
ORGANISMS AND ECOLOGY OF THE SOIL 



INTRODUCTION 

o Plant and animal residues continually deposited

on earth's surface

o Residues are assimilated by soil organisms, some

seen, others unseen

• In stable system residue levels similar year to year

• Soil analysis shows most incorporated into soil

• Incorporation yields CO2 , H20, humus, essential

plant nutrients



DIVERSITY OF SOIL ORGANISMS 

o Every handful of soil is likely to contain billions
of organisms

• Nearly every phylum of living things represented

• Range in size from macro( auna such as moles and
earthworms to microfauna such as nematodes and
protozoans

• Includes flora such as roots, diatoms, fungi, bacteria
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What are soil biota?
Soil biota, the biologically active powerhouse of soil, include

an incredible diversity of organisms. Tons of soil biota,
including micro-organisms (bacteria, fungi, and algae) and soil
“animals” (protozoa, nematodes, mites, springtails, spiders,
insects, and earthworms), can live in an acre of soil and are
more diverse than the community of plants and animals above
ground. Soil biota are concentrated in plant litter, the upper few
inches of soil, and along roots. Soil organisms interact with one
another, with plant roots, and with their environment, forming
the soil food web.

What do soil biota do?
As soil organisms consume organic matter and each other,

nutrients and energy are exchanged through the food web and
are made available to plants. Each soil organism plays a role in
the decomposition of plant residue, dead roots, and animal
remains. The larger soil organisms, such as millipedes and
earthworms, shred dead leaves and residue, mix them with the
soil, and make organic material more accessible to immobile
bacteria. Earthworms can completely mix the top 6 inches of a
humid grassland soil in 10 to 20 years. Ants and termites mix
and tunnel through soils in areas of arid and semiarid rangeland.

Predators in the soil food web include scorpions, centipedes,
spiders, mites, some ants, insects, and beetles. They control the
population of soil biota. The smaller organisms, including mites,
springtails, nematodes, and one-celled protozoa, graze on
bacteria and fungi. Other organisms feed on dead roots,
shredded residue, and the fecal by-products of the larger
organisms. The smallest soil organisms, microscopic bacteria
and fungi, make up the bulk of the biota in the soil. They finish
the process of decomposition by breaking down the remaining
material and storing its energy and nutrients in their cells. Algae
and fungi are the first organisms to colonize rock and form “new
soil” by releasing substances that disintegrate rock.

Why are soil biota important?
Through their interactions in the soil food web, the activities

of soil biota link soil with the plants and animals above ground.
Soil organisms perform essential functions that allow soil to
resist degradation and provide benefits to all living things.

Residue decomposition.—Without the soil food web, the
remains of dead plants and animals would accumulate on the

earth’s surface, making nutrients unavailable to plants. Soil biota
decompose these organic residues and some forms of organic
matter in the soil. They convert these materials into new forms
of organic matter and release carbon dioxide into the air. Many
of the biota can break down pesticides and pollutants.

Nutrient storage and release.—Most of the annual nutrient
needs of rangeland plants are supplied through decomposition of
organic matter in the soil. As soil organisms consume organic
materials, they retain (immobilize) nutrients in their cells. This
process prevents the loss of nutrients, such as nitrogen, from the
root zone. When fungi and bacteria die or are eaten by other
organisms, nutrients are mineralized, that is, slowly released to
the soil in plant-available forms. Nutrient immobilization and
mineralization occur continuously throughout the year.

Some bacteria and fungi provide nutrients to plants in
exchange for carbon. Special types of bacteria, called nitrogen



fixers, infect the roots of clover and other legumes, forming
visible nodules. The bacteria convert nitrogen from the air in the
soil into a form that the plant host can use. When the leaves and
roots die and decompose, nitrogen levels increase in the
surrounding soil, improving the growth of other plants. Fungi
produce hyphae that frequently look like fine white entangled
threads in the soil. Some fungal hyphae (mycorrhizal fungi)
attach to plant roots and act like an extended root system,
providing nutrients and water to the plant.

Water storage, infiltration, and resistance to erosion.—
Soil biota form water-stable aggregates that store water and are
more resistant to water erosion and wind erosion than individual
soil particles. Threads of fungal hyphae bind soil particles
together. Bacteria and algae excrete material that “glues” soil
into aggregates. As they tunnel through the soil, the larger soil
biota form channels and large pores between aggregates,
increasing the water infiltration rate and reducing the runoff rate.

and fungi become less active or temporarily shut down, protozoa
form dormant cysts, and the number of most other organisms
declines. When the soil is saturated and anaerobic, the number
of denitrifying bacteria increases. Organisms affect each other
through predation and competition for food and space. Small
soil pores can restrict the movement of large soil organisms.

Different types of vegetation produce different types of litter
and plant residue and thus provide different food sources for soil
biota. Changes in the vegetation or the pattern of plant
distribution affect the soil organisms.

Management considerations
Grazing.—Proper management of the plant community is the

best strategy for maintaining the benefits of the soil food web.
Plant production and the supply of organic matter can be
maintained or enhanced by timely grazing, the proper frequency
of grazing, and control of the amount of vegetation removed. If
the plant community is overgrazed, a reduction in the amount of
surface plant material and roots will result in less food for soil
organisms. As biological activity decreases, a downward spiral
of the important functions of soil organisms results in a lower
content of organic matter and impedes nutrient cycling, water
infiltration, and water storage. Heavy grazing also can reduce
the abundance of nitrogen-fixing plants, causing a decrease in
the supply of nitrogen for the entire plant community.

Erosion.—Erosion removes or redistributes the surface layer
of the soil, the layer with the greatest concentration of soil
organisms, organic matter, and plant nutrients. Runoff and wind
erosion redistribute litter from one area of rangeland to a
surrounding area. The loss of organic matter reduces the activity
of soil biota in the areas from which the litter has been removed.

Compaction by grazing animals and vehicles.—Soil
compaction reduces the larger pores and pathways, thus
reducing the amount of habitat for nematodes and the larger soil
organisms. Compaction can also cause the soil to become
anaerobic, increasing losses of nitrogen to the atmosphere.

Fire and pest control.—Fire can kill some soil organisms
and reduce their food source while also increasing the
availability of some nutrients. Pesticides that kill above-ground
insects can also kill beneficial soil insects. Herbicides and foliar
insecticides applied at recommended rates have a smaller impact
on soil organisms. Fungicides and fumigants have a much
greater impact on the soil organisms.

What affects soil biota?
Soil biota multiply rapidly when organic material, roots, and

plant litter, their food source, are available and the soil is moist
and warm. Seasonal patterns of biological activity coincide with
plant growth stages, litter fall, and root die-off. To be active,
bacteria require films of water in soil pores, whereas fungi can
function in drier conditions. When the soil is too dry, bacteria

       For more information, check the following: http://soils.usda.gov/sqi and http://www.ftw.nrcs.usda.gov/glti

(Prepared by the Soil Quality Institute, Grazing Lands Technology Institute, and National Soil Survey Center, Natural Resources Conservation Service,

USDA; the Jornada Experimental Range, Agricultural Research Service, USDA; and Bureau of Land Management, USDI)
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Left: Active ant mound. Right: Old ant mound.



ORGANISMS IN ACTION 

o Soil flora and fauna are intimately related in a

food chain or web

• As one organism eats another nutrients and energy

are passed on

o Primary producers include vascular plants and algae

o Primary consumers eat the primary producers

o Predators eat the primary consumers, etc



DIAGRAM OF SOIL FOOD WEB 
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PRIMARY CONSUMERS 

o Include nematodes and insect larvae

attacking/ eating plant roots

o Also include termites, ants, beetles, mice

etc. that eat above ground plant parts

o Many soil organisms use dead tissues of

plants / animals as principal food source

• Called detritus, organisms called detritivores

• Many detritivores get their nutrition from

microorganisms living in the detritus



PRIMARY CONSUMERS (SPRINGTAIL AND MITES) 
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SECONDARY CONSUMERS 

o Includes micro/Zora (also act as primary
consumers)
• Bacteria, fungi, actinomycetes

• Operate through biochemical activity
o Microflora contained in the digestive tracts of many soil

animals

o Referred to as ultimate decomposers

o Includes carnivores (acting as predators) which
consume other animals
• Centipedes, mites, spiders, nematodes, snails

• Operate through both physical (chewing) and
chemical (digesting) activities



PREDATORY MITE (SECONDARY CONSUMER) PREYING ON 

NEMATODE (PRIMARY CONSUMER) 



TERTIARY CONSUMERS (PREDATORS) 

o Prey on secondary consumers

o Ants and birds consume centipedes, spiders,
mites, earthworms, beetles etc.

• The consumed themselves (secondary consumers) can
prey on primary or other secondary consumers



ORGANISM ABUNDANCE 

o Organism numbers are influenced
primarily by amount of food available

o Also affected by ...

• Physical factors
o Moisture and temperature

• Biotic factors
o Predation (who is eating them) and competition (for

food)

• Chemical factors (in soil environment)
o Acidity, salinity, nutrient availability



MICROORGANISMS 

Micro flora 

o Fungi

o Actinomycetes

o Bacteria

o Algae (small role)

Micro fauna 

o Protozoa

o Nematodes

oMites 

o Collembola (springtails)



MACRO FAUNA 

o Macrofauna: animals visible to human eye

• Arthropods, mammals, reptiles, amphibians, birds,

worms, etc.

• Most act as predators or decomposers

o Predators: consume other soil organisms

o Decomposers: consume dead or decaying tissue

• Main action is to work the soil and move material

around



EARTHWORMS 

o Earthworms: most important of the macrofauna

• Nearly 7000 species worldwide
o Range in length from few cm to 3 meters long

• Physically work and digest the soil (including the
organic matter present in soil)

o Digestive enzymes increase the availability of some

nutrients

o Holes left by their passage increases soil aeration and

drainage



EARTHWORMS 



EARTHWORMS 

o Like to be left alone

• Tillage (soil disturbance) is their biggest enemy, not
herbicide / chemicals
o Disturbance results in their exposure to temperature

extremes

• Pref er moist, well drained soils
o Not partial to sandy or poorly drained soils

• Prefer soils with organic matter available

• Sensitive to temperature fluctuations
o Optimum temperature about 50 degrees F



Soil Quality Indicators

Earthworms
Earthworms are native to non-glaciated areas of North
America, but non-native species from Europe and Asia also
exist here. Earthworms are classified into three groups
based on their habitat. Litter-dwellers live in the litter,
ingest plant residues, and may be absent in plowed, litter-
free soil. Mineral soil-dwellers live in topsoil that is rich in
organic matter. They burrow narrow channels and feed on
a mixture of soil and plant residues. Deep soil-burrowers
(night crawlers) dig long, large burrows into deep soil
layers. They carry with them plant residues for
consumption. Earthworm cast is digested material that is
excreted back into the soil. Cast is enriched with nutrients
(N, P, K, and Ca) and microorganisms during its passage
through the worm’s digestive system. Fresh cast is a site of
intense microbial activity and nutrient cycling. Earthworms
contribute nutrients to the soil and improve porosity, tilth,
and root development. They are measured in number/m2.

Factors Affecting
Inherent - Earthworms are found in various
environments, but seasonal and climactic variations affect
their abundance, distribution, and activity. They are most
active in the spring and autumn. Soil moisture, aeration,
temperature, and texture affect earthworm populations.
Water makes up more than 75% of the earthworm’s body
weight, so moist soils are preferred to prevent dehydration.
Earthworms acclimate quickly by moving to humid sites or
by entering a resting state. In the absence of mulch, very
high or freezing soil temperatures can drastically reduce
earthworm populations in a short time, but the lethal
temperature is variable among species. A generalized range
for earthworm activity is 32 – 86 degrees F. Stable
aggregates contain organic matter and improve porosity,
consequently improving air circulation, drainage and
infiltration, which favor earthworm establishment.

Silty soils with high water holding capacity and organic
matter provide ideal habitat for earthworms compared to
sandy soils, which have lower organic matter content and
water holding capacity, and dry and reach uncomfortable
temperatures quickly. Deep soils are the favorite niche for
earthworms, especially shallow soil-burrowers.

Dynamic - Earthworm abundance and activity trend
with the amount and quality of plant residues, which
provide food and mulch for habitat. Mulch helps maintain
soil moisture and moderates soil microclimate, providing
adequate time for earthworms to migrate and escape high
or freezing temperatures. No-till and other conservation
practices create ideal conditions for earthworms. The
population in no-till fields can reach two to three times that
in conventionally tilled fields (fig. 1). Populations of litter-
dwellers and night crawlers may drop and even vanish in
conventional tillage systems because of the destruction of
burrows and depletion of surface residues. Earthworm
populations are generally high and active in grassland due
to the thick surface cover and continuous supply of food
from residues and animal wastes.

While neutral pH is ideal, earthworms can adjust to pH
5–8 with some species tolerating even more acidic soils.
Oxygen requirements also vary among species with some
tolerating low amounts. Ammonia and ammonia-based
fertilizers are toxic to earthworms due to acidic conditions
created by their use. Herbicides tend to have low toxicity
to earthworms if used at the recommended rate, especially
when applied in bands. However, atrazine, which is widely
used, is reported to be slightly toxic. Carbamate
insecticides (table 1) and fungicides (carbendazim,
benomyl) have severe adverse effects on earthworms.

USDA Natural Resources Conservation Service
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Figure 1. Effect of tillage and crop on earthworm number/m2

CT=conventional till, NT= no-till; W=wheat, C=corn, S=soybean
Adapted from Hubbard, et al. 1999.



Relationship to Soil Function
Despite some reservations, there is evidence that
earthworms contribute to crop production. Earthworms
play a key role in modifying the physical structure of soils
by producing new aggregates and pores, which improves
soil tilth, aeration, infiltration, and drainage. Earthworms
produce binding agents responsible for the formation of
water-stable macro-aggregates. They improve soil porosity
by burrowing and mixing soil. As they feed, earthworms
participate in plant residue decomposition, nutrient cycling,
and redistribution of nutrients in the soil profile. Their
casts, as well as dead or decaying earthworms, are a source
of nutrients. These beneficial effects stimulate root growth
and proliferation deep into the soil to satisfy nutrient and
water requirements. Roots often follow earthworm burrows
and uptake available nutrients associated with casts.
Lumbricus terrestris, or the night crawler, and other non-
native earthworms have displaced many native species
across the United States. In Northern forests, their
populations can reach such high levels that no litter can be
maintained on the forest floor.

Problems with Poor Populations
Low or absent earthworm populations are an indicator of
little or no organic residues in the soil and/or high soil
temperature and low soil moisture that are stressful not
only to earthworms, but also for sustainable crop
production. Earthworms stimulate organic matter
decomposition. Lack of earthworms may reduce nutrient
cycling and availability for plant uptake. Additionally,
natural drainage and aggregate stability can be reduced.
Soil remediation to increase nutrient cycling, break up
compacted layers to improve aeration and drainage, and
stabilize soil to protect it from erosion may be needed.
Some soils are naturally productive without earthworms
because of their inherent properties.

Improving Populations
No-till increases plant residues and improves soil structure,
providing improved habitat for earthworms. Studies
conducted in the Midwest showed that in no-till systems,
the combination of soil moisture, temperature, and quality
of food supply are essential factors for earthworm
population growth. Legumes, alone or in rotation, seem to
be preferred by earthworms because of the quality of food
they provide (fig 1). Deep soil-burrowers are lacking in
plowed fields and changing to no-till may not help their
quick establishment unless they are introduced first.
Seeding earthworms is a potential technique to reintroduce
them, but it is not practical on a large scale. Compared to
other ecosystems, agricultural soils are generally
dominated by species adapted to disturbance, low organic

matter content, and a lack of surface litter, so the
management practices listed below should increase
earthworm populations. Sandy or wet heavy clay soils may
not naturally harbor significant earthworm populations, but
irrigation and drainage can help provide favorable
conditions for earthworms to thrive. (In areas where
restoration of native species is a goal, removal of exotic
species is a must.)

The following practices boost earthworm populations:
• Tillage Management (no-till, strip till, ridge till)
• Crop Rotation (with legumes) and Cover Crops
• Manure & Organic By-product Application
• Pasture & Hayland Management
• Soil Reaction (pH) Management
• Irrigation or Drainage

Measuring Earthworm Abundance
Earthworm populations are measured by counting the
number of earthworms/m2 as described in the Soil Quality
Test Kit Guide, Section I, Chapter 10, p 22-23. See Section
II, Chapter 9, p 73 - 75 for interpretation of results.

References:
Brady CN and RR Weil. 1996. The Nature and Properties
of Soils. Prentice-Hall.

Edwards CA and CI Bohlen. 1996. Biology and Ecology of
Earthworms. Chapman & Hall, NY.

Hubbard VC, et al. 1999. Earthworm response to rotation
and tillage in Missouri claypan soil. Biol Fertil Soils
29:343-7.

Specialized equipment, shortcuts, tips:
Use recommended products to bring deep-burrowing
earthworms out at the soil surface. A count of 100
earthworms/m2 in agricultural fields is considered good.

Time needed: 30 minutes

USDA is an equal opportunity provider and employer. April 2009

Table 1. Insecticides harmful to earthworms

Insecticide
Common Name Trade Name
Aldicarb Temik
Carbaryl Sevin
Carbofuran Furadan
Clorpirifos Dursban
Methomyl Lannate



 

SOIL  QUALITY �  AGRONOMY TECHNICAL NOTE   No. 11 

Agricultural Management Effects on  
Earthworm Populations  

Introduction: Earthworm habits and their effects on soil  

Many people consider earthworms to be an indicator of soil quality because they 
respond to and contribute to healthy soil. For earthworms to be abundant, a field 
must meet several conditions that are also associated with soil quality and 
agricultural sustainability: moderate pH, surface residue for food and protection, 
and soil that is not waterlogged, compacted, droughty, or excessively sandy. Not 
all healthy soils will have earthworms. Worms are not common in sandy soils, in 
drier regions of the southern and western United States, and in local areas where 
earthworms have not yet migrated or been introduced by human activities.  

Earthworm species vary in how they get food, and thus inhabit different parts of 
the soil, and have somewhat different effects on the soil environment. They fall 
into three distinct ecological groups based on feeding and burrowing habits. 
Epigeic (litter dwelling) earthworms live and feed in surface litter. They move 
horizontally through leaf litter or compost with little ingestion of or burrowing 
into the soil. These worms are characteristically small and are not found in low 
organic matter soils. Lumbricus rubellus is an example of epigeic species. 
Endogeic (shallow dwelling) earthworms are active in mineral topsoil layers and 
associated organic matter. They create a three-dimensional maze of burrows while 
consuming large quantities of soil. The genuses Diplocardia and Aporrectodea 
have endogeic life habits. Anecic (deep burrowing) earthworms live in permanent, 
nearly vertical burrows that may extend several feet into the soil. They feed on 
surface residues and pull them into their burrows. Lumbricus terrestris is an 
example of an anecic species (Coleman and Crossley, 1996). Once established, 
earthworms contribute to soil function. They: 

• Shred residues, stimulating microbial decomposition and nutrient release;
• Produce casts rich in N, P, K, and other nutrients;
• Improve soil stability, air porosity and moisture holding capacity by

burrowing and aggregating soil;
• Turn soil over and may reduce the incidence of disease by bringing deeper

soil to the surface and burying organic matter;
• Improve water infiltration by forming channels and promoting soil

aggregation; and
• Improve root growth by creating channels lined with nutrients for plant

roots to follow.
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Both endogeic and anecic species are 
important in contributing to these functions 
in agricultural systems. The shallow 
dwellers improve topsoil porosity and the 
deep burrowing earthworms improve 
infiltration and drainage. 

Earthworms may have undesirable impacts 
if they remove too much surface residue 
and leave the soil surface unprotected, or if 
their burrows open into surface irrigation 
furrows. There is also some concern that 
earthworms may enhance the �preferential 
flow� of herbicides and other pollutants 
down burrows and into groundwater, 
causing water to pass too rapidly through 
the soil matrix. When their total effect is 
considered, however, earthworms are 
unlikely to have a significant negative 
impact on water quality. Where they are 
active, earthworms may bury herbicide-

tainted residue before it has a chance to 
leach down through burrows. Earthworms 
may act as plugs in their own burrows, and, 
in the case of the herbicide atrazine, 
earthworm-feeding activity may actually 
change the chemical to reduce its mobility 
(Farenhorst et al., 2000). In addition, 
earthworm activity improves soil structure 
and therefore reduces runoff of chemicals 
into surface water. Another concern is that 
fresh earthworm casts on the surface are 
unstable and may lead to higher soil 
erosion and nutrients in runoff. Earthworm 
casts stabilize as they age so that the risk of 
erosion is greatly reduced. In summary, 
earthworms affect soil function in multiple 
ways. In specific situations they may have 
undesirable effects, but predominately they 
contribute to improved soil quality and are 
a sign of a healthy, properly functioning 
soil.  

What determines earthworm abundance?  

The number of earthworms in an 
agricultural field is influenced by the 
intensity and number of soil disturbance 
events like tillage and traffic, the 
abundance and quality of food sources, the 
chemical environment of the soil, and the 
soil microclimate. Important factors of the 
soil environment include:  

• Organic matter (food sources) �
Higher inputs of fresh organic matter
are associated with greater earthworm
populations.

• Soil type � Populations are highest in
medium textured soil.

• Depth to a restrictive layer �
Earthworms prefer deeper soil.

• Soil pH � In general, earthworms will
not thrive in a soil with a pH below 5
(Edwards and Lofty, 1977).

• Moisture holding capacity and internal 
drainage � Earthworms need moist but
well-aerated soil.

• Rainfall and temperature � Climate
affects the soil environment and food
sources (plant biomass) for
earthworms.

• Predation and parasitism.

• Earthworm introduction � Even where
environmental factors are favorable,
earthworms may not have migrated and
established populations.

When all other factors are equal, the 
availability of plant litter and organic 
matter is usually the most important in 
determining earthworm abundance, but any 
of the other factors may override the 
influence of organic matter.  
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Many management practices affect 
earthworm populations because they 
change one or more of the environmental 
factors listed above. This technical note 
will examine the effects of six components 

of management: (1) tillage, (2) crop 
rotations and cover crops, (3) fertilizers, (4) 
pesticides, (5) irrigation and drainage, and 
(6) worm seeding (inoculation).

Tillage  

As the number and intensity of tillage 
operations increase, so does the physical 
destruction of burrows, cocoons, and the 
earthworm bodies themselves. Less 
intensive tillage systems that leave residues 
on the surface throughout the year improve 
the environment for earthworms. The 
residues provide food, insulate earthworms 
from weather conditions, provide cover to 
protect them from birds and other surface 
predators, and protect their burrows. 
Decreased tillage disturbances particularly 
benefit night crawlers (L. terrestris), which 
move in the same burrow between deeper 
soil layers and the soil surface in search of 
food. When tillage destroys the burrow, 
some earthworms will not have the energy 
reserve to form a new burrow to their food 
source. Endogeic (shallow dwelling) 
earthworms will tolerate annual tillage 
because they continually form new burrows 
and acquire a greater proportion of their 
food from the soil rather than surface litter. 
No-till and other methods of conservation 
tillage such as chisel plowing and ridge 
tillage can increase populations of both 
types of earthworms (Edwards and Bohlen, 
1996) (Table 1). 

Although a single tillage event will not 
drastically reduce earthworm populations, 
repeated tillage over time will cause a 
decline in earthworm populations.  

Research has found the following: 

• Earthworms were reduced by 70%
compared to previously undisturbed
sod after five years of plowing
(Edwards and Bohlen, 1996).

• After 25 years of conventional tillage
crop production earthworm populations
were only 11-16% of what existed in
the original grass field (Edwards and
Bohlen, 1996).

• Edwards et al. (1995) reported up to 30
times more earthworms in no-till
systems compared to plowed fields.

• In Nigeria, researchers found 2400
earthworm casts/m2 in no-till plots
compared to 100 casts/m2 under
conventional tillage (Edwards and
Lofty, 1977).

• In a Georgia experiment, no-till fields
had an average of 967 earthworms/m2
compared to 149 /m2 in conventionally
tilled fields (Coleman and Crossley,
1996).

Table 1. Earthworm Populations 
(No./yd2) as influenced by amount of 
surface residues at Langdon Research 
and Extension Center, ND (Deibert and 
Utter, 1994). 

40 - 45% 
Residue 

80 � 90% 
Residue 

Earthworms 71 106 
Cocoons 204 514
Total 275 620
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Crop Rotations and Cover Crops  

Tillage affects decomposition and 
availability of surface residue, while choice 
of crop determines the quantity and quality 
of the residue as a food source for 
earthworms. Earthworm populations will 
decrease to very low numbers under an 
exhaustive cropping system of plowing, 
crop residue removal, and no additions of 
manure or other organic inputs. 

There is a strong correlation between 
earthworm numbers and the amount and 
quality of residue returned to the soil. 
(Table 3.) Generally, cereal crops such as 
wheat (especially if straw is returned to the 
soil) encourage earthworms more than 
crops which leave less residue such as 
soybean. Studies in the 1940�s showed the 
following ranking in order of earthworm 
population (all are conventionally tilled 
cropping systems): pasture = small grains 
followed with legume hay grown in the 
summer > small grains with summer fallow 
> drilled soybeans for grain > soybeans for
hay > corn (Hopp and Hopkins, 1946). At
the Rothamsted Experimental Station in
England where crops have been studied
since 1843, the largest earthworm
populations occur under continuous
cereals, were lower under root crops such
as turnip, and were the lowest under fallow
(Edwards and Bohlen, 1996).

Despite its high residue production, 
continuous corn supports fewer 
earthworms than when in rotation with 
soybeans, whether under no-till or 
conventional tillage. Earthworms seem to 
prefer legumes (Table 2). Although 
probably less important, other factors that 
may discourage earthworms in corn could 
be soil application of insecticides to control 

rootworms and anhydrous ammonia 
fertilizer (Kladivko, 1993).  

Crop rotations with pasture or hay greatly 
increase earthworm numbers. There is a 
strong correlation between earthworm 
numbers and years in grass and legumes. 
For example, a crop every third year in 
grass rotations will have greater earthworm 
numbers than a crop every two years or 
annual cropping. Dick Thompson (Boone, 
Iowa) followed a 6-year rotation of corn, 
soybeans, oats, and 3 years of pasture 
(alfalfa, red clover, grasses, and other 
forages). He reduced tillage and used 
livestock manure. Researchers from the 
Agricultural Research Service National 
Soil Tilth Laboratory (Ames, Iowa) found 
more earthworms in Thompson�s fields 
compared to an adjacent neighbor�s 
conventionally tilled field in corn-soybean 
rotation (Ernst, 1995). The larger 
earthworm populations were attributed to 
more food from grass-legume hay crops, 
manure, and reduced tillage. 

Alfalfa and clover in rotations benefit 
earthworm numbers because of the absence 
of tillage and the high protein content in 
their residues. Rotations with alfalfa and 
grass contain more earthworms than 
lespedeza and grass, and orchard grass 
contains more earthworm numbers than 
timothy grass alone (Hopp and Hopkins, 
1946).  

Using cover crops helps to increase 
earthworm populations by increasing their 
food supply (organic residue) and by 
giving them a longer season to eat and 
reproduce. Cover crops insulate worms 
from cold weather in the fall and from 
warm weather in southern climates. The 
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extra food and ground cover provided by 
cover crops are especially important where 
earthworms are removing a high 
percentage of crop residue. University of 

Wisconsin has reported residue cover being 
reduced from 30% to 15% by earthworms 
at planting time in no-till fields (Ernst, 
1995).  

Table 2. Earthworm populations (No./yd2) under different no-till rotations at Brecker 
Farm, Havana, ND (Deibert and Utter, 1994).  

Wheat-Corn Corn-Soybeans Wheat-Soybeans
Earthworms 257 346 443 
Cocoons 27 71 35
Total 284 417 478

Table 3. Earthworm populations affected by crop and tillage (Kladivko, 1993).  

Crop Management Earthworms/m2

Continuous corn Plow 10 
Continuous corn No-till 20 
Continuous soybean Plow 60 
Continuous soybean No-till 140 
Bluegrass-Clover Alleyway 400 
Dairy pasture Manure 340 
Dairy pasture Heavy manure 1300 

Fertilizers 

Nearly all organic fertilizers benefit 
earthworms. The addition of animal 
manure, sewage wastes, and spent malt 
from breweries, paper pulp, or potato 
processing waste all showed a positive 
effect on earthworm numbers (Edwards et 
al., 1995). Additions of organic material 
can double or triple earthworm numbers in 
a single year. The ammonia and salt 
content of some liquid manure can have an 
adverse effect on earthworms, but 
populations usually recover quickly and 
henceforth increase (Edwards and Bohlen, 
1996). 

Normally, the use of inorganic fertilizers 
also has a positive impact on earthworm 
numbers. This is probably an indirect effect 
of the increased crop biomass production 
and consequent increases in organic 
residues (Edwards and Bohlen, 1996; 

Edwards et al., 1995). Hendrix et al. (1992) 
reported that earthworm numbers in 
meadows receiving inorganic fertilizer 
averaged nearly twice the earthworms in 
unfertilized meadows on the Georgia 
piedmont.  

Ammonia and ammonia-based fertilizers 
can adversely affect earthworms. Annual 
use of ammonium sulfate, anhydrous 
ammonia, and sulfur-coated urea has been 
shown to decrease earthworm populations 
(Edwards et al., 1995). Research at Park 
Grass (Rothamsted) since 1856 showed 
that after extremely long exposure to 
several levels of ammonium sulfate (0, 48, 
97, and 145 kg/ha), the populations of 
earthworms were inversely proportional to 
the dose of nitrogen applied (Edwards and 
Lofty, 1977). This is probably due to the 
effect these fertilizers have on lowering 
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soil pH. Direct exposure to anhydrous 
ammonia during application will kill up to 
10% of the population. However, farmers 
report increased numbers in the long run 
due to higher yields and more food for 
earthworms to feed upon (Ernst, 1995). 
Still, some farmers have switched from 
anhydrous ammonia to 28% nitrogen to 
avoid killing earthworms during nitrogen 
application. Others have converted to using 
manures in order to protect and increase 
earthworms (Ernst, 1995).  

Lime seems to benefit earthworm 
populations in otherwise acid soils because 
most species of earthworms favor neutral 
pH levels and require calcium for growth. 
Lime may indirectly benefit earthworms by 
increasing plant growth and therefore plant 
residues. A study in New Zealand showed 
a 50% increase in surface feeding 
earthworm species by adding one ton of 
lime per acre (Edwards et al., 1995).  

Pesticides 

In general, most herbicides are harmless to 
earthworms. The triazine class of 
herbicides has a moderate impact on 
earthworm numbers. Herbicides used prior 
to World War II, including lead arsenate 
and copper sulfate, are moderately toxic to 
earthworms. The main threat of toxicity to 
earthworms is from long-term buildup of 
these compounds in the soil (Edwards and 
Bohlen, 1996). 

The majority of the carbamate class of 
insecticides are toxic to earthworms. The 
toxic effects of carbofuran (Furadan) have 
been studied extensively. Other insecticides 
in the carbamate class that have proved 
highly toxic to earthworms are aldicarb 
(Temik), aminocarb, bufencarb, carbaryl 
(Sevin), methiocarb (Measural), methomyl 
(Lannate), oxamyl (Vydate), promecarb,  

propoxur (Baygon), and thiofanox. 
Generally, insecticides in the 
organophosphate class are less toxic to 
earthworms. However, organophosphate 
insecticides that are extremely or highly 
toxic are phorate (Thimet), chloropyrifos 
(Dursban, Equity, Tenure, etc.), 
ethoprophos (Mocap), ethyl-parathion, and 
isazophos. Aromatic organochlorine 
insecticides (used predominantly in the 
1950�s-1970�s) are generally not very 
toxic. Exceptions are chlordane, endrin, 
heptachlor, and izobenzan. Carbamate 
fungicides (carbendazim and benomyl) 
have shown toxic effects to earthworms. 
Other broad-spectrum fumigants 
(fungicides and nematicides) are very toxic 
to earthworms. (Ernst, 1995; Edwards and 
Bohlen, 1996.) 

Irrigation and Drainage 

Irrigated soil can support high levels of 
earthworm activity where moisture levels 
would otherwise be too dry. Irrigation also 
increases crop production, resulting in 
more food and increased earthworm 
populations. Irrigation waters that carry 

earthworms and their cocoons may act as a 
source of inoculum for certain species 
(Edwards et al., 1995). Draining poorly 
drained soils will potentially provide a 
more favorable environment for earthworm 
activity by aerating the soil. 
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Seeding Worms 

Shallow dwelling earthworms are generally 
present in agricultural fields, so their 
populations dramatically increase within 
one to two years of switching to earthworm 
friendly practices. However, the deep 
dwelling night crawlers take longer to 
increase. Even when favorable conditions 
have been established, night crawlers must 
move into unoccupied areas by slow 
overland migration. Night crawlers are also 
slow to breed. If left to their own devices, it 
may take seven to eight years, or longer, 
for populations to grow (Ernst, 1995).  

Seeding earthworms or their eggs may be 
an option to increase populations in 
favorable environments. Although some 
soils, such as extremely coarse sands or 
heavy clays with a high water table, will 
not support night crawlers due to inherently 
adverse soil properties. If a farmer wants to 
try seeding night crawlers, it is 
recommended to begin with a low cost, 
small-scale trial to be sure they survive at a 

particular site (Kladivko, 1993). Farmers in 
Indiana and Illinois have seeded 10,000 � 
100,000 night crawlers to their farms at a 
cost of four to five cents per worm from 
local bait shops and Canadian sources 
(Ernst, 1995). If seeding is an option, drop 
4-5 under mulch every 30-40 feet,
preferably on a cloudy wet cool day. In one
case, a farmer used an earth auger attached
to a cordless drill and put a handful of
worms per hole every 30 feet (Ernst, 1995).
Even with seeding, however, populations
will still take five years or more to grow
significantly, if they survive at all
(Kladivko, personal communication.)

The Netherlands has reported the addition 
of earthworms on once flooded soils that 
have been drained (polder soils). Natural 
earthworm densities have increased over 26 
years following reclamation. However, 
much higher population densities have 
been found where earthworms were seeded 
(Edwards and Bohlen, 1996). 

Summary 

Earthworms benefit soil quality by 
shredding residues stimulating microbial 
decomposition, improving soil fertility, and 
improving soil physical properties such as 
soil aggregation and infiltration.  Food 
availability is the major factor limiting 
earthworm numbers. Producing food 
through crop residues and cover crops and 
leaving them on the soil surface through 
the use of conservation tillage practices 
provides food to increase earthworm 

numbers. Generally, fertilizers increase 
earthworm numbers by increasing crop 
residues, especially when pH is maintained 
near neutral.  Herbicides are generally 
harmless to earthworms. However, some 
insecticides, nematicides, fungicides are 
very toxic to earthworms. In some 
situations, earthworm inoculation may be 
desirable to introduce certain species to an 
area once earthworm friendly practices are 
in place. 
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SOIL MICROFAUNA 

o Nematodes:

• Found in almost all soils worldwide

• Eat other nematodes, fungi, bacteria, algae, insect
larvae, protozoa

o Grazing (eating) has significant effect on fungal and
bacterial populations

o Stimulates cycling and release of plant available N from
grazing on bacteria

o Some nematodes infect roots, high levels can stunt growth
of plant



HEAD OF A NEMATODE 



SOIL MICROFAUNA 

o Protozoa

• Mobile single-celled creatures

• Most varied and numerous of the soil microfauna

• Larger than bacteria with more complex development

• May contribute to some human and animal diseases

(usually waterborne protozoa responsible)

• Feed on bacteria, affecting their populations



REPRESENTATIVE GROUPS OF SOIL 

MICROORGANISMS 



ROLE OF ROOTS OF HIGHER PLANTS 

o Primary producers of organic matter in soil

o Responsible for the existence of the rhizosphere

o Roots provide soil organisms with nourishment
• Organisms feed on living or dying roots

• Organisms feed on root exudates (root excretions)



RHIZOSPHERE 

o Rhizosphere (zone surrounding roots)

• Usually chemically different from surrounding soil
o Due to significant quantities of organic compounds and

exudates released here

o Excreted acids may solubilize plant nutrients, changing
chemistry

• Presence of mucigel: gel-like material surrounding
roots
o Facilitates root to soil contact

• The rhizosphere is:
o acidic if plants absorb excess cations

o basic if roots absorb excess anions



SOIL MICROFLORA 

o Soil Algae
• Similar to higher plants

o Have eukaryotic cells and chlorophyll so they can carry out
photosynthesis

• Can produce organic matter

• Excrete polysaccharides helping build soil aggregates

• In desert environments algae form microbiotic crusts

o Reduce water evaporation and soil erosion



SOIL MICROFLORA 

o Soil Fungi

• Tens of thousands of species exist
o 2500 species can occur at one location

o Possibly 1 million species still awaiting discovery

• All are heterotrophs
o Depend on dead or living organic material for carbon and

energy

• 3 main groups of fungi
1) Yeasts

2) Molds

3) Mushrooms



SOIL MICROFLORA 

o Soil Fungi (continue¢)

• Yeasts

o Single-celled organisms

o live primarily in waterlogged, anaerobic soils

• Molds and mushrooms

o All are multicellular organisms

o Filamentous fungi

o Form long threadlike filaments called hyphae



SOIL MICROFLORA 

o Soil Fungi (continue¢)

• Molds

o Thrive under wide range of pH conditions
• Can handle acid forest soils

o Extremely efficient decomposers of soil organic matter

• Mushrooms

o Associated with both forest and grass vegetation

o Need moisture and organic matter

o Extremely efficient decomposers of woody tissues

o Some form symbiotic relationships with plant roots
• Relationship referred to as mycorrhizae



SOIL MICROFLORA 

o Soil Fungi - Roles and Activities

• Activities of fungi are related to their role as

decomposers (secondary consumers)

o Aids in humus formation

o Aids in aggregate stabilization

o Efficient nutrient cyclers which promotes soil fertility

o Can synthesize complex organic compounds

• Used by plants or humans (in making antibiotics etc)



NEMATODE BEING CRUSHED BY "KILLER FUNGI" 



SOIL MICROFLORA 

o Soil Fungi - Mycorrhizae

• Mycorrhizae: mutually beneficial (symbiotic)
association between fungi and root

o Fungi cover (and may penetrate) roots and spread into soil

o Fungi receive sugars, organic exudates as food, and in exchange
make nutrients P, Zn, Cu, Ca, Mg, Mn, Fe available to plants

o Increase in nutrient availability due to increased surface area
exposed to soil because of mycorrhizae as compared to normal root

o Many agronomic crops, trees, some pines etc. have mycorrhizal
associations
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SOIL MICROFLORA 

o Soil Bacteria

• Unicellular, non-nuclear microorganisms

o Some are like plants and synthesize chlorophyll (cyanobacteria)

• One of smallest/simplest and most diverse life forms
o Multiply rapidly,

o Exist in colonies

o Billions per kilo of soil, most numerous organism

• Perform wide variety of reactions / transformations
o Most of these are enzymatic in nature (involving enzymes)



SOIL MICROFLORA 

o Soil Bacteria - Functions in Soil 

• Bacterial transformations/ reactions include:

o Mineralization of nutrients from organic matter

o Decompose man-made compounds (gas, oil)

o Responsible for Nitrogen fixation

o Transform nitrite to· nitrate (N02 to N03)

o Transform ammonium to nitrite (NH4 to N02)

• This not necessarily a beneficial reaction



SOIL MICROFLORA 

o Soil Actinomycetes

• Resemble molds in that they are filamentous

•. Unicellular (like bacteria) 

• Develop best in moist, well aerated soil

• Exist in high numbers (only bacteria higher)

• Prefer soils with lots of humus

• Give soil its "dirt" smell

• Decompose organic matter and liberate its nutrients



FACTORS AFFECTING MICROBIAL ACTIVITY 

opH 
• Bacteria thrive at higher pH levels (pH 6-8)

• Fungi thrive at lower pH levels
o Perhaps due to reduced competition from bacteria

. o Temperature 

• Activity usually increases up to temps of 1000 F

• Microbes can adapt to prevailing temperatures



FACTORS AFFECTING MICROBIAL ACTIVITY 

oMoisture 

• Greatest activity occurs around field capacity
o Too wet and their oxygen supply is reduced

o As moisture falls below field capacity organisms
become stressed

o They live in water or are surrounded by water

• Anaerobes: bacteria which can live in very wet
soils
o Use combined oxygen

o Facultative anaerobes can switch modes depending on
soil conditions
o Can use either free or combined oxygen



FACTORS AFFECTING MICROBIAL ACTIVITY 

o Typically, microbial activity:

• Peaks in late spring and then declines

o Winter flushes and recharges the system

• Increases as moist soils with fresh organic matter
. . 

warm up 1n spring

• Decreases as organic matter supply decreases and

colonies accumulate waste products



MICROBIOTIC CRUSTS 

o Mutualistic associations of algae, fungi, moss,

cyanobacteria and bacteria

o Form as irregular dark-colored crusts in areas

between shrubs and grasses

• Found in arid and semi-arid regions

o Are easily destroyed by disturbance



MICROBIOTIC CRUSTS 

o Microbiotic crusts may improve arid

region ecosystem productivity by ...

1. Protecting soil from erosion

2. Helping conserve and cycle nutrients

3. Increasing nitrogen fixation/supply (by

cyanobacteria)

4. Enhancing water supply (increasing

infiltration, reducing evaporation)

5. Increasing organic matter production by

crust photosynthesis



MICROBIOTIC CRUST LANDSCAPE 
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Foreword

Introduction to Microbiotic Crusts provides information on a soil-

associated component of many plant communities that has not

been widely recognized or characterized.  The majority of the

research on these crusts is limited to the Great Basin and Colo-

rado Plateau regions of the United States.  There is validity in

generalizing the basic functions of the crusts to wherever crusts

are found, given that their gross compositions are similar

(cyanobacteria, algae, mosses, lichens, etc.). However, it would

not be valid to estimate the general importance of these functions

in other regions because species composition does differ between

crusts, particularly within the larger components (i.e., lichens,

mosses) (39).  In addition, the plant composition and functions of

associated plant communities where crusts occur differ between

regions.  Understanding the role of microbiotic crusts in total

resource management is an ongoing challenge.

This document was written by Roxanna Johnston, botanist, and

includes the comments of numerous reviewers.

Cover
Top photo  - mature crust in the Colorado Plateau
Bottom photo - Area without crust

Credits:  Jayne Belnap / USGS-Biological Research Division

More information is needed about the functions that crusts perform and the effect

of crust disturbance or elimination on the total plant community and production,

the soil and the environment.

The United States Department of Agriculture (USDA) prohibits discrimination in its programs on the basis of race, color,

national origin, sex, religion, age, disability, political beliefs and marital or familial status.  (Not all prohibited bases apply to

all programs.)  Persons with disabilities who require alternative means for communication of program information (Braille,

large print, audiotape, etc.) should contact USDA’s TARGET Center at 202-720-2600  (Voice and  TDD).

To file a complaint, write the Secretary of Agriculture, U.S. Department of Agriculture, Washington, D.C. 20250 or call

1-800-245-6340 (Voice) or (202) 720-1127 (TDD).  USDA is an equal employment opportunity employer.
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Introduction to
Microbiotic Crusts

Microbiotic crusts are com-

monly found  in semiarid and

arid environments throughout

the world.  Areas in the United

States where crusts are a

prominent feature of the

landscape include the Great

Basin, Colorado Plateau (19),
Sonoran Desert (12), and the

lower Columbia Basin (23).
Crusts are also found in

agricultural areas (21), native

prairies (36), and sandy soils

in Glacier Bay, Alaska (42).
Outside the United States,

crusts have been studied in the

Antarctic (13), Australia (33),
and Israel (28), among other

locations.  In fact, microbiotic

crusts have been found on all

continents and in most habi-

tats, leaving few areas crust

free (39).

Microbiotic crusts are
formed by living
organisms and their
by-products, creating
a surface crust of soil
particles bound
together by organic
materials.

Many names and many forms

Microbiotic crusts are also known as cryptogamic,

cryptobiotic, and microphytic, leading to some

confusion.  The names are all meant to indicate

common features of the organisms that compose

the crusts.  The most inclusive term is probably

‘microbiotic’ (38), referring to the small size of

the organisms and not limiting crust components

to plants.  Whatever name used, there remains

an important distinction between these formations

and physical or chemical crusts.

Microbiotic crusts are formed by living organisms

and their by-products, creating a crust of soil

particles bound together by organic materials.

Chemical and physical crusts are inorganic

features, such as a salt crusts or platy surface

crusts.

Figure 1—Utah
The general appearance of crusts in terms of color, surface topography and surficial
coverage varies in different regions.(Jayne Belnap / USGS-Biological Research Division)
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Characteristics and
formation

Microbiotic crusts are formed

by living organisms and their

by-products, creating a surface

crust of soil particles bound

together by organic materials.

Aboveground crust thickness

can reach up to 10 cm (39).
The general appearance of the

crusts in terms of color, surface

topography, and surficial

coverage varies (figs. 1-4).

Mature crusts of the Great

Basin and Colorado Plateau are

usually darker than the sur-

rounding soil.  This color is

due in part to the density of the

organisms and to the often dark

color of the cyanobacteria,

lichens, and mosses.  The

presence or absence of a crust

is partly determined by soil

texture and conductivity, pH,

moisture, and possibly tem-

perature (15, 21, 22).  Crust

coverage varies greatly, from

less than 10 percent to nearly

100 percent (39).

Figures 2,  3, and 4
The general appearance of crusts in terms
of color, surface topography and surficial
coverage varies in different regions.
Fig. 2 Santa Barbara Island, California;
Fig. 3 southern Arizona;
Fig. 4 Salmon, Idaho)
(Figs 2 and 3:  Jayne Belnap / USGS-
Biological Research Division.
Fig 4:  Julie Kaltenecker/USDI-BLM)
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Some crusts are characterized

by their marked increase in

surface topography, often

referred to as pinnacles or

pedicles (3). Other crusts are

merely rough or smooth and flat

(22).  The process of creating

surface topography, or

pinnacling, is due largely to the

presence of filamentous

cyanobacteria and green algae

(fig. 5).  These organisms swell

when wet, migrating out of

their sheaths.  After each migra-

tion new sheath material is

exuded, thus extending sheath

length.  Repeated swelling

leaves a complex network of

empty sheath material that

maintains soil structure after the

organisms have dehydrated and

decreased in size (7).  A con-

tributing mechanism is frost

heaving and subsequent uneven

erosion, leaving soil mounds

bound by crust organisms.

Lack of frost heaving has been

used to explain the absence of

pinnacles in warmer regions

(39).

Figure 5
Pinnacles are formed by sheaths of cyanobacteria as they extend in length and bind soil
particles together.  Frost-heaving also causes sheath-bound particles to rise.
(Jayne Belnap / USGS-Biological Research Division)



6

Composition

Microbiotic crusts are predomi-

nantly composed of

cyanobacteria (formerly blue-

green algae), green and brown

algae, mosses, and lichens (figs.

6-8).  Liverworts, fungi, and

bacteria can also be important

components.  Cyanobacteria or

green algae make up a large

component of microbiotic

crusts in semiarid and arid

regions of the United States.

Glossary

algae nonvascular photosynthetic plant-

like organisms, they are informally

divided into groups by their

dominant pigments (i.e., green,

brown, red, etc.).

bacteria microscopic, single celled

organisms.

cyanobacteria photosynthetic bacteria formerly

called  blue-green algae, their

growth forms tend to be filamentous.

fungi nonphotosynthetic multicellular

organisms that are either

saprophytic or parasitic.

hyphae single strands of a fungus.

lichen a composite plant consisting of fungi

living symbiotically with algae or

cyanobacteria.

liverworts and mosses – nonvascular

plants of small stature, the two are

similar with the exception of

reproductive methods.

rhizines/rhizoids root-like structures of lichens

and mosses respectively, they

are used for attachment.

sheaths external coating formed by some

filamentous cyanobacteria, those

discussed in the article are formed

from polysaccharides.
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In the Great Basin and the

Colorado Plateau, Microcoleus
vaginatus (a cyanobacteria)

composes the vast majority of

the crust structure (10, 3).
Lichens of the genera Collema
spp. and mosses from the

genera Tortula spp. are also

common (3, 4, 26).  In hot

deserts, such as the Sonoran,

Schizothrix species (another

cyanobacteria) are more com-

mon (12). Lower Columbia

Basin crusts tend to be domi-

nated by green algae (23).
Shifts between green algal and

cyanobacterial dominance have

been attributed to changes in

pH, with decreasing alkalinity

(pH) favoring green algae (23,
27).  Crusts from other regions

can be dominated by lichens

and/or mosses.  The organism

that dominates the crust is

partly determined by microcli-

mate and may also represent

different successional stages

(39).

Figures 6, 7, and 8
Microbiotic crusts may include
cyanobacteria, green and brown algae,
mosses, and lichens.
(Figs 6, 7:  Mike Pellant/USDI-BLM
Fig 8:  Pat Shaver/NRCS)
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Functions

Crusts contribute to a number

of functions in the environment.

Because they are concentrated

in the top 1 to 4 mm of soil,

they primarily effect processes

that occur at the land surface or

soil-air interface.  These include

soil stability and erosion,

atmospheric N-fixation, nutrient

contributions to plants, soil-

plant-water relations, infiltra-

tion, seedling germination, and

plant growth.

Soil stability

Crust forming cyanobacteria

and green algae have filamen-

tous growth forms that bind soil

particles (figs. 9-10).  These

filaments exude sticky polysac-

charide sheaths around their

cells that aid in soil aggregation

by cementing particles together

(13, 7).  Fungi, both free-living

and as a part of lichens, contrib-

ute to soil stability by binding

soil particles with hyphae (1,
19, 36). Lichens and mosses

assist in soil stability by binding

particles with rhizines/rhizoids,

increasing resistance to wind

and water action (2, 36).  The

increased surface topography of

some crusts, along with in-

creased aggregate stability,

further improves resistance to

wind and water erosion (33, 40,
41).

Figure 9
Polysaccharide sheaths of cynobacteria and green algae bind soil particles together.
(Jayne Belnap / USGS-Biological Research Division)

Figure 10
Sheaths are at the soil surface. Soil particles are attached to the sheaths.
(Jayne Belnap / USGS-Biological Research Division)
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Microbiotic crust functions include:
-soil stability and erosion

-atmospheric N-fixation

-nutrient contributions to plants

-soil-plant-water relations

-infiltration

-seedling germination

-plant growth

Nutrient contributions

Microbiotic crusts can increase

available nitrogen as well as

other nutrients in the soil.  This

process is  almost solely based

on the cyanobacterial compo-

nent of the crust, whether free-

living or as part of lichens. It

has been estimated that micro-

biotic crusts fix 2-41 kg N/ha/

yr, though these numbers may

be inflated due to the method of

measurement (39).  Crusts can

be the dominant source of fixed

N in semiarid ecosystems (37,
17), and this nitrogen appears to

be available to higher plants

(32).  Part of the increasing

nutrient availability might be

due to the ability of the

cyanobacterial sheaths to

directly bind positively charged

molecules (8).  Phosphorus

levels are also increased in soils

with well developed crusts.

This increase is accomplished

by the binding of soil fines,

which are relatively high in

phosphorus content (19).

Increased nutrient levels are

most evident near the soil

surface due to the dependence

of the organisms on light.

Maximum input of nitrogen and

other minerals occurs when the

organisms are most active.

Photosynthesis and nitrogen

fixation optimal temperatures

are 75 to 86 degrees F and 51 to

61 degrees F respectively (10,
34, 35).  Photosynthesis in

green algae has been shown to

be particularly sensitive to high

temperatures (24).  Moisture

levels are also important.

Photosynthesis maximizes

when the soil surface is near

saturation, and nitrogen fixation

maximizes when the plant

moisture level is between 60

and 80 percent (19, 10, 15).

Water relations

Crust organisms are quickly

able to utilize moisture from

dews (10) and, in the case of

green algae, water vapor (37).
An investigation of

cyanobacteria and green algae

in Death Valley determined that

certain species of algae could

retain water against an osmotic

pull of 50 atmospheres (-50.7

bars) (16).  This ability to retain

water under high tension might

be beneficial to survival in dry

habitats.  Many crust organisms

are extremely drought tolerant,

but this does not ensure con-

tinuous growth and functioning.

Crust samples from Idaho

(predominantly Microcoleus
vaginatus) were shown to be

particularly sensitive to mois-

ture levels.  Photosynthesis and

growth in cyanobacteria domi-

nated crusts were inhibited at -

18 bars and -7 bars respectively

(10).  Lichens do not appear to

be as sensitive to moisture

levels (19).

The water holding capacity of

crust organisms has been

proposed to benefit surrounding

vegetation by slowing evapora-

tion.  It has also been proposed

that this ability to hold water

may be so strong as to prevent

vegetation from accessing it,

thereby decreasing available

water.  So far, a conclusion has

not been reached on this issue.
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Infiltration

Microbiotic crusts can alter

infiltration.  Some studies have

shown increases in infiltration

in the presence of crusts (11,
30); this is usually attributed to

increased aggregate stability.

Other studies found either

decreases in infiltration or no

effect (18, 40).  Differences in

findings seemed to be site

specific and were often related

to soil texture and chemical

properties of the soil.

Effects on plant germina-
tion and growth

Studies investigating the role of

crusts in plant germination have

had varied results.  Increased

surface relief is presumed to

provide safe sites for seeds

while darker surface color

increases soil temperatures to

those required for germination

earlier in the season, coinciding

with spring water availability

(6, 19).  While the above

conditions should favor seed

germination, not all studies

have supported this conclusion.

Conflicting results might be

reconciled by these consider-

ations:  1) seeds that become

worked into the crust will more

likely be able to benefit from

the crust environment than

those that remain on the sur-

face, and 2) seed size and

degree of crust pinnacling may

determine whether the crust

environment is beneficial to

germination and establishment

(29).

Studies on plant health are more

clear-cut.  Many studies have

shown increases in survival

and/or nutrient content in crust

covered environments as

opposed to bare soil (8, 19, 29),
though these results are not

universal (19). Nutrients shown

to increase in plant tissues

grown in the presence of crusts

are nitrogen, phosphorus,

potassium, iron, calcium,

magnesium, and manganese (5,
8).  Some of the plants ben-

efited by crust presence include

Festuca octoflora (sixweeks

fescue), Mentzelia multiflora
(desert blazing star) (5, 8),
Arabis fecunda (rock-cress)

(29), Kochia prostrata (pros-

trate summercypress),

Linum perenne (blue flax),
Lepidium montanum
(mountain peppergrass), and

Sphaeralcea coccinea (scarlet

globemallow) (20).

Response to
disturbance

Microbiotic crusts are well

adapted to severe growing

conditions, but poorly adapted

to compressional disturbances.

Domestic livestock grazing, and

more recently, tourist activities

(hiking, biking, and ORV’s) and

military activities place a heavy

toll on the integrity of the crusts

(fig. 11).  Disruption of the

crusts brings decreased organ-

ism diversity, soil nutrients, and

organic matter (9).

Direct damage to crusts usually

comes in the form of trampling

by humans and livestock.

Trampling breaks up the

sheaths and filaments holding

the soil together and drastically

reduces the capability of the

soil organisms to function,

particularly in nitrogen fixation

(9, 6, 17).  Changes in plant

composition are often used as

indicators of range health.  This

indicator may not be sensitive

enough to warn of damage to

microbiotic crusts (31).  Studies

looking at trampling distur-

bance have noted that losses of

moss cover, lichen cover, and

cyanobacterial presence can be

severe (1/10, 1/3, and 1/2

respectively) (2), runoff can

increase by half, and the rate of

soil loss can increase six times

(20) without apparent damage

to vegetation.  Adding nitrogen

to the soil can retard natural

nitrogen fixation by soil organ-

isms (19).
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Other disturbance impacts are

indirect.  Several native range-

land shrubs (Artemisia
tridentata, Atriplex
confertifolia, and Ceratoides
lanata) may have allelopathic

effects on the nitrogen fixing

capabilities of crusts, poten-

tially lowering nitrogen fixation

by 80 percent (35).  Actions that

increase the shrub component,

such as excessive grazing, can

have an unexpected impact on

crust functioning.

Another indirect disturbance

occurs through crust burial.

When the integrity of the crust

is broken through trampling or

other means, the soil is more

susceptible to wind and water

erosion.  This soil can be

carried long distances, covering

intact crusts.  Crusts tolerate

shallow burial by extending

sheaths to the surface to begin

photosynthesis again.  Deeper

burial by eroded sediment will

kill crusts (37) (fig. 12).

Fire is a common component of

many regions where microbi-

otic crusts grow.  Investigations

into the effects of fire on crusts

show that fires can cause severe

damage, but that recovery is

possible (25).  The degree to

which crusts are damaged by

fires apparently depends on the

intensity of the fire.  Low

intensity fires do not remove all

the structure of the crust allow-

ing for regrowth without sig-

nificant soil loss (fig. 13).

Shrub presence (particularly

sagebrush) increases the inten-

sity of the fire, decreasing the

likelihood of early vegetative or

crust recovery (23).

Full recovery of microbiotic

crusts from disturbances is a

slow process, particularly for

mosses and lichens (4).  There

are means to facilitate recovery.

Allowing the cyanobacterial

and green algae component to

recover will give the appear-

ance of a healthy crust.  This

visual recovery can be complete

(with the exception of lichens

and mosses) in as little as 1 to 5

years given average climate

conditions (14, 4).  Limiting the

size of the disturbed area also

increases the rate of recovery

provided that there is a nearby

source of inoculum (4).

Figure 11
Crust disturbance along a trail breaks up the sheaths and filaments that bind the soil
together. (Jayne Belnap / USGS-Biological Research Division)
Figure 12
Burial by wind blowing sand will kill crusts. (Jayne Belnap / USGS-Biological Research
Division)
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Future research

Information on microbiotic

crusts is based on a small

amount of research—most of

which is from arid or semiarid

regions.  More studies are

needed, especially those that

expand into other ecological

regions.  Most pressing is the

need to learn more about the

functions of the crusts, such as

soil stability, nutrient contribu-

tions, soil-plant-water relations,

infiltration, seedling germina-

tion and plant growth.  Informa-

tion on the relative importance

of these functions in different

ecosystems is also needed.  This

understanding is necessary to

determine the management

strategies needed to protect or

favor the development and

functions of the crusts.  Addi-

tional areas of research are 1)

learning how crust composition

and functions vary with climate,

soil texture, soil chemical

composition, and plant commu-

nity, 2) how function correlates

to differences in the composi-

tion and appearance of crusts,

and 3) the effect of manage-

ment practices on crusts.

The land where crusts occur is

used for a wide range of pur-

poses—from grazing and

recreation to military uses, and

in some places, crops.  Ulti-

mately, land managers want to

know how the functions of

crusts change under different

practices.  Where the functions

of crusts are impaired or elimi-

nated because of land use

practices, and are essential to

the health of the ecosystem,

land managers need guidelines

to adapt their practices to

protect or restore the functions

of crusts.

Figure 13
Microbiotic crust in a 1983 seeding (crested wheatgrass, Siberian wheatgrass and
bluebunch wheatgrass) following a 1996 fire.  The crust remained intact between the
burned bunchgrass clumps.  (Julie Kaltenecker/USDI-BLM)

Where the functions of

crusts are impaired or

eliminated because of

land use practices, and

are essential to the

health of the ecosystem,

land managers need

guidelines to adapt their

practices to protect or

restore the functions of

crusts.
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Soil quality is the

capacity of the soil to

function.  The sym-

bol for soil quality

represents all natural

resources, their

dependence on soil,

and human depen-

dence on the health

of these resources.
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What are soil crusts?
A physical crust is a thin layer with reduced porosity and

increased density at the surface of the soil. A biological crust is
a living community of lichen, cyanobacteria, algae, and moss
growing on the soil surface and binding it together. A chemical
crust or precipitate is white or pale colored and forms in soils
with a high content of salts. Both chemical and biological crusts
can form on and extend into a physical crust. This information
sheet deals only with physical and biological crusts.

Why are soil crusts important?
Physical crusts generally indicate that the amount of organic

matter in the soil has decreased and/or erosion has occurred.
They have low aggregate stability, disperse readily when wet,
and are easily reformed by raindrop impact or flowing water.
They seal the soil surface, reduce the rate of water infiltration,
and can increase runoff. Physical crusts generally have a very
low content of organic matter and support little soil biological
activity. The dense nature of the crusts can impede seedling
emergence. Water that ponds in flat, crusted areas is likely to
evaporate, reducing the amount of water available to plants.
Physical crusts generally help to control wind erosion, but they
do not protect the soil from water erosion.

Biological crusts stabilize the soil surface, protecting it from
erosion. Depending on soil characteristics, biological crusts may
increase or reduce the rate of water infiltration. By increasing
surface roughness, they reduce runoff, thus increasing
infiltration and the amount of water stored for plant use. Some
organisms in biological crusts can increase the amount of
nitrogen and other nutrients in the soil. In semiarid ecosystems
biological crusts can provide a significant amount of nitrogen
for plant growth. The germination of plants may be enhanced or
inhibited, depending on the nature of the biological crust and the
plant species. In general, the relative importance of biological
crusts increases as annual precipitation and the potential plant
cover decrease.

What determines crust formation?
Physical crusts form when organic matter is depleted from

the surface layer, soil aggregates become weak, and raindrops

disperse the soil into individual particles that clog soil pores,
seal the surface, and form a layer that is dense when dry. A
physical crust consisting of numerous thin bands can form when
sediment from erosion is carried downslope and buries the soil
surface. Physical crusts are more common on silty, clayey, and
loamy soils and are relatively thin or weakly expressed, if
present at all, on sandy soils. Soils with a high content of
sodium disperse readily in water and are more susceptible to
crust formation than other soils.

To examine a crust, lift the soil surface with a knife tip and
look for cohesive layers or thin bands parallel to the soil surface.
These layers have no apparent binding by visible strands of
organic material, such as cyanobacteria. Fragments of physical
crusts disperse or “melt” when placed in water. A vesicular crust
is a type of physical crust with many small, unconnected air
pockets or spaces similar to those in a sponge.

A biological crust occupies a large amount of the surface of
calcareous and gypsiferous soils. Soil texture, moisture,
temperature, season of precipitation, and history of disturbance
largely determine the dominant organisms in the crust. For
example, moss tends to be dominant in the Columbia Basin,
whereas cyanobacteria and lichen are dominant in the Mojave,
Sonoran, and Chihuahuan Deserts.

A physical crust.

A biological crust, primarily moss and
cyanobacteria.
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What affects crusts?
Organic matter and plants.—Organic matter in the soil

inhibits physical crust formation by promoting the development
of stable aggregates that resist rupture, dispersion, and water
erosion. Plant cover, litter, and biological crusts inhibit the
development of physical crusts by intercepting raindrops before
they strike bare soil. Litter cushions biological crusts from
trampling. Litter and plant cover moderate temperature and
moisture extremes on the soil surface and thus aid in the
development and diversity of biological crusts.

Soil features and erosion.—Soil features, such as fine
texture, compaction, loss of organic matter, and soil structure,
and an increase in the amount of bare ground decrease the rate
of water infiltration and increase runoff. Increased runoff can
erode the soil surface, removing biological crusts and leaving
behind a layer that has a lower content of organic matter and is
more susceptible to dispersion and physical crust formation.
Burial by wind erosion and water erosion or a large amount of
litter can damage biological crusts and kill some organisms.
Burial of an unbroken physical crust does not overcome its
water-restrictive features.

Fire.—Hot, frequent fires can damage some biological
crusts. Increased runoff and erosion following hot catastrophic
fires can promote the development of physical crusts and the
loss of biological crusts.

Disturbances.—Both physical and biological crusts can be
affected by physical disturbances caused by wheeled or tracked
vehicles, livestock hooves, and hiking and cycling. The impact
is determined by the severity, frequency, and timing of the
disturbance and by the size of the disturbed area. Physical crusts
tend to reform during the first rainstorm after a disturbance.

Management strategies
The development of objectives relative to soil crusts is an

important part of rangeland management. Biological crusts
protect the soil from water erosion and wind erosion. Physical
crusts can protect soils from wind erosion as effectively as

biological crusts, except on very coarse textured soils. In the
more humid areas, it generally is desirable to break up physical
crusts and thus improve seedling emergence and plant
establishment; however, desirable biological crusts can be
destroyed when the physical crusts are broken. Adequate
organic matter, seeds of desirable species, and a period of rest
are needed for successful establishment of plants after crusts are
broken.

Recovery of biological crusts may take decades to hundreds
of years. Therefore, preventing degradation by minimizing
disturbance is important. Biological crusts that are in areas of
low rainfall, are on coarse textured soils with low stability, and
are in areas with a large amount of bare ground are most
susceptible to frequent disturbances and have the longest
recovery times. Biological crusts of all types are least
susceptible to disturbance when the soil is frozen or is covered
with snow. Biological crusts on sandy soils are less susceptible
to disturbance when the soils are wet or moist, and the ones on
clayey soils are less susceptible when the soils are dry.
Trampling or grazing when the soil surface is very wet or
ponded should be avoided because it can displace and bury the
biological crust.

The following management strategies apply to land used for
grazing, wildlife habitat, or recreation:

• Maintain the optimum amount of live vegetation, litter,
and biological crust relative to the site potential in order to
maintain the content of organic matter and soil structure
and control erosion.

• In humid areas improve soil structure and plant
establishment by incorporating organic matter into the soil
while breaking up a physical crust.

• Defer grazing and recreational use during periods when
biological crusts are most susceptible to physical
disturbances.

• Use prescribed burning according to the needs of each site
to prevent fuel buildup that can produce hot fires followed
by severe erosion.

• Control the establishment and spread of invasive annual
plants that can carry fire.
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Soil respiration is a measure of the carbon dioxide (CO2) released from soil. It is 
released as a result of decomposition of soil organic matter (SOM) and plant litter by 
soil microbes and through plant roots and soil fauna. It is an important indicator of soil 
health because it measures the level of microbial activity and the content and 
decomposition of SOM. It also reflects the condition of the physical and chemical 
environment of a soil. In the short term, a high rate of soil respiration is not necessarily 
desirable; it may indicate an unstable soil system and loss of SOM from excessive 
tillage or other factors. Soil respiration can be measured by simple methods or more 
sophisticated laboratory methods. It is an indication of the conversion of nutrients in 
organic matter to forms available for plant use (e.g., phosphate as PO4, nitrate nitrogen 
as NO3, and sulfate as SO4). 

SOIL : An Essential Link in
the Cycle of Life

PLANTS

Food + Oxygen

SOIL

Water + Carbon
Dioxide

SUN

Figure 1.—Microbial activity and respiration and 
mineralization of organic matter in soil 
completes the lifecycle of earth-released 
water, oxidized minerals (NO3 and PO4, etc.), 
and CO2 needed by photosynthetic green 
plants to use the sun’s energy to produce 
food (carbohydrates, etc.) and oxygen (J.W. 
Doran, M. Sarrantonio, and M.A. Liebig. 
1996. Soil Health and Sustainability. In 
Advances in Agronomy. Volume 56:1-54. 
Academic Press). 

Inherent Factors Affecting Soil Respiration
Inherent factors such as climate and soil 
texture impact soil respiration. Soils that have 
lower porosity also have a lower respiration 
rate. Soil respiration rates are also dependent 
on dynamic soil factors, including SOM 
content, temperature, moisture, salinity, pH, 

and aeration. Biological activity of soil 
organisms varies daily and seasonally. 
Microbial respiration more than doubles for 
every 10 °C (18 °F) that soil temperatures rise, 
to a maximum of 35 to 40 °C (95 to 104 °F). 
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Soil temperatures higher than these limit plant 
growth, microbial activity, and respiration. 
Soil respiration generally increases as soil 
moisture increases; however, oxygen is limited 
when the soil pores are filled with water, 
interfering with the ability of soil organisms to 
respire (fig. 2). Ideal soil moisture content is 
near field capacity, or when approximately  
60 percent of the pore space is filled with 
water. Respiration is limited in dry soils 
because of the lack of moisture for microbial 
activity and other biological activity. 
When water fills more than 80 percent of the 
pore space, soil respiration reduces to a 
minimum level and most aerobic  
micro-organisms begin to use nitrate (NO3) 
instead of oxygen, resulting in loss of nitrogen 
as gases (N2 and nitrogen oxides), emission of 
potent greenhouse gases, reduction in yields, 
and an increased need for nitrogen (N) 
fertilizer, which increases cost. 
Medium textured soils (silty and loamy soils) 
commonly have a favorable soil respiration rate 
because they have higher porosity, good 
aeration, and high available water capacity.

In clayey soils, much of the SOM is protected 
from decomposition by clay particles and other 
aggregates that limit soil respiration and 
associated mineralization (ammonification) of 
organic N. Sandy soils typically have a low 
content of SOM and low available water 
capacity, which limit soil respiration and 
mineralization of N. 

Figure 2.—Relative aerobic microbial activity 
(respiration, ammonification, and nitrification) 
and anaerobic microbial activity 
(denitrification) as related to water-filled pore 
space in soil (Linn and Doran, 1984; Parkin 
and others, 1996). 

Soil Respiration Management 
Management practices can increase or 
decrease the content of SOM and the potential 
for compaction. Soil biological activity 
increases with increased SOM and porosity. 
Increase respiration by leaving crop residue on 
the soil surface, using no-till cropping systems, 
growing cover crops and high-residue crops, 
and using other practices that add organic 
matter to the soil. Crop residue that has a low 
carbon-to-nitrogen (C:N) ratio (e.g., soybean 
residue) decomposes faster than residue that 
has a high C:N ratio (e.g., wheat straw). Using 
tillage methods that remove, bury, or burn crop 
residue or applying a high amount of N fertilizer 
stimulates microbial activity and can diminish 
SOM. Soil compaction can be managed by 
reducing soil disturbance and limiting 
equipment use. 

Irrigating dry soils and draining wet soils can 
significantly increase soil respiration. Soil 
respiration tends to be higher in the rows than 
between the rows because of the presence of 
plant roots. Compacted areas, such as wheel 
tracks, tend to have lower respiration because 
of limited aeration and drainage and higher soil 
water content. Manage soils to minimize 
compaction and maintain high porosity. 
Managing soil pH and EC (salinity) is important 
for crop growth and the availability and 
distribution of nutrients, and it impacts soil 
organisms that decompose SOM and provide 
for other processes that contribute to soil 
respiration. Fertilizers may stimulate respiration 
and root growth and nourish microbes; 
however, some fertilizers can be harmful to 
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microbes if applied in high concentrations. In 
addition, sludge or other organic material that 
has a high concentration of heavy metals, 
certain pesticides or fungicides, or salts may 
be toxic to microbes. 
To improve SOM content and limit 
compaction: 
 Minimize soil disturbance and use of farm

equipment when soils are wet.
 Use equipment only on designated roads or

between rows.
 Limit the number of times equipment is used

in a field.
 Subsoil to break up compacted layers before

starting a continuous no-till system.
 Maintain living roots as long as practical by

growing cover crops after harvesting.

 Apply solid manure or compost at a proper
agronomic rate.
 Use diverse crop rotations that include

high-residue crops and perennial legumes or
grasses.
 Maintain a cover on the soil and leave

undisturbed residue on the soil surface rather
than incorporating, burning, or removing it.

Soil biota respond favorably to management 
practices such as using plant residue, 
maintaining living roots, applying manure, 
tilling, and applying nitrogen (table 1). Certain 
management practices can induce a temporary 
increase in soil respiration and can have a 
negative impact on SOM content. 

Table 1.—Interpreting management impacts on soil respiration and soil organic matter (SOM) 

Management 
practice 

Application Short-term impacts Long-term impacts 

Application of 
solid manure or 
organic 
material  

Apply at proper 
agronomic rate. Provides 
carbon and nitrogen to 
microbes, increasing their 
activity.  

Increased respiration when 
manure begins to break 
down; increased 
biomass/forage production. 

Improved soil 
structure; increased 
fertility and SOM 
content.  

Use of high-
residue crops 
or cover crops 
in rotation  

Crops that have a high 
ratio of carbon to nitrogen 
(C:N) produce a high 
amount of biomass. 
Leave residue on soil 
surface to increase SOM. 

Temporary fixation of nitrogen 
during residue breakdown; 
increased soil moisture; 
decreased erosion. 

Improved soil quality; 
increased fertility and 
SOM content. 

Tillage, such as 
annual disking 
or plowing 

Mixes the soil, resulting in 
a temporary increase in 
oxygen and contact of 
residue to soil, allowing 
microbes to break down 
carbon sources. 

Released nitrogen and other 
nutrients and CO2; increased 
potential for erosion; 
increased rate of 
decomposition of residue and 
other carbon sources. 

Decreased SOM 
content, soil quality, 
and soil fertility; 
reduced diversity of 
soil micro-organisms 
(increased bacteria); 
damaged soil 
structure. 
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Table 1.—Continued 

Management 
practice 

Application Short-term impacts Long-term impacts 

Use of crop 
residue  

Leave residue on the 
surface, increasing 
ground cover, to protect 
the soil. 

Nitrogen temporarily tied up 
during breakdown of residue; 
increased soil moisture; 
decreased risk of erosion; 
lowered soil temperature. 

Increased soil 
quality, fertility, and 
SOM. 

Application of 
nitrogen 
fertilizer or 
manure 

Provides nitrogen 
(energy), which allows 
microbes to break down 
residue with high C:N 
ratio more rapidly (e.g., 
corn stalks, wheat straw). 

Temporary increased 
respiration due to increased 
rate of organic material 
breakdown. 

If properly managed, 
increased SOM and 
soil quality; increased 
production and 
residue. 

Use of farm 
equipment or 
other vehicles 

Compacts soil, 
decreasing pore space, 
water movement, and 
oxygen and increasing 
nitrogen loss from 
denitrification. 

Decreased respiration, yields, 
and water infiltration; 
increased runoff. 

Decreased 
production; increased 
risk of erosion and 
runoff; decreased soil 
quality and microbial 
activity. 

What management practices are used on the fields being evaluated, and what impact will these 
practices have on respiration? 

 ______________________________________________________________________________ 

 _____________________________________________________________________________ 

 _____________________________________________________________________________ 

Will the management practices have a positive or negative impact on soil organic matter content 
and porosity? Why or why not? 
 ______________________________________________________________________________________ 

 ______________________________________________________________________________________ 

 ______________________________________________________________________________________ 
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Problems Related to Soil Respiration and Relationship to Soil Function
Soil respiration reflects the capacity of soil to 
sustain plant growth and soil microbes. It is an 
indication of the level of microbial activity, 
SOM, plant litter, and decomposition. Soil 
respiration rates can be used to estimate 
nutrient cycling in the soil and the ability of the 
soil to sustain plant growth and biological 
activity. 
Excessive respiration from decomposition of 
plant litter and SOM commonly occurs after 
tillage due to increased soil aeration. 
A low soil respiration rate indicates limited 
availability of SOM or plant litter for soil 

microbes. It may also signify soil conditions 
(temperature, moisture, aeration, porosity, and 
available N) that limit biological activity and 
decomposition. Under these conditions, 
nutrients are not released from SOM or plant 
litter for use by plants and soil organisms. 
When the soils are flooded or saturated, soil 
respiration is reduced, nitrogen is lost through 
denitrification, and sulfur is lost through 
volatilization. 

Measuring Soil Respiration
Materials needed to measure respiration: 
____ Plastic container and probe for gathering 

and mixing soil samples. 
____ Solvita® sample jar (fig. 3) or 

3-inch-diameter aluminum cylinder and
aluminum foil for use as a cover (fig. 4).

____ Solvita® foil pack containing gel paddle 
(fig. 3). 

____ Solvita® color chart (fig. 5). 
____ Solvita® interpretation guide for 

estimating differences in soil health, 
respiration, and potential N release. 

____ Soil thermometer to verify soil 
temperature, or room with controlled 
temperature. 

____ Resealable plastic bags for soil samples 
and permanent marker for labeling bags. 

Considerations: 
If the soil samples are mixed, respiration 
temporarily increases as a result of aeration 
(similar effect as tilling) by increasing the 
amount of oxygen available to break down 
organic matter more rapidly. The measurement 

of respiration does not include root respiration; 
however, it is very effective for comparing 
relative differences in soil quality, respiration, 
and N release from one site to another. An 
intact soil core taken from a 3-inch-diameter 
aluminum cylinder can be used instead of a 
mixed soil sample. An intact core better reflects 
respiration for no-till applications, and a mixed 
sample better reflects respiration immediately 
after tillage (period of flush) or longer after 
tillage (at least 1 day after mixing). To get an 
accurate comparison for different management 
systems, several soil samples can be 
measured. 

    Figure 3.—Solvita® 
    jar and gel paddle. 
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Figure 4.—Aluminum cylinder 
with foil cover (gel paddle 

 inside). 

Figure 5.—Solvita® 
   sample color chart.

Step-by-step procedure (mixed sample): 
1. Soil sampling (field)—Soil respiration is

variable, both spatially and seasonally, and
is strongly affected by organic matter
content, manure applications, oxygen
levels, soil moisture, salinity (EC), and soil
temperature. The soil samples should be
obtained just before the test is performed.
Using a soil probe, gather at least 10 small
samples randomly from an area that
represents a particular soil type and
management history. Extend the probe to a
depth of 6 inches or less for each sample.
Place the samples in the small plastic
container. Repeat for each sampling area.

2. Mixing (field)—Mix soil in the plastic
container just well enough to be
homogeneous. Remove roots, residue, and
large stones. Place in a labeled, resealable
plastic bag.

3. Add water, if needed (in field or classroom).
The sample should be at the ideal moisture
content (near field capacity) for growing
crops. If conditions are dry, it is best to add
water to the field 24 hours prior to sampling.
If necessary, water can be added before
testing in the classroom.

4. Shortly after sampling, add moist, mixed
soil up to fill line in Solvita® jar. Tap the
bottom of the jar on a hard surface
occasionally during filling to eliminate
voids.

5. Insert gel paddle into the soil with the gel
facing the clear side of the jar. Be careful
not to jostle or tip jar. Screw the lid on
tightly, and record the time on the lid. Let
stand for 24 hours. Keep the jar in a room
with a controlled temperature of 68 to 75 °F,
and keep away from sunlight.

6. After 24 hours, compare the gel color on
the paddle to the color chart. Record color
in table 3. Note that the color on the paddle
may not exactly match any of the colors on
the chart. Select the best match. Be sure to
use the correct side of the color chart; one
is for reading in incandescent light and one
in fluorescent light.

7. Answer discussion questions, and complete
interpretations section of table 3. Refer to
Solvita® soil test instructions for additional
information.

Mention of commercial products does not 
constitute an official endorsement by the  
U.S. Department of Agriculture. 



Page 7 Guides for Educators (May 2014) 

Soil Health – Respiration USDA-NRCS 

Interpretations
Record soil respiration rates, and complete 
table 3. The rate is impacted by soil health, soil 
moisture, and soil organic matter content.  
It can be used to estimate the quantity of 
nitrogen released per year under normal 
climatic conditions (refer to table 2). The  
rate of CO2 released is expressed as CO2-C 
pounds/acre-3 inches/day (3-inch depth  
over an acre) or kilograms/hectare-7.6 
centimeters/day. 
A high soil respiration rate is indicative of high 
biological activity (refer to table 2). This can 
signify a healthy soil that readily breaks down 
organic residue and cycles nutrients needed 
for crop growth. Solvita® response ranges from 
inactive (0 to1; blue-gray) to very active (3.5 to 
4.0; green-yellow) as soil respiration increases 

from use of desirable management practices, 
such as diverse crop rotations and no-till 
cropping systems. Some soils that are heavily 
manured or are high in content of organic 
matter can respond at an unusually high level 
(5; yellow). This can be detrimental to soil 
health if stable organic matter is decomposed. 
It generally is desirable for a soil to have a 
respiration rate of at least 3. 
It typically takes several years for a soil to 
improve from a low biological status to a more 
active one. Managing residue, using diverse 
crop rotations, adding organic matter, and 
avoiding destructive tillage practices help to 
reduce the time needed to reach a more 
optimum biological condition. 
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Table 2.—Basic soil biological quality 

Color and colorimetric number 
Blue-gray 
(0 to 1.0) 

Gray-green 
(1.0 to 2.5) 

Green 
(2.5 to 3.5) 

Green-yellow 
(3.5 to 4.0) 

Yellow 
(4 to 5) 

Soil respiration activity* 

Very low Moderately low Medium Ideal Unusually high 

Dry, sandy soils 
that have little 
or no organic 
matter 

Soils with marginal 
biological activity 
and organic matter 

Soils that have a 
moderately 
balanced 
condition and to 
which organic 
matter has been 
added 

Soils with sufficient 
organic matter 
content and 
populations of active 
micro-organisms 

Soils with 
excessive 
organic matter 
content 

**Approximate level of CO2 – respiration 

<300 mg CO2-
C/kg soil/week 

300 to 500 mg 
CO2-C/kg 
soil/week 

500 to 1000 mg 
CO2-C/kg 
soil/week 

1,000 to 2,000 mg 
CO2-C/kg soil/week 

>2,000 mg
CO2-C/kg
soil/week

<9.5 lbs  
CO2-C/acre- 

3 in/day 

9.5 to 16 lbs CO2-
C/acre-3 in/day 

16 to 32 lbs CO2-
C/acre-3 in/day 

32 to 64 lbs CO2-
C/acre-3 in/day 

>64 lbs CO2-
C/acre-3 in/day 

Approximate quantity of nitrogen (N) release per year (normal climatic conditions) 

<10 lbs/acre 10 to 20 lbs/acre 20 to 40 lbs/acre 40 to 80 lbs/acre 80 to >160 
lbs/acre 

* Under optimum soil temperature and moisture conditions.
** Doran, J., and W. Brinton. 2001. Soil quality correlation of basal respiration and N

mineralization over time using intact 3-inch field soil cores under optimal temperature and moisture 
in the lab. U.S. Department of Agriculture, Agricultural Research Service. More accurate estimates 
of yearly potential mineralizable nitrogen (PMN) release with optimal re-wetting of air-dry soils can 
be made using the Solvita® soil CO2 burst test and calculator. 
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Table 3.—Soil respiration levels and interpretations 

Sample 
site 

Median 
24-hour
soil and 

room 
temper-

ature 

Dates Start 
time 

End 
time 

Gel color 
and 

colorimetric 
number 

Soil 
activity 
rating 

(table 1) 

*Average
respiration 
level (lbs 

CO2-C/acre- 
3 in/day) 

Nitrogen 
release 

(lbs/ac/yr) 

Ex. 1 77 °F 
(25 °C) 

4/30-
5/1/12 

8:00 
AM 

8:15 
AM 

Gray-green 
(2.5) 

Moderately 
low to 

medium 

16 20 

*Pounds of CO2-C/acre-3 in/day based on 3-inch soil sample. Values are doubled for a 6-inch
sample, tripled for a 9-inch sample, etc. 

Are the soil respiration levels what were expected? Why or why not? 
 _____________________________________________________________________________ 

 _____________________________________________________________________________ 

 _____________________________________________________________________________ 

Is the SOM content expected to decline, improve, or stay the same? Why? 

 _____________________________________________________________________________ 

 _____________________________________________________________________________ 

 ______________________________________________________________________________________ 
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Glossary 
Ammonification.—Production of ammonium 
(NH4) from the decomposition of SOM. 
Denitrification.—Anaerobic conversion and loss 
of nitrate nitrogen to nitrite and NO, N2O, and 
N2 gases. 
Mineralization.—Decomposition of organic 
matter that releases nutrients in a form 
available for plant use (e.g., phosphorus, 
nitrogen, and sulfur); occurs as a result of 
respiration. 
Nitrification.—Aerobic microbial process that 
converts soil ammonium N to nitrate that is 
available for plant use, or to nitrite, NO, and 
N2O if pH, EC, or oxygen levels impair aerobic 
activity. 
Porosity.—Ratio of pore volume to total soil 
volume. Porosity is affected by soil texture, 
compaction, and pore distribution. Higher

porosity means that there is more pore space, 
allowing for higher available water capacity of 
the soil and more soil biological activity. 
Compaction decreases porosity. 
Respiration.—Release of carbon dioxide (CO2) 
from a soil as a result of decomposition of 
SOM by soil microbes and from plant roots and 
soil fauna. It can be measured by simple 
methods or more sophisticated laboratory 
methods. 
Soil microbes.—Soil organisms, such as 
bacteria, fungi, protozoa, and algae, which are 
responsible for soil respiration and many other 
important soil processes, such as nutrient 
cycling. The number of soil organisms in a 
heaping tablespoon of fertile soil can be more 
than 9 billion, or 1.5 times the human 
population on earth. 

USDA is an equal opportunity provider and employer. 



Soil Quality Indicators

Soil Respiration
Carbon dioxide (CO2) release from the soil surface is
referred to as soil respiration. This CO2 results from
several sources, including aerobic microbial decomposition
of soil organic matter (SOM) to obtain energy for their
growth and functioning (microbial respiration), plant root
and faunal respiration, and eventually from the dissolution
of carbonates in soil solution. Soil respiration is one
measure of biological activity and decomposition. The rate
of CO2 release is expressed as CO2-C lbs/acre/day (or
kg/ha/d). It can be measured by simple field methods (e.g.
fig. 1) or more sophisticated field and laboratory methods.
During the decomposition of SOM, organic nutrients
contained in organic matter (e.g., organic phosphorus,
nitrogen, and sulfur) are converted to inorganic forms that
are available for plant uptake. This conversion is known as
mineralization. Soil respiration is also known as carbon
mineralization.

Factors Affecting
Inherent - Like all organisms, soil microbes have
optimal conditions in which they thrive. Soil respiration
rate depends on the amount and quality of SOM,
temperature, moisture, and aeration. Biological activity of
soil organisms varies seasonally, as well as daily. Microbial
respiration more than doubles for every 10°C rise up to an
optimum of about 35 to 40°C (95 to 104°F), beyond which
high temperature becomes limiting. On the other hand,
SOM decomposition and microbial activity virtually cease
below about 5°C (41°F) (biological zero).

Soil respiration increases with increasing soil moisture up
to the level where low oxygen concentration (lack of
aeration) interferes with an organism’s ability to respire
(fig. 2) The optimum soil moisture content for soil
respiration varies from site to site, but values as high as
60% water- filled pore space have been reported. In dry
soils, respiration declines because the soil moisture deficit
limits microbial activity. Conversely, in extremely wet
soils, low oxygen levels results in poor organic matter
decomposition and respiration rates. In these soils,
anaerobic by-products are produced, such as methane or
sulfides. Medium textured soils (silt soils) are often

favorable to soil respiration because of their good aeration
and moisture content. In clay soils, a sizeable amount of
SOM is protected from decomposition by clay particles
and other aggregates. In reality, soil respiration responds to
the coupled action of temperature and moisture, especially
to the most limiting of either factor.

Dynamic - Soil management practices that affect
SOM, moisture, aggregation, and pH influence soil
respiration. Practices that leave crop residues at the soil
surface, such as no-till, use of cover crops, or other
practices that add organic matter, usually promote soil
respiration. Crop residues with a low carbon to nitrogen
(C:N) ratio, such as that from legumes, decompose faster
and produce higher CO2 rates than residues with a high
C:N ratio (e.g. wheat straw). High C:N ratio crops coupled
with added N (from any source) increase decomposition
and accrual of SOM. Practices that increase SOM also
improve soil aggregation and porosity, and therefore,
aeration and soil moisture content. Conversely, continuous
cultivation and other conventional tillage methods that
remove, bury, or burn crop residues diminish SOM content
and microbial activity by reducing aggregate stability and
porosity, and increasing erosion of surface layers that are
normally highest in SOM and populations of organisms
that are the key to soil respiration. Irrigation in dry
conditions and drainage of wet soils can significantly boost
soil respiration.

Soil pH regulates nutrient availability and distribution,
activity of soil organisms responsible for SOM

USDA Natural Resources Conservation Service

Figure 1. Draeger-Tubes® are used to measure CO2 released from
the soil surface as an indicator of decomposition and soil respiration.
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Helping People Help the Land...



decomposition, and other processes contributing to soil
respiration. Chemical fertilizer may stimulate root growth
and nourish microbes; however, at high concentrations,
some fertilizers can become harmful to microbes
responsible for soil respiration because of changes in pH
and their potential toxicity. Similarly, organic amendments
with high concentrations of heavy metals, as well as
pesticides and fungicides, may be toxic to microbial
populations leading to reduced microbial diversity,
abundance, and respiration.

Relationship to Soil Function
Soil respiration reflects the capacity of soil to support soil
life including crops, soil animals, and microorganisms. It
describes the level of microbial activity, SOM content and
its decomposition. In the laboratory, soil respiration can be
used to estimate soil microbial biomass and make some
inference about nutrient cycling in the soil. Soil respiration
also provides an indication of the soil's ability to sustain
plant growth. Excessive respiration and SOM
decomposition usually occurs after tillage due to
destruction of soil aggregates that previously protected
SOM and increased soil aeration. Depleted SOM, reduced
soil aggregation, and limited nutrient availability for plants
and microorganisms can result in reduced crop production
in the absence of additional inputs. The threshold between
accumulation and loss of organic matter is difficult to
predict without knowledge of the amount of carbon added.

Problems with Poor Function
Reduced soil respiration rates indicate that there is little or
no SOM or aerobic microbial activity in the soil. It may
also signify that soil properties that contribute to soil
respiration (soil temperature, moisture, aeration, available
N) are limiting biological activity and SOM
decomposition. With reduced soil respiration, nutrients are
not released from SOM to feed plants and soil organisms.
This affects plant root respiration, which can result in the
death of the plants. Incomplete mineralization of SOM
often occurs in saturated or flooded soils, resulting in the
formation of compounds that are harmful to plant roots,
(e.g. methane and alcohol). In such anaerobic
environments, denitrification and sulfur volatilization
usually occur, contributing to greenhouse gas emissions
and acid deposition.

Improving Soil Respiration
The rate of soil respiration under favorable temperature
and moisture conditions is generally limited by the supply
of SOM. Agricultural practices that increase SOM usually
enhance soil respiration. The following practices have the
potential to significantly improve SOM and indirectly soil

respiration when other factors are at an optimum:
• Conservation tillage (no-till, strip-till, mulch till, etc.)
• Application of manure and other organic by-products
• Rotations with high residue and deep-rooted crops
• Cover and green manure crops
• Irrigation or drainage
• Controlled traffic

Measuring Soil Respiration
Soil respiration is measured using the Draeger-Tube®
method described in the Soil Quality Test Kit Guide,
Chapter 2, p 4 - 6. See Section II, Chapter 1, p 52 - 54 for
interpretation of results.
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Figure 2. Soil respiration in relationship to water-filled pore space.
After Parkin et al., 1996.



What is soil biodiversity?

Soil biodiversity reflects the mix of living organisms in the
soil. These organisms interact with one another and with
plants and small animals forming a web of biological
activity.

Soil is by far the most biologically diverse part of Earth.
The soil food web includes beetles, springtails, mites,
worms, spiders, ants, nematodes, fungi, bacteria, and
other organisms.  These organisms improve the entry and
storage of water, resistance to erosion, plant nutrition,
and break down of organic matter. A wide variety of
organisms provides checks and balances to the soil food
web through population control, mobility, and survival
from season to season.

What are the benefits of soil
organisms?

Residue decomposition
Soil organisms decompose plant residue. Each organism
in the soil plays an important role. The larger organisms in
the soil shred dead leaves and stems. This stimulates
cycling of nutrients.  The larger soil fauna include earth-
worms, termites, pseudoscorpions, microspiders, centi-
pedes, ants, beetles, mites, and springtails.

When mixing the soil, the large organisms bring material
to smaller organisms. The large organisms also carry
smaller organisms within their systems or as “hitchhikers”
on their bodies.

Small organisms feed on the by-products of the larger
organisms.  Still smaller organisms feed on the products
of these organisms. The cycle repeats itself several times
with some of the larger organisms feeding on smaller
organisms.

Some larger organisms have a life span of two or more
years. Smaller organisms generally die more quickly, but
they also multiply rapidly when conditions are favorable.
The food web is therefore quick to respond when food
sources are available and moisture and temperature
conditions are good.

Infiltration and storage of water
Channels and aggregates formed by soil organisms
improve the entry and storage of water.  Organisms mix
the porous and fluffy organic material with mineral matter
as they move through the soil. This mixing action provides
organic matter to non-burrowing fauna and creates
pockets and pores for the movement and storage of water.
Fungal hyphae bind soil particles together and slime from
bacteria help hold clay particles together.  The water-
stable aggregates formed by these processes are more
resistant to erosion than individual soil particles.  The
aggregates increase the amount of large pore space which
increases the rate of water infiltration. This reduces
runoff and water erosion and increases soil moisture for
plant growth.

Nutrient cycling
Soil organisms play a key role in nutrient cycling.  Fungi,
often the most extensive living organisms in the soil,
produce fungal hyphae.  Hyphae frequently appear like
fine white entangled thread in the soil.  Some fungal
hyphae (mycorrhizal fungi) help plants extract nutrients
from the soil.  They supply nutrients to the plant while
obtaining carbon in exchange and thus extend the root
system.  Root exudates also provide food for fungi,
bacteria, and nematodes.

Soil Quality Information Sheet

Soil Quality Resource Concerns: Soil Biodiversity

USDA Natural Resources Conservation Service January 1998



When fungi and bacteria are eaten by various mites,
nematodes, amoebas, flagellates, or ciliates, nitrogen is
released to the soil as ammonium. Decomposition by soil
organisms converts nitrogen from organic forms in
decaying plant residues and organisms to inorganic forms
which plants can use.

Management considerations

Cultivation

The effects of cultivation depend on the depth and
frequency of the cultivation. Tilling to greater depths and
more frequent cultivations have an increased negative
impact on all soil organisms. No-till, ridge tillage, and strip
tillage are the most compatible tillage systems that
physically maintain soil organism habitat and biological
diversity in crop production.

Compaction

Soil compaction reduces the larger pores and pathways,
thus reducing the amount of suitable habitat for soil
organisms.  It also can move the soil toward anaerobic
conditions, which change the types and distribution of soil
organisms in the food web. Gaps in the food web induce
nutrient deficiencies to plants and reduce root growth.

Pest control

Pesticides that kill insects also kill the organisms carried
by them. If important organisms die, consider replacing
them. Plant-damaging organisms usually increase when
beneficial soil organisms decrease. Beneficial predator
organisms serve to check and balance various pest
species.

Herbicides and foliar insecticides applied at recom-
mended rates have a small impact on soil organisms.
Fungicides and fumigants have a much greater impact on
soil organisms.

Fertility

Fertility and nutrient balances in the soil promote biologi-
cal diversity.  Typically, carbon is the limiting resource to
biological activity. Plant residue, compost, and manure
provide carbon. Compost also provides a mix of organ-
isms, so the compost should be matched to the cropping
system.

Cover crops and crop rotations

The type of crops that are used as cover or in crop
rotations can affect the mix of organisms that are in the
soil. They can assist in the control of plant pests or serve
as hosts to increase the number of pests. Different species
and cultivars of crops may have different effects on pests.
However, the organisms and their relation to the crop are
presently not clearly understood.

High-level
CarnivoresCarnivores

Aboveground
HerbivoresCrops

Weeds

Full Web

Roots

Pests & Pathogens
* Root-feeding

Nematodes
& Insects

* Fungi
* Bacteria

Omnivorous
Nematodes

Belowground

Earthworms

Millipedes
Fungal-feeders
* Centipedes
* Nematodes
* Mites

Bacterial-Feeders
* Nematodes
* Protozoa

• Ciliates
• Amoebae
• Flagellates

* Enchytraeids

Mutualists
* Mycorrhizal

Fungi
* N-fixing Bacteria

Decomposers
* Fungi
* Bacteria
* Shredders

Organic Matter

Algae
Lichens
Bacteria

Aboveground

Birds

Mice

Beetles
Spiders

Predatory Insects

and higher ...
Tertiary

Consumers
Secondary
Consumers

Primary
Consumers

Photo-
synthesizers

Predatory
Nematodes

Predatory Mites

Crop residue management

Mixing crop residue into the soil generally destroys fungal
hyphae and favors the growth of bacteria. Since bacteria
hold less carbon than fungi, mixing often releases a large
amount of carbon as carbon dioxide (CO

2
).  The net result

is loss of organic matter from the soil.

When crop residue is left on the soil surface, primary
decomposition is by arthropod shredding and fungal
decomposition. The hyphae of fungi can extend from
below the soil surface to the surface litter and connect the
nitrogen in the soil to the carbon at the surface.  Fungi
maintain a high C:N ratio and hold carbon in the soil. The
net result is toward building the carbon and organic
matter level of the soil. In cropping systems that return
residue, macro-organisms are extremely important.
Manage the soil to increase their diversity and numbers.

(Prepared by the National Soil Survey Center, NRCS, USDA in cooperatio
n with the Soil Quality Institute, and the National Soil Tilth Laboratory,
 Agricultural Research Service, USDA).

________________________________________________________________________________________________
The U. S. Department of Agriculture (USDA) prohibits discrimination in its programs on the basis of race, color, national origin, gender, religion, age,
disability, political beliefs, sexual orientation, and marital or family status. (Not all prohibited bases apply to all programs.) Persons with disabilities who
require alternative means for communication of program information (Braille, large print, audiotape, etc.) should contact USDA’s TARGET Center at (202)
720-2600 (voice and TDD).

To file a complaint of discrimination, write USDA, Director, Office of Civil Rights, Room 326W, Whitten Building, 14th and Independence Avenue, SW,
Washington, DC 20250-9410 or call  (202) 720-5964 (voice or TDD). USDA is an equal opportunityprovider and employer.
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The goal of soil biology management 

The goal of managing the soil biological 
community is to improve biological functions, 
including forming and stabilizing soil structure, 
cycling nutrients, controlling pests and disease, 
and degrading or detoxifying contaminants. 

Research shows that management practices and 
disturbances impact soil biological functions 
because they can 1) enhance or degrade the 
microbial habitat, 2) add to or remove food 
resources, or 3) directly add or kill soil 
organisms. Although management practices are 
known to impact soil biology, there is limited 

knowledge to support the development of 
detailed management strategies. A particular 
practice may have the desired result in one 
situation but have little effect in another because 
biological communities respond to the 
interaction of multiple factors including food 
sources, physical habitat, moisture, and impacts 
of historical land use. Therefore, before a new 
product or practice is applied to a large parcel of 
land, it should be tested on a limited area and 
results should be monitored in comparison to an 
untreated plot.  

Why should land managers understand soil biology? 

Energy and the food web 

Through agriculture, the sun’s energy is 
converted into food, feed, and fiber. However, 
most of the solar energy captured by plants is 
not directly harvested when crops are gathered; 
instead, it feeds the belowground food web. 
Feeding the “underground livestock” is essential 
to productive forests, rangeland, and farmland. 
Figure 1 shows how energy is recycled 
repeatedly through belowground soil organisms. 
The soil food web is part of energy, nutrient, and 
water cycles. The energy cycle begins when the 
sun’s energy is captured by the plant-based 
(aboveground) food web. Nutrient availability is 
governed by the detritus-based (belowground) 
food web. The water cycle is also influenced by 
the interaction of plants, soils, and soil 
organisms.  

Functions of the soil food web  

Nutrient cycling  
In a healthy soil ecosystem, soil biota regulates 
the flow and storage of nutrients in many ways. 
For example, they decompose plant and animal 
residue, fix atmospheric nitrogen, transform 
nitrogen and other nutrients among various 
organic and inorganic forms, release plant 
available forms of nutrients, mobilize 
phosphorus, and form mycorrhizal (fungus-root) 

associations for nutrient exchange. Even applied 
fertilizers may pass through soil organisms 
before being utilized by crops.  

Soil stability and erosion  
Soil organisms play an important role in forming 
and stabilizing soil structure. In a healthy soil 
ecosystem, fungal filaments and exudates from 
microbes and earthworms help bind soil 
particles together into stable aggregates that 
improve water infiltration, and protect soil from 
erosion, crusting, and compaction. Macropores 
formed by earthworms and other burrowing 
creatures facilitate the movement of water into 
and through soil. Good soil structure enhances 
root development, which further improves the 
soil. 

Water quality and quantity  
By improving or stabilizing soil structure, soil 
organism dynamics help reduce runoff and 
improve the infiltration and filtering capacity of 
soil. In a healthy soil ecosystem, soil organisms 
reduce the impacts of pollution by buffering, 
detoxifying, and decomposing potential 
pollutants. Bacteria and other microbes are 
increasingly used for remediation of 
contaminated water and soil. 
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Plant health  
A relatively small number of soil organisms 
cause plant disease. A healthy soil ecosystem 
has a diverse soil food web that keeps pest 
organisms in check through competition and 
predation. Some soil organisms release 
compounds that enhance plant growth or reduce 
disease susceptibility. Plants may exude specific 
substances that attract beneficial organisms or 
repel harmful ones, especially when they are 
under stress, such as grazing.  

For more information about what lives in the 
soil and how they function, see the “Soil 
Biology Primer” (Tugel and Lewandowski, 
1999), and the soil biology glossary on the 
NRCS Soil Quality web site. 

Complexity and function 

Many soil biological functions emerge from the 
complex interactions of soil organisms and are 
not predictable by adding up the activity of 
individual soil organisms. How well the soil 
community performs each of these functions 
depends in part on the complexity of the 
biological community. Complexity is a factor of 
both the number of species and the different 
kinds or functions of species. Greater 
complexity may imply more diversity of 
functions and more redundancy of functions, and 
therefore more stability. For example, when 
multiple populations of microbes convert 
ammonium to nitrate, even if one population 
dies out, the function (nitrification) will continue 
to be performed. Functional redundancy is the 
underlying idea behind the "insurance 
hypothesis," which states that biodiversity 
insures ecosystems against declines in function. 

Figure 1.  The plant-based (aboveground) and detritus-based (belowground) food webs.  
Arrows represent energy flow (commonly measured in carbon units). Of the aboveground organic 
matter entering the pool of soil organic matter, 60%-80% of the carbon is eventually lost as CO2. 
(Based on Chapin et al., 2002, Fig. 11.12.) 
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The underground community 

Soil organisms can be grouped by size as shown 
in figure 2, or by functions as described below 
(Wardle, 2002; Coleman & Crossley, 1996). 

Decomposers  
Bacteria, actinomycetes (filamentous bacteria), 
and saprophytic fungi degrade plant and animal 
residue, organic compounds, and some 
pesticides. Bacteria generally, but not 
exclusively, degrade the more readily 
decomposed (lower C:N ratio) materials, 
compared to fungi, which can use more 
chemically complex materials. (See boxes on 
pages 7 and 8.) Bacteria often degrade what they 
can of a particular material; then fungi 
decompose the remainder. 

Grazers and predators  
Protozoa, mites, nematodes, and other organisms 
“graze” on bacteria or fungi; prey on other 
species of protozoa and nematodes; or both 
graze and prey. Grazers and predators release 
plant-available nutrients as they consume 
microbes. Often organisms specialize in one 
type of prey, such as either bacteria or fungi. 
Certain collembolans (springtails) even 
specialize on specific species of fungi. Other 
organisms are generalists and will feed on any 
microbial species they encounter. 

Litter transformers  

1 um

Ba

Cla

Arthropods are invertebrates 
with jointed legs, including 
insects, spiders, mites, 
springtails, centipedes, and 
millipedes. Many soil arthropods 
shred and consume plant litter 
and other organic matter, 
increasing the surface area 
accessible to decomposers. The 
organic matter in their fecal 
pellets is frequently more 
physically and chemically 
accessible to microbes than was 
the original litter. Some litter 
transformers, especially ants, 

termites, scarab beetles, and earthworms, are 
“ecosystem engineers” that physically change 
the soil habitat for other organisms by chewing 
and burrowing through the soil. Microbes 
(decomposers) living within their guts break 
down the plant residue, dung, and fecal pellets 
consumed along with the soil. 

Mutualists  
Mycorrhizal fungi, nitrogen-fixing bacteria, and 
some free-living microbes have co-evolved 
together with plants to form mutually beneficial 
associations with plants. Mycorrhizae are 
associations between fungi and plant roots in 
which the fungus supplies nutrients and perhaps 
water to the plant, and the plant supplies food to 
the fungi. These fungi can exist inside 
(endomycorrhizae) or outside (ectomycorrhizae) 
the plant root cell wall. The common arbuscular 
mycorrhizae (AM or VAM fungi) are 
endomycorrhizae. 

Pathogens, parasites, and root feeders 
Organisms that cause disease make up a tiny 
fraction of the organisms in the soil, but have 
been most studied by researchers. Disease-
causing organisms include certain species of 
bacteria, fungi, protozoa, nematodes, insects, 
and mites. 
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What controls soil biology? 

People can adapt management strategies to 
affect the factors that control soil biological 
communities. Soil biological activity is 
determined by factors at three different levels. 1) 
At the scale of individual organisms, biological 
activity is determined by conditions such as 
temperature and moisture in the microbial 
habitats. 2) At the scale of populations, 
biological activity is determined by the amount 
of habitat diversity, the types of habitat 
disturbances, and the diversity and interactions 
among various soil populations.  
3) At the scale of biological processes, functions
such as nutrient cycling or pest control are
affected by the interaction of biological
populations with physical and chemical soil
properties.

For example, consider the effect of tillage on 
earthworms at each of these scales. At the scale 
of individual organisms, a single tillage event 
may kill as many as 25 percent of individual 
earthworms. At the scale of populations, a single 
tillage pass may have little effect after a few 
months as the earthworms reproduce and rebuild 
their population. At the scale of soil processes, 
tillage will weaken soil structure over time and 
reduce the amount of surface residue available to 
fungi and earthworms. As fungal and earthworm 
activity declines, soil stability declines and alters 
the microhabitats for other organisms.  

Microscale factors 

The following environmental factors affect the 
types and activity levels of soil organisms. 
These factors may vary over short distances in 
the soil. Consider how each factor is impacted 
by climate, soil texture, time of day or season, 
and management practices including tillage, 
crop rotation, and irrigation. 

Food (nutrients and energy)  
All organisms require a source of food that 
supplies nutrients and energy. “Primary 
producers” are organisms that use 
photosynthesis to make their own food from 
sunlight and CO2. “Consumers” are organisms 

that use organic compounds from other 
organisms as their source of both carbon and 
energy. A small group of bacteria get their 
energy from inorganic nitrogen, sulfur, or iron 
compounds, rather than from sunlight or organic 
compounds. These bacteria are important in 
cycling some nutrients required by plants. Soil 
organisms also require varying amounts of 
macronutrients (N, S, and P) and micronutrients 
(e.g. Fe, Cu, Zn). The amount of all these 
nutrients and the quality of nutrient sources will 
favor some organisms over others, depending on 
each species’ requirements and preferences. 

Oxygen 
Animals and most soil organisms are obligate 
aerobes, meaning they require oxygen. Some 
bacteria are obligate anaerobes, meaning they 
require oxygen-free conditions to function. 
Many organisms are facultative anaerobes, 
meaning they can switch metabolic pathways 
and function as either aerobes or anaerobes 
depending on environmental conditions. 
Anaerobes use nitrate, sulfate, or iron instead of 
oxygen as an electron acceptor. Aerobic 
respiration is the most common form of 
metabolism and typically produces ten times 
more energy per unit of organic matter than that 
generated through anaerobic metabolism. 
Anaerobic conditions and anaerobic microbes 
dominate in marshes and other saturated soils. 
However, even well-drained soils can have 
anaerobic and aerobic microsites within 
millimeters of each other. See box (next page) 
for a list of processes performed by aerobic and 
anaerobic organisms. 
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Other physical factors 
Moisture, temperature, light, pH, and electrical 
conductivity (salinity) are other critical factors 
determining the level of biological activity 
within an ecosystem. Each species has different 
optimal conditions, but overall bacterial activity 
is highest at temperatures between 20°C and 
40°C, at pH levels between 6 and 8, and when 
pore spaces are about 60% water-filled. Soil 
texture and porosity determine the amount of 
space available for soil organisms and for the 
movement of air and water through the soil. 
Thus, porosity, aeration, and moisture levels are 
linked. Relatively larger organisms, such as 
nematodes and small mites (figure 2), require 
large pore spaces to move. Many organisms, 
including protozoa and nematodes, are 
essentially aquatic and require water films. 

Community-scale factors 

The microscale factors listed above directly 
affect soil organisms. However, to understand 
soil biological function we also have to consider 
large-scale factors such as heterogeneity of 
habitat, disturbances, and biological interactions. 

Heterogeneity of resources  
Anaerobic soil biological processes 

Fermentation – Conversion of sugar to 
alcohol. 

Denitrification – Reduction of nitrate to 
gaseous nitrogen. 

Methane production – Reduction of CO2 to 
methane (CH4) in marshes and rumens.

Sulfur reduction – Reduction of sulfate to 
hydrogen sulfide or sulfur. 

Iron reduction 

Aerobic soil biological processes 

Respiration – The conversion of oxygen 
eventually to carbon dioxide and water. 

Ammonification – The creation of ammonia 
from organic compounds. May also 
occur anaerobically slowly. 

Nitrification – The oxidation of ammonium to 
nitrite and then nitrate. 

Heterogeneity can refer to variation in food 
sources or any of the other microscale conditions 
listed above. Heterogeneity of soil habitats 
creates diversity and complexity in the structure 
of the soil food web. Plant diversity is an 
important means for creating heterogeneity 
because plants affect the food sources, the 
physical habitat (e.g. root structures and soil 
structure), and the chemical attractants and 
deterrents for soil organisms.  

Disturbance 
All human land uses, especially agriculture, are 
subject to natural and human disturbances 
including fire, harvest, tillage, compaction, 
overgrazing, disease, or pesticide applications. 
The frequency, severity, and timing of 
disturbances determine their effect on soil 
biological activity. According to the 
intermediate disturbance hypothesis, the greatest 
level of biological diversity and stability occurs 
with a “Goldilocks” amount of disturbance – not 
so much that processes are continually disrupted, 
and not so little that just a few species gain 
dominance. Conventional cropping systems are 
highly disturbed systems. Low-input, 
conservation tillage systems with crop rotations 
may be an example of an intermediately 
disturbed ecosystem.  

Interactions with other organisms 
Soil populations are affected by interactions 
with other soil organisms. One type of biotic 
interaction is competition for limited food and 
habitat. A second type is predation by larger 
organisms, such as nematodes and mites. A third 
type is mutualism – interactions beneficial to 
both parties, such as those involving 
mycorrhizae, symbiotic nitrogen fixers, many 
rhizosphere microbes, and microbes living in 
earthworm guts. When land management 
practices disproportionately affect one group of 
organisms over another, they impact the 
interactions among soil organisms. 
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General management strategies  

Four broad management strategies are presented 
below. The diversity and functioning of a soil 
biological community are likely to improve 
when these strategies are used. Management 
plans should consider both the timing of 
management practices and disturbances, and the 
duration and degree of their effects on soil 
biology. The effects of management and 
disturbances vary by season, and the capacity of 
the soil community to recover from a particular 
practice or disturbance ranges widely.  

1) Manage organic matter.

Regular inputs of organic matter are essential for 
supplying the energy that drives the soil food 
web. Each source of organic matter favors a 
different mix of organisms. (See boxes, this page 
and next.) Thus, a variety of sources may 
support a variety of organisms. The location of 
the organic matter—whether at the surface, 
mixed into the soil, or as roots—also affects the 
type of organisms that dominate in the food web. 

Under any land use, organic matter inputs to the 
soil can be increased by improving plant 
productivity and increasing annual biomass 
production. In particular, good root growth is 
important for building soil organic matter. High 

biomass production should be combined with 
other organic matter management practices 
including minimizing residue removal and 
tillage, growing cover crops, and adding manure, 
mulch, or other amendments.  

2) Manage for diversity.

The diversity of plant assemblages across the 
landscape and over time promotes a variety of 
microbial habitats and soil organisms. Up to a 
point, soil biological function generally 
improves when the complexity or diversity of 
the soil biological community increases. 

Many types of diversity should be considered, 
such as diversity of land uses (buffers, forest, 
row crops, grazing land), plant types (perennial, 
annual, woody, grassy, broadleaf, legume, etc.), 
root structures (tap, fibrous, etc.), and soil pore 
sizes. Diversity is desirable over time as well as 
across the landscape. Land managers can 
increase diversity with appropriate grazing 
management, patchy or selective tree harvest (in 
contrast to broad clear-cutting), vegetated 
fencerows, buffer strips, strip cropping, and 
small fields. These landscape features provide 
refuges for beneficial arthropods. Diversity over 
time can be achieved with crop rotations. 
Rotated crops put a different food source into 
the soil each year, encouraging a wide variety of 
organisms and preventing the build-up of a 
single pest species.  Orga
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3) Keep the ground covered.

Ground cover at or near the surface moderates 
soil temperature and moisture; provides food 
and habitat for fungi, bacteria, and arthropods; 
and prevents the destruction of microbial habitat 
by erosion. Minimize the length of time each 
year that soil is bare by maintaining a cover of 
living plants, biological crusts, or plant residue 
at the surface.  

Living plants are especially important as cover 
because they create the rhizosphere—that area 
within one or two millimeters of living roots 
where soil biological activity is concentrated. 
Components of organic matter 
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Microbes around roots take advantage of plant 
exudates and sloughed-off root cells. 
Maintaining a rhizosphere environment is one of 
the important benefits of using cover crops. In 
addition to preserving microbial habitat, cover 
crops help build and maintain populations and 
diversity of arthropods by preserving their 
habitat for an extended portion of the growing 
season.  

4) Manage disturbances.

Some soil perturbations are a normal part of soil 
processes, or are a necessary part of agriculture 

and other land uses. However, some 
disturbances significantly impact soil biology 
and can be minimized to reduce their negative 
effects. These disturbances include compaction, 
erosion, soil displacement, tillage, catastrophic 
fires, certain pesticide applications, and 
excessive pesticide usage.  

Compaction  
Ideally, soils are approximately 50 to 60% pore 
space comprising a variety of pore sizes and 
lengths. The size and continuity of pores 
controls whether larger microbes, such as 
protozoa, can prey upon bacteria and fungi. 
Compaction reduces the diversity of pore sizes 
and the amount of space and pathways available 
for larger organisms (figure 2) to move through 
the soil. This favors bacteria and small predators 
over fungi and the larger predators. Arthropods 
are severely affected by compaction. Among 
nematodes, the predatory species are most 
sensitive to compaction, followed by fungal-
feeders, then bacterial-feeders. Root-feeding 
nematodes are least sensitive to compaction—
perhaps because they do not need to move 
through soil in search of food. Compaction 
changes the movement of air and water through 
soil, can cause a shift from aerobic to more 
anaerobic organisms, and may increase losses of 
nitrogen to the atmosphere (denitrification). 
Rooting depth may be limited in highly 
compacted soils. This restricts the depth of the 
rhizosphere environment that supports microbes. 

Carbon-to-nitrogen ratio 

The carbon-to-nitrogen ratio (C:N) of organic 
matter can vary from about 4:1 (low carbon, 
high nitrogen) for bacteria to more than 
200:1 to 600:1 for woody materials. Ratio
for wheat straw are about 80:1, and youn
legumes may be 15:1. The C:N ratio of soil 
organic matter in agricultural soils averages 
10:1. Fungi have a fairly constant C content 
of 45%, but N levels vary, resulting in C:N 
ratios of 15:1 to 4.5:1.  
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Low N materials have a low nutritional 
quality for microbes. When organic materia
are added to soil, the carbon triggers 
microbial growth. If the amount of N in th
added material is inadequate to suppo
increased growth, the microbes will absorb 
nitrogen from the soil and immobilize it in 
their tissues, thus depriving plants of 
nitrogen, at least temporarily. As a rule-of-
thumb, materials with C:N ratios less than 25 
or 30:1 will not trigger this N deficiency in 
plants. Materials with lower C:N ratios tend 
to decompose quickly. Materials with highe
C:N ratios are slow to decompose and can 
lead to carbon storage or sequestration in 
the soil when accompanied by addition
nitrogen inputs in reduced tillage systems.  

C:N ratios of soil organic matter provide 
clues about the microbial community. For 
example, higher ratios tend to support more 
fungi compared to bacteria. A labile pool of 
soil organic matter with a low C:N ratio 
implies that the SOM consists of a high 
proportion of microbes.  

Erosion and sedimentation 
Most soil organisms – especially larger ones – 
live in the top few inches of soil. Erosion 
disrupts and removes that habitat. Sedimentation 
buries the surface habitat and deprives 
organisms of space and air.  

Soil displacement and tillage 
Displacement and mixing of the soil occur 
during many activites including tillage, land 
leveling, grading, intense grazing, and site 
preparation and harvesting on forestlands. Some 
soil displacement can be useful such as tillage 
for seedbed preparation in cropland, limited 
disturbances in highly productive grassland 
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systems, and soil scarification to ensure success 
of some types of reforestation. However, soil 
disturbances significantly change the biological 
habitat of the soil. If the extent of the 
disturbance is limited to small areas, the overall 
impact will also be limited. Broadly applied 
practices such as tillage, grazing, or clear-cutting 
can impact large areas. Even a single tillage or 
compaction event can significantly affect the 
location and quantity of the food supply and the 
physical habitat of soil organisms. If enough 
nitrogen is present, tillage and other practices 
that mix the soil usually lead to a flush of 
microbial activity and nutrient release, and loss 
of soil organic matter via CO2 respiration. 
Where there is a loss of soil organic matter, 
microbial activity will eventually drop to a rate 
that is lower than the initial rate. Over time, 
tillage shifts the food web from being dominated 
by fungi to being dominated by bacteria. 

Pesticides and herbicides 
All pesticides impact some non-target 
organisms. Heavy pesticide use tends to reduce 
soil biological complexity. Total microbial 
activity often increases temporarily as bacteria 
and fungi degrade a pesticide. However, effects 
vary with the type of pesticide and species of 
soil organism. Labels generally do not list the 
non-target organisms affected by a product. In 
fact, few pesticides have been studied for their 
effect on a wide range of soil organisms. 
Pesticides that kill aboveground insects can also 
kill beneficial soil insects. Foliar insecticides 
applied at recommended rates have a smaller 
impact on soil organisms than fumigants or 
fungicides. Herbicides probably affect few 
organisms directly, but they affect the food and 
habitat of soil organisms by killing vegetation. A 
pulse of dead vegetation may trigger a flush of 
biological activity and decomposition. Crop 
rotations are useful for breaking pest cycles, 
reducing pesticide application rates, and for 
varying the families of pesticides used. 
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Considerations for specific land uses 

The effects of management practices, operations, and natural disturbances often are specific to particular 
land uses, such as those discussed in this section. Each of the considerations below relates to the general 
management strategies described in the previous section. 

Cropland 

The highly disturbed soils of cropland may have 
as many bacteria and protozoa as other 
ecosystems, but tend to have far fewer fungi, 
nematodes, and arthropods. Reduced tillage and 
perennial cropping systems will support more of 
these larger soil organisms. 

Crop biomass additions 
Roots and surface residue from crops are 
convenient and valuable sources of soil organic 
matter and food for soil organisms. Corn 
harvested for grain will generate 3 to 4 tons of 
surface residue per acre and 1 to 2 tons of root 
biomass. Dense, sod-type crops produce 
generous amounts of root biomass. Recent 
research suggests that root contributions are 
more significant for building soil organic matter 
than are contributions from aboveground plant 
residue.  

Surface residue encourages the decomposers—
especially fungi—and generally increases food 
web complexity. Residue provides food and 
habitat for surface-feeding organisms, such as 
some earthworms, and for surface-dwellers, such 
as some arthropods. It also changes the moisture 
and temperature of the soil surface, and protects 
soil organic matter from erosion. The residue 
will increase some pathogens and reduce others. 
Soybeans, peanuts, and many vegetables leave 
little surface residue and should be rotated with 
high residue crops or cover crops. 

Animal manure  
Dung pats provide food and habitat for a variety 
of larger soil organisms. Manure in any form is a 
significant source of nutrients. Manure 
application substantially changes the mix of 
organisms in the soil compared to plant sources 
of organic matter. The implications of these 
differences are not clear, but they probably 
affect disease levels and nutrient cycling. Over-

application of N or P (whether from organic 
amendments or synthetic fertilizer) can suppress 
certain soil organisms, especially mycorrhizal 
fungi, as well as lead to degradation of air and 
water quality. 

Compost  
Compost can be used to inoculate the soil with a 
wide variety of organisms and to provide a high 
quality food source for them. Composts have 
also been credited with reducing the incidence of 
plant disease (Ceuster and Hoitink, 1999). Some 
species thrive in both compost and soil, but 
many prefer one or the other. For example, the 
redworms (Eisenia fetida) commonly used to 
make vermicompost do not survive well in soil. 
The quality of compost varies substantially 
depending on the material used, peak 
temperature during the composting process, and 
the level of aeration. Organic materials 
decomposed with little oxygen (e.g. liquid 
manure) will contain a very different set of 
organisms and compounds than well-aerated 
compost. (For information about how to make 
compost, see NRCS conservation practice 
standard #317, Composting Facilities.)  

Sewage sludge  
Like manure, sludge can be an excellent food 
source for organisms. However, high levels of 
metals or salts in some sludge kill or reduce the 
activity of some organisms. 

Cover crops  
Cover crops have several positive effects on soil 
communities. Most soil organisms live in the 
rhizosphere – the area directly around living 
roots. By planting cover crops (also called green 
manure) the rhizosphere environment is 
available to soil organisms for a longer portion 
of the year. Cover crops typically increase the 
amount and diversity of roots and aboveground 
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growth that become part of soil. Because of each 
crop’s unique physiology, populations of 
specific soil organisms will increase or decline 
depending on the crop. For example, some cover 
crops exude compounds that inhibit disease-
causing organisms. 

Inorganic fertilizers  
Fertilizer provides some of the nutrients needed 
by soil organisms and will favor those species 
that can best utilize the forms of nutrients found 
in fertilizers. The effect of acidity, alkalinity, or 
salt of some fertilizers (e.g. ammonium nitrate, 
ammonium sulfate, and urea formaldehyde) 
tends to reduce populations of fungi, nematodes, 
and probably protozoa. It is not clear how 
persistent these population reductions are in 
various situations.  

Judicious fertilizer use can be positive for 
overall biological activity because it increases 
plant growth and organic matter inputs to the 
soil.  

Genetically modified (GMO) crops  
Each type of GMO is likely to have a different 
effect on soil biology. For example, Bt crops 
seem to have little direct effect on the 
composition of the soil biological community, 
yet decomposition rates of the crop residue 
differ from that of other corn varieties – perhaps 
because of changes in plant lignin composition, 
which may indirectly affect soil organisms via 
changes in food resources. (Lignin is a plant 
compound that is highly resistant to microbial 
attack.) However, soil type and crop variety 
seem to be more important than the presence of 
the Bt gene in determining decomposition rates 
(Saxena and Stotzky, 2001a, b).  

Drainage 
Improved water drainage tends to improve 
microbial activity by increasing oxygen 
availability. Poorly drained soils have a high 
level of anaerobic microsites and therefore a 
higher rate of denitrification (conversion of 
nitrate to gaseous nitrogen) compared to well-
drained soils. 

Irrigation and salt build-up  
Where irrigation increases plant yield, it 
increases biomass production and soil organic 
matter, and therefore tends to increase biological 
activity and to alter the biological community 
structure. However, irrigation water can contain 
salts. To prevent salt accumulation that can 
reduce biological activity and crop yield, 
additional water must be applied to leach these 
salts from the root zone. Some irrigation 
techniques, such as furrow irrigation, require 
extreme soil disturbance that is detrimental to 
biological habitat. When the disturbance is a 
one-time event (i.e., intense but infrequent), as 
with installation of subterranean irrigation pipes, 
the disturbance is less likely to do lasting 
damage. 

Soil inoculants and compost tea  
Some commercially available inocula are 
intended to increase populations of specific soil 
organisms. Some products have a long track 
record of effectiveness, including nitrogen-
fixing bacteria and some pest predators, such as 
bacteria, nematodes, or insects. Some products 
are unproven or unpredictable.  

Inoculants will have little effect or only a 
temporary effect if the organisms cannot 
compete in their new environment. Because they 
must have supplies of organic matter as a food 
source, soils low in organic matter will not see 
long-lasting results unless a recurring supply of 
organic matter is added to the system. 
Furthermore, many functions performed by soil 
organisms result from the interactions of 
organisms, not from a few individual species.  

When considering using inoculants, ask the 
following questions: 

Do you have assurances that the 
organisms claimed to be in the product 
are viable?  

• 

• 

• 

Will the organisms survive in your soil 
environment long enough to have the 
desired effect? 
If you achieve positive results, was the 
change caused by the inoculated 
organisms or by associated management 
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practices, such as changes in tillage or 
added organic matter? 

Before committing a whole farm to a new 
product, test it on a small area and compare 
results to a control strip managed identically but 
without application of the product. Monitor both 
short- and long-term effects. 

Land leveling  
Land leveling may have effects similar to 
erosion and sedimentation because biologically 
active surface soil is removed from some areas 
and deposited in other parts of the field. It may 
also expose subsoil with a less desirable texture 
or lower organic matter levels. This effect can be 
reduced by intense soil building practices after 
land leveling or by removing and stockpiling the 
topsoil just prior to land leveling and then 
spreading it over the newly leveled surface. 

Terraces and grassed waterways  
Permanent vegetative structures add diversity to 
a landscape and thus can enhance the 
biodiversity of the area. They serve as a refuge 
for larger soil organisms such as arthropods and 
pest predators. However, like land leveling, the 
soil movement involved during construction of 
terraces can significantly disrupt soil biological 
habitat. 

Tillage and no-till 
Tillage enhances bacterial growth in the short-
term by aerating the soil and by breaking apart 
soil aggregates to expose organic matter that had 
been protected from microbial decay. The 
bacterial activity increases the loss of carbon 
respired as CO2, and triggers population 
explosions of bacterial predators such as 
protozoa. Ultimately, recurrent tillage reduces 
the amount of soil organic matter that fuels the 
soil food web. 

The mechanical action of tillage tends to 
temporarily reduce populations of fungi, 
earthworms, nematodes, and arthropods. Over 
the long term with repeated tillage, these 
populations are likely to decline because of the 
lack of surface residue rather than because of the 
mechanical action of tillage. 

The environment for soil organisms can differ 
significantly in no-till compared to 
conventionally tilled soils. For example, because 
the surface soil structure is not regularly 
disrupted, no-till soils are more likely to have:  

Anaerobic micro-environments,•
• 

• 

• 

• 

• 

Cooler spring soil temperatures because 
of greater surface cover,  
More macropores to facilitate 
infiltration,  
Greater soil moisture and carbon near 
the surface, and 
Uneven distribution of organic matter 
throughout the topsoil. 
In addition, surface compaction may be 
a problem if compaction was present 
before the conversion to no-till, and if 
biomass inputs are low or traffic 
patterns are not controlled. 

Organic matter decomposition rates are lower in 
no-till vs. conventionally tilled soils because of 
the lower level of soil disturbance. The lack of 
disturbance and the presence of surface residue 
encourage fungi and large organisms such as 
arthropods and earthworms. No-till soils 
generally have a higher ratio of fungi to bacteria. 

Fallow periods  
Because microbes concentrate around living 
roots, fallow periods of even a few weeks at the 
beginning or end of a growing season reduce an 
important microbial habitat. During long fallow 
periods, most arthropods will emigrate or die of 
starvation. Some organisms can form cysts, 
allowing them to lie dormant until conditions 
become more favorable. Mycorrhizal fungi also 
“starve” during a fallow period and take time to 
recover after the fallow period ends. Growing 
non-mycorrhizal plants is equivalent to a fallow 
year from the perspective of mycorrhizal fungi. 
Plants that do not support mycorrhizae include 
brassicas (mustard, broccoli, canola) and 
chenopods (beets, lamb’s-quarters, chard, 
spinach). (See section on mutualists, page 4, for 
more information about mycorrhizae.)
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Forestland 

Forest soils have high ratios of fungi relative to 
bacteria, especially under coniferous forests. The 
fungi are predominately ectomycorrhizae that 
infect tree roots and then extend their hyphae 
into the soil. This greatly increases the tree’s 
effective root zone, allowing access to a greater 
area of soil from which to extract water and 
nutrients. The mantle created by mycorrhizae 
around the root also prevents pathogenic fungi 
and bacteria from attacking the root system.  

Arthropods can be quite numerous in forests 
because the soil is rarely disturbed. Earthworms 
are common in deciduous forests, but rare 
among conifers. Where non-native earthworms 
(e.g., fishing bait) have been introduced into 
deciduous forests, significant changes in 
understory vegetation have been observed 
(Minnesota DNR, 2004). 

Tree harvesting 
Tree harvesting removes nutrients from the area, 
reduces the total uptake of nutrients by plants, 
and can accelerate biological activity and 
decomposition. Tree harvest can change the 
activity, amount, and diversity of the microbial 
community. The degree of site disturbance 
during harvesting and the amount of slash 
remaining after harvest determines the effects on 
soil organisms. Techniques that minimize soil 
disturbance and compaction will have the least 
detrimental effect on soil organisms. Tractors, 
wheeled skidders, and mechanized harvesting 
equipment disturb the soil surface and can cause 
compaction that restricts biological activity. 
Cable, helicopter, and horse logging produce the 
least disturbance. Soil surface displacement and 
mixing of soil, duff, and slash temporarily 
increase microbial activity and may interfere 
with arthropod activity.  

Clear-cutting generally has a negative effect on 
soil biological activity. The large number of 
roads, skid trails, and landings compact soil and 
are particularly susceptible to erosion. When 
erosion and loss of mycorrhizal host plants is 
severe mycorrhizal fungi may be lost from the 
ecosystem. Compared to soil under trees, 

bacteria and actinomycetes, such as 
streptomyces, are more prominent in clear-cut 
areas, between trees in thinned areas, and 
between intact forest patches. When reclaiming 
clear-cut forests it is beneficial to inoculate new 
tree seedlings with mycorrhizal fungi, forest 
soils, or litter containing these fungi. Retaining 
patches of intact forests among clear-cut areas 
provides a source of soil organisms to re-
inoculate the harvested areas. 

Thinning and fuel management 
Thinning of forests has a positive effect on soil 
biological diversity, especially in single-age 
stands. Thinning increases the diversity of 
understory vegetation and thus creates more 
diversity of habitats and food sources for soil 
organisms. (This is an example of the 
intermediate disturbance hypothesis described 
on page 6.) However, excessive compaction and 
soil displacement can have negative effects.  

Roads, trails, and landings 
Compaction created under roads, skid trails, and 
landings compresses soil particles together and 
reduces pore sizes. This restricts the habitat for 
soil organisms, especially the nematodes and 
larger arthropods. The use of designated skid 
trails and restoration of landings after harvest 
minimizes the amount of forestland affected.  

Slash piling and woody debris  
Machine or hand piling of slash concentrates 
nutrient-rich branches, foliage, and sometimes 
topsoil. This increases soil organism populations 
and activity locally. Excessive nutrient leaching 
can occur in areas where microbial activity 
increases. Windrowing of slash has severe 
detrimental effects on areas between windrows 
because topsoil rich in soil organisms is scarified 
and placed in the windrows. Runoff may also 
erode nutrient-rich surface soil and organic 
matter from slash areas, potentially degrading 
water quality of nearby streams and lakes.  

Wind damage increases the amount of dead 
wood available for soil organisms. Woody 
debris can enhance biological function because 

Soil Biology and Land Management Page 13 of 20 



Page 14 of 20 Soil Biology and Land Management  

dead wood mitigates environmental extremes, 
such as heat and cold, in the microclimate of a 
disturbed area. In forests, downed logs serve as 
centers for biological activity including 
mycorrhizal hyphae, nitrogen-fixing bacteria, 
other microbes, arthropods, and even small 
mammals. In some systems, fungi extract water 
from large rotting logs and supply the water to 
growing trees during times of moisture stress. 
Downed logs also serve as natural dams to help 
reduce erosion and increase infiltration and thus 
improve recolonization by desirable species in 
highly disturbed areas. 

Fire 
Stand replacement fires – Stand replacement 
fires are common in single age stands of fire-
adapted tree species such as lodgepole pine, jack 
pine, longleaf pine and black spruce. Fire is an 
integral part of the ecology of these forests. The 
microbial community tends to drop back to its 
previous level of activity after an initial flush of 
activity after a fire. 

Cool or patchy fires – Frequent ground fires are 
an integral part of some forest ecosystems, such 
as ponderosa pine stands. These fires are not hot 
enough to burn the overstory trees, but the 
understory trees and brush are killed.  

A short, cool fire rarely eliminates any group of 
organisms. If the fire is cool, nitrogen will not be 
volatilized, and the nitrogen in ash may 
stimulate plant growth and diversity of species. 
Arthropods will repopulate readily after a patchy 
fire. 

Catastrophic wildfire – Hot, long-duration fires 
will kill most organisms, including microbes at 
or near the soil surface. The ignition of litter and 
duff as well as erosion after the fire reduces food 
available to soil organisms. The mineralization 
and subsequent leaching of nitrogen can 
significantly decrease soil fertility. Hydrophobic 
layers formed during hot fires can restrict the 
penetration of water into the soil for several 
years. This restricts plant and root growth thus 
reducing the food supply for soil organisms.  

Insects and disease 
The reduction of fire in some forests, such as 
Ponderosa pine forests, has led to an increase in 
insect infestations and disease. Diseased or dead 
trees increase the amount of woody debris that 
serves as fuel for hotter-burning, potentially 
catastrophic fires.  

An invasion or increase of less disease-resistant 
tree species will make a forest stand more 
susceptible to insect infestation and disease.  



Rangeland 

Soil biological activity in rangelands may vary 
greatly over short distances. Activity may be 
high under shrubs and grasses and almost none 
in the bare spaces between plants.  

Some seemingly bare spots are actually 
encrusted with soil organisms, such as 
cyanobacteria. Biological soil crusts are 
important for nutrient and water cycling, 
particularly in arid and semi-arid environments. 

When plant assemblages change dramatically 
over time, for example, from grass- to shrub-
dominated, the character of the soil biology may 
change to the extent that it may be difficult to 
convert the system back to the original plant 
assemblage with its associated soil community.  

Grazing and vegetation management  
Grazing and vegetation management are the 
most important tools for maintaining the benefits 
of the soil food web. Timely grazing, the proper 
frequency of grazing, and control of the amount 
of vegetation removed will maintain or enhance 
plant production and the supply of organic 
matter. Both overgrazing and non-grazing 
reduces root growth and thus the amount of 
organic matter inputs to the soil. Grazing 
stimulates root growth and production of root 
exudates, but overgrazing reduces the amount of 
leaf surface for photosynthesizing. (This is 
another example of the intermediate disturbance 
hypothesis. See page 6.) With reduced food 
supplies, biological activity decreases along with 
important soil functions, including nutrient 
cycling, water infiltration, and water storage. As 
these functions decline, the ability of the plant 
and soil biological communities to replenish soil 
organic matter also declines. Heavy grazing can 
reduce the abundance of nitrogen-fixing plants, 
causing a decrease in the nitrogen supply for the 
entire plant community. Where biological crusts 
provide important functions such as protection 
from erosion, the timing and intensity of grazing 
should be managed to minimize damage to 
crusts. Ensuring even manure distribution is 
another mechanism by which good grazing 
management enhances soil biological activity. 

Fire 
Prescribed burning in grassland communities 
generally produces cool temperature fires that 
have little or no direct effect on soil organisms. 
There can be short-term losses of habitat or food 
sources, but patchy fires leave refuges for larger 
soil organisms in adjacent unburned litter and 
grass.  

Absence of fire or an increased length of time 
between fires commonly promotes vegetation 
shifts from grass-dominated to shrub- or tree-
dominated plant communities. Such vegetation 
shifts affect the soil organisms through the 
change in residue composition and the depth of 
root zones that contribute food sources. Woody 
residue and roots will increase fungal 
populations. Bare soil between shrubs provides 
little food and will result in a decline in soil 
organism populations. 

Catastrophic fire is likely to occur in dense 
shrub- or tree-dominated plant communities. 
The resinous wood and longer burn times 
promote hot fires that can effectively scorch the 
upper few inches of the soil. This will kill some 
soil organisms and reduce their food supply 
while also increasing the availability of some 
nutrients.  

Invasive weeds  
Invasive weeds can cause a shift in the types of 
soil organisms present because the quantity and 
quality of plant residue and root exudates will 
change. Weeds that cause increased litter 
buildup tend to promote more fungal dominance 
in soil. The encroachment of annuals into 
perennial plant systems will cause changes in 
organism community composition because soil 
biological activity corresponds with plant 
growth stages and periods of litter fall and root 
die-off.  

Shrub removal  
Removing shrubs by chaining, thinning, or 
applying herbicides promotes a shift to a 
different plant community and affects food 
sources for soil organisms. Less woody material 
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and more herbaceous material will promote 
bacterial increases compared to fungi. Arthropod 
species will also change to those supported by 
the new plant community. As with tillage, the 
soil displacement and mixing that occurs during 
chaining will enhance bacterial decomposition 
of soil organic matter and residues. Compaction 
and herbicide effects, as described in “General 
Management Principles” above, may also be an 
issue during shrub removal. 

Plowing and seeding  
Plowing and seeding disturbances are related to 
the degree of soil mixing. Tillage that 
completely mixes or inverts the topsoil will 
result in a sudden, drastic change in habitat, 
increased organic matter decomposition rates, 
and thus reduced food sources for soil 
organisms. It also destroys larger pores and 
some macrohabitats. Use of a seed drill 
minimizes soil mixing and is much less of a 
disturbance to soil biology. Changes in the 
amount of residue either from plowing or the 
establishment of the seeded species will alter the 
food sources for soil organisms. Loss of residue 

can reduce or eliminate habitats for larger 
organisms in the food web, such as insects and 
arthropods.  

Compaction from traffic  
Grazing animals and vehicles may cause 
compaction, especially when traffic is 
concentrated in small areas or soil is too wet. 
See “General management strategies” for a 
description of the implications of compaction on 
soil biology. 

Erosion  
Off-road vehicle traffic or heavily used trails can 
create ruts that compact soil and channel water. 
The resulting accelerated erosion, rills, and 
gullies can strip or bury topsoil and have a 
negative effect on soil organisms. Erosion 
associated with vegetation shifts often results in 
the redistribution of topsoil, organic matter, 
resources, and habitat across short distances. At 
the shrub-intershrub scale, bare areas between 
shrubs provide the least habitat and resources for 
soil organisms. Areas of grass, shrubs, or trees 
have more diversity of soil organisms.  



Assessment and monitoring 

In contrast to soil physical and chemical 
parameters, there are few specific guidelines for 
managing soil biological properties. Thus, it is 
especially important that land managers track 
changes in soil biological functions over time to 
monitor the effects of management choices. 
Monitoring is the identification of trends by 
systematically collecting quantitative data over 
time from permanently marked locations. 
Objectives for monitoring soil biological 
function include: 

• Evaluation and documentation of the
progress toward management goals,

• Detection of changes that may be an
early warning of future degradation, and

• Determination of the trend for areas in
desired condition, at risk, or with
potential for recovery.

Assessment is the estimation of the current 
functional status of soil biological processes. It 
requires a standard for comparison. Objectives 
of assessments can be: 

• Selection of sites for monitoring,
• Gathering of inventory data,
• Identification of areas at risk of

degradation, and
• Targeting management inputs.

Techniques for measuring soil biological 
properties range from informal, qualitative 
observations to quantitative laboratory 
techniques. These techniques can be useful for 
learning about organisms’ resource requirements 
and functions. However, soil biological tests can 
be difficult to interpret, and thus provide limited 
support for making specific management 
decisions. More information may be gleaned by 
assessing and monitoring properties affected by 
soil biological activity including soil surface 
stability (aggregate stability and slake tests), 
water infiltration rates (ring infiltrometer and 
rainfall simulation tests), decomposition rates, 
pest activity, and soil nitrate and carbon levels 
(microbial biomass and total organic carbon 
tests). These measures of soil properties assess 

the soil functions of interest to a land manager. 
However, they are likely to change more slowly 
than biological measures and thus are more 
delayed indicators. When deciding what to 
assess or monitor, keep in mind the objectives 
and the time and resources available. 
For more about planning appropriate soil quality 
assessments see “Guidelines for Soil Quality 
Assessment in Conservation Planning” (NRCS, 
2001c).  

Types of tests 

As discussed in the Soil Biology Primer, a 
variety of approaches can be used to describe the 
soil community, including 1) counting soil 
organisms or measuring biomass, 2) measuring 
their activity, or 3) measuring diversity, such as 
diversity of functions (e.g., biolog plates) or 
diversity of chemical structure (e.g. cell 
components or DNA). Each approach provides 
different information.  
Methods for measuring biomass identify either 
the total number of organisms or only those that 
are active. A pitfall trap or Berlese funnel 
(NRCS, 2001b) can be used to collect larger 
organisms living in litter from a forest floor, 
pasture, or cropland.  
Activity measurements provide a better 
understanding of soil biological function than do 
biomass measurements. One measure of 
biological activity is testing for various 
microbial enzymes (Dick, 1997). By choosing 
the appropriate enzyme, an enzyme assay can be 
used to assess the rate of carbon, nitrogen, or 
phosphorus cycling, or overall microbial 
activity. Enzyme assays have potential as a 
useful indicator and can be done with the 
equipment found in typical soil analysis labs, but 
most labs do not yet offer these tests.  
Respiration, or the amount of CO2 produced 
from the soil, is another measure of biological 
activity. The test can be done in the field 
(NRCS, 1998), but results are difficult to 
interpret. Respiration rates are extremely 
variable hourly, seasonally, and by region and 
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soil type, so baseline or reference data are nearly 
meaningless. Furthermore, high respiration may 
indicate a healthy and active biological 
community, or it may indicate recent 
disturbance, such as tillage, that has triggered a 
flush of activity. High respiration represents a 
loss of soil carbon to the atmosphere, which is 
counter to the goal of carbon sequestration. Yet 
there are no guidelines for determining how 
much is too much. For these reasons, soil 
respiration tests can be useful in side-by-side 
demonstrations, but are of limited value as a soil 
biological indicator.  

Collecting samples for laboratory 
analyses  

A small number of commercial labs will test soil 
biological properties. Typical measures are 
microbial biomass and direct counts of soil 
microbes. When choosing a lab and soil biology 
tests, consider the following. 

• What quality control measures does the
lab use to ensure reliable results?

• What is the significance of each test in
terms of soil function?

• How will the test assist in your
management decisions?Cotton strip tests (NRCS, 1998 and 2001b) and 

a few other techniques measure decomposition 
rates over days or weeks, and therefore are not 
confounded by short term variation as much as 
are respiration tests. However, results are still 
difficult to interpret and require a standard or 
control for comparison. 

• Do interpretations of results consider
your specific soil type and cropping
systems?

The biomass (total amount of organisms) 
changes seasonally, but does not change 
drastically from day to day. However, activity 
levels (e.g., respiration) can change quickly, so 
note the time of year and the temperature and 
moisture conditions when sampling, and sample 
under similar conditions for future observations.  

With any of these measures of the soil biological 
community, refer to a specialist for help 
interpreting test results.  

Samples should be placed in sealed bags and 
chilled (but not frozen) immediately. 
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Summary 

Soil organisms are integral to soil processes, 
including nutrient cycling, energy cycling, water 
cycling, processing of potential pollutants, and 
plant pest dynamics. These processes are 
essential to agriculture and forestry, and for 
protecting the quality of water, air, and habitat. 
Therefore, land managers should consider the 
effects of their actions on the health and function 
of the soil biological community. 

Despite the well-known importance of soil 
biological processes, the development of 
monitoring and management guidelines is in its 
infancy. However, land managers can learn the 
general principles of how their choices affect 
biological processes and can monitor changes in 
soil function.  

Soil biological health generally improves when 
the following management practices are applied:  

• Regularly adding adequate organic
matter,

• Diversifying the type of plants across
the landscape (in all land uses) and
though time (in cropping systems),

• Keeping the ground covered with living
plants and residue,

• Avoiding excessive levels of
disturbances including soil mixing or
tillage, compaction, pesticides, heavy
grazing, and catastrophic wildfires.
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Letter from the Chief I am proud to introduce the Soil Biology Primer. The Soil Biology Primer 
represents a new era in our agency's soil science contributions to natural 
resource conservation. In the past we have focused primarily on the chemical 
and physical properties of soil. This publication highlights another integral 
component of soil, its biological features. The Primer explains the importance 
of biological functions for productive and healthy agricultural systems, range
lands, and forest lands. 

The Soil Biology Primer is intended for farmers, ranchers, agricultural profes
sionals, resource specialists, students, teachers, and NRCS conservationists, 
specialists, and soil scientists as a reference for enhanced understanding of the 
critical functions performed by soil life. I hope you enjoy reading about the 
fascinating diversity of soil life under our feet and gain a deeper appreciation 
of the intrinsic value of soil organisms to sustainable civilizations. Protecting 
our Nation's soil for future generations is of greatest importance. 

Pearlie S. Reed 
Chief 
Natural Resources Conservation Service 
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Soil Biology 
Primer 

The Soil Biology Primer is an introduction ro the living component of soil and how it 
contributes to agricultural productivity, and air and water quality. The Primer includes 
units describing the soil food web and how the food web relates ro soil health, and units 
about bacteria, fungi, protozoa, nematodes, arthropods, and earthworms. To obtain a 
copy, contact your local office of the Natural Resources Conservation Service. They are 
listed in the phone book under Federal Government in the Agriculture Department 
under Natural Resources. 

Contents 

The Soil Food Web 

The Food Web & Soil Health 

Soil Bacteria 

Soil Fungi 

Soil Protozoa 

Soil Nematodes 

Soil Arthropods 

Earthworms 

For information about the Soil Quality Institute, visit our web site at 
http://www.statlab.iastate.edu/survey/SQl/sqihome.shtml. 
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Soil Biology Primer 

The soil food 
web helps 
enhance plant 
growth, 
control pests, 
and protect 
soil, air, and 
water quality. 

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 bac
teria, algae, fungi, and protozoa, to the 
more complex nematodes and micro
arthropods, to the visible earthworms, 
insects, small vertebrates, and planes. 

As these organisms eat, grow, and move 
through the soil, they make it possible 
co have clean water, clean air, healthy 
plants, and moderated water flow. 

There are many ways that the soil food 
web is an integral part oflandscape 
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 groundwa
ter, and they fix nitrogen from the 
atmosphere, making it available to 
plants. Many organisms enhance soil 
aggregation and porosity, thus increas
ing infiltration and reducing runoff. 
Soil organisms prey on crop pests and 
are food for above-ground animals. 
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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. 
[S. Rose and E.T. Elliott] 
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The Food Web: 
Organisms and Their 
Interaction 

I 

Soitir • 

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 next page). 

All food webs are fueled by the primary 
producers: the planes, lichens, moss, 
phot0synthetic bacteria, and algae that 

use the sun's energy co foe carbon diox
ide from the atmosphere. Most other 
soil organisms get energy and carbon 
by consuming che organic compounds 
found in plants, orher organisms, and 
waste by-products. A few bacteria, 
called chemoaurotrophs, get energy 
from nitrogen, sulfur, or iron com
pounds rather than carbon com
pounds or the sun. 

A Soil Food Web Glossary 

Arthropods 

Bacteria 

Fungi 

Invertebrate animals with jointed legs. They include insects, 
crustaceans, sowbugs, arachnids (spiders), and others. 

Microscopic, single-celled organisms that are mostly non
photosynthetic. They include the photosynthetic 
cyanobacteria (formerly called blue-green algae), and 
actinomycetes (filamentous bacteria that give healthy soil its 
characteristic smell). 

Multi-celled, non-photosynthetic organisms that are neither 
plants nor animals. Fungal cells form long chains called hyphae 
and may form fruiting bodies such as mold or mushrooms to 
disperse spores. Some fungi, such as yeast, are single-celled. 

Saprophytic fungi Fungi that decompose dead organic matter. 

Mycorrhizal fungi Fungi that form associations with plant roots. 
These fungi get energy from the plant and 
help supply nutrients to the plant. 

Grazers Organisms such as protozoa, nematodes, and microarthro
pods that feed on bacteria and fungi. 

Microbes An imprecise term referring to any microscopic organism. 
Generally, "microbes" includes bacteria, fungi, and some
times protozoa. 

Mutualists Two organisms living in an association that is beneficial to 
both, such as the association of roots with mycorrhizal fungi 
or with nitrogen-fixing bacteria. 

Nematodes Tiny, usually microscopic, unsegmented worms. Most live 
free in the soil. Some are parasites of animals or plants. 

Protozoa Tiny, single-celled animals, including amoebas, ciliates, and 
flagellates. 

Trophic levels Levels of the food chain. The first trophic level includes 
photosynthesizers that get energy from the sun. Organisms 
that eat photosynthesizers make up the second trophic level.

Third trophic level organisms eat those in the second level, and 
so on. It is a simplified way of thinking of the food web. In real
ity, some organisms eat members of several trophic levels. 
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As organisms decompose complex 
materials, or consume other organ
isms, nutrients are converted from one 
form to another, and are made avail
able t0 plants and co other soil organ
isms. All plants-grass, trees, shrubs, 
agricultural crops-depend on the 
food web for their nutrition. 
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The Soil Food Web 

Waste, residue and 
metabolites from 
plants, animals and 
microbes. 

First trophic 
level: 
Photosynthesizers 

Bacteria 

Second 
trophic level: 
Decomposers 
Mutualists 
Pathogens, parasites 
Root-feeders 

Third trophic 
level: 
Shredders 
Predators 
Grazers 

The Soil Food Web 

Nematodes 
Predators 

Fourth trophic 
level: 
Higher level 
predators 

Soil Biology Primer 

Animals 

Fifth and 
higher trophic 
levels: 
Higher level 
predators 
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What Do Soil 
Organisms Do? 

Growing and reproducing are the pri
mary activities of all living organisms. 
As individual plants and soil organisms 
work to survive, they depend on inter
actions with each other. By-products 
from growing roots and plant residue 
feed soil organisms. In turn, soil organ
isms support plant health as they 

decompose organic matter, cycle nutri
ents, enhance soil structure, and con
trol the populations of soil organisms, 
including crop pests. 

Functions of Soil Organisms 
Type of Soil Orga_nism 

Photosynthesizers • Plants 
•Algae
•Bacteria

Decomposers 

Mutualists 

Pathogens 

Parasites 

Root-feeders 

•Bacteria
•Fungi

• Bacteria
•Fungi

• Bacteria
•Fungi

• Nematodes
• Microarthropods

•Nematodes
• Macroarthropods
(e.g., cutworm, weevil
larvae, & symphylans)

Bacterial-feeders • Protozoa 
•Nematodes

Fungal-feeders 

Shredders 

Higher-level 
predators 

I 

•Nematodes
• Microarthropods

• Earthworms
• Macroarthropods

• Nematode-feeding
nematodes

• larger arthropods,
mice, voles, shrews,
birds, other above
ground animals

Capture energy 
• Use solar energy to fix CO2•
• Add organic matter to soil (biomass such as dead cells, plant litter, and secondary metabolites).

Break down residue 
• Immobilize (retain) nutrients in their biomass.
• Create new organic compounds (cell constituents, waste products) that are sources of energy and

nutrients for other organisms.
• Produce compounds that help bind soil into aggregates.
• Bind soil aggregates with fungal hyphae.
• Nitrifying and denitrifying bacteria convert forms of nitrogen.
• Compete with or inhibit disease-causing organisms.

Enhance plant growth 
• Protect plant roots from disease-causing organisms.
• Some bacteria fix N2•
• Some fungi form mycorrhizal associations with roots and deliver nutrients (such as P) and water to

the plant.

Promote disease 
• Consume roots and other plant parts, causing disease.
• Parasitize nematodes or insects, including disease-causing organisms.

Consume plant roots 
• Potentially cause significant crop yield losses.

Graze 
• Release plant available nitrogen (NH4

+) and other nutrients when feeding on bacteria.
• Control many root-feeding or disease-causing pests.
• Stimulate and control the activity of bacterial populations.

Graze 
• Release plant available nitrogen (NH4

+) and other nutrients when feeding on fungi.
• Control many root-feeding or disease-causing pests.
• Stimulate and control the activity of fungal populations.

Break down residue and enhance soil structure 
• Shred plant litter as they feed on bacteria and fungi.
• Provide habitat for bacteria in their guts and fecal pellets.
• Enhance soil structure as they produce fecal pellets and burrow through soil.

Control populations 
• Control the populations of lower trophic-level predators.
• larger organisms improve soil structure by burrowing and by passing soil through their guts.
• larger organisms carry smaller organisms long distances.

Natural Resources Conservation Service Soil Quality Institute 



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 
ocher soil dwellers transform and release 
nutrients from organic matter (see photo). 

These microshredders, 
immature oribatid mites, 
skeletonize plant leaves. This 
starts the nutrient cycling of 
carbon, nitrogen, and other 
elements. [Col/ohmannia spp. 
Roy A. Norton, State University 
of New York at Syracuse.) 

Components of Soil 
Organic Matter 
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Organic matter is many different kinds 
of compounds-some more useful to 
organisms than ochers. In general, soil 
organic matter is made of roughly equal 
parts humus and active organic matter. 
Active organic matter is the portion 
available co soil organisms. Bacteria tend 
co use simpler organic compounds, such 
as root exudaces or fresh plane residue. 
Fungi tend co use more complex com
pounds, such as fibrous plane residues, 
wood and soil humus. 

Incensive tillage triggers spurts of activ
ity among bacteria and other organisms 
that consume organic matter (convert it 
to CO2), depleting the active fraction 
first. Practices chat build soil organic 
matter {reduced tillage and regular 
additions of organic material) will raise 

the proportion of active organic matter 
long before increases in coral organic 
matter can be measured. As soil organic 
matter levels rise, soil organisms play a 
role in its conversion to humus-a rela
tively 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 nard-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. 

The Soil Food Web Soil Biology Primer 
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Where Do Soil 
Organisms Live? 
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The organisms of the food web are not 
uniformly distributed through the soil. 
Each species and group exists where 
they can find appropriate space, nutri
ents, and moisture. They occur wher
ever organic matter occurs-mostly in 
the top few inches of soil (figure below), 
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 roocs (see photo). It 
is teeming with bacteria that feed on 
sloughed-off plant cells and the proteins 
and sugars released by roots. The proto
zoa and nematodes that graze on bacte
ria 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. 
[No. 53 from Soil Microbiology and 
Biochemistry Slide Set. 1976. J.P. Martin, 
et al., eds. SSSA, Madison WI] 
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In litter. 
Fungi are common decomposers of 
plant litter because litter has large 
amounts of complex, hard-to-decom
pose carbon. Fungal hyphae (fine fila
ments) can "pipe" nitrogen from the 
underlying soil ro the litter layer. 
Bacteria cannot transport nitrogen over 
distances, giving fungi an advantage in 
litter decomposition, particularly when 
litter is nor mixed into che 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 plane 
residue after shredder organisms such 
as earthworms, leaf-eating insects, mil
lipedes, and other arthropods break up 
the litter into smaller chunks. 

When Are They 
Adive? 

The activity of soil organisms follows 
seasonal patterns, as well as daily pat
terns. In temperate systems, the greatest 
activity occurs in lace spring when tem
perature and moisture conditions are 
optimal for growth. However, certain 
species are most active in the winter, 
ochers during dry periods, and still 
ochers in flooded conditions. 

On humus. 
Fungi are common here. Much organic 
matter in the soil has already been 
decomposed many rimes by bacteria 
and fungi, and/or passed through the 
guts of earthworms or arthropods. The 
resulting humic compounds are com
plex and have little available nitrogen. 
Only fungi mal<e some of the enzymes 
needed to degrade the complex com
pounds 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 aggre
gates, processes that do nor require 
oxygen, such as denicrificacion, can 
occur. Many aggregates are actually the 
fecal pellets of earthworms and other 
invertebrates. 

Nor all organisms are active at a par
ticular rime. 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. 

In spaces between soil 
aggregates. 
Those arthropods and nematodes that 
cannot burrow through soil move in 
che pores between soil aggregates. 
Organisms that are sensitive co desicca
tion, such as protozoa and many nema
todes, live in water-filled pores. (See 
Figure page 1.) 

Many different organisms are active at 
different rimes, and interact with one 
another, with planes, and with the soil. 
The combined result is a number of 
beneficial functions including nutrient 
cycling, moderated water flow, and 
pest control. 

Seasonal Microbial Activity 
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The Importance of 
the Soil Food Web 

I 

The living component of soil, the food 
web, is complex and has different com
positions 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 co agricul
tural productivity, biodiversity, ca!'bon 
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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, arthro
pods, and earthworms. For more infor
mation about the diversity within each 
organism group, see the list of readings 
at the end of "The Food Web & Soil 
Health" unit. 
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How Do Soil 

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 com
plexity within each group of organisms. 
These differences are the result of soil, 
vegetation, and climate factors, as well as 
land management practices (Figure 2). 
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Biomass of Soil Organisms 
in Four Ecosystems 
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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). Some features of food web 
structures include: 

biomass may be 5:1 to 10:1 in a 
deciduous forest and 100: 1 co 
1000: 1 in a coniferous forest. 

• The ratio of fungi to bacteria is char
acteristic to the type of system.
Grasslands and agricultural soils usu
ally have bacterial-dominated food
webs - that is, most biomass is in the
form of bacteria. Highly productive
agricultmal 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

• 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.

Typical Numbers of Soil Organisms in Healthy Ecosystems 

Bacteria � 100 million to 1 billion. 100 million to 1 billion. 100 million to 1 billion. 
.. 

Fungi E 
Several yards. Tens to hundreds of yards. Several hundred yards in 

"' (Dominated by vesicular- (Dominated by vesicular- deciduous forests. 
en arbuscular mycorrhizal arbuscular mycorrhizal One to forty miles in conifer-
CII (VAM) fungi). (VAM) fungi). ous forests (dominated by 
C: 

0 ectomycorrhizal fungi). 
-

Protozoa 0 Several thousand flagellates Several thousand flagellates Several hundred thousand 
VI 

... and amoebae, one hundred and amoebae, one hundred amoebae, fewer flagellates. 
0 

to several hundred ciliates. to several hundred ciliates. 
C: 

0 

Nematodes 
0 Ten to twenty bacterial- Tens to several hundred. Several hundred bacterial-a.
VI feeders. A few fungal-feed- and fungal-feeders. Many "' 
CII ers. Few predatory predatory nematodes . .. 

.. nematodes .
CII 

A, 

Arthropods .. Up to one hundred. Five hundred to two Ten to twenty-five thousand. 
0 thousand. Many more species than in 0 

agricultural soils. 
CII 
.. 
"' 

Ten to fifty. Arid or semi-arid Ten to fifty in deciduous Earthworms :a Five to thirty. More in soils 
er with high organic matter. areas may have none. woodlands. Very few in VI 

.. coniferous forests . CII 
A, 

I
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How is the Food 

Web Measured? 

Figure 3: These bacteria have taken 
up a fluorescent stain, making them 
easier to count. 

What do the 

measurements tell us? 

• The structure of a food web 

• The numbers or biomass of 
organisms in the soil 

• The effectiveness of organisms
doing specific activities such as
decomposition or nitrification

• Unique characteristics or
"fingerprints" of the soil
community

The measurement techniques used to 
characterize a food web include: 

Counting. 
Organism groups, such as bacteria, 
protozoa, arthropods, etc.; or sub
groups, such as bacterial-feeding, fun
gal-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 dis
appearance of substances, such as plane 
residue or methane used by a large por
tion 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 activi
ties of all organisms, though only a 
portion are active at a particular time. 

• Respfration-measuring CO2 pro
duction. This method does not dis

tinguish 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 cotton strips.

The Food Web & Soil Health 

Measuring cellular constituents. 
The total biomass of all soil organisms 
or specific characteristics of the com
munity can be inferred by measuring 
components of soil organisms such as 
the following. 

• Biomass carbon, nitrogen, or phos
phoms- 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 car
bon or nitrogen in all soil organisms.

• Enzymes- measure enzymes in liv
ing cells or attached to soil. Assays
can be used to estimate potential
activity or to characterize the biologi
cal community.

• Phospholipids and other lipids
provide a "fingerprint" of the com
munity, and quantify the biomass of
groups such as fungi or actinomycetes.

• DNA and RNA- provide a "finger
print" of the community, and can
detect the presence of specific species
or groups.

Soil Biology Primer 
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What is Complexity? 

A Complex Food Web 

Figure 4 

I 

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 
10 species of bacterial-feeding nema
todes is less complex than a soil with 
10 nematode species that includes 
bacterial-feeders, fungal-feeders, and 
predacory nematodes. 

Natural Resources Conservation Service 

Complexity can be determined, in 
part, from a food web diagram such as 
Figure 4, which represents the soil in 
an old-growth Douglas fir forest. Each 
box of the food web diagram represents 
a functional group of organisms chat 
perform similar roles in the soil system. 
Transfers of energy are represented by 
the arrows on the diagram and occur 
when one organism ears another. 

•I 

I 

* Earthworms are generalists
that feed on many smaller
soil organisms.
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Complex ecosystems have more func
tional groups and more energy trans
fers than simple ecosystems. 

The number of functional groups chat 
turn over energy before the energy 
leaves the soil system is different (and 
characteristic) for each ecosystem 
(Figure 5). In the Douglas fir system, 
energy may undergo more than 20 

transfers from organism to organism, 
or between functional groups. In con
trast, a cave or low-residue cultivated 
system is not likely co include a la1·ge 
variety of higher predacors 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 
che number of functional groups - or 
complexity- in the soil. Intensively 
managed systems, such as cropland, 
have varied numbers of functional 
groups. Crop selections, tillage prac
tices, residue management, pesticide 
use, and irrigation alter the habitat for 
soil organisms, and thus alter the struc
ture and complexity of the food web. 

Complexity of the Soil Food Web in Several Ecosystems 
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Benefits of 
Complexity 
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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 com
plexity in managed ecosystems is opti
mal 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 (NH,t). 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 co 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 
(N03-) and ammonium (NH/).

Natural Resources Conservation Service 

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 creat
ing microaggregates from individual 
soil particles. Earthworms and arthro
pods consume small aggregates of min
eral particles and organic matter, and 
generate larger fecal pellets coated with 
compounds from the gut. These fecal 
pellets become part of the soil struc
ture. Fungal hyphae and root hairs 
bind together and help stabilize larger 
aggregates. Improved aggregate stabil
ity, along wi.th the burrows of earth
worms and arthropods, increases 
porosity, water infiltration, and water
holding capacity. 

Soil Quality Institute 



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 get
ting food, feed on pathogens, or gener
ate metabolites that are toxic to or 
inhibit pathogens. 

Two Bugs Are Better 
Than One 

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 t0tal number of 
species, as well as the relative abun
dance of these species, and the number 
of functional groups of organisms. 

In the experiment depicted below, 
blue grama grass was grown in 
sterile soil. Bacteria were added to 
the soil in some pots. Bacteria and 
bacteria-eating nematodes were 
added to other pots. 

The plants in soil with both bacte
ria and nematodes grew fastest. 
Although this was an artificial envi
ronment, the study demonstrated 
that the interaction between two 
organisms benefited plants. 

Effects of bacteria and bacterial-feeding nematodes on blue grama grass growth 
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Sterile soil Soil with 
bacteria 

Soil with 
bacteria and 
nematodes 

From R.E. Ingham et al. 1985. Interactions of bacteria, fungi, and their nematode grazers: 
Effects on nutrient cycling and plant growth. Ecological Monographs. 55:119-140. 

The Food Web & Soil Health Soil Biology Primer 

I 



Management and 
Soil Health 

How the food web 
serves the land 
manager 

• Fertilizer requirements may
decline as a healthy food web
efficiently stores and cycles
nutrients.

• Nitrates do not leach into
groundwater when soil
organisms hold nitrogen in the
rooting zone.

• Water quality is protected
when organisms effectively
degrade pollutants.

• More water soaks into soil and
can be used by crops as
biological activity enhances soil
structure.

• Less topsoil is lost to water and
wind erosion where soil
organisms have stabilized the
soil structure.

• Pesticide use can be reduced as
disease suppression improves
with a healthy soil food web.

. 

I 

A healthy soil effectively supports plant 
growth, protects air and water quality, 
and ensures human and animal health. 
The physical structure, chemical mal<.e
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, diver
sity, 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, ani
mals and humans. Many management 
strategies change soil habitats and the 
food web, and alter soil quality, or the 
capacity of soil to perform its func
tions. 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 4 crops
grown in rotation may have a greater
variety of food sources (i.e., roots
and surface residue), and therefore is
likely ro have more types of bacteria,
fungi, and other organisms.

Natural Resources Conservation Service 

• A cleanly-tilled field with few vege
tated 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. Hummed 
organic matter is stable because bacte
ria and fungi have helped form mole
cules chat are too complex and large for 
soil organisms to decompose. 

Soil Quality Institute 



Looking Forward 

Figure 6: The observations and field 
trials of land managers will be a 
valuable complement to formal research 
in learning about the relationship 
between soil management and the soil 
food web. 

The functions of the food web are 
essential to plant growth and environ
mental quality. Good resource manage
ment will integrate food 
web-enhancing strategies into the regu
lar activities of farms, ranches, forests, 
or in backyard gardens. Needed 
research will examine food web func
tions 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 co managing 
the food web. Alternatively, identifying 
the species and complexity present 
within a group may provide other use
ful information about the health and 
productive potential of a soil. 

The Food Web & Soil Health 

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? 
T he 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. 

Soil Biology Primer 
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Figure 2: Bacteria dot the surface 
of strands of fungal hyphae. 

How Bacteria 
Enhance Soil Quality 

• Feed other members of the
food web

• Decompose organic matter

• Help keep nutrients in the root
ing zone and out of surface and
groundwater

• Enhance soil structure, improv
ing the flow of water and reduc
ing erosion

• Compete with disease-causing 
organisms

• Filter and degrade pollutants as
water flows through soil

United States 
Department of 
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Service 
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Figure 1: A ton of microscopic bacteria may be active in each acre of soil. 

The Living Soil: 
Baderia 

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 produc
tive soil generally conrains 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 sim
ple carbon compounds, such as root 
exudates and fresh plant litter. By this 
process, bacteria conven 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 retain
ing, nutrients in their cells, thus pre
venting the loss of nutrients, such as 
nitrogen, from the rooting zone. 

A second group of bacteria is 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. The fourth group, called 
lithotrophs or chemoatttotrophs, 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. 
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What Do 

Baderia Do? 

Figure 3: 
Actinomycetes, 
such as this 
Streptomyces, 
give soil its 
"earthy" smell. 

A Few Important Bacteria 

Figure 4: Nodules formed 
where Rhizobium bacteria infected 
soybean roots. 

• 

Bacteria from all four groups perform 
important services related to water 
dynamics, nutrient cycling, and disease 
suppression. Some bacteria affect 
water movement by producing sub
stances chat help bind soil particles 
into small aggregates (those with diam
eters of 1/10,000-1/100 of an inch or 

Nitrogen-fixing bacteria form sym
biotic 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 sim
ple carbon compounds to the bac
teria, 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 (N03 ·) - 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 . 
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2-200 µm). Stable aggregates improve
water infiltration and the soil's water
holding ability. In a diverse bacterial
community, many organisms will
compete with disease-causing organ
isms in roots and on aboveground
surfaces of planes.

Denitrifying bacteria convert 
nitrate to nitrogen (N2) or nitrous 
oxide (N20) gas. Denitrifiers are 
anaerobic, meaning they are active 
where oxygen is absent, such as in 
saturated soils or inside soil aggre
gates. 

Actinomycetes are a large group 
of bacteria that grow as hyphae 
like fungi (Figure 3). They are 
responsible for the characteristi
cally "earthy" smell of freshly 
turned, healthy soil. 
Actinomycetes decompose a wide 
array of substrates, but are espe
cially important in degrading recal
citrant (hard-to-decompose) 
compounds, such as chitin and cel
lulose, 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. 

Soil Quality Institute 



Where Are Baderia? 

Various species of bacteria thrive on dif
ferent 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 concen
trated 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 bac
terial 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 plane species can 
grow. As the plant community is 
established, different types of organic 
matter enter the soil and change the 
type of food available co bacteria. In 
turn, the altered bacterial community 
changes soil structure and the environ
ment for planes. Some researchers 
chink it may be possible to control the 
plant species in a place by managing 
the soil bacteria community. 

Figure 5: In many systems, including grasslands and agricultural fields, the biomass of bacteria 
dominates the biomass of all other soil organisms. Fungi dominate the forest system. 

"rhiruJrphe,re,,," 
t/ie, IW.J"YOW

Yfjtbf'v UC/ tUf.t:l
around� 
roots. 

Soil Bacteria Soil Biology Primer 

I 



Photo Credits 
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Figure 2: Fungus beginning to 
decompose leaf veins in grass clippings. 

How Fungi 
Enhance Soil Quality 

• Decompose complex carbon
compounds

• Improve accumulation of
organic matter

• Retain nutrients in fungal bio
mass, reducing leaching of
nutrients out of the root zone

• Physically bind soil particles
into aggregates

• Are an important food source
for other organisms in the
food web

• Improve plant growth when
mycorrhizal fungi become
associated with the roots of
some plants

• Compete with plant
pathogens

• Decompose certain types of
pollutants
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Figure 1: Many plants depend on fungi to help extract nutrients from the soil. Tree 
roots (brown) are connected to the symbiotic mycorrhizal structure (bright white) and 
fungal hyphae (thin white strands) radiating into the soil. 

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 diame
ter. A single hypha 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" chat look like roots. 
Fungal fruiting structures (mush
rooms) are made of hyphal strands, 

spores, and some special structures like 
gills on which spores form (Figure 6). 
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 impor
tant 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 char help 
increase water infiltration and soil 
water holding capacity. 
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Soil fungi can be grouped into three 
general functional groups based on 

how they gee their energy. Decomposers 
- saprophytic fungi - convert dead
organic material into fungal biomass,
carbon dioxide (CO2), and small mole
cules, such as organic acids. These 
fungi generally use complex substrates, 
such as the cellulose and lignin, in 
wood, and are essential in decompos
ing 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 sec
ondary metabolites of fungi are organic 
acids, so they help increase the accu
mulation 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, nitro
gen, 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 endomyconhizae, 
that grow within the root cells and are 
commonly associated with grasses, row 
crops, vegetables, and shrubs. 
Vesicular-arbuscular mycorrhizal 

I 
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Figure 3: Ectomycorrhizae are important for nutrient absorption by tree and grape 
roots. The fungus does not actually invade root cells but forms a sheath that 
penetrates between plant cells. The sheath in this photo is white, but they may be 
black, orange, pink, or yellow. 

(VAM) (Figure 4), fungi are a type of 
endomycorrhizal fungi. Ericoid myc
orrhizal fungi can be either ecro- 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 Verticillittm, Pythittm, 
and Rhizoctonia, cause major economic 
losses in agriculture each year. Many 
fungi help control diseases. For exam
ple, nematode- trapping fungi that par
asitize disease-causing nematodes, and 
fungi chat feed on insects may be useful 
as biocontrol agents. 

Natural Resources Conservation Service 

Figure 4: The dark, round masses inside 
the cells of this clover root are vesicules 
for the vesicular-arbuscular mycorrhizal 
fungus (VAM). 
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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 con
tinue co survive and grow, even when 
soil moisture is coo low for most bacte
ria co be active. Fungi are able co use 
nitrogen from the soil, allowing chem 
co decompose surface residue which is 
ofren low in nitrogen. 

Fungi are aerobic organisms. Soil 
which becomes anaerobic for signifi
cant 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. 
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Figure 5: In arid rangeland systems, such as southwestern deserts, fungi pipe scarce 
water and nutrients to plants. 

Figure 6: Mushrooms, common in forest systems, are the fruiting bodies made by a 
group of fungi called basidiomycetes. Mushrooms are "the tip of the iceberg" of an 
extensive network of underground hyphae. 

Soil Fungi Soil Biology Primer 
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Mycorrhizal Fungi in 
Agriculture 

Figure 7: Mycorrhizal fungi link root cells 
to soil particles. In this photo, sand 
grains are bound to a root by hyphae 
from endophytes {fungi similar to 
mycorrhizae), and by polysaccharides 
secreted by the plant and the fungi. 

Photo Credits 

Figure 1: Randy Molina, Oregon State 
University, Corvallis. 

Figure 2: No. 48 from Soil Microbiology 
and Biochemistry Slide Set. 
1976. J.P. Martin, et al., eds. 
SSSA, Madison WI. 

Figure 3: USDA, Forest Service, PNW 
Research Station, Corvallis, 
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Figure 4: Elaine R. Ingham, Oregon State 
University, Corvallis. 

Figures 5, 7: Jerry Barrows, New Mexico 
State University, Las Cruces. 

Figure 6: Ann Lewandowski, Soil Quality 
Institute. 
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Mycorrhiza is a symbiotic associ
ation between fungi and plant 
roots and is unlike either fungi or 
roots alone. Most trees and agri
cultural crops depend on or ben
efit 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 mycor
rhizal associations. The level of 
dependency on mycorrhizae 
varies greatly among varieties 
of some crops, including wheat 
and corn. 
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Land management practices 
affect the formation of mycor
rhizae. The number of mycor
rhizal 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 mycor
rhizal fungi. Very high levels of 
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may reduce inoculation of roots. 
Some inocula of mycorrhizal 
fungi are commercially available 
and can be added to the soil at 
planting time. 
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Figure 2: Bacteria ingested by an 
amoeba. 

How Protozoa 
Enhance Soil Quality 

• Release nutrients stored in
microbial biomass for plant
use

• Increase decomposition rates
and soil aggregation by stimu
lating bacterial activity

• Prevent some pathogens from
establishing on plants

• Provide prey for larger soil
organisms, such as nematodes
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Soil Protozoa 

Figure 1: Protozoa play an important role in nutrient cycling by feeding intensively on 
bacteria. Notice the size of the speck-like bacteria next to the oval protozoa and large, 
angular sand particle. 

The Living Soil: 
Protozoa 

Protozoa are single-celled animals chat 
feed primarily on bacteria, bur also eat 
other protozoa, soluble organic matter, 
and sometimes fungi. They are several 
times larger than bacteria - ranging 
from 1/5000 co 1/50 of an inch (5 co 
500 µm) in diameter. As they cat bac
teria, protozoa release excess nitrogen 
that can then be used by plants and 
ocher 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 cat the ocher two 
types of protozoa, as well as bacteria. 

Amol!bae also can be quite large and 
move by means of a temporary foot or 
"pseudopod." Amoebae are further 
divided into testate amoebne (which 
make a shell-like covering) and naked 

amoebae (without a covering). 
Flagellates are che smallest of che prot0-
zoa and use a few whip-like flagella 
to move. 
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What Do 

Protozoa Do? 

What Are Mineralization 

and Immobilization? 

I 

Protozoa play an important role in 
mineralizing nutrients, making them 
available for use by plants and ocher 
soil organisms. Protozoa (and nema
codes) have a lower concentration of 
nitrogen in their cells than the bacteria 
they eat. (The ratio of carbon to nitro
gen in protozoa is 10:lor much more 
and 3: 1 to 10: I in bacteria.) Bacteria 

Soil nutrients generally occur in 
two forms: inorganic com
pounds dissolved in water or 
attached to minerals, and 
organic compounds part of living 
organisms and dead organic 
matter. Bacteria, fungi, nema
todes, protozoa, and arthropods 
are always transforming nutri
ents between these two forms. 

SoitU .. 
eaten by protozoa contain too much 
nitrogen for the amount of carbon pro
tozoa 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. 

Figure 3: 
Flagellates have 
one or two flagella 
which they use to 
propel or pull their 
way through soil. 
A flagellum can be 
seen extending 
from the protozoan 
on the left. The 
tiny specks are 
bacteria. 

When they consume inorganic 
compounds to construct cells, 
enzymes, and other organic com
pounds needed to grow, they 
are said to be "immobilizing" 
nutrients. When organisms 
excrete inorganic waste com
pounds, they are said to be 
"mineralizing" nutrients . 

Organisms consume other organisms and excrete inorganic wastes. 

mineralization 

These nutrients � Q 
are stored fl b
in soil �- <P' r, 
organisms. ,.,.-

These nutrients 
are usable by 
plants, and 
mobile in soil. 

Organisms retain nutrients as they grow. 
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Another role char protozoa play is in 
regulating bacteria populations. When 
they graze on bacteria, protozoa stimu
late growth of rhe bacterial population 
(and, in turn, decomposition rates and 
soil aggregation.) Exactly why this 
happens is under some debate, bur 
grazing can be thought of like pruning 
a tree - a small amount enhances 

Nematodes and 

Protozoa 

Procozoa and bacterial-feeding nema
todes compete for their common food 
resource: bacteria. Some soils have 
high numbers of either nematodes or 
protozoa, but not both. T he signifi
cance of this difference co planes is not 
known. Both groups consume bacteria 
and release NH,/. 

growth, coo 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. 

Figure 4: Some 
amoebae are naked, as 
in this sketch. Others 
are called testate (as in 
Figure 1) because they 
make a protective shell 
of silica, soil particles, 
or calcium. 

Figure 6: Ciliates are the largest of the 
protozoa and the least numerous. They 
consume up to ten thousand bacteria per 
day, and release plant available nitrogen. 
Ciliates use the fine cilia along their 
bodies like oars to move rapidly through 
soil. 

Soil Protozoa

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 rhe rhizosphere next to roots. 

Typical numbers of protozoa in soil 
vary widely - from a thousand per tea
spoon in low fertility soils to a million 
per teaspoon in some highly fertile 
soils. Fungal-dominated soils (e.g. 
forests) tend to have more tescace 
amoebae and ciliates than other types. 
In bacrerial-dominaced 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 cont; in more 
large flagellates, amoebae of both vari
eties, and ciliates. 
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Figure 1: Elaine R. Ingham, Oregon State 
University, Corvallis. 

Figure 2: No. 35 from Soil Microbiology 
and Biochemistry Slide Set. 
1976. J.P. Martin, et al., eds. 
SSSA, Madison WI. 

Figure 3: Elaine R. Ingham, Oregon State 
University, Corvallis. 

Figure 4: Tom Fenske, Corvallis, OR. 

Figure 5: Homma, Y. et al. 1979. 
Phytopathology 69: 1118-22. 

Figure 6: Elaine R. Ingham, Oregon State 
University, Corvallis. 
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Figure 2: A predatory nematode 
consumes a smaller nematode. 

How Nematodes 
Enhance Soil Quality 

• Regulate the populations of
other soil organisms

• Mineralize nutrients into
plant-available forms

• Provide a food source for
other soil organisms that influ
ence soil structure

• Consume disease-causing
organisms
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Soil Nematodes 

Figure 1: Most nematodes in the soil are not plant parasites. Beneficial nematodes 
help control disease and cycle nutrients. 

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 responsi
ble for plant diseases have received a lot 
of attention, but far less is known about 
che majority of the nematode commu
nity chat plays beneficial roles in soil. 

An incredible variety of nematodes 
function ac several trophic levels of che 
soil food web. Some feed on the plants 
and algae (first trophic level); ochers 
are grazers chat feed on bacteria and 
fungi (second trophic level); and some 
feed on ocher nematodes (higher 
trophic levels). 

Free-living nematodes can be divided 
into four broad groups based on their 
diet. Bacterial-feeders consume bacte
ria. Fungal-feeders feed by puncturing 
the cell wall of fungi and sucking out 
the internal contents. Predatory nema
todes eat all types of nematodes and 
protozoa. They eat smaller organisms 
whole, or attach themselves to the cuti
cle of larger nematodes, scraping away 
until the prey's incernal body parts can 
be extracted. Omnivores eat a variety of 
organisms or may have a different diet 
at each life stage. Root-feeders are plane 
parasites, and thus are not free-living 
in the soil. 
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What Do 

Nematodes Do? 

Figure 4: This bacterial-feeding 
nematode, Elaphonema, has ornate lip 
structures that distinguish it from other 
nematodes. Bacterial-feeders release 
plant-available nitrogen when they 
consume bacteria. 
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Figure 3: Fungal-feeding nematodes have small, narrow stylets, or spears, in their stoma 
(mouth) which they use to puncture the cell walls of fungal hyphae and withdraw the 
cell fluid. This interaction releases plant-available nitrogen from fungal biomass. 

Nutrient cycling. 
Like procozoa, nematodes are impor
tant in mineralizing, or releasing, 
nutrients in plane-available forms. 
When nematodes ear bacteria or fungi, 
ammonium (NH4 +) is released because 
bacteria and fungi contain much more 
nitrogen than the nematodes require. 

Grazing. 
Ar low nematode densities, feeding by 
nematodes stimulates the growth race 
of prey populations. That is, bacterial
feeders stimulate bacterial growth, 
plant-feeders stimulate plant growth, 
and so on. At higher densities, nema
todes 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 nema
todes, 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. 

Natural Resources Conservation Service 

Disp�rsal 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 nema
todes, soil microarrhropods, 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. 

Soil Quality Institute 
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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. 
Predacory nematodes are more likely to 
be abundant in soils with high num
bers of nematodes. 

Because of their size, nematodes tend 
to be more common in coarser-tex
tured, porous soils. Nematodes move 
in water films in large (>11500 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 propor
tion 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 nema
todes, suggesting that predatory 
nematodes are highly sensitive to a 
wide range of disturbances. 

Nematodes and Soil 
Quality 

Figure 5: The 
Pratylenchus, or 
lesion nematode, 
has a shorter, 
thicker stylet in its 
mouth than the 
root feeder in 
Figure 6. 

Figure 6: Root-feeding nematodes use their stylets to puncture the thick cell wall of 
plant root cells and siphon off the internal contents of the plant cell. This usually causes 
economically significant damage to crops. The curved stylet seen inside this nematode is 
characteristic of the genus Trichodorus. 

Nematodes may be useful indicators of 
soil quality because of their tremen
dous diversity and their participation 
in many functions at different levels of 
the soil food web. Several researchers 
have proposed approaches to assessing 
che status of soil quality by counting 
the number of nematodes in different 
families or trophic groups.* In addi
tion to their diversity, nematodes may 
be useful indicators because their pop
ulations are relatively stable in response 

Soil Nematodes 

to changes in moisture and tempera
ture (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 nema
tode populations reflect changes in soil 

. . 
m1croenvuonments. 

•Blair, J.M. er al. 1996. Soil invertebrates as indi
cators of soil quality. In Med,ods for Atmting Soil
Q1111/ity, SSSA Special Publication 49, pp. 273-291.
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Figure 2: Mites shred and 
skeletonize leaves on the 
forest floor. 

How Arthropods 
Enhance Soil Quality 

• Improve soil structure through
burrowing and the creation of
fecal pellets.

• Control disease-causing organ
isms.

• Stimulate microbial activity.

• Enhance decomposition through
shredding of large plant litter
and mixing of the soil.

• Regulate healthy soil food web
populations.
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Figure 1: The 200 species of mites in this microscope vi�w w�re extracted from <;>ne
square foot of the top two inches of forest �1tter an� soil. Mites are poorly studied, but 
enormously significant for nutrient release m the soil. 

The Living Soil: 
Arthropods 

Many bugs, known as arthropods, 
make their home in the soil. They get 
their name from their jointed (archros) 
legs (podos). Arthropods are inverte
brates, that is, they have no backbone, 
and rely instead on an external cover
ing called an exoskeleton. 

Arthropods range in size from micro
scopic to several inches in length. 
They include insects, such as spring
tails, beetles, and ants; crustaceans such 
as sowbugs; arachnids such as spiders 
and mites; myriapods, such as cen
tipedes and millipedes; and scorpions. 

Nearly every soil is home to many dif
ferent arthropod species. Certain row
crop soils contain several dozen species 

of arthropods in a square mile. Several 
thousand different species may live in a 
square mile of forest soil. 

Arthropods can be grouped as shred
ders, predators, herbivores, and fungal
feeders, based on their functions in 
soil. Most soil-dwelling arthropods eat 
fungi, worms, or other arthropods. 
Root-feeders and dead-plant shredders 
are less abundant. As cl1ey feed, arthro
pods aerate and mix the soil, regulate 
the population size of other soil organ
isms, and shred organic material. 
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Shredders 
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Many large arthropods frequently seen 
on rhe soil su1face are shredders. 
Shredders chew up dead plant matter 
as they eat bacteria and fungi on the 
surface of the plant matter. The most 
abundant shredders are millipedes and 

Figure 4: Sowbugs are relatives of crabs 
and lobsters. Their powerful mouth-parts 
are used to fragment plant residue and 
leaf litter. 
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sowbugs, as well as termites, certain 
mires, and roaches. In agricultural 
soils, shredders can become pests by 
feeding on live roots if sufficient dead 
plant material is not present. 

Figure 3: Millipedes 
are also called 
Diplopods because 
they possess two 
pairs of legs on each 

·, 6 body segment. They
are generally 
harmless to people, 
but most millipedes 
protect themselves 
from predators by 
spraying an 
offensive odor from 
their skunk-glands. 
This desert-dwelling 
giant millipede is 

' about 8 inches long. 

Figure 5: Dung-beetles have long been 
recognized and appreciated for their role 
in soil fertilization. Dung-beetles are 
common in some pastures where they 
elaborately bury balls of organic waste 
and tend to their young underground. 

Soil Quality Institute 

•



Predators 

Predators and micropredators can be 
either generalists, feeding on many dif
ferent prey types, or specialists, hunt
ing only a single prey type. Predators 
include centipedes, spiders, ground
beetles, scorpions, skunk-spiders, pseu
doscorpions, ants, and some mites. 
Many predators eat crop pests, and 
some, such as beetles and parasitic 
wasps, have been developed for use as 
commercial biocontrols. 

Figure 7: This 1/8 of an inch long spider 
lives near the soil surface where it attacks 
other soil arthropods. The spider's eyes 
are on the tip of the projection above its 
head. 

Figure 6: Mother scorpions, centipedes and spiders are ferocious predators that 
frequently provide meticulous care of their offspring. Scorpions give birth to live young 
which must be carried on their mother's back for the first few weeks of life. 

Figure 8: The wolf-spider wanders around as a solitary hunter. The mother wolf-spider 
carries her young to water and feeds them by regurgitation until they are ready to 
hunt on their own. 

Arthropods 

Figure 10: Long, slim centipedes crawl through spaces in the soil 
preying on earthworms and other soft-skinned animals. Centipede 
species with longer legs are familiar around homes and in leaf litter. 

Soil Biology Primer 
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Predators 

Figure 11: Predatory mites prey on 
nematodes, springtails, other mites, and 
the larvae of insects. This mite is 1/25 of 
an inch (1 mm) long. 

What Is In 

Your Soil? 

Burlese funnel 

If you would like to see 
what kind of organisms 
are in your soil, you can 
easily make a pitfall trap 
to catch large arthropods, 
and a Burlese funnel to 
catch small arthropods. 

Make a pitfall trap by 
sinking a pint- or quart
sized container (such as a 
yogurt cup) into the 

Pitfall trap 

ground so the rim is level 
with the soil surface. If 
desired, fashion a roof 
over the cup to keep the 
rain out, and add 1/2 of 
an inch of non-hazardous 
antifreeze to the cup to 
preserve the creatures 
and prevent them from 
eating one another. 
Leave in place for a week 
and wait for soil organ
isms to fall into the trap. 

To make a Burlese funnel, 
set a piece of 1/4 inch 
rigid wire screen in the 
bottom of a funnel to 
support the soil. (A fun
nel can be made by cut
ting the bottom off a 
plastic soda bottle.) Half 

Figure 12: 
The powerful 
mouthparts on 
the tiger beetle 
(a carabid 
beetle) make it 
a swift and 
deadly ground
surface 
predator. Many 
species of 
carabid beetles 
are common in 
cropland. 

fill the funnel with soil, 
and suspend it over a cup 
with a bit of anti-freeze 
or ethyl alcohol in the 
bottom as a preservative. 

Suspend a light bulb 
about 4 inches over the 
soil to drive the organ
isms out of the soil and 
into the cup. Leave the 
light bulb on for about 3 
days to dry out the soil. 
T hen pour the alcohol 
into a shallow dish and 
use a magnifying glass to 
examine the organisms. 

I
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Herbivores 

Nwnerous root-feeding insects, such as 
cicadas, mole-crickets, and anthomyiid 
flies (root-maggots), live part or all of 
their life in the soil. Some herbivores, 
including rootworms and symphylans, 
can be crop pests where they occur in 
large numbers, feeding on roots or 
ocher plant parts. 

Figure 14: The symphylan, a relative of 
the centipede, feeds on plant roots and 
can become a major crop pest if its 
population is not controlled by other 
organisms. 

Fungal Feeders 

Arthropods that graze on fungi (and to 
some extent bacteria) include most 
springtails, some mites, and silverfish. 
They scrape and consume bacteria and 
fungi off root surfaces. A large fraction 
of the nutrients available to plants is a 
result of microbial-grazing and nutri
ent release by fauna. 

Figure 15: After the adult cicada emerges from the skin of 
a nymph, it will live for only about two more weeks. As a 
nymph, the cicada lives underground for several years, 
sucking plant fluids for nutrition. Cicadas occur primarily 
in forests and are important in aerating soils. 

Figure 17: This pale-colored and blind 
springtail is typical of fungal-feeding 
springtails that live deep in the surface 
layer of natural and agricultural soils 
throughout the world. 

Figure 16: The mole-cricket 
burrows through soil using 
front legs that have evolved 
to resemble those of moles. 
Males construct singing 
burrows which are designed 
to amplify their mating song. 
Mole-crickets chew roots and 
are common in pastures and 
cropland. 

Figure 18: Oribatid turtle-mites are 
among the most numerous of the micro
arthropods. This millimeter-long species 
feeds on fungi. 

Arthropods Soil Biology Primer 
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Figure 2: Corn leaf pulled into a 
night crawler burrow. 

How Earthworms 
Enhance Soil Quality 

• Shred and increase the surface
area of organic matter, thus,
stimulating microbial decom
position and nutrient release

• Improve soil stability, porosity
and moisture holding capacity
by burrowing and aggregating
soil

• Turn soil over, prevent disease,
and enhance decomposition
by bringing deeper soil to the
surface and burying organic
matter

• Improve water infiltration by 
forming deep channels and
improving soil aggregation

• Improve root growth by
creating channels lined with
nutrients

United States 
Department of 
Agriculture 

Natural 
Resources 
Conservation 
Service 
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Earthworms 

Figure 1: Earthworms generate tons of casts per acre each year, dramatically altering 
soil structure. 

The Living Soil: 
Earthworms 

Of all the members of the soil food 
web, earthworms need the least intro
duction. Most people become familiar 
with these soft, slimy, invertebrates at a 
young age. Earthworms are hermaph
rodites, meaning they exhibit both 
male and female characteristics. 

They are major decomposers of dead 
and decomposing organic matter, and 
derive their nutrition from the bacteria 
and fungi that grow upon these materi
als. They fragment organic matter and 
recycle the nutrients it contains. 

Earthworms occur in most temperate 
soils and many tropical soils. They are 
divided into 23 families, more than 
700 genera, and more than 7,000 
species. They range from an inch to 
two yards in length and are found 
seasonally at all depths in the soil. 

In terms of biomass and overall 
activity, earthworms dominate the 
world of soil invertebrates, 
including arthropods. 
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Figure 3: A mixture 
of soil and organic 
matter within an 
earthworm burrow. 
Earthworms 
incorporate large 
amounts of organic 
matter into the soil. 

Earthworms dramatically alter soil 
structure, water movement, nutrient 
dynamics, and plant growth. They 
are not essential to all healthy soil 
systems, but their presence is usually 
an indicator of a healthy system. 
Earthworms perform a number of 
beneficial functions. 

Stimulate microbial activity. 
Although earthworms derive their 
nutrition from microorganisms, many 
more mjcroorganisms are in their feces 
or casts than in the organic matter they 
consume. As organic matter passes 
through their intestines, it is frag
mented and inoculated with microor
ganisms. Increased microbial activity 
facilitates the cycling of nutrients from 
organic matter and their conversion 
into forms readily taken up by plants. 

Mix and aggregate soil. 
As they consume organic matter and 
mineral particles, earthworms excrete 
wastes in the form of casts, a type of 
soil aggregate. Charles Da1win calcu
lated that earthworms can move large 
amounts of soil from the lower strata 
to che surface and also carry organic 
matter down into deeper soil layers. A 
large proportion of soil passes through 
the guts of earthworms, and they can 
turn over the top 6 inches (15 cm) of 
soil in 10 co 20 years. 

Natural Resources Conservation Service 

Soitir. 
Increase infiltration. 
Earthworms enhance porosity as they 
move through the soil. Some species 
make permanent burrows deep into 

• • 

the soil. These burrows can persist long 
after the inhabitant has died, and can 
be a major conduit for soil drainage, 
particularly under heavy rainfall. At 
the same time, the burrows minimize 
surface water erosion. The horizontal 
burrowing of other species in the cop 
several inches of soil increases overall 
porosity and drainage. 

Improve water-holding capacity. 
By fragmenting organic matter, and 
increasing soil porosity and aggrega
tion, earthworms can significantly 
increase the water-holding capacity 
of soils. 

Provide channels for root 
growth. 
The channels made by deep-burrowing 
earthworms are lined with readily 
available nutrients and make it easier 
for roots to penetrate deep into 
che soil. 

Bury and shred plant residue. 
Plant and crop residue are gradually 
buried by cast material deposited on 
the surface and as earthworms pull sur
face residue into their burrows. 

Soil Quality Institute 



Where Are 

Earthworms? 

rysteUI/. 
Different species of earthworms 
inhabit different parts of the soil and 
have distinct feeding strategies. They 
can be separated into three major 
ecological groups based on their feed
ing and burrowing habits. All three 
groups are common and important to 
soil structure. 

Surface soil and litter species -
Epigeic species. 
These species live in or near surface 
plant litter. They are typically small 
and are adapted to the highly variable 
moisture and temperature conditions 
at the soil surface. The worms found 
in compost piles are epigeic and are 
unlikely to survive in the low organic 
matter environment of soil. 

Upper soil species -
Endogeic species. 
Some species move and live in the 

upper soil strata and feed primarily on 
soil and associated organic matter 

r 
/ 

(geophages). They do not have perma
nent burrows, and their temporary 
channels become filled with cast 
material as they move through the soil, 
progressively passing it through 
their intestines. 

Deep-burrowing species -
Anecic species. 
These earthworms, which are typified 
by the "night crawler," Lumbricus ter

restris, inhabit more or less permanent 
burrow systems that may extend several 
meters into the soil. They feed mainly 
on surface litter chat they pull into 
their burrows. They may leave plugs, 
organic matter, or cast (excreted soil 
and mineral particles) blocking the 
mouth of their burrows. 

Figure 4: Some worms live in permanent vertical burrows such as these. Others move 
horizontally near the surface, filling their burrow with casts as they move. 

Earthworms Soil Biology Primer 
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' 
Abundance and 

Distribution of 

Earthworms 

The majority of temperate and many 
tropical soils support significant earth
worm populations. A square yard of 
cropland in the United States can con
tain from 50-300 earthworms, or even 
larger populations in highly organic 
soils. A similar area of grassland or 
temperate woodland wiU have from 
100-500 earthworms. Based on their
total biomass, earthworms ai-e the pre
dominant group of soil invertebrates in
most soils.

The family of earthworms that is most 
important in enhancing agricultural 
soil is Lumbricidae, which includes the 
genuses Lumbricus, Aporrectodea, and 
several others. Lumbricids originated 
in Europe and have been transported 
by human activities to many parts of 
the world. The United Scates has only 

one or two known native species of 
lumbricids. Others were brought to 
this country by settlers (probably in 
potted plants from Europe), and were 
distributed down the waterways. 

Generally, lumbricids are much more 
common in the north and east than in 
the drier south and west of the United 
States. They tend to be more abun
dant in loam and clay loam and even 
in silty soil, than in sandy soil and 
heavy clay. Populations also build up 
in irrigated soil. Earthworm popula
tions tend to increase with soil organic 
matter levels and decrease with soil dis
turbances, such as tillage and poten
tially harmful chemicals. 

Figure 5: Casts at the soil surface are evidence that earthworms are shredding, mixing, and burying surface residue. 

I
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Interaction of 

Earthworms with 

other Members of 

the Food Web 
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Figure 6: This earthworm burrow is an opening in an otherwise crusted soil surface. 

The lives of earthworms and microbes 
are closely intertwined. Earthworms 
derive their nutrition from fungi, bac
teria, and possibly protozoa and nema
todes, and they promote the activity of 
these organisms by shredding and 
increasing the surface area of organic 
matter and making it more available to 
small organisms. 

Earthworms also influence ocher soil
inhabiting invertebrates by changing 
the amount and disnibution of organic 
matter and microbial populations. 
There is good evidence chat earthworm 

Earthworms 

activity affects the spatial distribution 
of soil microarchropod communities in 
the soil. 

Earthworms have few invertebrate ene
mies, ocher than flatworms and a 
species of parasitic fly. Their main 
predators are a wide range of birds and 
mammals chat prey upon them at the 
soil surface. 
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Earthworms and 
Water Quality 
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Earthworms improve water infiltration 
and water holding capacity because 
their shredding, mixing, and defecating 
enhances soil structure. In addition, 
burrows provide quick entry for water 
into and through soil. High infiltra
tion rates help prevent pollution by 
minimizing runoff, erosion, and chem
ical transport to surface waters. 

There is a concern that burrows may 
increase the transport of pollutants, 
such as nitrates or pesticides, into 
groundwater. However, the movement 
of potential pollutants through soil is 
not a straightforward process and it is 
not clear when earthworm activity will 
or will not have a negative impact on 
groundwater quality. 

Whether pollutants reach groundwater 
depends on a number of factors, 
including the location of pollutants on 
the surface or within soil, the quantity 
and intensity of rain, how well water 
moves into and through other parts of 
the soil, and characteristics of the 

burrows. The horizontal burrows of 
endogeic earthworms (such as 
Aporrectodea tuberculata, which are 
common in Midwestern fields) do not 
transport water and solutes as deeply as 
the vertical burrows of night crawlers 
(L. terrestris) and other anecic species. 
Even vertical burrows, however, are not 
direct channels for water movement. 
They have bends and turns and are 
lined with organic matter that absorbs 
many potential pollutants. 

Although there is much more to learn 
about how earthworms affect water 
movement through soil, they clearly 
help minimize pollution of surface 
waters by improving infiltration races 
and decreasing runoff. 

Figure 7: A mound of organic matter was moved aside to expose the entrance to a 
burrow. L. terrestris will quickly replug its burrow if its mound is removed.
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Looking for Earthworms It is easy to determine whether 
you have an adequate popula
tion of earthworms in your soil. 
Look for their casts in the forms 
of little piles of soil, mineral par
ticles, or organic matter at the 
soil surface. They can be seen 
moving over the soil surface or 
even breeding, particularly on 
warm, damp nights. Dump a 
spadeful of moist soil into a 

Earthworms 

Figure 8: L. terristris mating, and 
earthworm cocoons. Earthworms mate 
periodically throughout the year, except 
when environmental conditions are 
unfavorable. The worms form slime tubes 
to help adhere to each other during 
copulation which may take as long as an 
hour. After the worms separate, they each 
produce a cocoon. One or two worms will 
hatch from a cocoon after several weeks. 
L. terrestris cocoons are about a quarter
inch long.

bucket or onto a sheet of plastic, 
and sort through for earth
worms. Can you identify differ
ent species? To find the deep 
burrowing species, pour a dilute 
mustard solution onto the soil. 
Many vertically burrowing earth
worms will come to the soil sur
face in response to this irritant. 
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