Soil Biology Is Enhanced under
Soil Conservation Management

RobertJ. Kremer and Kristen S. Veum

Soil biology embodies a stunning array of soil-inhabiting organisms ranging
from viruses and microorganisms to macroinvertebrates and burrowing
mammals, encompassing their activities and inter-organismal relationships,
resulting in an environment with likely the most complex biological com-
munities on earth. The “soil microbiome” is defined as the characteristic
microbial community occupying specified microhabitats with distinct phys-
io-chemical properties. The soil microbiome represents both taxonomic and
functional diversity that is mediated by individual members as well as the
overall community. This perspective provides a framework for describing
and understanding how soil biological relationships interact with conserva-
tion management.

Historically, soil conservation goals focused on modification of land use
and management practices to protect the soil resource against physical loss
by erosion or chemical deterioration and loss of fertility. With recent scientific
advancements, the emphasis of current efforts has shifted toward microbiome
interactions with soil physical and chemical processes, and how this important
soil biological component is also prone to degradation by poor management.
The primary objectives of this chapter are to (1) consider detrimental land
management effects on the soil microbiome and essential biological processes,
and (2) consider how biological functioning of the soil microbiome can be
improved through application of soil conservation practices to reverse soil
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degradation and improve soil health. In addition, this chapter will illustrate
current research efforts to identify soil properties most affected by land use
and management, especially those associated with soil organic matter (SOM)
and the diversity of the soil microbiome, and how this knowledge is shaping
our understanding of the interactions that drive biological activity and fuel-
ing interest in soil health assessment.

M The Microbiome and Soil Health

Soil health is an evolving concept and may be defined as the capacity of a
living soil to function within ecosystem boundaries, to sustain plant and an-
imal productivity, maintain or enhance water and air quality, and promote
plant and animal health (Doran 2002). Coleman et al. (1998) emphasized the
role of the soil microbiome by asserting that the health and balanced activity
of all groups of organisms within an ecosystem is implicit and should be specif-
ically noted as a component of soil health. Lehman et al. (2015) affirmed the
importance of microbial diversity and activity as the basis for soil function
because critical environmental services are driven by diverse soil biological
communities. Optimal soil health requires a balance between soil functions
for productivity, environmental quality, and plant and animal health—all of
which are greatly affected by management and land use decisions. Albrecht
(1967) noted decades ago the relationship between healthy food quality and
soil management practices that encourage healthy soil microbial communities
and, hence, a healthy soil.

I Historical Perspective
Soil biology as a principal concept in soil science was advanced in the early
20" century by Jacob Lipman and refined by Selman Waksman (1931), who
described soils as complex systems sustaining microbial communities that in-
fluenced soil fertility and crop production. During the mid-20* century, Hans
Jenny recognized the community of microorganisms as a critical component
of the organism soil factor (one of the five soil forming factors) in his seminal
book, Factors of Soil Formation (1941). He illustrated a scenario beginning with
chemolithotrophic bacteria breaking down parent materials and releasing min-
erals; phototrophic bacteria and algae establishing on the developing soil matrix
and forming organic matter; nitrogen accumulation by nitrogen-fixing bacteria;
mycorrhizal fungi promoting plant growth and stabilizing the soil; and various
meso- and macrofauna aiding soil structural development (Jenny 1980).

In the aftermath of the Dust Bowl (1935 to 1938), W.A. Albrecht, writing in
the 1938 USDA Yearbook of Agriculture— Soils and Men, proposed that soil deg-
radation caused by intensive tillage and subsequent erosion led to depletion
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of SOM that exhausted the substrates required for soil microbial contributions
to plant nutrition and soil structural stability. He emphasized the restoration
of SOM through additions of green manure crops and livestock manures to
stimulate soil microbial communities to release plant-available nutrients and
to stabilize soil structure. This represents an early recognition of the impor-
tance of microbial ecology in soil conservation. Albrecht (1967) also indicated
that plants as sources of fixed carbon (C) and microorganisms as decomposers
and synthesizers of numerous organic compounds together create a dynamic
living environment within a naturally conserved soil.

Early studies of SOM established that the soil organic carbon (SOC) pool
supported biological activity, serving as the primary source of energy and nu-
trients for the soil microbiome, and that in turn the soil microbial community
drove the process of SOM formation primarily via decomposition of organic
substances entering the soil environment. The rate of decomposition was
generally assumed to be constant; however, several intensive studies begin-
ning around the mid-20" century recognized that the SOM pool consisted of
a complex of recent inputs of easily metabolizable plant materials (labile or
“young SOM”), a component of partially decomposed compounds of plant
and microbial origin decaying at an intermediate rate, all of which were inter-
mixed with resistant SOM decaying at very slow rates. Thus, decomposition
of the diverse organic substances in soil was determined to follow first-order
reaction processes rather than a zero rate or constant process (Jenkinson and
Rayner 1977; Janssen 1984). Application of the revised decomposition princi-
ples to field studies showed that decay rates of labile SOM pools were strong-
ly influenced by ecosystem differences (i.e., native prairie versus cultivated),
such as soil disturbance, aeration, and moisture, establishing that convention-
al soil management resulted in SOM losses whereas no-till, which mimicked
natural conditions, increased SOM content (Buyanovsky et al. 1987).

These early efforts formed our current understanding of the dynamics
of decomposition and identification of SOC fractions and were important in
future development of sensitive biological indicators of soil health for assess-
ments of soil management. Examples of these soil health indicators currently
in use include soil respiration, microbial biomass C, and the active C fraction
of SOM (discussed below).

The importance of soil as the essential foundation for life on Earth and
awareness that past degradation and erosion needed to be addressed through
conservation management to restore the dynamic nature of soil garnered pub-
lic attention in the latter quarter of the 20" century through popular outlets in-
cluding the September of 1984 issue of National Geographic. This issue featured
USDA Agricultural Research Service microbiologist Dr. John Doran describing
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his soil respiration measurements as useful indicators of biological activity
that increased in a robust, healthy soil. The restoration of soils, including in-
herent, critical biological functions, continues to be a major concern today as
their role in food, climate, and human security become more fully understood,
as was featured in the highly regarded scientific journal Science (Amundson et
al. 2015).

I Soil Biology and Soil Conservation Practices
The impact of soil organisms in soil structure modification, long recognized
by farmers and described by Jenny (1980), was first conceptualized for soil
aggregation within the last 40 years (Barrios 2007). Soil aggregates, microbi-
ally induced through cementation and binding of soil particles by bacteria
and fungi with microbial metabolites (i.e., extracellular polysaccharides or
biofilms) and occluded SOM, and enmeshment with fungal hyphae, provide
microhabitats for microbiomes, which mediate many functional activities.
Stable aggregation ensures long-term subsistence of microbial habitats while
disruption of unstable soil aggregates disperses SOM exposing it to miner-
alization and suppresses microbial activity. Conservation management prac-
tices promoting aggregate formation include no-till, residue retention, cover
cropping, diversified and extended crop rotations, and organic amendments.
These practices stimulate biofilm-producing bacteria and mycorrhizal fungi
to improve aggregate stability and are based on studies that strongly correlate
stability with active microbial biomass, microbial enzyme activity, SOM con-
tent, active C content, and mycorrhizal fungal abundance (Veum et al. 2015).
Further, soils under conservation management exhibit more abundant and
active microbial biomass, lower specific respiration, and reduce environmen-
tal stress on the microbiome relative to conventional systems (Islam and Weil
2000). This was confirmed over a decade later by research showing that fun-
gal-based soil food webs of grasslands were more resistant and more adap-
tive to drought relative to bacterial-based food webs in intensively managed
wheat (de Vries et al. 2012). Using applied soil food web analyses, Coleman
(2011) noted that complex, diverse soil food webs were highly functional
under zero and conservation tillage and suggested conservation practices
are an essential component of effective soil food web management. Recent
developments in defining the quality of SOM through fractionation of pools
of SOC allow realistic assessments of the effects soil degradation and soil
conservation practices have on the ability of soil to retain C for supporting
a diverse soil microbiome. The active C pool consists of easily decomposable
organic substances that, along with very labile soluble C compounds mainly
originating from plant root exudates, provide readily accessible substrates for
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the microbiome and mineralizable nutrients (Islam and Weil 2000). Active C
from decomposing residues, including dead microbial biomass, also influ-
ences soil structural stability but is readily depleted if such organic additions
are reduced or subjected to intensive tillage. The understanding of the active
C pool as a SOC component may better predict effects of practices such as
crop residue management illustrated by recent findings that “unharvestable
C” sources, or labile C, of maize crowns, roots, and root exudates contribute
nearly twice the amount of C to SOC than aboveground stover residue (Wilts
et al. 2004). Thus, maize harvest practices (grain and stover) have implications
for source C contributions into SOC and may guide in determining stover
biomass amounts for bioenergy production (Wilts et al. 2004).

Many formative studies have demonstrated direct relationships between
soil biological measurements and conservation management including mi-
crobial biomass, soil enzyme activities, active C, and phospholipid fatty acid
(PLFA) microbial community profiles, which has led to the recommendation
of these measurements as sensitive and informative indicators for soil health
assessments (Islam and Weil 2000; Acosta-Martinez et al. 2003; Kennedy and
Papendick 1995).

I Future Developments for Conservation in Improving Soil Biology
and Soil Function

Functional diversity and microbial activity play key roles in soil ecosystem
dynamics, including resilience and stability, productivity, nutrient cycling,
and other ecosystem services. Thus, microbial community structure may
be relatively less important in soil health assessment than a knowledge and
understanding of the functional attributes of the soil microbiome (Barrios
2007; Coleman 2011). However, techniques are constantly evolving, and our
knowledge of and ability to interpret genetic information on the abundance
and diversity of microbial species is rapidly expanding (Manter et al. 2017).
Molecular techniques were effectively demonstrated in a regional study of
microbial diversity in midwestern US tallgrass prairie soils by Fierer et al.
(2013) who applied metagenomics to describe soil bacterial community abun-
dance patterns and the relationship of taxonomic composition to functional
gene categories (e.g., carbohydrate metabolism). This original study revealed
previously unknown soil bacterial diversity and associated biological func-
tions under the naturally conserved environments of the native prairie and
also provided important information for reviving the soil microbiome for
successful restoration or reconstruction of prairie ecosystems as a conserva-
tion practice. A more recent study using a high-throughput gene sequencing
approach found that within the soils under long-term crop production (more

(c) SWCS. For Individual Use Only



208 Soil and Water Conservation: A Celebration of 75 Years

than 52 years), crop rotation combined with no-till soil management yielded
the highest bacterial diversity and functional capacity based on predicted
gene abundances (Sengupta et al. 2020). Interestingly, a legacy effect from
conversion of the original forested sites to agricultural fields was apparent in
lost soil microbial functional potential. Overall, application of modern molec-
ular techniques to assess soil microbiome composition and function provides
critical information on the impact of agricultural land management and may
become a valuable tool in assessing soil health.

Characterization of the soil microbiome directly in the field for real-time
assessment of soil health and conservation management impacts using field-
based genomics diagnostic tools will become a reality in the near future.
Genes coding for the various processes, or functions, mediated by the soil
microbiome will also be assessed using diagnostic tools and thereby aid in
measuring the dynamics of soil functions, or the changes induced by man-
agement, which will lead to development of practices to improve soil health
(Vogel et al. 2018). Ultimately the use of diagnostic tests to directly evaluate
soil functional dynamics in response to disruption or degradation due to
inadequate management will effectively identify research needs for a better
understanding of the overall behavior of soil systems, their stability, and
resilience (Vogel et al. 2018). Recent work with portable, small-scale DNA se-
quence platforms and new DNA enrichment methods results in identification
of hundreds of bacterial identifications in food in less than two hours and
will be potentially expressed as real-time data collection (Krych et al. 2019).
This diagnostic approach is expected to become a modern standard molecu-
lar-based method with applications in many life science disciplines, including
agriculture (Krych et al. 2019).

In addition, recent advances with in situ sensor technology outside the
laboratory under farmers’ field conditions are providing rapid, high-resolu-
tion data collection opportunities for soil health assessment (Veum et al. 2017,
2018). These tools, along with novel statistical approaches, offer the potential
for real-time data collection with an environmentally relevant interpretation.
Ultimately, taxonomic soil biodiversity paired with knowledge of microbial
function and activity using laboratory or field techniques can provide a wealth
of information on biological processes affected by conservation practices.

M Conclusions

Understanding soil biology in terms of structural and functional diversity
suggests that management of the soil microbiome can lead to preservation
of our soil resource and sustainably increase agricultural productivity.
Taxonomic soil biodiversity paired with knowledge of microbial function and
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Conservation management practices and soil properties influence soil
biology and function through simultaneous interactions within an
ecosystem. Modified from Kennedy and Papendick (1995).
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activity provide a wealth of information on biological processes affected by
conservation practices. Previous reviews established the link between man-
agement impacts on soil physical and chemical properties and subsequent
changes in soil biology and function (figure 1 [Kennedy and Papendick
1995]). The current resurgence in the use of cover cropping, no-till, extend-
ed rotations, livestock integration, biostimulants, and organic amendments
aid in management of the soil microbiome to promote soil biological activity
and productivity. Advancements in development of tools and techniques for
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assessment of soil microbiome structure and function and other soil health
indicators will guide future conservation management decisions that will
ultimately lead to more resilient agriculture, a more stable food security, and
improved environmental outcomes.
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