Chapter 14
Enhancing Soil Aggregation in No-Till
Farming Systems
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Abstract Improving soil physical properties, such as aggregate stability, is essen-
tial to reducing soil erodibility, stabilizing C and nutrients, improving water, air, and
heat fluxes, and supporting root growth. No-till (NT) farming generally improves
soil aggregate stability near the soil surface, but the extent of this improvement can
depend on the companion practices used with NT, including crop residues, cover
crops, crop rotations, organic amendments (i.e., manure, biochar), inorganic fertil-
ization, or one-time or strategic tillage. The objective of this paper is to discuss how
companion practices to NT affect soil aggregate stability (a sensitive indicator of
changes in soil structure), as compared to NT without such companion practices.
Research indicates that companion practices can differently affect aggregate stabil-
ity in NT soils relative to NT without companion practices. For example, inorganic
fertilization does not affect aggregate stability in 70% of cases, but animal manure
can increase aggregate stability in 60% of cases. Crop residue baling at high rates
can reduce near-surface aggregate stability by 7-64%, particularly in the long term
(>3 years). This reduction can be especially large at low rates of inorganic fertiliza-
tion. Practices such as strategic tillage and moderate crop residue grazing (<30%
residue removal) do not generally affect aggregate stability. Conversely, cover
crops, animal manure, biochar, and intensified crop rotations can increase the ability
of NT soils to improve aggregate stability in the long term (> 5 years), particularly
in low organic matter (<2.5%). While the latter practices offer much promise to
enhance aggregate stability, challenges associated with cover crop management,
biochar production, and others should be addressed. In sum, adding cover crops,
animal manure, biochar, and using intensified crop rotations can enhance the poten-
tial of no-till to further enhance soil aggregation, especially when such
practices are targeted to low organic matter, eroded or degraded NT soils.
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14.1 Introduction

Maintaining or improving soil aggregation is critical to reduce water and wind ero-
sion, filter runoff, retain and recycle nutrients and water, protect and sequester
organic C, mediate soil microbial processes, and support root development and crop
production. For example, the stability, size, and distribution of soil aggregates deter-
mine the volume of pore space for the movement of water, air, and heat. Large pores
favor rapid movement of water, air, and heat, while small pores are important to
retention of available soil water and protection of C and nutrients. An increase in
organic matter, root biomass, and biological activity promotes soil aggregation
(Blanco-Canqui and Lal 2004; Rosenzweig et al. 2018).

No-till farming generally increases surface soil aggregate stability relative to
tilled soils, but the extent of such increase can vary. A review by Blanco-Canqui and
Ruis (2018) concluded that NT-induced increase in near-surface wet soil aggregate
stability ranged from 1 to 97% compared with tilled soils. This high variability in
NT effects can be partly attributed to the differences in companion practices used
with NT but also to initial soil properties such as soil organic matter content
(Fig. 14.1). The magnitude to which each companion practice changes aggregate
stability in NT soils is, however, unclear. For example, strategic tillage, the one-time
or strategic tillage of long-term NT soils, is used in some cases to manage herbicide-
resistant weeds, excessive soil compaction, C and nutrient stratification, and other
challenges with continuous NT farming, but its impact on aggregate stability is not
widely discussed. Thus, the objective of this paper is to discuss how companion
practices to NT affect soil aggregate stability as compared to NT without such com-
panion practices. This paper focuses on wet aggregate stability, hereafter referred to
as aggregate stability, as the most sensitive indicator of changes in soil structure.

14.2 Does Inorganic Fertilization Increase
Aggregate Stability?

Inorganic fertilization is a common companion practice in NT systems for supply-
ing nutrients, which leads to the question: How does inorganic fertilizer affect soil
aggregate stability? The summary of research findings in Table 14.1 indicates that
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the use of N and P fertilizers does not alter aggregate stability in most NT soils
(70% of cases). Table 14.1 also indicates that, in a few cases, N and P fertilization
can either increase aggregate stability by 24—43% or reduce it by 30-160%. The
reduction appears to occur in the 0-075-0.30 m depth. The increased aggregate
stability with fertilization can be due to increased biomass production and biomass
C input, whereas the reduced aggregate stability can be due to a fertilization-induced
release of NH,* and decrease in soil pH (Haynes and Naidu, 1998). An increase in
NH," in the soil solution can disperse soil colloids and deflocculate aggregates.
Also, Blanco-Canqui and Schlegel (2013) found that the decrease in aggregate sta-
bility was larger when both N and P fertilizers were applied at >100 kg N ha™! year™!
and > 40 kg P ha™! year™' than when N or P was applied alone or when both were
applied at lower rates. Overall, inorganic fertilization does not increase aggregate
stability in most cases in spite of increased crop biomass production with fertiliza-
tion. This finding appears to corroborate that the main value of adding inorganic
fertilizers to crops is to increase crop yields and not to improve soil properties such
as aggregate stability.

14.3 Does Animal Manure Application Increase
Aggregate Stability?

The summary in Table 14.2 indicates that, in about 60% of cases, animal manure
application to NT fields increases surface soil aggregate stability by 8—75% relative
to NT systems without manure. It is well recognized that manure application can
improve soil aggregation by increasing soil organic C concentration, microbial bio-
mass and activity, and plant growth, and inducing slight hydrophobic properties to
soil. The manure-induced slight water repellency reduces aggregate slaking. Manure
also contains organic matter at different stages of decomposition, which can differ-
ently impact soil aggregation. Manure-derived particulate organic matter promotes
aggregation in the short term, whereas, in the long term, manure transformation into
mineral-associated organic matter can promote formation of stable microaggregates
(Aoyama et al. 1999). In some cases, animal manure may have a high concentration
of monovalents (Na*, NH,*, and K*), which can cause dispersion of colloids, thereby
reducing soil aggregation (Whalen and Chang 2002).

Table 14.2 also suggests the following trends. First, composted manure can
increase aggregate stability more than raw manure as the former provides decom-
posed organic materials and encourages biological activity to bind soil particles
and form aggregates (Jiao et al. (2006)). Second, large amounts of manure may be
needed to significantly increase aggregate stability. Jiao et al. (2006) applied beef
manure at 0, 15, 30, and 45 Mg ha™! year™! and found that only 30 and
45 Mg ha™! year™! increased aggregate stability, suggesting that only high rates
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(>15 Mg ha™! year™") of manure application can induce changes in aggregate sta-
bility. In general, animal manure application generally increases aggregate
stability.

14.4 Does Baling Crop Residues Reduce Aggregate Stability?

Crop residues from NT fields are often baled, particularly in the US Midwest such
as for livestock feeding and biofuel production. Thus, the question is: How does
baling crop residues affect aggregate stability? Table 14.3 indicates that corn resi-
due removal commonly reduces aggregate stability by 12-64%. Several findings
emerge from Table 14.3 as follows:

* In corn producing systems of the US Midwest, > 5.5 Mg ha~! year~! of crop resi-
dues should be retained to maintain aggregate stability with greater retention for
highly erodible soils (Wortmann et al. 2012; Johnson et al. 2014).

e Corn residue removal reduces aggregate stability more at low than at high rates
of N fertilizer application, although few studies have assessed the interactions of
different levels of residue removal and N fertilization. High rates of N applica-
tion appear to offset the adverse effects of residue removal on aggregate stability.
This is possibly due to the greater residue production and C input under high
N rates.

* Continuous crop residue removal for >3 years is more detrimental to aggregate
stability than short-term or infrequent removal.

* Decrease in aggregate stability due to crop residue removal is often confined to
the upper 0.05 or 0.10 m of the soil surface especially in the short term (<3 years).
Continued residue removal in the long term can, however, reduce aggregate sta-
bility at deeper depths (Stewart et al. 2019).

No-till performance is a function of crop residue retained in the field
(Table 14.3). Residues protect the soil from raindrops and other erosive forces,
stabilize soil, reduce aggregate detachment, increase soil organic C concentration,
and provide C and energy sources to soil microorganisms (Johnson et al. 2014).
Low residue retention also rapidly alters surface soil water content and soil
temperature, inducing abrupt fluctuations in drying-wetting, freezing-thawing,
and swelling-shrinking cycles, particularly in winter and spring. These abrupt
cycles degrade the inter- and intra-aggregate bonds (Blanco-Canqui et al. 2016).
For example, intra-aggregate pores expand during freezing, increasing the total
aggregate volume. In contrast, rapid drying of the soil decreases aggregate size
and reduces intra-aggregate macroporosity. In summary, leaving sufficient crop
residue retention in NT fields is important to maintain or improve aggregate
stability because NT fields with limited or no residues can be equally or more
prone to degradation than tilled fields.
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14.5 Does Grazing Crop Residues Reduce
Aggregate Stability?

Livestock grazing of crop residues is a common component of synergistic crop-
livestock integration. This leads to the question: How does grazing of crop residues
affect aggregate stability? While research data are relatively few, a review found that
moderate grazing of crop residues has small and mixed effects on aggregate stability
(Rakkar and Blanco-Canqui 2018). Moderate crop residue grazing often removes
<30% of residues and has much smaller effects on aggregate stability than high rates
of residue baling. The reasons for the small or no effects of crop residue grazing
effects on aggregate stability deserve further discussion. On one hand, residue graz-
ing may reduce aggregate stability by (1) reducing organic material return to the soil,
(2) exposing the soil surface to erosive forces such as raindrops, and (3) inducing
abrupt fluctuations in wet-dry and freeze-thaw cycles (Layton et al. 1993). On the
other hand, grazing livestock adds manure to grazed fields. Manure input may not
only offset the potential adverse effects of residue grazing but may also improve
aggregate stability (Rakkar and Blanco-Canqui 2018). Additionally, hoof action dur-
ing grazing can compress soil aggregates and potentially increase soil aggregate
strength or stability relative to non-grazed soils. Overall, moderate grazing of crop
residues in NT cropping systems has small or no effects on aggregate stability and
can be valuable to crop-livestock integration.

14.6 How Do Cropping Systems Affect Aggregate Stability?

The cropping system effects on soil aggregation depend on the amount of residue
produced and returned to the soil. High-biomass producing crops in the rotation can
improve aggregate stability over rotations with low biomass production. High-
biomass producing crops such as continuous corn increases aggregate stability over
low-biomass producing crops such as corn-soybean rotation, continuous soybean,
and continuous tobacco (Table 14.4) (Zuber et al. 2015).

In water limited environments, such as in the semiarid US Great Plains, reducing
the frequency of one-year fallow periods can improve aggregate stability
(Table 14.4). Note that fallow in this paper refers to fallowing where all vegetative
growth is prevented by using chemicals to store water. No-till with fallow periods
every 3 or 4 year generally increases aggregate stability relative to fallow periods
every other year. As the frequency of fallow periods decreases, mean annual bio-
mass input can increase. One strategy to reduce fallow periods in crop-fallow sys-
tems is by growing grain, forage or cover crops that are terminated early enough for
some water accumulation before sowing of the primary crop. The precipitation pat-
tern is important to such cropping system choices.

In general, an increase in cropping frequency is positively correlated with an
increase in aggregate stability (Table 14.4). Also, diversified rotations with high-
biomass producing crops can be effective for enhancing microbial activity and
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Table 14.4 Impacts of intensified no-till cropping systems on soil aggregate stability from studies
published in the past 5 year

Impacts of intensified
Years of cropping systems on
Location | Crop rotation intensification | aggregate stability References
Kansas, | Sorghum-fallow 33 Continuous wheat Blanco-Canqui
USA Continuous sorghum increased MWD by et al. (2010)
Winter 67% compared with
wheat-sorghum-fallow sorghum-fallow and
- wheat-sorghum-fallow
Winter wheat—fallow .
- - in the upper 0.025 m
Continuous winter depth
wheat
Montana, | Winter wheat-fallow 8 Pea-wheat and O’Dea et al.
USAT Pea-winter wheat continuous wheat (2015)
Continuous wheat increased WSA (>
1 mm) by 49%
compared with
wheat-fallow
Colorado, | Winter wheat-fallow 0-30 Continuous rotations Rosenzweig
USAZ Rotations with fallow increased MWD by et al. (2018)
every 3 or 4 year about 45% in the upper
Continuous rotations 0.10 m depth
Nebraska, | Corn-soybean 28 Continuous corn Blanco-Canqui
USA Continuous corn increased MWD by et al. (2014a)
32% compared with
corn soybean in the
upper 0.075 m depth
Illinois, | Continuous corn 15 No effect in the upper | Zuber et al.
USA Corn-soybean 0.10 m depth (2015)
Corn-soybean-winter
wheat
Continuous soybean

T Soil depth sampling was not specified

1 Soil was sampled from 96 NT fields in the semi-arid Great Plains, USA

aggregate stability. For instance, in the semiarid US Great Plains, Rosenzweig et al.
(2018) reported that adopting NT crop rotations increased fungal biomass in the
surface soil by about three times compared with NT crop-fallow systems. Overall,
NT continuous cropping or intensified crop rotations with high biomass production
can increase aggregate stability relative to NT systems with low biomass production.

14.7 Does Adding Cover Crops to No-Till Seils Improve
Aggregate Stability?

Adding cover crops to existing NT cropping systems can be one innovative strategy
to enhance aggregate stability. Cover crops provide additional biomass input to NT
cropping systems. A review by Blanco-Canqui et al. (2015) found that cover crops
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can increase aggregate stability by 0—100%, depending on site- and management-
specific conditions. Some of the factors that affect cover crop impacts on aggregate
stability include:

e Initial soil organic matter

* Cover crop biomass production
* Length of growing season

* Cover crop species
 Fertilization and irrigation

e Time after adoption

* Tillage system

e Seeding rate

e Climate

The amount of biomass produced is one of the most important factors that dictate
cover crop benefits. An increase in both aboveground and belowground cover crop
biomass typically improves soil C levels and biological activity to improve aggre-
gate stability (Blanco-Canqui et al. 2015). Also, the aboveground biomass protects
the soil surface, while the belowground biomass (roots) interact with the soil matrix.
High-biomass producing cover crops combined with reduced soil disturbance can
improve aggregate stability (Ruis et al. 2019).

The amount of biomass produced by a cover crop is a function of the available
growing degree day for cover crop growth. Early planting and late termination can
increase cover crop biomass production relative to late-planted and early-terminated
cover crops (Ruis et al. 2019). Cover crops planted in summer and terminated in late
fall produce more biomass due to favorable temperature and soil moisture conditions
than those planted in late fall and terminated in spring, even though the number of
days of cover crops in the field for the latter is longer (Blanco-Canqui et al. 2015).

The amount of biomass production also depends on cover crop species. Grass
cover crops, such as cereal rye, can be one of the highest biomass producing winter
cover crops in temperate regions due to its winter hardiness and rapid establishment
(Ruis et al. 2019). Cover crop effectiveness to improve aggregate stability can also
increase with time after cover crop adoption. Significant cover crop effect on soil
aggregation may require >5 years (Blanco-Canqui et al. 2015). Cover crop biomass
production could also increase with increasing seeding rate, fertilization, and irriga-
tion, which can result in improved aggregate stability, although the economics of
increased farm input should be considered.

14.8 Does Adding Biochar to No-Till Soils Increase
Aggregate Stability?

Applying biochar, a C-enriched material produced from pyrolysis of organic mate-
rials, to NT soils can enhance aggregate stability. Biochar application can increase
aggregate stability by 3-226% (Blanco-Canqui 2017). Some of the mechanisms by
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which biochar improves aggregate stability include (Blanco-Canqui 2017; Zhang
et al. 2020):

e Biochar contains between 60 and 90% of C, which can enhance aggregation
particularly in the long term. The C content in biochar will vary depending on the
feedstock and pyrolysis temperature.

* Biochar can improve soil aggregation by adding polyvalent cations and increas-
ing cation exchange capacity. However, if biochar has a high concentration of
monovalent cations such as Na*, it may have limited potential to increase aggre-
gate stability.

e Biochar addition can increase soil biological activity as fungi and bacteria feed
on labile C and other organic substances in biochar although biochar commonly
contains more stable than labile C. Soil organisms release organic binding agents
to increase aggregate stability.

e Biochar can reduce the mineralization of native soil organic matter or C, a pro-
cess known as negative priming effect. Thus, biochar could increase aggregate
stability not only by adding C to soil but also by reducing decomposition of
native C. Reduced mineralization of native C can also protect aggregates and
reduce their turnover.

e Biochar application can induce a slight water repellency to soil if it has hydro-
phobic properties. The slow water entry into aggregates can reduce slaking of
aggregates.

The effectiveness of biochar to improve aggregate stability can depend on a num-
ber of factors including initial soil organic matter, biochar amount, feedstock, pyrol-
ysis temperature, and others. Biochar material with small particle size and high C
concentration can more readily and rapidly interact and bind inorganic soil particles
than coarse biochar material (Blanco-Canqui 2017). Biochar is also expected to
improve aggregate stability more in the long than in short term as biochar particles
age and interact with soil matrix (Zhang et al. 2020). Surface application of biochar
to NT soils may not allow rapid interaction of biochar particles with soil. Thus,
incorporation of biochar through one-time or occasional tillage of NT can be strat-
egy to incorporate biochar into the root zone in NT systems.

14.9 Does Strategic Tillage of No-Till Reduce
Aggregate Stability?

In this paper, strategic tillage refers to the one-time tillage of long-term NT soils to
manage some of the challenges with NT management, including control of
herbicide-resistant weeds, excessive soil compaction, C and nutrient stratification,
and acidification. In general, tillage of long-term NT soils once in 5 or 10 years is
considered strategic tillage (Wortmann et al. 2010). The few published studies indi-
cate that strategic tillage may or may not reduce aggregate stability (Table 14.5). In
cases where strategic tillage reduces aggregate stability, the reduction is short lived
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Table 14.5 Effects of one-time or strategic tillage (ST) of otherwise continuous no-till (NT) on
soil aggregate stability

Years Tillage | Sampling | Effect of ST on
under | Tillage Depth | time after | aggregate
Location | Soil NT method (m) ST (years) | stability References
Australia | Three | 10, 14, | Scarifier or | 0.1 <1 Reduced amount | Conyers
soils and 16 | offset discs of aggregates et al. (2019)
(>0.25 mm) by
0-14% in the
0.05 m depth,

but returned to
initial levels after
1-2 year

Turkey | Clayey |9 Moldboard | 0.3— 0 Reduced MWD | Celik et al.
plow (MP) |0.33 by 7.2% in the (2019)
upper 0.1 m
depth

Increased MWD
by 78% in the
0.1-0.2 m and by
104% in the

0.2-3 m depth
USA Two 7-12 | MP, 0.1-0.3 | <1, 2, No effect on Quincke
silty miniMP, and 5 WSA et al. (2007)
clay and chisel and
loams or disk Wortmann

et al. (2010)
MWD Mean weight diameter of water-stable aggregates, WAS Water-stable aggregates

and disappears 1 or 2 years after tillage (Wortmann et al. 2010). In other cases
where strategic tillage reduces aggregate stability near the soil surface, it increases
aggregate stability in the subsoil due to inversion or mixing of surface with subsur-
face layers. Thus, the sum of changes in aggregate stability for the soil profile due
to strategic tillage of NT is generally minimal.

It is important to clarify that while strategic tillage, every 5 or more years, does
not generally reduce aggregate stability, more frequent tillage may reduce aggregate
stability. For example, Stavi et al. (2011) found that disk plowing of NT every
3 years reduced aggregate stability in a temperate region; however, in the same
region, one-time tillage had no effect on aggregate stability when NT soil was tilled
once in 10 years (Wortmann et al. 2010). In summary, strategic tillage of long-term
NT soils does not appear to have large negative effects on soil aggregate stability,
but short-term tillage (<5 years) may reduce aggregate stability.
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14.10 Opportunities and Challenges

Opportunities exist to enhance aggregate stability in NT soils through the adoption
of cover crops, crop residue management, addition of animal manure and biochar,
and intensification of cropping systems with extended rotations or high-biomass
producing crops. However, challenges can exist with the use of some companion
practices. For instance, cover crop effectiveness depends on the amount of cover
crop biomass produced. Cover crops that are planted late or terminated early often
produce too little biomass to be of measureable benefit. Also, in water-limited or
semiarid regions, cover crops may reduce available water needed for the next crop.
A potential opportunity is to use cover crops in low organic matter or degraded NT
soils where they can provide more benefits than in high organic matter and produc-
tive soils. Targeting low organic matter soils with cover crops can be a better strat-
egy to improve soil properties such as aggregate stability. It is also important to
design site-specific cover crop management strategies (i.e., timely planting or termi-
nation) to increase cover crop biomass production.

Another opportunity to increase soil C concentration, and thus aggregate stabil-
ity, is the use of biochar. However, at present, biochar material can be costly and not
readily accessible, which limits its use at larger scales. The cost of biochar can be
significant when high rates (>10 Mg ha™!) of biochar are often needed to signifi-
cantly improve aggregate stability and other properties. Also, biochar effects on
crop yields have been inconsistent depending on biochar properties, management,
and initial soil properties. Similar to cover crop benefits, low organic matter and
degraded NT soils may benefit more from biochar application than highly produc-
tive NT soils (EI-Naggar et al. 2019). Also, identifying the optimum application
rates of biochar for different soil types, cropping systems, and climate is a research
priority.

Retention of sufficient crop residue is needed to maintain or improve aggregate
stability of NT soils. For example, research from the US Midwest shows that exces-
sive crop residue removal can reduce aggregate stability. Indeed, crop residue
removal from NT soils could reduce aggregate stability more than residue removal
from tilled soils. For example, Laird and Chang (2013) reported that corn residue
removal reduced the amount of macroaggregates by 59.5% in NT but only by 13.6%
in chisel plow and 30.3% in plow till. Some have suggested that NT soils with lim-
ited residue cover, or after complete residue removal, may be equally or more erod-
ible than tilled soils due to reduced aggregate stability (Layton et al. 1993). Estimates
from the Midwestern US suggest that about 5 Mg ha~! year~! of crop residues is
needed to maintain soil properties in NT fields (Johnson et al. 2014). Additional
research is needed to establish threshold levels of residue removal for different soils
and climates to manage soil erosion. This means that low-biomass producing NT
cropping systems or NT systems where residues are baled should be redesigned to
include high-biomass producing crops or cover crops for enhancing aggregate
stability.
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Furthermore, strategic tillage is proposed as a strategy to address some of the
challenges with NT. However, strategic tillage disturbs soil, which could increase
risks of water and wind erosion immediately after tillage. Thus, timing of strategic
tillage and targeting specific problems will be critical to reduce any potential nega-
tive effects. Strategic tillage every 5 or 10 years may not be detrimental to soil
properties, but more frequent tillage such as short-term tillage may degrade aggre-
gate stability and other soil structural properties (Quincke et al. 2007; Wortmann
et al. 2010; Conyers et al. 2019).

14.11 Conclusions

No-till companion practices differently affect soil aggregate stability. Some com-
panion practices such as inorganic fertilization and strategic tillage do not generally
affect soil aggregate stability. Inorganic fertilization increases crop yields, while
strategic tillage addresses some of the challenges in long-term NT farming, but
these practices do not appear to improve soil aggregate stability. Potential opportu-
nities to increase soil aggregate stability include adoption of cover crops, applica-
tion of animal manure and biochar, and diversification or intensification of cropping
systems. These practices may not come without some challenges, which include the
need for redesigning current cropping systems, developing strategies to grow forage
or cover crops in water-limited regions, and producing biochar for use at large
scales. Also, managing crop residues in NT farming is an essential component.
Excessive removal of crop residues through baling or grazing can reduce the ability
of NT soils to maintain or improve aggregate stability. In conclusion, maintaining
abundant residue cover, growing cover crops, intensifying crop rotations with high-
biomass producing crops, and adding animal manure or biochar are some of the
potential strategies to enhance structural properties of NT soils, although challenges
with adoption of these practices need consideration on a site-specific basis.
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