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Figure 1. An illustration describing the interaction of some microbial pro-
cesses within the soil, plant, and atmosphere.

INTRODUCTION
The soil is home to a variety of microorganisms involved with different 
processes that enable it to support crop production sustainably. These 
biological processes affect nutrient cycling and availability, soil aggrega-
tion, organic matter decomposition, and crop performance. Some of these 
important microbially mediated processes are described in this guide: 
mineralization of the soil organic matter (breakdown of organic materials 
to release nutrients), immobilization (temporary tying up of nutrients by 
microbes, thus limiting their availability to plants), nitrogen fixation (con-
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version of atmospheric nitrogen to forms that crops 
can use), nitrification (conversion of the ammonium 
form of nitrogen to nitrate-nitrogen), denitrification 
(loss of nitrate-nitrogen in the soil through microbial 
conversion to nitrogen gas), and mycorrhizal asso-
ciations (the interaction of beneficial soil fungi with 
plants) (Figure 1).

MINERALIZATION—BREAKDOWN  
OF ORGANIC MATERIALS TO  
RELEASE NUTRIENTS
Mineralization is the transformation of organic com-
pounds found in organic materials into inorganic 
compounds. In a nutshell, it means that soil microbes 
break down organic materials into compounds or ions 
that plants can use. Many of the elements in organic 
materials are plant nutrients, but they are locked up 
in the molecular structure of the substance and are 
unavailable to plants. Mineralization releases these 
nutrients into the soil in forms that plants can absorb 
for growth and development. When organic material 
is added to the soil, the mineralization process begins, 
and different types of soil microorganisms begin to 
break down the organic material. The rate at which 
soil microorganisms will break down the material 
depends on environmental factors, including tem-
perature, moisture availability, soil aeration, and the 
carbon-to-nitrogen ratio (C:N) of the material. 

Higher temperatures tend to favor more rapid min-
eralization compared to lower temperatures (Li et 
al., 2014) because microorganisms are more active at 
higher soil temperatures if sufficient moisture is avail-
able (MacDonald et al., 1995). Also, chemical reac-
tions can proceed much faster at higher temperatures 
due to kinetics. Although microbial activities increase 
with temperature, the optimal fungal and bacterial 
growth rate occurs at a soil temperature of around 
77°F to 86°F (Pietikäinen et al., 2005). When the soil 
temperature exceeds 86°F, the growth rate of bacteria 
and fungi decreases rapidly with increasing tempera-
ture (Bárcenas-Moreno et al., 2009). 

Mineralization also demands adequate soil mois-
ture. If the soil is too dry, the microbes will generally 
not be active and therefore will not be able to decom-
pose the organic matter adequately. If the soil is too 
wet, then soil aeration is poor, which is another im-
portant factor that reduces mineralization. Just like us, 
most microbes breathe oxygen. Oxygen-breathing mi-
crobes are the most efficient at breaking down organic 
matter. In poor aeration, microbes don’t have enough 

oxygen to breathe and therefore will either not survive 
or will need to find alternative ways to survive—all 
conditions that slow mineralization and greatly reduce 
proper decomposition of the soil organic matter. In-
adequate oxygen can occur when the soil is saturated 
with water since the water-filled pores drive the air 
from the soil. 

The carbon-to-nitrogen ratio (C:N) is a property 
inherent in any organic material added to the soil 
(Table 1). All organic materials contain more carbon 
than nitrogen atoms in their molecular structure. 
However, the C:N ratio varies in different organic 
materials. Materials such as wood shavings and wood 
chips have a high amount of carbon relative to nitro-
gen, while materials such as fresh poultry manure and 
grass clippings have a low C:N ratio. A C:N ratio of 
700:1 means the material under consideration (e.g., 
wood chips; Table 1) has 700 parts of carbon to one 
part of nitrogen, while a ratio of 4:1 (e.g., blood meal; 
Table 1) means the material has four parts of carbon 

Table 1. Carbon-to-nitrogen 
Ratio (C:N) of Some Common 
Organic Materials

Organic Material C:N ratio
Wood chips 700:1

Cardboard (corrugated) 560:1
Sawdust 500:1

Wood bark 300:1
Newspaper 150:1

Pine needles 80:1
Straw 75:1

Cornstalks 60:1
Peat moss 60:1

Leaves 55:1
Horse manure 25:1

Coffee grounds 25:1
Compost 20:1

Food waste 20:1
Grass clippings 15:1

Cow manure 15:1
Pig manure 15:1
Alfalfa hay 12:1

Poultry manure 6:1
Blood meal 4:1
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to one part of nitrogen. Therefore, there is more nitro-
gen in a material with a C:N ratio of 4:1 compared to 
700:1. Since nitrogen is often more limiting than car-
bon when organic materials are being broken down, 
materials with a high C:N ratio will take a longer time 
to break down due to a scarcity of nitrogen, while ma-
terials with a low C:N ratio break down faster due to a 
relative abundance of nitrogen.

It’s important to consider the mineralization rate 
when adding organic materials to the soil because nu-
trients like nitrogen, phosphorus, sulfur, and micronu-
trients can be slowly released for crop uptake. When 
a faster release of nutrients is desired, adding organic 
materials that have low C:N to the soil would result in 
a faster breakdown, and nutrients can be made avail-
able quickly within the soil system. An example of a 

material with low C:N is fresh poultry manure, with a 
C:N of about 6:1. However, farmers need to be aware 
that adding too much low-C:N organic matter can 
release more nitrogen than plants can take up over 
short periods. This excess nitrogen can potentially be 
leached to the groundwater or contaminate our pre-
cious freshwater bodies.

IMMOBILIZATION—TEMPORARY TYING UP 
OF NUTRIENTS BY MICROBES 
Immobilization is a process in which soil microorgan-
isms take up nutrients from the soil, especially nitro-
gen. Microbes need nitrogen to grow and multiply so 
they can break down more organic material, especial-
ly organic matter with a high C:N ratio. Therefore, the 
nitrogen can be tied up in microbial biomass or can 
accumulate in byproducts of microbial activity. Dur-
ing the period of immobilization, the soil can undergo 
nutrient deficiency. However, this process is tempo-
rary since the immobilized nutrients can be released 
back into the soil when microbes die and nutrients 
within their tissues are recycled.

Materials such as sawdust or wood chips, which 
have high C:N ratios, can cause immobilization when 
incorporated into the soil. This material does not con-
tain enough nitrogen for continued rapid microbial 
decomposition. If sawdust is incorporated into the soil 
during the crop growing season, the plants can experi-
ence nitrogen deficiency unless additional nitrogen is 
added to the soil. To prevent immobilization, materials 
with a very high C:N ratio should not be incorporated 
into the soil. Instead, they can be composted or used as 
mulches to cover the soil surface to prevent moisture 
loss, suppress weeds, and reduce soil temperature, espe-
cially during hot summer days. The C:N ratios of some 
common organic materials are presented in Table 1.

NITROGEN FIXATION—CONVERSION  
OF ATMOSPHERIC NITROGEN GAS  
TO AMMONIUM
Nitrogen fixation is a microbially mediated process 
that converts nitrogen gas to plant-available forms of 
nitrogen. Nitrogen is a plant nutrient needed in the 
highest quantity in most crops. However, crops cannot 
use nitrogen gas from the atmosphere to meet their 
nitrogen demand. That is why a substantial amount of 
nitrogen fertilizer is used by farmers each year. Min-
eral fertilizers made in the factory, such as ammonium 
nitrate, contain soluble ammonium and nitrates that 
plants can directly use for their growth. However, 

Figure 2. Cyanobacteria in rangelands and unmanaged 
lands can form biological soil crusts, which represent 
living soil aggregates that stabilize the desert soil. Bio-
logical soil crusts are home to myriad diverse micro-
organisms, including cyanobacteria, other bacteria, 
eukaryotic algae, mosses, and lichens. Shown here are 
lichen and cyanobacteria crusts.
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there are bacteria in the soil that 
can convert nitrogen gas to soluble 
forms of nitrogen for crop uptake, 
and this process is called nitrogen 
fixation. 

Two types of nitrogen fixation can 
happen in the soil. The first type is 
non-symbiotic nitrogen fixation per-
formed by bacteria called free-living 
nitrogen fixers. Examples of such 
bacteria include Azotobacter, which 
is a Proteobacterium, and Cyanobac-
teria, such as Nostoc or Scytonema. 
The estimate of nitrogen fixed by the 
free-living microbes in arid agricul-
tural lands is relatively low at about 
4 lb nitrogen/acre/year (Vlek et al., 
1981). However, in arid rangelands 
and unmanaged lands, nitrogen fixa-
tion by soil cyanobacteria can be 
much higher, especially when they 
form soil surface aggregates known 
as biological soil crusts (Figure 2; 
Elbert et al., 2012). 

The other type of nitrogen fixa-
tion is symbiotic, and this occurs 
between the Rhizobium bacteria and legumes. In 
symbiotic nitrogen fixation, a legume plant forms 
a mutually beneficial relationship with Rhizobium 
bacteria. The Rhizobium bacteria are attracted to 
the cells of the root hairs because the legume plant 
secretes specific chemicals (flavonoids) into the soil 
through its roots. Once the bacteria have “infected” 
the root hairs, the plant cells respond by dividing and 
creating root nodules, which house the bacteria. The 
Rhizobium bacteria in the nodules convert nitrogen 
gas, which is abundant in the soil, into ammonia, 
which plants can utilize. The legume receives the 
bacterially fixed nitrogen products, while the bac-
teria in the nodules receive carbohydrates from the 
legume, allowing them to thrive. This symbiotic ni-
trogen fixation can play a significant role in nitrogen 
management of arid and semiarid soils. Including 
legume cover crops in rotation can provide signifi-
cant amounts of nitrogen for subsequent crops after 
the legume cover crop is terminated and worked back 
into the soil. Up to 250 lb nitrogen/acre/year can be 
fixed through the symbiotic association of Rhizobium 
bacteria with legumes in agricultural lands (Roper 

Figure 3. Nodules on the roots of hairy vetch.

Figure 4. Nitrification process in the soil.

and Gupta, 2016). Figure 3 shows an example of 
nodules attached to the roots of a legume plant.

NITRIFICATION—CONVERSION OF 
AMMONIUM TO NITRATE-NITROGEN 
Nitrification is the conversion of ammonia or ammo-
nium ions to nitrate through bacterial action. Nitrifi-
cation is a two-step process in the soil; first, the am-
monia or ammonium compound is converted to nitrite 
by bacteria in the genus Nitrosomonas, and second, 
the nitrite is converted to nitrate by bacteria in the ge-
nus Nitrobacter (Figure 4).

Since nitrification is an oxidative process (a pro-
cess requiring oxygen), the soil must be well aer-
ated for nitrification to take place. Nitrification also 
requires a warm temperature for optimal processing, 
often greater than 70°F, and thus progresses very 
slowly at low temperatures. Nitrification is an im-
portant process in the soil because it can control how 
much nitrate is available in the soil. Plants can make 
use of both nitrate and ammonium forms of nitrogen. 
Ammonium-nitrogen is a positively charged ion that 
often gets attached to the small humus or clay par-
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Figure 5. Denitrification process in the soil.

ticles in the soil in a process called adsorption. When 
this happens, ammonium-nitrogen may be more diffi-
cult for the plants to access, depending on how tightly 
the ammonium ions are held by the clay particles. 
However, the ammonium-nitrogen that is not so tight-
ly held by the clay particles will be available for crop 
uptake. Nitrate, in contrast, is a more readily available 
form of nitrogen in the soil, and it can be absorbed by 
the plants faster than ammonium-nitrogen because it 
stays mostly dissolved in soil water. When too much 
nitrate is in the soil, it can easily dissolve in soil wa-
ter and be leached as water moves through the soil. 
When the nitrate-nitrogen is moved down through the 
soil beyond the rooting zone, it becomes unavailable 
for crop uptake, and it can eventually end up in the 
groundwater. Another problem of excessive nitrate in 
the soil is the possibility for it to be denitrified, a pro-
cess where some bacteria can convert nitrates to nitro-
gen gases under certain conditions—another pathway 
through which nitrogen is lost from the soil. 

Ammonium-nitrogen can be introduced to the soil 
through manure, composts, decomposing crop resi-
dues, and mineral fertilizers used in commercial ag-
riculture. Some commercial farmers use nitrification 
inhibitors to prevent nitrification from progressing at 
a rapid rate when they use ammonium fertilizers for 
the nitrogen nutrition of plants. Since the ammonium-
nitrogen can be held by humus and clay particles, it 
is not easily subject to leaching compared to nitrate-
nitrogen. This means that the plants that are growing 
in the soil will have more time to use the nitrogen in 
ammonium form before it is converted to nitrate-nitro-
gen, which can be lost through leaching. Nitrification 
inhibitors function by affecting the activities of the Ni-
trosomonas bacteria, preventing them from converting 
ammonium to nitrites (Figure 4). Since nitrification 
inhibitors interrupt the pathway of ammonium con-
version to nitrate, they will also reduce the amount 
of nitrate that may be denitrified or leached from the 
soil. In general, the nitrogen use efficiency of crops 
can be improved by nitrification inhibitors since they 
will keep nitrogen longer in the soil in the ammonium 

form, which prevents it from potential losses and al-
lows plants to use it for growth and development.

DENITRIFICATION—CONVERSION OF 
NITRATE TO NITROGEN GAS
Denitrification is the chemical conversion by microbes 
of nitrates (NO3

-) and nitrites (NO2
-) present in the soil 

to nitric oxide (NO), nitrous oxide (N2O), and nitrogen 
gases (N2) (Figure 5). Denitrifying bacteria are facul-
tative anaerobes, which means they ordinarily flourish 
in an oxygen-rich environment, but when oxygen is 
scarce, they shift their metabolism and start using soil 
nitrate and nitrites to breathe, in the process known as 
respiration. This implies that important plant-accessi-
ble nitrogen in the soil can be lost through denitrifica-
tion, lowering the quantity of nitrogen available for 
crop production. Thiobacillus denitrificans, Micrococ-
cus denitrificans, Pseudomonas, and Serratia species 
are among the bacteria that can cause denitrification 
in the soil. Research has shown that, depending on the 
soil condition, up to 20% of the nitrogen applied to the 
soil can be lost through denitrification (Colbourn and 
Dowdell, 1984). Another detrimental effect of denitri-
fication occurs if the end product of the denitrification 
is nitrous oxide (N2O) because this gas is known to 
be 300 times more powerful than carbon dioxide in 
causing a global warming effect. When soil aeration 
is poor, as it is when the soil is standing in water for a 
lengthy period, a suitable environment for denitrifica-
tion exists. Therefore, it is critical not to over-irrigate 
or compact the soil to the point that it becomes satu-
rated for an extended time. Denitrification and sub-
sequent nitrogen loss from the soil will be favored in 
such a situation.

MYCORRHIZAL ASSOCIATION—
BENEFICIAL FUNGAL ASSOCIATION  
WITH PLANT ROOTS
Mycorrhizal association occurs in the soil when my-
corrhizal fungi (MF) form a symbiotic partnership 
with plant roots to help the plant with the uptake of 
water and nutrients, especially phosphorus. In re-
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turn, the plants provide simple carbohydrates for the 
growth of the MF. The MF association is very com-
mon among most plants, and more than 80% of all 
land plants can form this association. Based on the 
way that the MF associate with plants, two major 
types of association can be defined: ectomycorrhizal 
and endomycorrhizal fungi.

In the first type—ectomycorrhizal association—the 
MF infect the plant roots and multiply in the cell wall 
region without penetrating the cell wall. Ectomycorrhi-
zal fungi wrap themselves around the outer portion of 
the roots and grow outward into the soil (Figures 6 and 
7). The ectomycorrhizal association is more prevalent 
among forest trees.

In the second type—endomycorrhizal associa-
tion—the MF penetrate the cell wall and grow into the 
plant cells. Endomycorrhizal fungi develop tiny, highly 
branching structures inside plant cells, called arbuscules, 
that are used to exchange nutrients and carbohydrates 
between the plant and the fungi (Figure 6). Endomycor-

rhizal fungi are often called arbuscular mycorrhizal 
fungi (AMF). The AMF is of greater importance in 
farming because most native plants, field crops, and 
vegetable crops can form a symbiotic relationship 
with the AMF. 

In both types of association, after the MF associ-
ate with the plant roots, they keep growing outward, 
potentially extending the zone from which nutrients 
and water can be extracted and directed back to plant 
roots. At the same time, the MF receive simple carbo-
hydrates from the plant to enable the fungi to continue 
to grow. This relationship is called a symbiotic asso-
ciation. The MF are also called “root extenders,” and 
due to this root-extending function, the MF association 
increases the efficiency of plant mineral uptake from 
the soil and helps plants to be more drought-resilient. 
Some studies have also shown that the AMF can solu-
bilize nutrient elements like phosphorus and sulfur and 
make them available for crops. It has also been shown 
that the AMF can help alleviate other stresses on 
plants, such as extreme temperature, pH, toxic metals, 
soil pathogens, and soil salinity (Wu, 2017).

Another key advantage of the AMF is their ability 
to enhance stable soil structure. They do this directly 
with their hyphae (vegetative growth structures), 
forming a physical network around the soil particles, 
and indirectly by exuding an iron-containing protein 
called glomalin (Yang et al., 2017). Glomalin is a very 
sticky substance that acts as a “biological glue” for 
the soil crumbs. Although many plants can form AMF 
associations, their occurrence may be limited in crop-
lands because of frequent soil tillage, and it has been 
shown that the AMF association is more abundant 
in untilled soils compared to frequently tilled soils 
(Kabir, 2005).

Another way that plants obtain nutrients from the 
soil is through a process called the rhizophagy cycle. 
In the rhizophagy cycle, non-pathogenic soil microbes 
called endophytes are attracted to plant roots through 
the exudates secreted by plants into the soil. Some of 
the endophytes eventually enter the roots and start to 
live in the plant tissues. Through certain substances 
in the plant roots called “superoxides,” the cell walls 
of the microbes are dissolved, and nutrients con-
tained within the microbes are released into the plants 
(White et al., 2018). After the extraction of nutrients 
from the microbes, they move back into the soil via 
the root tips, where they acquire more nutrients before 
re-entering the plant roots. In this way, these microbes 
alternate between living inside the plants and living 

Figure 6. Ectomycorrhizal fungi (left, blue) and endo-
mycorrhizal (arbuscular) fungi (right, purple) interac-
tions with a plant root (adapted from Bonfante and 
Genre, 2010). The ectomycorrhiza grow around—but 
not into—the plant cell walls, while the endomycorrhiza 
grow into plant cells and form arbuscules.
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freely in the soil. The rhizophagy cycle is highly ben-
eficial to plants for the acquisition of plant micronutri-
ents (Vishwakarma et al., 2021).

MEASURING SOIL BIOLOGICAL 
PROCESSES
Precise measurements of biological processes often 
require advanced laboratory and field methods. Some 
of the processes can be measured on disturbed soil 
samples, while others must be performed on undis-
turbed soils (in situ) in the field. 

Some simple field-based methods can be used to 
indirectly assess some of these biological processes, 
such as the tea bag method for estimating the decom-
position rate (Keuskamp et al., 2013) and the Solvita 
field soil test for estimating soil respiration (Doran et 
al., 1997). These measurements are indicators of total 
microbial activity in the soil. There are other methods 
developed by different authors for estimating these 
biological processes. Whichever method is used, it is 
important to read the instructions carefully to get reli-
able results. Several laboratories also offer soil bio-
logical measurements, especially for tests that can be 
performed on disturbed soil samples. Before submit-
ting samples to a laboratory for analysis, it is a good 

idea to study the sampling 
protocol required for that 
measurement.

CONCLUSION
Soil microorganisms are 
essential for improving 
soil health and ensuring its 
sustainability. They do this 
by affecting nutrient trans-
formation and availability 
in the soil through a vari-
ety of processes. They also 
play a crucial role in the 
transformation of organic 
materials that are added 
to the soil. To be able to 
manage the soil sustain-
ably, it is necessary to 
understand the roles that 
microbes perform in the 
soil and the numerous ac-
tivities that they carry out. 
Soils of arid and semiarid 
regions are particularly 

challenging to manage, and a major issue is lower bio-
logical activities in such soils due to low organic matter 
contents. Adding organic material to the soil, such as 
plant residues, composts, or manure, will help stimulate 
soil biological activities, which will eventually lead to 
improved soil health.
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