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Transformation of organic residues into plant-available nutrients occurs through decomposition and mineralization and is
mediated by saprophytic microorganisms and fauna. Of particular interest is the recycling of the essential plant elements—N, P, and
S—contained in organic residues. If organic residues can supply sufficient nutrients during crop growth, a reduction in fertilizer
use is possible. The challenge is synchronizing nutrient release from organic residues with crop nutrient demands throughout the
growing season. This paper presents a conceptual model describing the pattern of nutrient release from organic residues in relation
to crop nutrient uptake. Next, it explores experimental approaches to measure the physical, chemical, and biological barriers to
decomposition and nutrient mineralization. Methods are proposed to determine the rates of decomposition and nutrient release
from organic residues. Practically, this information can be used by agricultural producers to determine if plant-available nutrient
supply is sufficient to meet crop demands at key growth stages or whether additional fertilizer is needed. Finally, agronomic
practices that control the rate of soil biota-mediated decomposition and mineralization, as well as those that facilitate uptake of
plant-available nutrients, are identified. Increasing reliance on soil biological activity could benefit crop nutrition and health in

sustainable agroecosystems.

1. Introduction

Agricultural scientists and practitioners face major challenges
in the 21st century. They must produce enough nutritious
food to feed a growing world population, which is increasing
at rate of 1.14% per year and expected to reach 9.5 billion
by 2050 [1]. Agroecosystems are also under pressure to
produce greater quantities of fiber for biofuel production.
For example, the European Union directive on renewable
energy set a target of 10% biofuel, while legislation in the
United States will require 20% renewables in fuel by 2022. It is
critical that these targets be achieved without compromising
food production, which is possible with careful agricultural
management. The practices of multiple cropping and using
by-products of biofuel production as animal feed resulted in
an increase of 19 million ha of net harvested area from 2000 to
2010 in the United States, Brazil, Indonesia, Malaysia, China,
Mozambique, South Africa, and 27 European Union member
states [2]. By 2010, these countries produced 86 billion L

of ethanol and 15 billion L of biodiesel and also had a net
gain in land available to produce food for human and animal
consumption [2].

Boosting agricultural production to a level that meets
concurrent demands for food and biofuel must be done
in a sustainable manner, such that societal objectives and
economic prosperity can be achieved without environmental
damage. There is concern that agricultural activities have
disturbed the natural N and P cycles to the point that
they exceed their planetary boundaries [3]. However, initial
estimates of the planetary boundaries appear to be low,
leading de Vries et al. [4] to revise the N limits after
considering N requirements to feed the world’s population
while avoiding adverse impacts of reactive N in water, air, and
soils. Still, sustainable agroecosystems need to be managed
to recycle nutrients efficiently, thus reducing reliance on
external nutrient and energy inputs. They should also resist
abiotic and biotic stresses, allowing them to tolerate periodic
disturbances and extreme conditions, such as a short-term
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TABLE 1: Attributes of sustainable agroecosystems, based on the ecosystem services concept (adapted from Whalen and Sampedro [17]).

Supporting services Provisioning services

Regulating services

Cultural services

Sustain energy and material
flows

Support growth of
high-quality agricultural crops
Provide habitat for diverse soil
fauna

Produce food for people and
animals

Produce fiber and biofuel
Biological products: novel
organisms and compounds
Generate clean water

Filtration system for
percolating water

Carbon sequestration and
greenhouse gas mitigation
Decomposition and nutrient
cycling

Remediation and attenuation
of wastes and pollutants

Pest and disease control

Rural communities: past, present,
and future

Agrotourism

Science and education

flooding event or disease outbreak. These attributes also
convey resilience so the agroecosystem will continue to be
functional and productive if there is a permanent change in
the abiotic and biotic stresses that it is subjected to. Adaptive
management has a role in supporting agricultural resilience,
permitting sustainable agroecosystems to provide ecosystem
services to mankind (Table 1).

Soils feature prominently in sustainable agroecosystems
because they support tremendous biodiversity that is linked
to the health and productivity of crops. Among the millions
of species that are permanent soil dwellers include single-
celled prokaryotes (Bacteria and Archaea) and eukaryotes
(Fungi, Protists, multicellular insects, and annelids). These
organisms are sustained by energy inputs from plants, in the
form of root exudates and secretions from living plants as well
as residues from nonliving plants and other organic wastes.
Interactions between plants and soil biota, both symbiotic
and free-living inhabitants of the rhizosphere, are emerging
as a hot research topic due to the fact that naturally occurring
soil biota protect plants against pathogens. For example,
vesicular arbuscular mycorrhizal fungi prevent plant diseases
through physical and biochemical mechanisms [5], including
upregulation of jasmonate induced plant defenses [6, 7].
Systemic resistance, induced by signal molecules released
from plant growth promoting rhizobacteria and/or elicitors
emitted by nonvirulent pathogens, is also stimulated by
auxins released from earthworm activities [8].

Productive crops require nutrients to sustain high yields,
and thus plants benefit when soil biota transform organically
bound N, P, and S into soluble NH,*, NO,~, H,PO,",
HPO,*", and SO,>", the ionic forms absorbed by root
cells. It is known that plants assimilate amino acids, either
directly through their roots or via arbuscular mycorrhiza [9],
although microorganisms also acquire amino acids from the
soil pore water and there is evidence for preferential retention
of °N-labeled amino acids in soil microbial biomass in low
productivity ecosystems (including low input agroecosys-
tems, e.g., [10]). Still, plant N uptake of NH,", glutamate-
N, and glycine-N was less than 10% of the microbial N
uptake from these N forms in a controlled study with
Festuca gigantea L. under constant soil moisture (60% water-
filled pore space) or with wet-dry cycles [11]. In addition,
plants bred for high production agroecosystems tend to be
less efficient at assimilating organic N forms than NH,"
and NO;~ than their wild relatives [12]. The assumption

in this review is that N mineralization yielding NH *
which could be taken up by plants or further transformed
via ammonia oxidation and nitrification to produce NO;~,
another plant-available N ion, would be of greater relevance
in agroecosystems than uptake of amino acids. Similarly, S
mineralization that produces SO,>~ was presumed to be of
greater importance for plant S nutrition than uptake of the S-
containing amino acids, cysteine and methionine [13]. Plants
derive nutrition from organic P compounds by secreting
extracellular phytases from the root, which facilitates the
solubilization and subsequent uptake of H,PO,~ [14]. Further
information on the contribution of organic N, P, and S to
plant nutrition is detailed in the review paper of Paungfoo-
Lonhienne et al. [15].

Given that most agricultural crops will assimilate soluble
ionic forms of N, P, and §, it is important to understand
how all soil biota, from microorganisms to macrofauna, are
involved in the decomposition of organic compounds and
the mineralization of N, P, and S in the soil-plant system.
We can potentially reduce fertilizer inputs if we know how
much plant-available N, P, and S will be liberated from
organic residues, but will plant-available nutrients be released
at the right time during the growing season to satisfy plant
nutrient demands? Knowing this will allow us to precisely
select the application time and amount of supplemental
fertilizers needed to achieve yield goals. Such judicious use
of fertilizer is beneficial from an economic perspective,
because it will improve nutrient use efficiency, and for the
environment since excessive nutrient inputs are susceptible
to be transported into waterways and the atmosphere.

Biotic conversion of organically bound nutrients to solu-
ble ions follows a predictable sequence of physical transfor-
mations and biochemical reactions, which can be modulated
by environmental conditions (e.g., temperature, moisture,
and soil physicochemical properties) and agronomic factors
(e.g., litter inputs, tillage, and manuring) that affect the
activity of the soil biota, as reviewed by Whalen et al. [16].
Fundamentally, it can be viewed as a two-step process that
proceeds as follows.

(1) Decomposition: fragmentation and physical disrup-
tion reduces the particle size of the organic residue,
which increases the surface area for microbial col-
onization and hydrolysis by extracellular enzymes.
After the chemically complex polymers in the residue
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are degraded into monomeric compounds (e.g., ami-
no acids) or ions (e.g., H,PO,” and HPO,*") through
these extracellular reactions, they can be absorbed
into microbial cells for the second step.

(2) Mineralization: absorbed monomeric compounds are
acted upon by intracellular enzymes, releasing energy
and precursors for microbial metabolism (e.g., NH, "
and SO,>” destined for protein synthesis). Ionic
forms of N, P, and S are also absorbed by microbial
cells. When microbial requirements are met or when
microbial cells are lysed, excess ions can be released
into the soil pore water, which is accessible to plant
roots.

The purpose of this review is to describe how soil biota
mediate the processes of decomposition and nutrient miner-
alization in sustainable agroecosystems. Next, I discuss how
this knowledge can be used to synchronize nutrient release
from organic residues and nutrient uptake by agricultural
crops, followed by a description of experimental approaches
to evaluate the decomposition and nutrient mineralization
processes. This approach could permit agricultural managers
to increase their reliance on soil biota for nutrient recycling,
applying fertilizers strategically to boost the soil nutrient
supply at critical growth stages when inherent nutrient
reserves are insufficient to meet crop yield goals.

2. Decomposition and Nutrient
Mineralization: A Two-Step Process

2.1. Soil Biota Involved in the Decomposition Process. Organic
residue inputs in agroecosystems originate from many sour-
ces. Virtually all agroecosystems will have an input of non-
harvested crop components—roots, above-ground residues
(mostly leaves, stems, and husks) of grain crops, the above-
ground biomass of cover crops, green manure crops, and
fallow crops—and may also receive organic materials like
forestry residues, animal wastes, compost from various
feedstocks, and biosolids from municipal water treatment
facilities. These wastes are characterized by large particle size
and a variable degree of predecomposition at the time they
are land applied.

Heterogeneity is the major challenge to describe biologi-
cally-mediated decomposition and it arises from a number of
factors. First, the variability in physical size, chemical com-
position, and degree of predecomposition among organic
residues makes it difficult to apply them uniformly in
agricultural fields. Even if residue from a single crop (e.g.,
maize) is considered, the amount of organic residue left in
the field, its chemical composition, and decomposability is
affected by the above-ground and root biomass produced in
the previous growing season, the cultivar grown, and genetic
modification [22]. Once in the soil, the residue breakdown
is mediated by soil organisms that exhibit an aggregated and
uneven distribution throughout the soil profile (vertically)
and across soil microenvironments (horizontally) [17]. Fur-
ther, the action of the soil organisms is strongly controlled
by oscillations in soil moisture, which is linked to rainfall,

irrigation, and snowmelt patterns as well as evapotranspi-
ration, transpiration, and drainage of water through the
soil profile. Wetting-drying cycles are a powerful modulator
of soil biota-mediated decomposition and N mineralization
[23, 24]. Other important abiotic controls on soil biotic
activity are soil texture, soil pH, soil organic matter, and
nutrient levels [25, 26]. Variability in these parameters arises
during soil pedogenesis and from historical agricultural
management. Although small-scale heterogeneity and large-
scale gradients that affect the pattern of biologically mediated
decomposition and nutrient mineralization need to be con-
sidered, this review takes a simplistic view of decomposition
and assumes the researcher will account for extraneous,
moderator, and mediator variables that produce site-specific
conditions affecting decomposition. The conceptual model of
decomposition illustrated in Figurel is based on senescent
crop residue that is left on the soil surface after harvesting a
grain crop.

Once a crop reaches physiological maturity, fungi and
other microorganisms begin to colonize the senescing leaf
and stem tissues of the standing crop, thus initializing the
decomposition process before the unharvested residues hit
the ground. Still, the senescent crop residues are mostly
intact and must be fragmented into smaller particles so that
plant cells are physically disrupted and permit microbial and
enzymatic access to polymeric compounds. Saprophagous
soil macrofauna and mesofauna like earthworms, millipedes,
and collembola consume organic residues, which physically
fragments the material and mixes it with soil particles con-
taining microorganisms that are ingested by these organisms.
For example, pure leaf litter passing through the gut of
Lumbricus terrestris was reduced in size to 0.23mm? and
further ground to less than 0.001mm?® when sand and
litter were consumed together [27]. Litter comminution by
earthworms partially or completely buries organic residues,
accounting for redistribution of 19 to 24% of the organic
matter in crop residues and the top 15 cm of soil each year
[28]. These activities result in particle size reduction, which
stimulates the soil micro- and mesofauna to further degrade
the materials and enhances microbial colonization of the
residue. This is supported by the greater abundance and
larger biomass of decomposer organisms (bacteria, fungi,
protozoa, nematodes, and microarthropods) in buried litter
than surface litter [29]. As noted by Beare et al. [29], buried
sorghum litter decays more than twice as quickly (1.4-1.7%
mass loss per day) as litter left on the soil surface (0.5-
0.7% mass loss per day). A similar effect is achieved when
residue size is reduced mechanically by tillage in agroecosys-
tems.

After physical barriers to decomposition are overcome by
reducing the particle size, the next barrier to decomposition
is the chemistry of the polymeric compounds contained in
the crop residue. The chemical recalcitrance of plant residues
to decomposition and the role of lignin in slowing the
decomposition process were reviewed extensively by Gul and
Whalen [30] and Gul et al. [31]. Briefly, extracellular enzymes
of microbial origin are responsible for cleaving monomeric
units from complex polymers like cellulose, hemicellulose,
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FIGURE 1: Decomposition of senescent crop residue on the soil surface of an agroecosystem. The leaf is fragmented biologically, through
the action of soil meso- and macrofauna, and mechanically by tillage or agricultural machinery that passes over the soil surface. Physical
fragmentation continues as microorganisms colonize the surface of leaf particles and those particles are ingested by soil fauna. As secondary
cell walls are penetrated and cell membranes rupture, complex organic molecules like cellulose, lignin and proteins are released into the
soil pore water. Extracellular enzymes produced by microorganisms and plants hydrolyse complex compounds into simple monomeric units
like sugars, phenols, and amino acids. Monomeric substrates are then absorbed through the cell membranes of prokaryotes (shown) and
eukaryotes (not shown), where they undergo intracellular enzymatic hydrolysis, leading to the production of carbon dioxide (CO,) and other

metabolic byproducts.

lignin, and proteins. Rates of enzymatic activity are con-
trolled by access to substrates, where access is governed
by the amount and chemistry of lignin and lignocellulosic
compounds deposited in the secondary cell wall of plants.
Water is required for all hydrolytic reactions, which directly
affects the functioning of extracellular enzymes as well as the
concentration and diffusion of substrates to the active site
of the enzyme [32]. For example, low soil moisture (-4 to
—1 MPa soil water potential) reduced 3-glucosidase activity,
such that soils under “drought” had 46% less -glucosidase
activity than those in the ambient moisture treatment in
an agricultural field with permanent vegetation [33]. To
retain its function, an extracellular enzyme present in soil
pore water or attached to a soil organomineral surface must
be able to catalyze reactions (i.e., substrates can bind to
the active site, the binding affinity of the protein-ligand at
the active site is maintained by the tertiary structure, and
no inhibitory compounds are bound to the enzyme). Fac-
tors affecting extracellular enzyme production and activity
include microbial species present, microbial requirements
for energy and nutrients that stimulate enzyme production,

temperature, pH, oxygen content, enzyme cofactors, and
enzyme inhibitors [34].

Extracellular phosphatases are responsible for mineraliz-
ing organic P compounds, all of which are ester phosphates
(C-O-P bonds), to soluble, ionic phosphates (predomi-
nantly H,PO," in acidic soils and HPO,>" in alkaline soils)
(Figure 2(a)). Similarly, extracellular sulfatases are responsi-
ble for the breakdown of ester sulfates (C-O-S bonds) to
soluble 8042_ (Figure 2(b)) and extracellular urease converts
urea to NH," (Figure 2(c)). In the case of plant-derived
extracellular phosphatases, the enzyme appears to fulfill two
functions: (1) hydrolysis of ester phosphates to H,PO,~ or
HPO,”” and (2) carrier protein that transports phosphate
ions across the plasma membrane [35].

2.2. Soil Biota Involved in the Mineralization Process. The
decomposition process liberates monomeric compounds that
can diffuse through the soil pore water and be absorbed
through the membrane of microbial cells for further hydrol-
ysis in vivo, releasing energy and precursors for metabolic
processes (Figure 3). As described in Whalen et al. [16],
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FIGURE 2: Extracellular enzymes are responsible for hydrolysing organic compounds in soil pore water, for example, (a) myo-inositol
hydrolysis by phosphatase releases H,PO,*” and scyllo-inosose, (b) phytosulfokine hydrolysis by sulfatase releases SO,*” and a derivative
of phytosulfokine, and (c) urea hydrolysis by urease releases carbon dioxide and ammonia, which is converted to NH, " in the presence of

water.

energy-rich compounds like cellobiose are hydrolysed to
glucose to fuel reactions in the tricarboxylic acid cycle when
oxygen is present, or pyruvate molecules synthesized from
glucose are fermented when anaerobic conditions prevail.
Amino acids containing N and S C-N and C-S bonds
are converted to NH,* and SO,”” through the action of
intracellular amino acid hydrolases. As precursors for protein
synthesis and other metabolic pathways, these soluble ions
could be immobilized in the microbial cell or released into the
soil pore water if microbial requirements were already met.
Lysis of microbial cells due to soil disruption (e.g., freezing
and thawing, wetting and drying) or grazing by predators
(e.g., protists and nematodes) is another way that NH," and
$0,*” within microbial cells are released into soil pore water.

In aerated soils, the NH,* produced in the N miner-
alization process is sequentially oxidized to NO;~ by two
groups of organisms, the ammonia oxidizers and nitrifiers
(Figure 4). Ammonia oxidizers may be bacteria or archaea
that use ammonia monooxygenase to produce NH,OH
and hydroxylamine oxidoreductase to produce NO,", in

the process deriving energy for growth from the oxidation
of these inorganic compounds and acquiring C from CO,
(autotrophic ammonia oxidizers; [36]) or organic C sources
(heterotrophic ammonia oxidizers; [37]). Nitrifiers include
autotrophic and heterotrophic microorganisms that convert
NO,™ to NO;~ with nitrite oxidoreductase [17]. The NO;~
released into soil pore water is readily available to crops
due to the high mobility in soil pore water of the NO;~
molecule, relative to NH,*. However, it is more demanding
energetically for plants to use NO;~ for protein synthesis
because it has to be first reduced to NH," within leaf cells
before glutamine production and protein synthesis occur
[38].

3. Synchronizing the Decomposition and
Nutrient Mineralization Processes with
Crop Nutrient Requirements

Crops require N to synthesize proteins, chlorophyll, and
other N-rich compounds, P for energy relations and cell
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FIGURE 3: Following the absorption of organic N compounds such as amino acids and amino sugars through the cell membrane, intracellular
enzymes are responsible for N mineralization, which yields NH," as the end product. The NH,* may be retained in the microbial cell for
protein synthesis and other metabolic processes or released from the cell into soil pore water where it can undergo other transformations

(e.g., immobilization, plant NH," uptake, and NH," fixation).

division, and S for protein synthesis, glucosinolate synthesis
as an anti-herbivore defense, and production of organosulfur
compounds that gives food their distinctive odors and fla-
vors. There is a constant but variable requirement for these
nutrients during the growing season. Crop nutrient demands
can be predicted roughly from the pattern of biomass
accumulation, since nutrient uptake is proportional to the
plant’s photosynthetic activity, especially during the vegeta-
tive growth stage (Figure 5). Estimates of nutrient uptake can
be further refined by considering root distribution, biomass,
and maximum rooting depth [39].

In crops that derive most or all of their N, P, and S require-
ments from soil, any impediment to acquiring nutrients from
soil pore water could lead to nutrient deficiency at the critical
growth stage. The limited mobility of H,PO,”/HPO,*” and
NH," arises from the fact that these ions bind readily to
exchange sites on soil organo-mineral surfaces; phosphate
ions precipitate with Al, Fe, and Ca minerals as well. Although
NO,” and SO,* are mobile, moving by mass flow to the
roots, rainfall or irrigation events could cause these ions to
leach below the root zone where they are inaccessible to the
crop [17].

Could soil biota-mediated decomposition and mineral-
ization supply ample N, P, and S at critical crop growth stages?

There are two additional questions that we should consider
to narrow the scope of investigation. First, what are the N, P,
and S requirements of the crop at the critical growth stage?
The assumption is that adequate N, P, and S concentrations
in the plant at this growth stage are a good indication of the
crop’s yield potential. Plant tissue analysis coupled with the
Diagnosis and Recommendation Integrated System (DRIS;
[40]) or compositional nutrient diagnosis (CND; [41]) is
helpful in determining the nutritional requirements for high-
yielding crops.

Second, is the quantity of N, P, and S in the organic
residues sufficient to meet crop requirements? Taking a mass
balance approach, the nutrient stock of the residue (e.g., N
concentration in kg Mg ™' x residue mass in Mg™') can be
compared to the nutrient removal by the crop (e.g., N concen-
tration in kg Mg ™" x crop biomass in Mg™"). However, what
proportion of N, P, and S released from the decomposition
and mineralization processes is assimilated by the crop at
the critical growth stage? We realize that plant-available N,
P, and S are subject to microbially mediated reactions (e.g.,
immobilization, denitrification), chemical adsorption and
precipitation reactions, and physical transport in the soil
profile, all of which diminish their solubility and accessibility
for plant uptake. If the question is asked for a particular crop,
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Reaction 3 occurs inside nitrifier cells. NO; ™ is released from the cell.

FIGURE 4: Ammonia oxidizers absorb NH,* from soil pore water and convert it to hydroxylamine and nitrite. Ammonia oxidizers release
nitrate into soil pore water, where it is then absorbed by nitrifiers, who convert it to nitrate. Once released into soil pore water, nitrate can
undergo other transformations (e.g., immobilization, plant NO,~ uptake, leaching, and denitrification). Top image: transmission electron
micrograph of Nitrosococcus oceani ATCC 19707 (Klotz et al. [18], copyright American Society of Microbiology). Bottom image: transmission
electron micrograph of Nitrobacter winogradskyi Nb-255 (Starkenburg et al. [19], image by W. J. Hickey, University of Wisconsin-Madison).

organic residue, and soil type, it could be studied with isotopic
tracers (*°N stable isotopes, >*P, **P, and **S radioisotopes),
but the major limitation is that the experiment needs to be
repeated for each crop, organic residue, and soil type of inter-
est. Also, the radioisotope work cannot be done in the field
for safety reasons, since the relatively short half-life of these
radioisotopes (half-life of P = 14.29d; **P = 25.3d; *°S =
872d) means that large amounts are needed to monitor
P and S transformation rates. Alternative approaches are
needed to quantify how soil biota-mediated decomposition
and mineralization could contribute to crop nutrition.

4. Experimental Approaches to
Evaluate Soil Biota-Mediated
Decomposition and Mineralization

Many physical, chemical, and biological tests exist that
describe, to some extent, the process of soil biota-mediated
decomposition and mineralization. Field-based litterbag
studies provide information on the mass loss from organic
residues and net release of N, P, and S into soil pore water
[42]. Laboratory-based incubation studies under controlled
conditions predict the mineralization rate and quantity of
soluble N, P, and S generated in soil that was historically
or recently amended with organic residues [43, 44]. Biolog-
ical assays that consider both extracellular and intracellular
enzyme activity provide insight into the capacity of the
microbial community to hydrolyze organic polymers in soil

pore water and within their cells [34, 45]. While each test
method is useful, none can fully describe the processes
that transform organic residue into soluble, plant-available
nutrients. Experimental approaches are needed that consider
(1) the physical barriers to decomposition based on particle
size, (2) the chemical barriers to decomposition based on
residue chemistry, and (3) the biological barriers to mineral-
ization, arising from biochemical capacity of extracellular and
intracellular enzymes, which are strongly controlled by soil
temperature and moisture conditions. A conceptual model of
the physical, chemical, and biological barriers to soil biota-
mediated decomposition and mineralization are illustrated in
Figure 6, and methods proposed to evaluate them are listed in
Table 2.

5. Agroecosystem Management to Promote
Soil Biota-Mediated Decomposition and
Mineralization for the Benefit of Crops

Understanding the physical, chemical, and biological barriers
to decomposition and nutrient mineralization allows agri-
cultural managers to implement practices that will facilitate
soil biological activity. Three control points (Figure 7) are
envisioned in this process: (1) control the substrate quantity
and quality by selecting appropriate organic residue(s), (2)
control the transformation from substrate to product, based
on knowledge of the susceptibility of residue to physical
breakdown and enzymatic hydrolysis, and (3) control the
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TABLE 2: Methods proposed to assess physical, chemical, and biological barriers to soil biota-mediated decomposition and nutrient

mineralization.

Physical methods

Chemical methods (in whole soil or soil extracts, for example,
hot water extractable organic matter)

Biological methods

Mass loss (litterbags)
Light fraction of organic
matter

Particulate organic
matter (whole soil)
Particulate organic
matter (associated with
aggregate size fractions)

Qualitative/semiquantitative

Near infrared spectroscopy

Fourier-transform infrared spectroscopy

Nuclear magnetic resonance spectroscopy (solid-state and soil
pore water)

Quantitative (in whole soil or soil extracts)

Organic C, N, P, and S and elemental ratios

Fiber analysis (acid detergent and neutral detergent fibers)
Cellulose, lignin, and so forth by pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS)

Proteins, peptides, and so forth by electrospray ionization-liquid
chromatography/mass spectrometry (ESI-LC/MS)

Ester phosphates by LC-quadrupole time-of-flight (QTOF)/MS
Ester sulfates by matrix-assisted laser desorption-ionization
time-of-flight/mass spectrometry (MALDI-TOF/MS)

Extracellular enzyme assays
(cellobiohydrolase, peroxidase, phenol
oxidase, laccase, protease, phosphatase,
sulfatase, etc.)

Soil respiration (CO,)

Net N, P, and S mineralization
Intracellular enzyme assays
(dehydrogenase, 3-glucosidase)
Concentrations of soluble NH, ", NO,~,
H,PO,”, HPO,*", and SO,  ions in soil
Concentrations of N, P, and S in plants at
critical growth stages
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FIGURE 5: Pattern of (a) dry matter accumulation and (b) nitrogen uptake in maize hybrids (modified from [20]). The graphs illustrate the
partitioning of dry matter and nitrogen in above-ground components—leaves, stalks, reproductive components, and grain—by growth stages.
As described by Abdendroth et al. [21], V; refers to vegetative emergence and each subsequent vegetative growth stage is designated V,, where
n is the number of leaves with visible collar. The V. stage indicates tasselling, the final vegetative growth stage when the whole tassel is visible.
The subsequent reproductive (R,) growth stages are numbered R, (silking, which coincides with pollen shed) to R (physiological maturity).

transfer of product (soluble ions) to the crop. Considering
these control points allows agricultural producers to select
the right time to apply organic residues, based on expected
decomposition and mineralization rates, as well as the crop
demand for nutrients during the growing season.

5.1. Selecting Appropriate Organic Residues. The quantity of
nutrients provided by organic residues is calculated as the
total nutrient input of the material, which is appropriate
for senescent crop residues and other large, relatively unde-
composed materials. When applying partially decomposed
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FIGURE 6: Conceptual model of the physical, chemical, and biological barriers to soil biota-mediated decomposition and mineralization.
Modulating factors can change the rate at which organic residues pass each barrier and eventually release soluble ions that are taken up by

plants.

residues such as compost and animal manure, we must
consider the fraction of immediately plant-available nutrients
as well. For instance, animal manure contains about 20 to 75%
NH, ", with lower values for solid cattle manure mixed with
woodchip bedding and the highest proportion of NH," in
liquid pig manure with 3% solids [46]. The rest is organic N,
some of which will be decomposed and mineralized during
the application year, and the remainder becomes plant-
available in a future growing season. In Quebec, Canada,
it is estimated that 65 to 90% of the organic N in manure
with C:N ratio < 10 is plant-available in the application
year, depending on the soil type, crop, application time, and
application method. More variability is expected for manure
with a C:N ratio > 10, such that 15 to 75% of the organic
N is mineralized within one year of application and the
undecomposed fraction contributes to a pool of residual
organic N that can be mineralized in subsequent growing
seasons [46]. There are short windows of opportunity for
agricultural producers to apply organic inputs (senescent
crop residues, compost, or animal manure), which also affects
the decomposition and mineralization process. For instance,

decomposition of surface-applied organic inputs begins after
they are plowed down prior to spring planting of annual
crops. Although liquid animal manure could be sidedressed
between crop rows, either on the soil surface or injected, or
broadcast onto forage fields after hay harvesting, there is only
a short period in the growing season when this is possible.
Producers are aware that heavy agricultural machinery can
harm the crop and cause compaction when driven over
wet soils and are sensitive to these potential impacts when
deciding on when to apply organic residues and how much.
The quality of organic residues is generally described with
simple indicators like the C: N ratio and lignin content, often
determined by fiber analysis [30]. The chemistry of organic
residues is a function of the crop species, the environment
in which it is grown, and the agronomic practices followed
when it is added to the agroecosystem. For example, if the
organic residues are from a green manure crop, the residue
quality will be impacted by the crop species in the green
manure (N,-fixing crops typically have a lower C:N ratio
than nonleguminous crops), the nutrient content of the
green manure residues, and the age of the green manure at
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from organic residues and improving nutrient uptake by crops.

termination, since this controls the residue size and fiber
content, including lignin concentration and the C:N ratio
[47].

5.2. Moderating the Organic Residue Decomposition and Min-
eralization Rates. As illustrated in Figure 6, soil biota are
involved at every step of the decomposition and mineral-
ization process, although their activities can be enhanced
or reduced by agronomic practices. For instance, litter frag-
mentation and comminution are mediated by earthworms
and other soil meso- and macrofauna when soil moisture
and temperature are appropriate for their activities. Earth-
worms process appreciable quantities of organic residues
(2 to 17Mgha 'y in temperate agroecosystems; [28]),
mostly during the spring and autumn months when soils
are sufficiently moist and the temperature is typically less
than 20°C, which is favorable for earthworms. Although
tillage operations can effectively perform the same function
as earthworms, increasing the tillage intensity is generally
damaging to earthworm populations [48] and energetically
costly, so there must be a trade-oft between relying on soil
biota and tillage to physically reduce organic residues.
Exposure to light and ultraviolet (UV) radiation con-
tributes to organic residue decomposition. Photooxidation by
UV-B light (302 nm) increased the solubility of soil organic
matter, leading to enhanced oxidation of lignin derived phe-
nols and photochemical degradation of macromolecular soil
organic matter species [49]. While biodegradation was the
dominant process in litter decomposition, photooxidation
and UV radiation altered litter chemistry and destabilized
soil organic matter, rendering it more susceptible to decom-
position. In semiarid Patagonian steppe ecosystem, Austin
and Vivanco [50] concluded that photodegradation had

a dominant control of above-ground litter decomposition. If
this phenomenon is important in agroecosystems, exposing
senescent organic residues to sunlight for some time, before
they are either incorporated by tillage or left on the soil
surface in a no-tillage system, would facilitate their decom-
position.

Finally, agronomic practices that support a large, diverse
microbial community are expected to boost production
of extracellular enzymes, which are essential for removing
chemical barriers to decomposition. These practices include
(1) regular application of organic residues with complex
chemistry to support a metabolically diverse microbial com-
munity, (2) adding organic residues that are partially decom-
posed, such as compost and animal manure, to stimulate
production of extracellular and intracellular enzymes by
soil microorganisms, (3) maintaining vegetative cover to
provide energy, in the form of root exudates, to free-living
and symbiotic microorganisms that produce extracellular
enzymes, and (4) maintaining vegetative cover, to stimulate
enzyme release from plant roots [34].

Agricultural practices that modulate soil moisture con-
tent could also be important to optimize the activity of
hydrolytic extracellular enzymes, as well as those that func-
tion intracellularly (e.g., within the cells of ammonia oxidiz-
ers and nitrifiers). A target of 60% water-filled pore space
would be selected to maximize decomposition by aerobic soil
microorganisms [51]. These practices include (1) irrigation,
(2) installation of tile drainage lines to remove excess water
from fields, particularly in clayey soils that tend to water-
logging, (3) retaining mulch and other residues at the soil
surface, to improve water infiltration and slow transpiration,
and (4) synchronizing organic residue incorporation with
rainfall, based on the amount and intensity of the antecedent
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and future rainfall events. Global changes in weather (precip-
itation amount, frequency, temperature, and extreme weather
events) make it ever more important to consider how to
manage water for agriculture, since all biological activities
leading to nutrient mineralization in relation to crop nutrient
demands depend on the soil water status.

5.3. Improving Uptake of Soluble Ions by the Crop. The final
control point involves getting soluble nutrients to the plant,
and the management strategy will depend on nutrient mobil-
ity in the soil pore water. Mobile NO, ™ and SO,*” ions are
transported to the rhizosphere by mass flow, meaning that
an extensive root zone and evapotranspiration will facilitate
their uptake. Immobile NH," and H,PO,”/HPO,>” ions
are captured through root interception and diffusion, which
requires close contact between the ion and the root surface
[17]. A well-developed root system will improve acquisition of
nutrients as they are released from organic residues, and this
is achieved by avoiding compaction in the crop row. In some
cropping systems and soil type, seedbed preparation implies
tillage of the entire field, while zone tillage and ridge tillage
may be adopted for widely-spaced row crops like corn and
soybeans.

For maximum nutrient use efficiency, the root system
should be sufficiently large and colonized by mycorrhizae to
intercept soluble nutrients [52]. Practically, this implies that
agricultural managers should slow the mineralization process
during the preplanting period and early vegetative growth
stages to avoid nutrient losses and promote mineralization
during the exponential vegetative growth and reproductive
growth stages, after mycorrhizal colonization has occurred
and roots have greater capacity to absorb nutrients from
soil pore water. Thus, crop residues that take a long time to
decompose should be incorporated weeks to months before
planting crops, to avoid early-season N and P deficiencies
in the crop that are a result of N and P immobilization
by microbial biomass. Early-season S deficiency is less
often reported and would also be alleviated by applying
S-containing amendments well in advance of periods of
appreciable crop S demand. In contrast, well-decomposed
residues or those with appreciable NH, * content like compost
and animal manure should be applied during the growing
season by side-dressing or top-dressing. Producers opting for
in-season application of organic residues should be aware of
a possible increase in crop susceptibility to diseases caused
by fungal pathogens. While phytosanitation issues should be
minimal if organic residues have undergone thermophilic
decomposition (e.g., composting), the other risk is that well-
nourished plants with scant root colonization by arbuscular
mycorrhizal fungi may be susceptible to pathogens, given that
mycorrhiza confer protection against plant diseases through
physical and biochemical mechanisms [5, 6].

6. Conclusions

The concepts presented in this review are aimed at the devel-
opment of a robust model of the soil biota-mediated decom-
position and mineralization of organic residues applied to

1

agricultural soils. This model will be parameterized and
validated with experimental data that describes the physical,
chemical, and biological barriers to transforming organi-
cally bound nutrients into plant-available N, P, and S. It is
necessary to describe how those fundamental reactions are
modulated by abiotic conditions, such as soil temperature,
moisture/oxygen supply, texture and pH, and biotic factors
such as the crop species grown and its nutrient uptake
pattern during the growing season. This permits the model
to simulate site-specific controls on nutrient transfer from
organic residues to plants, allowing agricultural producers
to adjust their management practices accordingly. It takes
time for soil biota to decompose organic residues and release
plant-available nutrients, and there will be periods when the
crop cannot obtain sufficient nutrients from soil biological
activity. This is when supplemental mineral fertilizer will
be most effective in boosting crop production, although
the amount applied should match the crop needs during
those periods and account for the fact that nutrients will
be released from organic residues later during the growing
season. Careful management of nutrients from all available
sources, as described here, is consistent with the goals of
sustainable agriculture.
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