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SUMMARY

Harvest residues are parts of cultivated plants that remain on the plot after harvest or grazing.
Decomposition of plant residues by microorganisms involves two simultaneous processes:
mineralization and humification of carbon compounds. Decomposition processes depend on the type of
plant residues, edaphic factors and residue management factors. Edaphic factors dominate in areas
exposed to adverse weather conditions, while the type of plant residues largely plays the role of a
regulator in favorable environmental conditions. Decomposition of plant residues takes place in two
stages; phase | is relatively fast and depends on the initial nitrogen content, and phase Il is relatively
slow and is determined by the decomposition of lignins and phenols. In general, water-soluble fractions
are degraded first, followed by structural polysaccharides, and finally lignin. Low winter temperatures
and dry soil during the summer limit microbial decomposition, while microbial decomposition is
greatest during the wet warm spring and autumn seasons.
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INTRODUCTION

For the last tens of thousands of years, the dominant role of human beings has been in the exploitation
of land in order to increase the production of food, fiber and plant mass for energy production [1].
Ancient writings of the early civilizations of Mesopotamia, Greece and India indicate that there were
agro-technical measures to supply the land with nutrients in order to compensate for the nutrients
taken out by the yield of cultivated plants, in order to preserve and increase soil fertility [2,3].
Increased production of cash crops in monoculture, with the use of chemical fertilizers and pesticides,
has led to a significant increase in grain yield and productivity, but also to a decrease in soil organic
matter (SOM), increased soil erosion and contamination of surface and groundwater [4].

Several decades have passed since the beginning of the chemicalization of primary plant production,
until agricultural producers have recognized the negative consequences of such land management on
the balances of energy and matter exchange and land productivity [5]. In recent years, people's
awareness of the importance of soil quality from the ecological aspect [6] and the production of
cultivated plants has increased, which has led to renewed interest in harvest residues (HR), green
manure and other organic fertilizers as sources of SOM and nutrients for cultivated plants [1]. The aim
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of this paper is to present literature data on the importance of HR and their decomposition in
maintaining the quality of arable land in agriculture.

HR are parts of cultivated plants that are left on the plot after harvest or grazing. This organic matter
(OM) was once considered a waste material that requires disposal, but today the prevailing opinion is
that these materials are important natural resources, not waste. In all branches of plant production,
especially crop and vegetable production, after harvest remains the roots of plants and aboveground
HR. This is especially expressed in the production of small grain crops, corn, sunflower, oilseed rape,
soybeans and sugar beets, when HR can be a special problem in the next tillage. Annual HR
production has reached almost 4 billion tons per year globally [7].

Keeping this large amount of residue on agricultural land can be beneficial due to carbon
sequestration. This positive effect can be mitigated if HR retention significantly increases emissions of
N20, a powerful ozone-depleting greenhouse gas. The amounts of HR in some plant species are as
follows: wheat straw 5-7 t ha, corn stalks 8-12 t ha?, sunflower 4-6 t ha?, soybean 3.5-5 t hal,
sugar beet 40-60 t ha. On non-livestock farms, straw, corn stalks and residues of other plant species
remain as by-products, which can be used in several ways: animal feed, raw materials for production
of cellulose, paper, plywood, etc., livestock mat, biogas production, raw material for storage of
artificial manure and compost and direct involvement in the process of using OM by plowing into the
soil.

It is estimated that in the USA, the remains of 19 major cultivated plants amount to 400 million tons
per year [8]. The total amount of basic nutrients in plant residues is 40-100 kg tons™, and the content
of main nutrients (N + P + K) is 9 million tons per year in the USA and 74 million tons per year in the
world [2]. Although large amounts of nutrients are removed from the plot in the grain harvest,
significant amounts still remain in vegetative HR (Table 1).

Table 1. Amounts of chemical constituents found in 1 tonne of residues of three
cereal straws, maize residues, and pasture herbagea [9]

Elements Average content (kg t* of harvest residues)

Barley Oats Wheat  Pasture Maize
Nitrogen 4.6 5.9 6.9 21.2 8.4
Phosphorus 0.4 0.6 0.8 2.7 2.0
Potassium 14.3 23,3 135 24.6 16.5
Sulfur 1.4 1.1 1.3 2.0 nd*
Calcium 2.6 1.4 1.8 5.6 nd*
Mahnesium 0.8 0.5 0.8 1.4 nd*
nd*- no data

Management of crop residues has important consequences on the total amount of nutrients in the soil,
because a significant amount of fertilizer can be saved by returning the produced HR into the soil. In
addition, approximately 1.5 billion tonnes of C are stored in world-produced crop residues, which may
be an important source of OM added to soil [8].

Plant residues can be used to improve soil health and productivity and are a major source of
lignocellulose entering the soil. Lignocellulose can have positive or negative effects on the
productivity of cultivated plants, and the challenge and task of producers is to increase the positive
value of decomposition of plant residues at the expense of negative value [10,11]. In developing
countries, most HRs are used as animal feed, bedding and in industrial use, e.g. such as paper
production [10,12,13], and only a small portion of HR is returned to the soil.

DECOMPOSITION OF HARVEST RESIDUES
Degradation of HR represents the microbiologically supported progressive decomposition of organic

materials where the end products are carbon (C) and nutrients that are included in the biological
circulation in the ecosystem, both locally and globally. HRs decompose very quickly and the C
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derived from them is only a part of the total C in the soil. It is estimated that about half of global CO;
production from land comes from the decomposition of annual organic residues. However, there is a
huge amount of stable OM in the soil that decomposes very slowly - for centuries [14]. Degradation of
plant residues involves two simultaneous and fundamental processes: mineralization and humification
of carbon compounds by microorganisms and leaching of soluble compounds down into the soil,
where C and nitrogen (N) are progressively mineralized and immobilized. In natural ecosystems, the
decomposition of OM is synchronized with the growth of plants and C and other nutrients are used in
the system with maximum efficiency [15].

Mineralization of organic nitrogen requires microbial conversion of the organic matter. Part of the
converted matter is used for assimilation in microbial tissue and part for oxidation to gain energy
(dissimilation). The dissimilation:assimilation ratio (D/A) differs with the type of micro-organisms.
The often used term ‘organic matter decomposition’, refers, to dissimilation. The quantity of
decomposed or dissimilated organic matter is thus the difference between the total amount of organic
matter that is converted and the amount that is assimilated by the micro-organisms. Similarly, part of
the nitrogen that is present in the converted organic material is used in microbial tissue and part is
released (mineralized) as inorganic nitrogen. If the converted organic matter is low in nitrogen, the
amount of nitrogen that can be converted may be too low to satisfy the assimilation needs of the
microbes. In such cases, microbes take inorganic nitrogen from their environment, i.e. the soil solution
or the moisture in the organic material.

This process, referred to as immobilization, results in an increase of organic N in the remaining
organic material. After some time, the quantity of organic N that is converted is sufficient for the
assimilation requirements of the microbes, and then the result of mineralization turns from negative
into positive. When the initial C/N ratio of a substrate (C/Ns,i) is higher (lower) than that of the
microbes, the fraction of organic N that is mineralized (FMON) is less (higher) than the fraction of
organic C that is dissimilated (FDOC), and the C/N ratio of the remaining substrate is decreasing
(increasing) during decomposition until it has the same value as that of the microbes (CNm). In case
C/Nsi, equals C/Nm, it retains this value, and FMON is equal to FDOC [14,15].

FACTORS CONTROLLING THE DECOMPOSITION OF HARVEST RESIDUES

The processes of decomposition of organic residues are controlled by three main factors: (a) the type
of plant residues, (b) edaphic factors and (c) residue management factors [16]. Edaphic factors
dominate in areas exposed to adverse weather conditions, while the type of plant residues largely plays
the role of a regulator in favorable environmental conditions [17]. Many of these factors are not
independent because changing one factor can affect other factors. For example, high soil moisture can
lead to lower soil temperature, and aeration and application of surface HR can affect soil moisture and
temperature at the same time. Because of these strong interactions, it is often difficult to isolate the
effects of specific environmental factors on degradation residues [18].

Plant residues

Plants contain 15-60% cellulose, 10-30% hemicellulose, 5-30% lignin, 2-15% protein and soluble
substances such as sugars, amino acids, amino sugars and organic acids, which may contribute up to 10%
of dry weight of the plant, as well as other substances in a smaller percentage [19,20,21,22]. The rate of
decomposition of OM depends on the relative share of individual fractions, such as soluble sugars,
cellulose, hemicellulose and lignin [23]. The half-lives of sugar, hemicellulose, cellulose and lignin are 0.6,
6.7, 14.0 and 364.5 days, respectively, and with the time of decomposition there is a decrease in the quality
of the remaining substrate [23]. Decomposition of plant residues takes place in two stages; phase | is
relatively fast and depends on the initial N content, and phase Il is relatively slow and is determined by the
decomposition of lignin and phenol [24].

There are different views regarding the influence of particle size of plant residues on the rate of
decomposition of residues and changes in mineralization-immobilization of N in the soil. Small
particles can degrade faster than larger ones due to increased surface area and greater dispersion in the
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soil, increasing susceptibility to microbial attack due to lack of lignified barrier tissue [25], especially
if fungi and bacteria do not easily penetrate the residue. Soil fauna plays an important role in
increasing the rate of degradation by fragmentation and redistribution of OM, making it more
accessible to microbes [26].

The chemical composition of most plants changes significantly during the period of their growth —
with age, the content of proteins and ingredients soluble in water is constantly declining, and the
amount of hemicellulose, cellulose and lignin increases [27]. In general, water-soluble fractions
(sugars, organic acids, proteins, and some structural carbohydrates) are broken down first, followed by
structural polysaccharides (cellulose and hemicellulose), and finally lignin. Based on that, the remains
of younger plants decompose more easily than the remains of older ones and release more nutrients into
the soil [28].

The main task of introducing HR into the soil is to increase the content of SOM and preserve soil
fertility, which is why it is necessary to introduce HR with the highest possible content of N and C, i.e.
to preserve their content at the time of harvest. It is important to know that drying plant material, even
at temperatures below 50-60 °C, significantly increases lignin content due to the production of artifact
lignin through a non-enzymatic browning reaction involving N from the plant, resulting in a reduction
in mineralized N from HR in relation to fresh plant residues [29].

The content of N in HR varies significantly, while the content of C is about 40-50% in the dry mass,
which leads to variations in the C/N ratio in a wide range. The C/N ratio is the mass of carbon to the
mass of nitrogen in a particular substance. For example, a C/N ratio of 24:1, means 24 units of carbon to
1 unit of nitrogen. Optimum C/N ratio is 24/1 for desired decomposition of HR. A microorganism living
in the soil has a C/N ratio of about 8/1; this is what they must maintain in their bodies. For optimum
health the microbe requires approximately 16 parts of carbon for energy and then 8 parts for
maintenance.

This is where the ratio of 24/1 comes from [29]. The C/N ratio is important because due to the fact that it
has a direct impact on residue decomposition and also nitrogen cycling in soils. Plant residues with high
C/N values decompose more slowly than those with lower values and plant residues with high N content
show high rates of decomposition and release of nutrients [30]. At C/N ratio values above 20-30%, the
decomposition of organic material is significantly reduced. However, the C/N ratio and the N content are
not always correlated with the decomposition rate, which is why more complex research on this problem
is needed.

Although the content of N and C/N ratio in plant residues are useful in predicting the rate of
decomposition of HR, they should be used with some caution, because the C/N ratio does not reveal
the availability of C and N to microorganisms. Any factor that increases the rate of decomposition, i.e.
the demand for N, leads to an increase in the limit concentration of N (lower limit ratio C/N). This
means that a more favorable climate and higher rates of residue change with a larger amount of readily
available C in the substrate stimulate higher microbial activity, increase the demand for N and increase
the limiting concentration of N [31].

Lignin is very resistant to microbiological degradation, and it is an inhibitor in the process of OM
decomposition. Lignin is degraded by small number of microorganisms under aerobic conditions [32].
Increased lignin content in HR reduces the rate of degradation and release of nutrients from plant
residues and increases the immobilization of nutrients, especially N. Lignin concentration is a much
better predictor of the rate of decomposition of organic matter than N concentration [33].

Polyphenols bhind to proteins and other organic nitrogen compounds (amino acids) and form
decomposition-resistant complexes [34]. In this way N becomes inaccessible or binds to soluble
organic N which is released from the leaves, forming resistant complexes in the soil. Polyphenols also
inhibit the action of enzymes [35]. Legumes have the fastest degradation of plant material due to their
high protein content and low content of lignin and other inhibitors, such as polyphenolic compounds.
It is not possible to predict the decomposition rates of plant residues from individual properties of
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organic material, such as C/N ratio, lignin content or carbohydrate content, but combining these
properties can accurately predict relative decomposition rates of different plant residues [36].

Edaphic factors

Soil acidity (pH) is one of the most important factors influencing the decomposition of plant residues,
as it affects both the nature and size of population of microorganisms and the enzymes of
microorganisms that degrade OM [37]. In general, HR degradation occurs more rapidly in neutral than
in acidic soils. Under field conditions, 42% of the Italian ryegrass (Lolium multiflorum) derived C is
undegraded after one year in a soil of pH 3.7, and 31% at a pH value of 4.4-6.9 [38]. This may be due
to alterations in soil microbial populations and their activities, which occur with changes in soil pH,
because with decreasing soil pH there is a decrease in the population of bacteria that decompose plant
residues and increase the fungal population.

Soil temperature affects the rate of physiological reactions of organisms and the activity of microbial
cells by the laws of thermodynamics, and hence microbial activity and decomposition of HR [39].
Microbial degradation processes are more important than physical and chemical processes in causing
HR loss, thus releasing nutrients. The influence of temperature on HR degradation was determined
guantitatively as the temperature quotient Q,0' values for the rate of N mineralization in SOM in the
temperature range 5-35 °C [40]. Although straw decomposition can occur at 0 °C, the maximum
activity of microorganisms, as well as the decomposition of HR, is in the temperature range 20—40 °C
[41].

Soil moisture has a great influence on the growth and activity of microorganisms in the soil, which
produces significant effects on the decomposition of HR and the circulation of nutrients [42]. The
maximum rate of decomposition of plant residues occured at 60% water holding capacity, and the rates
decreased at either 30% and 150% of water holding capacity. The rate of straw decomposition as
measured by dry weight loss is highest at -0.1 Mpa and decreased as the external soil water potential was
lowered [43]. In very dry and very humid soil conditions, the decomposition of OM is inhibited, because
the moisture content or aeration of the soil are limiting factors for microbial activity.

Changing the water content in the soil - drying and re-wetting, has a vague effect on the
decomposition of plant residues. Although drying stimulates the subsequent mineralization of C and N
from humus in the soil, it slows down the mineralization of fresh plant material [44,45]. Drying and
wetting of the soil stimulates the turnover of C obtained from the added plant material marked with
14C, and the increase in C is mainly due to the increased turnover of microbial products. The decay
rates of “C biomass are relatively higher due to drying and re-wetting of the soil than the decay rates
of 1“C that do not originate from biomass. Drying and re-wetting do not affect the degradation of 4C-
labeled lignin when incorporated into the soil, but it has been found that the decomposition of added
cellulose in the soil increases [46]. Repeated drying and wetting of the soil increases the resistance of
certain N compounds of the plant to microbial decomposition. This change in soil moisture can
seriously inhibit the growth and/or activity of microbes in the soil.

Aerobic and anaerobic conditions affect the rate of degradation and mineralization — they are slower
and less complete in anaerobic than in aerobic conditions [47]. When the soil becomes so moist that
larger pores are filled with water, the decomposition of OM is limited by the rate at which oxygen can
diffuse to the site of microbial activity, since the oxygen diffusion coefficient in water is 10,000 times
slower than in air. Even modest oxygen needs cannot be met if larger pores of the soil are filled with
water. The first-order rate constant for rice straw degradation was 0.0054 day™ for phase | (easily
degradable fraction) and 0.0013 day? for phase Il (slowly degradable fraction) under aerobic
conditions, and the corresponding values for anaerobic conditions were were 0.0024 and 0.0003 day?,
respectively [48].

Available nutrients in the soil, primarily C and N are the primary limiting factor in most soils for
microbial growth, although large amounts of C are added to the soil through crop residues. In addition
to C, H, O, and N, microorganisms require P, K, S, Mg, Ca, and trace elements [49].
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Microorganisms that decompose OM receive the necessary inorganic nutrients (N, P, K, S, Ca, etc.)
for growth and development from two sources: (2) those already present in the soil in available plant
forms and (b) those that are found in the added organic material itself. N is an element needed in the
largest amount to microbes, because it is an integral part of extracellular and intracellular enzymes,
nucleic acids and lipoprotein membranes, which makes it the nutrient that most limits the activity of
microbes. However, the effects of added N on OM decomposition are variable [50]. Apart from N,
other elements also affect decomposition - e.g. Phosphorus increases the rate of decomposition of
organic residues, but acts in a strong interaction with N which essentially has a dominant effect [51].

Inorganic natural N in soil enhances OM mineralization [52]. Application of ammonia N in conditions
of N deficiency in soil leads to increased microbial respiration, increase in microbial populations and
increased mineralization of N [53]. However, a negative or no effect of added N on degradation and
microbial activity has also been identified, resulting from: (a) competition between more efficient and
weaker decomposers; (b) N blocks the production of certain enzymes and enhances the degradation of
more accessible cellulose, where undecomposed lignocellulose accumulates and amino compounds
condense with polyphenols; and (c) ammonia toxicity [54]. Nitrogen fertilizer has the potential to
affect the decomposition of HR and the mineralization of nitrogen compounds that accumulate in the
soil. In soils with low pH values, the mineralization of plant residues is reduced even with the
application of N fertilizers. Soils with low pH have reduced nitrification rates, leading to increased
NH," ion concentrations.

The texture, clay content and structure of the soil significantly determine the decomposition rates of
HR. Decomposition of plant material is faster in soil with a lower clay content, because clay actually
protects OM from decomposition [55]. As the clay content increases, the soil surface also increases,
resulting in increased stabilization potential of SOM [56,57]. The role of clay in OM stabilization is
more important in warmer soils, where higher decomposition rates can be expected [57,58]. In cold
soils, lower temperatures may be a major factor in slowing decomposition and clay content may be
less important [59]. Texture also affects the physical properties of the soil [60], which further affects
the microbial activity in the soil [34,61]. Soil textures affect the availability of N and P, total OM
accumulation, and microbial activity [61]. The soil structure also has a dominant control over the
stabilization of SOM, where OM is protected in microaggregates.

Macro and microorganisms of the soil by their activity lead to the decomposition and mineralization of HR,
which are mostly biological processes. Abiotic processes are also included here, especially in unfavorable
environments, where a significant amount of HR can be lost by abiotic mechanisms, such as fragmentation,
physical abrasion, photochemical decomposition, and leaching [16]. Even in conditions when abiotic
processes lead to the dominant loss of organic mass, oxidation to CO, and other inorganic molecules is
mainly the result of the activity of organisms in the soil. Decomposition organisms consist of a complex
community of soil biota, including soil microflora and fauna [62]. Fungi and bacteria are ultimately
responsible for the biochemical processes of decomposition of organic residues [63]. Soil fauna contributes
to the biodegradation and humification of harvest, and in general organic, residues in several ways: (a)
fragmentation of organic residues and increasing the area for microbial decomposition, (b) and (c)
improving microbial growth and interaction conditions [64]. It is estimated that the direct contribution of
soil mesofauna to HR decomposition processes is small, but indirectly important because it affects the
survival and functioning of other groups of organisms in the soil [65]. Soil fauna contributes to the
decomposition of HR through their fragmentation and improvement of soil structure by creating canals.
The role of soil fauna is relatively greater in the degradation of materials with high C/N ratio, and high
content of lignin and polyphenols compared to residues with low C/N ratio that are easily degraded by
microbes [36]. Termites and ants can be effective in digesting cellulose-containing substances and, in some
cases, ligified substances [66].

Conservation tillage and the presence of HR on the soil surface can provide conditions for many
decomposing organisms [67]. In principle, more intensive tillage reduces the number of fauna, while
reduced tillage is associated with increased decomposition of plant residues [68]. The loss of HR mass
is correlated with the moisture content and the number of arthropods in the soil [69]. There is little
information in the literature on the combined effects of abiotic and biotic factors on the loss of mass of
plant material during the decomposition process.
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The community of microbial decomposers is extremely diverse and tolerant of a wide range of
environmental and food stresses [69]. The main decomposers of HR, bacteria and fungi, differ in their
mode of growth and activity. Bacteria are grouped into colonies that occupy a small volume of soil
and their movement in the soil is episodic and associated with soil moisture, root growth, tillage and
consumption by soil fauna. Fungi have hyphae that can reach relatively greater distances and penetrate
smaller spaces, where they degrade OM by enzyme secretion and transport nutrients back through the
hyphae [70]. Microbial activity also depends on substrate temperature. Actinomycetes decompose
crop residues mainly at high temperatures, and some species of bacteria and fungi at lower
temperatures [71].

Climatic factors

Temperature and precipitation are important factors influencing the decomposition of OM and plant
residues [72]. OM losses from soil in humid areas with high temperatures, where OM decays rapidly,
are a serious problem. Using a *C on marked ryegrass, decomposition rates were found to be about
four times faster in Nigeria, in the humid tropics, compared to England, with moderate humidity and
temperature [73]. Temperature and humidity regimes are good indicators of the microbial C/total C
ratio [74]. Low winter temperatures and dry soil during the summer limit microbial degradation, while
microbial decomposition is greatest during wet warm spring and autumn seasons [75,76]. At the
regional level, the effects of climate on OM degradation are reflected in the accumulation of OM in
the soil. Data on SOM from semiarid, semi-humid and humid regions of the world show that soils
from warm climates contain less OM compared to colder areas, partly due to faster decomposition of
OM [77]

CONCLUSION

In order to preserve the fertility of arable land, its physical, chemical and biological properties must be
maintained and improved, which is largely achieved by introducing OM into the soil. HRs are an
important natural resource containing OM that is essential for sustainable arable land management.

Proper HR management contributes to increasing OM in soil, binding of greenhouse gases and carbon
sequestration. In sustainable land management, the physical, chemical and biological properties of the
soil must be maintained in the optimum, because they are a condition for successful microbial
decomposition of HR. Where possible, reduced tillage should be carried out as it contributes to greater
decomposition of crop residues compared to conservation tillage.
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