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Chapter 1:   THE SOIL FOOD WEB 

By Elaine R. Ingham 

SOIL BIOLOGY AND THE LANDSCAPE 

An incredible diversity of organisms make up the soil food web. They range in size from the tiniest one-

celled bacteria, algae, fungi, and protozoa, to the more complex nematodes and micro-arthropods, to the 

visible earthworms, insects, small vertebrates, and plants.As these organisms eat, grow, and move through 

the soil, they make it possible to have clean water, clean air, healthy plants, and moderated water flow. 

There are many ways that the soil food web is an integral part of landscape processes. Soil organisms 

decompose organic compounds, including manure, plant residue, and pesticides, preventing them from 

entering water and becoming pollutants. They sequester nitrogen and other nutrients that might otherwise 

enter groundwater, and they fix nitrogen from the atmosphere, making it available to plants. Many 

organisms enhance soil aggregation and porosity, thus increasing infiltration and reducing runoff. Soil 

organisms prey on crop pests and are food for above-ground animals.  

The soil environment.  Organisms live in the microscale environments within 

and between soil particles. Differences over short distances in pH, moisture, pore 

size, and the types of food available create a broad range of habitats.  

Credit: S. Rose and E.T. Elliott 

  

  

THE FOOD WEB: ORGANISMS AND THEIR INTERACTION 

The soil food web is the community of organisms living all or part of their lives in 

the soil. A food web diagram shows a series of conversions (represented by 

arrows) of energy and nutrients as one organism eats another (see food web 

diagram). 

All food webs are fueled by the primary producers:  the plants, lichens, moss, 

photosynthetic bacteria, and algae that use the sun’s energy to fix carbon dioxide from the atmosphere. 



Most other soil organisms get energy and carbon by consuming the organic compounds found in plants, 

other organisms, and waste by-products. A few bacteria, called chemoautotrophs, get energy from nitrogen, 

sulfur, or iron compounds rather than carbon compounds or the sun. 

As organisms decompose complex materials, or consume other organisms, nutrients are 

converted from one form to another, and are made available to plants and to other soil 

organisms. All plants – grass, trees, shrubs, agricultural crops – depend on the food 

web for their nutrition.   

WHAT DO SOIL ORGANISMS DO? 

Growing and reproducing are the primary activities of all living 

organisms. As individual plants and soil organisms work to survive, they depend on 

interactions with each other. By-products from growing roots and plant residue feed soil 

organisms. In turn, soil organisms support plant health as they decompose organic matter, 

cycle nutrients, enhance soil structure, and control the populations of soil organisms including crop pests. 

(See table of functions of soil organisms.) 

ORGANIC MATTER FUELS THE FOOD WEB 

Soil organic matter is the storehouse for the energy and nutrients used by plants and other organisms. 

Bacteria, fungi, and other soil dwellers transform and release nutrients from organic matter (see photo).  

Organic matter is many different kinds of compounds – some more useful to organisms than others. In 

general, soil organic matter is made of roughly equal parts humus and active organic matter. Active organic 

matter is the portion available to soil organisms. Bacteria tend to use simpler organic compounds, such as 

root exudates or fresh plant residue. Fungi tend to use more complex compounds, such as fibrous plant 

residues, wood and soil humus. 

Intensive tillage triggers spurts of activity among bacteria and other organisms that consume organic matter 

(convert it to CO2), depleting the active fraction first. Practices that build soil organic matter (reduced tillage 

and regular additions of organic material) will raise the proportion of active organic matter long before 

increases in total organic matter can be measured. As soil organic matter levels rise, soil organisms play a 

role in its conversion to humus—a relatively stable form of carbon sequestered in soils for decades or even 

centuries. 

 

 



FOOD SOURCES FOR SOIL ORGANISMS 

“Soil organic matter” includes all the organic substances in or on the soil. Here are terms used to describe 

different types of organic matter. 

Living organisms:  Bacteria, fungi, nematodes, protozoa, earthworms, arthropods, and living roots. 

Dead plant material; organic material; detritus; surface residue:  All these terms refer to plant, 

animal, or other organic substances that have recently been added to the soil and have only begun to show 

signs of decay. Detritivores are organisms that feed on such material. 

Active fraction organic matter:  Organic compounds that can be used as food by microorganisms. The 

active fraction changes more quickly than total organic matter in response to management changes. 

Labile organic matter:  Organic matter that is easily decomposed. 

Root exudates:  Soluble sugars, amino acids and other compounds secreted by roots. 

Particulate organic matter (POM) or Light fraction (LF) organic matter:  POM and LF have precise 

size and weight definitions. They are thought to represent the active fraction of organic matter which is 

more difficult to define. Because POM or LF is larger and lighter than other types of soil organic matter, they 

can be separated from soil by size (using a sieve) or by weight (using a centrifuge). 

Lignin:  A hard-to-degrade compound that is part of the fibers of older plants. Fungi can use the carbon 

ring structures in lignin as food. 

Recalcitrant organic matter:  Organic matter such as humus or lignin-containing material that few soil 

organisms can decompose. 

Humus or humified organic matter:  Complex organic compounds that remain after many organisms 

have used and transformed the original material. Humus is not readily decomposed because it is either 

physically protected inside of aggregates or chemically too complex to be used by most organisms. Humus is 

important in binding tiny soil aggregates, and improves water and nutrient holding capacity. 

 

 

 



Components of Soil Organic Matter 

 

WHERE DO SOIL ORGANISMS LIVE? 

The organisms of the food web are not uniformly distributed through the soil. 

Each species and group exists where they can find appropriate space, nutrients, 

and moisture. They occur wherever organic matter occurs – mostly in the top few 

inches of soil (see figure), although microbes have been found as deep as 10 

miles (16 km) in oil wells. 

Soil organisms are concentrated: 

Around roots. The rhizosphere is the narrow region of soil directly around roots (see photo). It is teeming 

with bacteria that feed on sloughed-off plant cells and the proteins and sugars released by roots. The 

protozoa and nematodes that graze on bacteria are also concentrated near roots. Thus, much of the nutrient 

cycling and disease suppression needed by plants occurs immediately adjacent to roots. 

Bacteria are abundant around this root tip (the rhizosphere) where they 

decompose the plentiful simple organic substances. Credit: No. 53 from Soil 

Microbiology and Biochemistry Slide Set. 1976 J.P. Martin, et al., eds. SSSA, 

Madison WI. 

  

  

  



In litter. Fungi are common decomposers of plant litter because litter has large amounts of complex, hard-

to-decompose carbon. Fungal hyphae (fine filaments) can “pipe” nitrogen from the underlying soil to the 

litter layer. Bacteria cannot transport nitrogen over distances, giving fungi an advantage in litter 

decomposition, particularly when litter is not mixed into the soil profile. However, bacteria are abundant in 

the green litter of younger plants which is higher in nitrogen and simpler carbon compounds than the litter 

of older plants. Bacteria and fungi are able to access a larger surface area of plant residue after shredder 

organisms such as earthworms, leaf-eating insects, millipedes, and other arthropods break up the litter into 

smaller chunks. 

On humus. Fungi are common here. Much organic matter in the soil has already been decomposed many 

times by bacteria and fungi, and/or passed through the guts of earthworms or arthropods. The resulting 

humic compounds are complex and have little available nitrogen. Only fungi make some of the enzymes 

needed to degrade the complex compounds in humus. 

On the surface of soil aggregates. Biological activity, in particular that of aerobic bacteria and fungi, is 

greater near the surfaces of soil aggregates than within aggregates. Within large aggregates, processes that 

do not require oxygen, such as denitrification, can occur. Many aggregates are actually the fecal pellets of 

earthworms and other invertebrates. 

In spaces between soil aggregates. Those arthropods and nematodes that cannot burrow through soil 

move in the pores between soil aggregates. Organisms that are sensitive to desiccation, such as protozoa 

and many nematodes, live in water-filled pores. (See Figure page 1.) 

WHEN ARE THEY ACTIVE? 

The activity of soil organisms follows seasonal patterns, as well as daily patterns. In 

temperate systems, the greatest activity occurs in late spring when temperature and 

moisture conditions are optimal for growth (see graph). However, certain species are 

most active in the winter, others during dry periods, and still others in flooded 

conditions. 

Not all organisms are active at a particular time. Even during periods of high activity, only a fraction of the 

organisms are busily eating, respiring, and altering their environment. The remaining portion are barely 

active or even dormant. 



Many different organisms are active at different times, and interact with one another, with plants, and with 

the soil. The combined result is a number of beneficial functions including nutrient cycling, moderated water 

flow, and pest control. 

THE IMPORTANCE OF THE SOIL FOOD WEB 

The living component of soil, the food web, is complex and has different compositions in different 

ecosystems. Management of croplands, rangelands, forestlands, and gardens benefits from and affects the 

food web. The next unit of the Soil Biology Primer, “The Food Web & Soil Health,” introduces the relationship 

of soil biology to agricultural productivity, biodiversity, carbon sequestration and to air and water quality. 

The remaining six units of the Soil Biology Primer describe the major groups of soil organisms: bacteria, 

fungi, protozoa, nematodes, arthropods, and earthworms. For more information about the diversity within 

each organism group, see the list of readings at the end of “The Food Web & Soil Health” unit. 

 

Chapter 2:  THE FOOD WEB & SOIL HEALTH 

By Elaine R. Ingham 

HOW DO FOOD WEBS DIFFER? 

 

Each field, forest, or pasture has a unique soil food web with a particular proportion of 

bacteria, fungi, and other groups, and a particular level of complexity within each group of 

organisms. These differences are the result of soil, vegetation, and climate factors, as well 

as land management practices. (See figure of food webs in different ecosystems.) 

 
TYPICAL FOOD WEB STRUCTURES 

The “structure” of a food web is the composition and relative numbers of organisms in 

each group within the soil system. Each type of ecosystem has a characteristic food web 

structure (see table of typical numbers of organisms in soil). Some features of food web 

structures include: 

The ratio of fungi to bacteria is characteristic to the type of system. Grasslands and agricultural soils 

usually have bacterial-dominated food webs – that is, most biomass is in the form of bacteria. Highly 

productive agricultural soils tend to have ratios of fungal to bacterial biomass near 1:1 or somewhat less. 



Forests tend to have fungal-dominated food webs. The ratio of fungal to bacterial biomass may be 5:1 to 

10:1 in a deciduous forest and 100:1 to 1000:1 in a coniferous forest. 

Organisms reflect their food source. For example, protozoa are abundant where bacteria are plentiful. 

Where bacteria dominate over fungi, nematodes that eat bacteria are more numerous than nematodes that 

eat fungi. 

Management practices change food webs. For example, in reduced tillage agricultural systems, the ratio 

of fungi to bacteria increases over time, and earthworms and arthropods become more plentiful. 

HOW IS THE FOOD WEB MEASURED? 

The measurement techniques used to characterize a food web include: 

Counting. Organism groups, such as bacteria, protozoa, arthropods, etc.; or subgroups, such as bacterial-

feeding, fungal-feeding, and predatory nematodes, are counted and through calculations, can be converted 

to biomass. 

Direct counts – counting individual organisms with the naked eye or with a microscope. All organisms 

can be counted, or only the active ones that take up a fluorescent stain (Figure 3). 

Plate counts – counting the number of bacterial or fungal colonies that grow from a soil sample. 

Measuring activity levels. Activity is determined by measuring the amount of by-products, such as CO2, 

generated in the soil, or the disappearance of substances, such as plant residue or methane used by a large 

portion of the community or by specific groups of organisms. 

These measurements reflect the total “work” the community can do. Total biological activity is the sum of 

activities of all organisms, though only a portion are active at a particular time. 

Respiration – measuring CO2 production. This method does not distinguish which organisms (plants, 

pathogens, or other soil organisms) are generating the CO2. 

Nitrification rates – measuring the activity of those species involved in the conversion of ammonium to 

nitrate. 

Decomposition rates – measuring the speed of disappearance of organic residue or standardized cotton 

strips. 



Measuring cellular constituents. The total biomass of all soil organisms or specific characteristics of the 

community can be inferred by measuring components of soil organisms such as the following. 

Biomass carbon, nitrogen, or phosphorus – measure the amount of nutrients in living cells, which can 

then be used to estimate the total biomass of organisms. Chloroform fumigation is a common method 

used to estimate the amount of carbon or nitrogen in all soil organisms. 

Enzymes – measure enzymes in living cells or attached to soil. Assays can be used to estimate potential 

activity or to characterize the biological community. 

Phospholipids and other lipids – provide a “fingerprint” of the community, and quantify the biomass of 

groups such as fungi or actinomycetes. 

DNA and RNA – provide a “fingerprint” of the community, and can detect the presence of specific species 

or groups. 

WHAT IS COMPLEXITY? 

Food web complexity is a factor of both the number of species and the number of different kinds of species 

in the soil. For example, a soil with ten species of bacterial-feeding nematodes is less complex than a soil 

with ten nematode species that includes bacterial-feeders, fungal-feeders, and predatory nematodes. 

Complexity can be determined, in part, from a food web diagram such as Figure 4 

(see diagram), which represents the soil in an old-growth Douglas fir forest. Each box 

of the food web diagram represents a functional group of organisms that perform 

similar roles in the soil system. Transfers of energy are represented by the arrows on 

the diagram and occur when one organism eats another. Complex ecosystems have 

more functional groups and more energy transfers than simple ecosystems. 

The number of functional groups that turn over energy before the energy leaves the soil system is different 

(and characteristic) for each ecosystem (Figure 5). In the Douglas fir system (Figure 4), energy may 

undergo more than twenty transfers from organism to organism, or between functional groups. In contrast, 

a cave or low-residue cultivated system is not likely to include a large variety of higher predators on the 

right-hand side of a soil food web diagram. Energy and nutrients will be cycled through fewer types of 

organisms. 

Land management practices can alter the number of functional groups – or complexity – in the soil. 

Intensively managed systems, such as cropland, have varied numbers of functional groups. Crop selections, 



tillage practices, residue management, pesticide use, and irrigation alter the habitat for soil organisms, and 

thus alter the structure and complexity of the food web. 

BENEFITS OF COMPLEXITY 

Biological complexity of a soil system can affect processes such as nutrient cycling, the formation of soil 

structure, pest cycles, and decomposition rates. Researchers have yet to define how much and what kind of 

food web complexity in managed ecosystems is optimal for these soil processes. 

Nutrient cycling. When organisms consume food, they create more of their own biomass and they release 

wastes. The most important waste for crop growth is ammonium (NH4+). Ammonium and other readily 

utilized nutrients are quickly taken up by other organisms, including plant roots. When a large variety of 

organisms are present, nutrients may cycle more rapidly and frequently among forms that plants can and 

cannot use. 

Nutrient retention. In addition to mineralizing or releasing nitrogen to plants, the soil food web can 

immobilize or retain nitrogen when plants are not rapidly growing. Nitrogen in the form of soil organic 

matter and organism biomass is less mobile and less likely to be lost from the rooting zone than inorganic 

nitrate (NO3
-) and ammonium (NH4

+). 

Improved structure, infiltration, and water-holding capacity. Many soil organisms are involved in the 

formation and stability of soil aggregates. Bacterial activity, organic matter, and the chemical properties of 

clay particles are responsible for creating micro-aggregates from individual soil particles. Earthworms and 

arthropods consume small aggregates of mineral particles and organic matter, and generate larger fecal 

pellets coated with compounds from the gut. These fecal pellets become part of the soil structure. Fungal 

hyphae and root hairs bind together and help stabilize larger aggregates. Improved aggregate stability, 

along with the burrows of earthworms and arthropods, increases porosity, water infiltration, and water-

holding capacity. 

Disease suppression. A complex soil food web contains numerous organisms that can compete with 

disease-causing organisms. These competitors may prevent soil pathogens from establishing on plant 

surfaces, prevent pathogens from getting food, feed on pathogens, or generate metabolites that are toxic to 

or inhibit pathogens. 

Degradation of pollutants. An important role of soil is to purify water. A complex food web includes 

organisms that consume (degrade) a wide range of pollutants under a wide range of environmental 

conditions. 



Biodiversity. Greater food web complexity means greater biodiversity. Biodiversity is measured by the total 

number of species, as well as the relative abundance of these species, and the number of functional groups 

of organisms. 

MANAGEMENT AND SOIL HEALTH 

A healthy soil effectively supports plant growth, protects air and water quality, and ensures human and 

animal health. The physical structure, chemical make-up, and biological components of the soil together 

determine how well a soil performs these services. 

In every healthy system or watershed, the soil food web is critical to major soil functions including: 

1. sustaining biological activity, diversity, and productivity;  

2. regulating the flow of water and dissolved nutrients;  

3. storing and cycling nutrients and other elements; and  

4. filtering, buffering, degrading, immobilizing and detoxifying organic and inorganic materials that are 

potential pollutants.  

The interactions among organisms enhance many of these functions. 

Successful land management requires approaches that protect all resources, including soil, water, air, 

plants, animals and humans. Many management strategies change soil habitats and the food web, and alter 

soil quality, or the capacity of soil to perform its functions. Examples of some practices that change the 

complexity and health of the soil community include: 

• Compared to a field with a 2-year crop rotation, a field with a 4 crops grown in rotation may have a 

greater variety of food sources (i.e., roots and surface residue), and therefore is likely to have more 

types of bacteria, fungi, and other organisms.  

• A cleanly-tilled field with few vegetated edges may have fewer habitats for arthropods than a field 

broken up by grassed waterways, terraces, or fence rows.  

• Although the effect of pesticides on soil organisms varies, high levels of pesticide use will generally 

reduce food web complexity. An extreme example is the repeated use of methyl bromide which has 

been observed to eliminate most soil organisms except a few bacteria species.  

THE FOOD WEB AND CARBON SEQUESTRATION 

Land management practices can be chosen to increase the amount of carbon sequestered as soil organic 

matter and reduce the amount of CO2, a greenhouse gas, released to the atmosphere. 



As the soil food web decomposes organic material, it releases carbon into the atmosphere as CO2 or 

converts it to a variety of forms of soil organic matter. Labile or active fractions of organic matter stay in the 

soil for a few years. Stable forms reside in the soil for decades or hundreds of years. Physically stabilized 

organic matter is protected inside soil aggregates that soil organisms help create. Humified organic matter is 

stable because bacteria and fungi have helped form molecules that are too complex and large for soil 

organisms to decompose. 

LOOKING FORWARD 

The functions of the food web are essential to plant growth and environmental quality. Good resource 

management will integrate food web-enhancing strategies into the regular activities of farms, ranches, 

forests, or in backyard gardens. Needed research will examine food web functions within whole systems, and 

will support technology development. Technology to assess and maintain the functions of soil food webs will 

be developed to assist land managers and researchers as they strive towards soil productivity and 

stewardship. In the coming years, we can expect progress at answering soil biology questions such as the 

following. 

What is a healthy food web?  What measurements or observations can be used to determine whether a 

particular biological community is desirable for the intended land use? What level of complexity is optimal 

for highly productive and sustainable crop, range or forest lands? 

Is it more useful to count species, or types of organisms? The Soil Biology Primer divides food web 

organisms into six groups. Achieving an optimal balance of these groups is one approach to managing the 

food web. Alternatively, identifying the species and complexity present within a group may provide other 

useful information about the health and productive potential of a soil. 

How should the biology of the soil be managed?  In the future, land managers may be able to more 

precisely predict the effect of management decisions such as the timing of tillage, the application of a 

certain kind of compost, or the use of a particular pesticide. They may choose practices with the intent of 

making specific changes to the composition of the soil food web. 

What are the costs and benefits of managing for soil biological functions? The costs to achieve a 

highly diverse, or complex, soil community need to be identified. These can be compared to the benefits of 

biological services provided, such as nutrient cycling, disease suppression, and soil structure enhancement. 

 

 



Chapter 3:   BACTERIA 

By Elaine R. Ingham 

THE LIVING SOIL: BACTERIA 

Bacteria are tiny, one-celled organisms – generally 4/100,000 of an inch wide (1 µm) and somewhat longer 

in length. What bacteria lack in size, they make up in numbers. A teaspoon of productive soil generally 

contains between 100 million and 1 billion bacteria. That is as much mass as two cows per acre. 

Bacteria fall into four functional groups. Most are decomposers that consume simple carbon compounds, 

such as root exudates and fresh plant litter. By this process, bacteria convert energy in soil organic matter 

into forms useful to the rest of the organisms in the soil food web. A number of decomposers can break 

down pesticides and pollutants in soil. Decomposers are especially important in immobilizing, or retaining, 

nutrients in their cells, thus preventing the loss of nutrients, such as nitrogen, from the rooting zone. 

A second group of bacteria are the mutualists that form partnerships with plants. The most well-known of 

these are the nitrogen-fixing bacteria. The third group of bacteria is the pathogens. Bacterial pathogens 

include Xymomonas and Erwinia species, and species of Agrobacterium that cause gall formation in plants. A 

fourth group, called lithotrophs or chemoautotrophs, obtains its energy from compounds of nitrogen, sulfur, 

iron or hydrogen instead of from carbon compounds. Some of these species are important to nitrogen 

cycling and degradation of pollutants.   

WHAT DO BACTERIA DO? 

Bacteria from all four groups perform important services related to water dynamics, nutrient cycling, and 

disease suppression. Some bacteria affect water movement by producing substances that help bind soil 

particles into small aggregates (those with diameters of 1/10,000-1/100 of an inch or 2-200µm). Stable 

aggregates improve water infiltration and the soil’s water-holding ability. In a diverse bacterial community, 

many organisms will compete with disease-causing organisms in roots and on aboveground surfaces of 

plants. 

A FEW IMPORTANT BACTERIA 

Nitrogen-fixing bacteria form symbiotic associations with the roots of legumes like clover and lupine, and 

trees such as alder and locust. Visible nodules are created where bacteria infect a growing root hair (Figure 

4). The plant supplies simple carbon compounds to the bacteria, and the bacteria convert nitrogen (N2) 



from air into a form the plant host can use. When leaves or roots from the host plant decompose, soil 

nitrogen increases in the surrounding area. 

Nitrifying bacteria change ammonium (NH4+) to nitrite (NO2-) then to nitrate (NO3-) – a preferred form 

of nitrogen for grasses and most row crops. Nitrate is leached more easily from the soil, so some farmers 

use nitrification inhibitors to reduce the activity of one type of nitrifying bacteria. Nitrifying bacteria are 

suppressed in forest soils, so that most of the nitrogen remains as ammonium. 

Denitrifying bacteria convert nitrate to nitrogen (N2) or nitrous oxide (N2O) gas. Denitrifiers are 

anaerobic, meaning they are active where oxygen is absent, such as in saturated soils or inside soil 

aggregates. 

Actinomycetes are a large group of bacteria that grow as hyphae like fungi (Figure 3). They are 

responsible for the characteristically “earthy” smell of freshly turned, healthy soil. Actinomycetes decompose 

a wide array of substrates, but are especially important in degrading recalcitrant (hard-to-decompose) 

compounds, such as chitin and cellulose, and are active at high pH levels. Fungi are more important in 

degrading these compounds at low pH. A number of antibiotics are produced by actinomycetes such as 

Streptomyces.  

WHERE ARE BACTERIA? 

Various species of bacteria thrive on different food sources and in different microenvironments. In general, 

bacteria are more competitive when labile (easy-to-metabolize) substrates are present. This includes fresh, 

young plant residue and the compounds found near living roots. Bacteria are especially concentrated in the 

rhizosphere, the narrow region next to and in the root. There is evidence that plants produce certain types 

of root exudates to encourage the growth of protective bacteria. 

Bacteria alter the soil environment to the extent that the soil environment will favor certain plant 

communities over others. Before plants can become established on fresh sediments, the bacterial 

community must establish first, starting with photosynthetic bacteria. These fix atmospheric nitrogen and 

carbon, produce organic matter, and immobilize enough nitrogen and other nutrients to initiate nitrogen 

cycling processes in the young soil. Then, early successional plant species can grow. As the plant community 

is established, different types of organic matter enter the soil and change the type of food available to 

bacteria. In turn, the altered bacterial community changes soil structure and the environment for plants. 



Some researchers think it may be possible to control the plant species in a place by managing the soil 

bacteria community. 

BUG BIOGRAPHY: Bacteria That Promote Plant Growth   

By Ann Kennedy, USDA Agricultural Research Service, Pullman, WA   

Certain strains of the soil bacteria Pseudomonas fluorescens have anti-fungal activity that inhibits some 

plant pathogens. P. fluorescens and other Pseudomonas and Xanthomonas species can increase plant 

growth in several ways. They may produce a compound that inhibits the growth of pathogens or reduces 

invasion of the plant by a pathogen. They may also produce compounds (growth factors) that directly 

increase plant growth.   

These plant growth-enhancing bacteria occur naturally in soils, but not always in high enough numbers to 

have a dramatic effect. In the future, farmers may be able to inoculate seeds with anti-fungal bacteria, such 

as P. fluorescens, to ensure that the bacteria reduce pathogens around the seed and root of the crop. 

 

Chapter 4:  SOIL FUNGI 

By Elaine R. Ingham 

THE LIVING SOIL:  FUNGI 

Fungi are microscopic cells that usually grow as long threads or strands called hyphae, which push their way 

between soil particles, roots, and rocks. Hyphae are usually only several thousandths of an inch (a few 

micrometers) in diameter. A single hyphae can span in length from a few cells to many yards. A few fungi, 

such as yeast, are single cells. 

Hyphae sometimes group into masses called mycelium or thick, cord-like “rhizomorphs” that look like roots. 

Fungal fruiting structures (mushrooms) are made of hyphal strands, spores, and some special structures like 

gills on which spores form. (See figure) A single individual fungus can include many fruiting bodies scattered 

across an area as large as a baseball diamond. 

Fungi perform important services related to water dynamics, nutrient cycling, and disease suppression. 

Along with bacteria, fungi are important as decomposers in the soil food web. They convert hard-to-digest 

organic material into forms that other organisms can use. Fungal hyphae physically bind soil particles 

together, creating stable aggregates that help increase water infiltration and soil water holding capacity. 



Soil fungi can be grouped into three general functional groups based on how they get their energy. 

Decomposers – saprophytic fungi – convert dead organic material into fungal biomass, carbon dioxide 

(CO2), and small molecules, such as organic acids. These fungi generally use complex substrates, such as 

the cellulose and lignin, in wood, and are essential in decomposing the carbon ring structures in some 

pollutants. A few fungi are called “sugar fungi” because they use the same simple substrates as do many 

bacteria. Like bacteria, fungi are important for immobilizing, or retaining, nutrients in the soil. In addition, 

many of the secondary metabolites of fungi are organic acids, so they help increase the accumulation of 

humic-acid rich organic matter that is resistant to degradation and may stay in the soil for hundreds of 

years. 

Mutualists – the mycorrhizal fungi – colonize plant roots. In exchange for carbon from the plant, mycorrhizal 

fungi help solubolize phosphorus and bring soil nutrients (phosphorus, nitrogen, micronutrients, and perhaps 

water) to the plant. One major group of mycorrhizae, the ectomycorrhizae (Figure 3), grow on the surface 

layers of the roots and are commonly associated with trees. The second major group of mycorrhizae are the 

endomycorrhizae that grow within the root cells and are commonly associated with grasses, row crops, 

vegetables, and shrubs. Arbuscular mycorrhizal (AM) fungi (Figure 4) are a type of endomycorrhizal fungi. 

Ericoid mycorrhizal fungi can by either ecto- or endomycorrhizal. 

The third group of fungi, pathogens or parasites, cause reduced production or death when they colonize 

roots and other organisms. Root-pathogenic fungi, such as Verticillium, Pythium, and Rhizoctonia, cause 

major economic losses in agriculture each year. Many fungi help control diseases. For example, nematode-

trapping fungi that parasitize disease-causing nematodes, and fungi that feed on insects may be useful as 

biocontrol agents. 

WHERE ARE FUNGI? 

Saprophytic fungi are commonly active around woody plant residue. Fungal hyphae have advantages over 

bacteria in some soil environments. Under dry conditions, fungi can bridge gaps between pockets of 

moisture and continue to survive and grow, even when soil moisture is too low for most bacteria to be 

active. Fungi are able to use nitrogen up from the soil, allowing them to decompose surface residue which is 

often low in nitrogen. 

Fungi are aerobic organisms. Soil which becomes anaerobic for significant periods generally loses its fungal 

component. Anaerobic conditions often occur in waterlogged soil and in compacted soils. 



Fungi are especially extensive in forested lands. Forests have been observed to increase in productivity as 

fungal biomass increases. 

MYCORRHIZAL FUNGI IN AGRICULTURE 

Mycorrhiza is a symbiotic association between fungi and plant roots and is unlike either fungi or roots alone. 

Most trees and agricultural crops depend on or benefit substantially from mycorrhizae. The exceptions are 

many members of the Cruciferae family (e.g., broccoli, mustard), and the Chenopodiaceae family (e.g. 

lambsquarters, spinach, beets), which do not form mycorrhizal associations. The level of dependency on 

mycorrhizae varies greatly among varieties of some crops, including wheat and corn. 

Land management practices affect the formation of mycorrhizae. The number of mycorrhizal fungi in soil will 

decline in fallowed fields or in those planted to crops that do not form mycorrhizae. Frequent tillage may 

reduce mycorrhizal associations, and broad spectrum fungicides are toxic to mycorrhizal fungi. Very high 

levels of nitrogen or phosphorus fertilizer may reduce inoculation of roots. Some inoculums of mycorrhizal 

fungi are commercially available and can be added to the soil at planting time. 

Chapter 5:  SOIL PROTOZOA 

By Elaine R. Ingham 

THE LIVING SOIL:  PROTOZOA 

Protozoa are single-celled animals that feed primarily on bacteria, but also eat other protozoa, soluble 

organic matter, and sometimes fungi. They are several times larger than bacteria – ranging from 1/5000 to 

1/50 of an inch (5 to 500 µm) in diameter. As they eat bacteria, protozoa release excess nitrogen that can 

then be used by plants and other members of the food web. 

Protozoa are classified into three groups based on their shape:  Ciliates are the largest and move by means 

of hair-like cilia. They eat the other two types of protozoa, as well as bacteria. Amoebae also can be quite 

large and move by means of a temporary foot or “pseudopod.”  Amoebae are further divided into testate 

amoebae (which make a shell-like covering) and naked amoebae (without a covering). Flagellates are the 

smallest of the protozoa and use a few whip-like flagella to move. 



WHAT DO PROTOZOA DO? 

Protozoa play an important role in mineralizing nutrients, making them 

available for use by plants and other soil organisms. Protozoa (and 

nematodes) have a lower concentration of nitrogen in their cells than the 

bacteria they eat. (The ratio of carbon to nitrogen for protozoa is 10:1 or 

much more and 3:1 to 10:1 for bacteria.)  Bacteria eaten by protozoa 

contain too much nitrogen for the amount of carbon protozoa need. They release the excess nitrogen in the 

form of ammonium (NH4+). This usually occurs near the root system of a plant. Bacteria and other 

organisms rapidly take up most of the ammonium, but some is used by the plant. (See figure for 

explanation of mineralization and immobilzation.) 

Another role that protozoa play is in regulating bacteria populations. When they graze on bacteria, protozoa 

stimulate growth of the bacterial population (and, in turn, decomposition rates and soil aggregation.)  

Exactly why this happens is under some debate, but grazing can be thought of like pruning a tree – a small 

amount enhances growth, too much reduces growth or will modify the mix of species in the bacterial 

community. 

Protozoa are also an important food source for other soil organisms and help to suppress disease by 

competing with or feeding on pathogens. 

WHERE ARE PROTOZOA? 

Protozoa need bacteria to eat and water in which to move, so moisture plays a big role in determining which 

types of protozoa will be present and active. Like bacteria, protozoa are particularly active in the rhizosphere 

next to roots. 

Typical numbers of protozoa in soil vary widely – from a thousand per teaspoon in low fertility soils to a 

million per teaspoon in some highly fertile soils. Fungal-dominated soils (e.g. forests) tend to have more 

testate amoebae and ciliates than other types. In bacterial-dominated soils, flagellates and naked amoebae 

predominate. In general, high clay-content soils contain a higher number of smaller protozoa (flagellates 

and naked amoebae), while coarser textured soils contain more large flagellates, amoebae of both varieties, 

and ciliates. 

 

 



 

NEMATODES AND PROTOZOA 

Protozoa and bacterial-feeding nematodes compete for their common food resource: bacteria. Some soils 

have high numbers of either nematodes or protozoa, but not both. The significance of this difference to 

plants is not known. Both groups consume bacteria and release NH4+.   

BUG BIOGRAPHY:  Soil Dwelling Vampires  

Most protozoa eat bacteria, but one group of amoebae, the vampyrellids, eat 

fungi. The perfectly round holes drilled through the fungal cell wall, much like the 

purported puncture marks on the neck of a vampire’s victim, are evidence of the 

presence of vampyrellid amoebae. The amoebae attach to the surface of fungal 

hyphae and generate enzymes that eat through the fungal cell wall. The amoeba 

then sucks dry or engulfs the cytoplasm inside the fungal cell before moving on to 

its next victim.   

Vampyrellids attack many fungi including root pathogens, such as Gaeumannomyces graminis, shown in the 

photo. This fungus attacks wheat roots and causes take-all disease. 

Chapter 6:  NEMATODES 

By Elaine R. Ingham 

THE LIVING SOIL:  NEMATODES 

Nematodes are non-segmented worms typically 1/500 of an inch (50 µm) in diameter and 1/20 of an inch (1 

mm) in length. Those few species responsible for plant diseases have received a lot of attention, but far less 

is known about the majority of the nematode community that plays beneficial roles in soil. 

An incredible variety of nematodes function at several trophic levels of the soil food web. Some feed on the 

plants and algae (first trophic level); others are grazers that feed on bacteria and fungi (second trophic 

level); and some feed on other nematodes (higher trophic levels). 

Free-living nematodes can be divided into four broad groups based on their diet. Bacterial-feeders consume 

bacteria. Fungal-feeders feed by puncturing the cell wall of fungi and sucking out the internal contents. 

Predatory nematodes eat all types of nematodes and protozoa. They eat smaller organisms whole, or attach 

themselves to the cuticle of larger nematodes, scraping away until the prey’s internal body parts can be 



extracted. Omnivores eat a variety of organisms or may have a different diet at each life stage. Root-feeders 

are plant parasites, and thus are not free-living in the soil. 

WHAT DO NEMATODES DO? 

Nutrient cycling. Like protozoa, nematodes are important in mineralizing, or releasing, nutrients in plant-

available forms. When nematodes eat bacteria or fungi, ammonium (NH4+) is released because bacteria 

and fungi contain much more nitrogen than the nematodes require. 

Grazing. At low nematode densities, feeding by nematodes stimulates the growth rate of prey populations. 

That is, bacterial-feeders stimulate bacterial growth, plant-feeders stimulate plant growth, and so on. At 

higher densities, nematodes will reduce the population of their prey. This may decrease plant productivity, 

may negatively impact mycorrhizal fungi, and can reduce decomposition and immobilization rates by 

bacteria and fungi. Predatory nematodes may regulate populations of bacterial-and fungal-feeding 

nematodes, thus preventing over-grazing by those groups. Nematode grazing may control the balance 

between bacteria and fungi, and the species composition of the microbial community. 

Dispersal of microbes. Nematodes help distribute bacteria and fungi through the soil and along roots by 

carrying live and dormant microbes on their surfaces and in their digestive systems. 

Food source. Nematodes are food for higher level predators, including predatory nematodes, soil 

microarthropods, and soil insects. They are also parasitized by bacteria and fungi. 

Disease suppression and development. Some nematodes cause disease. Others consume disease-

causing organisms, such as root-feeding nematodes, or prevent their access to roots. These may be 

potential biocontrol agents. 

WHERE ARE NEMATODES? 

Nematodes are concentrated near their prey groups. Bacterial-feeders abound near roots where bacteria 

congregate; fungal-feeders are near fungal biomass; root-feeders are concentrated around roots of stressed 

or susceptible plants. Predatory nematodes are more likely to be abundant in soils with high numbers of 

nematodes. 



Because of their size, nematodes tend to be more common in coarser-textured soils. Nematodes move in 

water films in large (>1/500 inch or 50 µm) pore spaces. 

Agricultural soils generally support less than 100 nematodes in each teaspoon (dry gram) of soil. Grasslands 

may contain 50 to 500 nematodes, and forest soils generally hold several hundred per teaspoon. The 

proportion of bacterial-feeding and fungal-feeding nematodes is related to the amount of bacteria and fungi 

in the soil. Commonly, less disturbed soils contain more predatory nematodes, suggesting that predatory 

nematodes are highly sensitive to a wide range of disturbances. 

NEMATODES AND SOIL QUALITY 

Nematodes may be useful indicators of soil quality because of their tremendous diversity and their 

participation in many functions at different levels of the soil food web. Several researchers have proposed 

approaches to assessing the status of soil quality by counting the number of nematodes in different families 

or trophic groups.* In addition to their diversity, nematodes may be useful indicators because their 

populations are relatively stable in response to changes in moisture and temperature (in contrast to 

bacteria), yet nematode populations respond to land management changes in predictable ways. Because 

they are quite small and live in water films, changes in nematode populations reflect changes in soil 

microenvironments. 

*Blair, J. M. et al. 1996. Soil invertebrates as indicators of soil quality. In Methods for Assessing Soil Quality, 

SSSA Special Publication 49, pp. 273-291. 

BUG BIOGRAPHY:  Nematode Trappers 

One group of fungi may be a useful biological control agent against parasitic nematodes. These predatory 

fungi grow through the soil, setting out traps when they detect signs of their prey. Some species use sticky 

traps, others make circular rings of hyphae to constrict their prey. When the trap is set, the fungi put out a 

lure, attracting nematodes that are looking for lunch. The nematode, however, becomes lunch for the 

fungus. 
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