forces applied to the soil
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aggregate fractions during transport (Wacha et al., 2018). The orientation of
tillage-induced roughness elements (contour ridge till) against downslope
flowpaths was found to significantly disrupt hydraulic conductivity of the
flow, thereby homogenizing aggregate characteristics. Other studies have
reported positive correlation between DASD and WSA (Yang and Wander,
1998; Eynard, 2004; Ciric et al., 2012), and observed similar trends in WSA
along cultivated landscapes (Martz, 1992; Changere and Lal, 1997).

CONCLUSION
An enhanced understanding of management impact on soil aggregates
within the soil active layer can help identify effective conservation practices
for producers, especially to protect against rainfall and storm events. As we
better understand the dynamics of aggregate characteristics within the soil
active layer, we can better understand how to improve and implement
management practices that will lead to less runoff, erosion and enhance the
environment.
Soil biological activity is essential to the development of a productive,
healthy soil. This begins by providing and maintaining a stable microclimate
that reduces temperature variability and regulates soil water, maintains an
attractive food source to supply nutrients for microbial activity. Soil
aggregates can become more resilient when microbial activity is enhanced
and we begin to treat the soil as an ecological system that protects soil
biology from physical and hydrologic forces (Hatfield et al., 2017). Our
understanding of these processes is evolving through various metrics used
to quantify changes in soil aggregate characteristics within the soil active
layer. Increased stability of surface aggregates can decrease rainsplash
effects, thereby limiting the amount material available for transported during
an event.
Complimenting improved residue management is the selection of
reduced or no-till practices as well as the use of cover crops that decrease
disturbance to the active layer, allowing time-sensitive aggregation
processes occur.
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