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Figure 1—Soil is a living environment that connects above ground with 
below ground, and mineral with biological.

1
Our Living Soil: An Introduction

Typically, if soil gets much attention from the general public, it is simply for how well (or poorly) plants grow in it. 
Soil science—an incredibly rich, complex, and multifaceted academic discipline—has long recognized that Earth’s 
soils are a dynamic interaction of physical, chemical, and biological properties. Yet most of us rarely give any thought 
to the fact that the ground beneath our feet is a complicated, ever-moving tangle of rocks and animals and plants and 
water and chemical compounds that rivals the ocean as a wild, dark, mysterious, and inscrutable realm.

When we have focused on soil, it has often been to solve practical questions that arise: How do I keep this stuff 
from washing away? What’s the best way to till this dirt? What chemicals can I add so the tomatoes stop getting 
blossom-end rot?

Our understanding and thinking continues to change. Farmers, conservationists, scientists, and others fascinated 
by soils have started pushing us all to ask questions about what lives in the soil. For the first time, there is a nationwide 
conversation about the paramount importance of soil biology.

It turns out this biology question is key to many environmental and economic questions of our time. Increasingly, 
we understand that healthy soils are productive and resilient, ultimately sustaining abundant crops with fewer costly 
inputs down the road. For reasons that we are just beginning to understand, the biology of certain soils can also 
suppress plant diseases, much in the same way a healthy gut biome in people might help prevent human diseases. 
There’s also mounting evidence that we can harness the incredible root systems of plants and their microbial allies 
to store vast quantities of atmospheric carbon dioxide in Earth’s soils at rates that could help offset human-generated 
greenhouse gas. And, as we continue to face a striking global loss of wild plants and animals, we are becoming more 
aware that soil is part of the fundamental ecology of all species—it provides a living platform for tigers and crickets, 
bacteria and bees, oaks and wildflowers, as well as the minerals that build not only the cells of those species but also 
our own.

This publication is our addition to the discussion 
on soil biology. It is impossible to tell the story of every 
living species connected to the ground beneath us. With 
that in mind, we have focused this guide on the diverse, 
often overlooked, and essential living species that we 
know best: the major invertebrates (macrofauna and 
mesofauna) found in temperate agricultural soils. There 
is a focus on North America in the groups of organisms 
and the soil health practices that are covered, but many 
groups are present in these soil types around the world, 
and the same management principles apply. Larger 
soil animals, such as ground beetles, woodlice, and 
springtails, and their many companions, have received 
less attention than soil microbes in recent years. We 
hope this publication helps fill that gap.
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Figure 2—The bare, exposed and eroding soils of the Dust Bowl during 
the 1930s were caused by disruption of soil through excessive and 
extensive tilling that removed perennial vegetation (grasslands) 
in the Plains, where periods of drought and high winds are typical. 
(Photo: Arthur Rothstein, Library of Congress.)

Finally, we acknowledge the many thoughtful soil 
conservation pioneers who laid the groundwork for 
this effort. Most notably, faced with the great Dust 
Bowl of the 1930s that threatened the entire economic 
and environmental foundation of the United States, 
we survived thanks to the innovative work of the U.S. 
Department of Agriculture (USDA) Soil Conservation 
Service (now the Natural Resources Conservation 
Service), as well as local conservation districts and 
individual farmers. We all owe that earlier generation 
of soil conservationists a debt of gratitude, just as we 
all owe you, the reader, our gratitude for taking up this 
same cause.

A Short History of Soil
Soil is being made continuously all around us through the slow decomposition and disintegration of larger mineral 
and carbon components. The most abundant of these objects, on a planetary scale, is the bedrock of Earth itself.

Bedrock is created across a timeframe as old as Earth’s. For example, the accumulated skeletons of ancient 
animals may become compressed in marine sediments to create limestone. The rise and fall of seas, movement of 
tectonic plates, eruption of volcanoes, and other factors recycle and rearrange Earth’s geology into mountain ranges 
or eroded canyons. Flowing, freezing, and thawing water; glacial movement; the chemistry of our atmosphere; the 
cycling of nutrients and energy through organisms in the soil; and other forces work to constantly disintegrate the 
upper layers of rock across the planet. In soil science, these forces are collectively referred to as weathering and 
are broadly divided into physical weathering (such as abrasion) and chemical weathering (such as oxidation). The 
weathered particles of all this rock (referred to as parent material) may remain as semi-stable fragments for long 
periods, or they may dissolve as minerals into water. Weathering creates smaller particles from the parent material. 
These particles are transported and deposited by gravity, water, wind, and glaciers.

Of course, soil has organic origins along with mineral sources. Once rock is weathered into smaller particles, 
plant roots can grow within it, and this begins the transformation of mineral pieces into soil. This mixing, ongoing 
disintegration, and recombination of organic and inorganic parent materials creates our soils. Most of those actions 
are dependent on (or at least are carried out most efficiently by) the life in our soils, especially fungi, plant roots, 
and—most dynamically—animals. Roots create an environment for microorganisms and mesofauna and, as organic 
matter builds up, for larger animals and plants. Some soil organic matter, such as peat, can be ancient, forming as 
dead vegetation that accumulates in wetlands, eventually filling up wetlands with thick, relatively stable organic 
residue that can persist for centuries. On upland locations, soil is constantly accumulating through the deposition of 
dead vegetation, dead animals, and dead plant roots. Soils tell the stories of a landscape’s history.

The Functions of Soil
Soils provide many practical services that combine to make the world a livable place. Some of these services are 
so obvious that we tend to take them for granted, while others are mostly invisible and so large that they can be 
challenging to measure or document. These are among the most valuable things that soils provide us:

•	 A medium for plant growth: Soils not only provide a physical anchor for plant roots but also function as a sponge 
that absorbs water, air, and nutrients, slowly releasing those materials to sustain plant growth. Soil also protects 
plants from disease, pests, and stress.
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Figure 3—Soil provides many essential functions, including (clockwise from left): a medium in which plant life can grow (cover crop workshop), water 
supply and filtration (seen during this infiltration demonstration), recycling and storing organic matter (here a farmer uses a soil probe to check 
organic matter depth), and shelter for a variety of animals (like groundhogs and bumble bee colonies).

•	 Water-supply regulation and filtration: The infiltration of rainwater and snowmelt into soil is made possible by 
pores between soil particles and by openings created by plant roots and animal tunnels. Some of this water is 
retained in soil pores and even pulled upward against the force of gravity through capillary action. This spongelike 
property of soils, known as water-holding capacity, is variable depending on the texture of soils. By holding 
onto water, soils slow the water’s dispersal rate and reduce the potential for flooding. Soil is also the Earth’s 
largest natural water filter; as water passes through soil into groundwater reserves, various physical, chemical, 
and biological processes filter contaminants - binding to, degrading, or otherwise removing contaminants from 
groundwater used for drinking or irrigation.

•	 Recycling and storage of organic matter: Most terrestrial plants and animals ultimately become soil when they 
die. Decomposition by fungi, bacteria, insects, and other soil organisms transforms once-living plants and 
animals into forms that can be used by other living things as energy sources for growth and maintenance. Some 
organic matter is also locked away into semi-stable forms of carbon that can remain in soil for centuries. This 
ability to sequester carbon remains one of the most attention-grabbing properties of soils and has the potential 
to play a major role in mitigating climate change.

•	 Habitat for wildlife: This guide is mostly about the insects and other invertebrate animals that live in soil; 
however, many animals—ranging from burrowing owls to tortoises to foxes—also nest, burrow, or hibernate in 
soil. Even some very large animals, including bears and alligators, excavate underground dens. In many cases, 
secondary inhabitants, including creatures such as snakes or bumble bees (which might occupy tunnel systems 
excavated by rodents), move into burrows created by other animals. The impact that some of these animals have 
on soils is not often considered, yet the churning, mixing, and rearranging of soils performed by animals can be 
significant. It’s estimated that in some areas, ants move more than a ton of soil per acre, per year. This tunneling 
activity moves organic matter on the soil surface below ground and brings subsoil to the surface, creating a 
mixed substrate and adding macropores that allow air and water movement within soil.

•	 An engineering medium: Soil is the foundation (or construction material) for roads as well as homes, bridges, 
buildings, and countless other structures. Different types of soil have variable bearing strength, compressibility, 
seismic stability, and potential to swell or shrink. These and other engineering considerations are often influenced 
by fundamental soil properties such as particle size, mineral types, bulk density, and more.
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Figure 4—Particle size and aggregrate stability are two physical traits of 
soil.

How Soils Are Classified
Soil is the dynamic natural body of mineral and organic matter that covers terrestrial Earth. This body changes over 
time as climate and living organisms act upon the rocks and organic matter from which soil is created, called parental 
material.

Because climate and bedrock vary significantly across the globe, the resulting types of soil found on Earth also differ 
greatly from location to location. To help us understand and compare soil types, various systems of soil classification 
have been developed. These classification systems use a taxonomic hierarchy to categorize soils in specific locations, 
similar to the taxonomic hierarchies used to classify plants and animals.

In the case of soils, the classification hierarchy consists of distinct orders, suborders, great groups, subgroups, families, 
series, and phases. Soil orders are the classification level for applied use. Orders can be based on age or weathering status 
(inceptisol, entisol, oxisol), reflect what grew there (mollisol, spodosol), or have been shaped by hydrological influences 
(aridisol, histosol). Farming occurs on all soil orders, but certain orders are better for production than others. Along 
with this classification system, soil scientists have created specialized terminology for describing soil architecture.

Setting aside formal soil classification, at a general level—such as when comparing different types of farm soils—
we typically group soils according to texture based on the relative percentage of sand, clay, and silt in any given soil 
sample. Each of these mineral particles is formally defined by a size range, and their specific combination in any 
given soil sample influences physical and chemical properties, such as bulk density, water-holding capacity, hydraulic 
conductivity, porosity, the exchange and absorption of ions, and more.

Along with soil texture, soil organic matter (SOM) influences soil properties and the way we categorize different 
soils. SOM is the fraction of the soil consisting of various plant and animal residues. There are several categories of SOM 
that differ in chemical composition and stage of decomposition, and the majority of SOM was originally plant residues. 
Some types of SOM are forms that are readily available food sources for soil microorganisms. Other types of SOM 
are long-lived resistant to further breakdown. These store and release carbon over months and years. Management 
practices alter total organic carbon and the proportion of carbon present in each category. One aspect of farming for 
soil function and health is to understand how management practices affect SOM.

Finally, we often group soils by moisture categories. 
Very dry, well-drained soils may be described as xeric, 
while soils that are saturated with water for extended 
periods are known as hydric. Soils with a relatively even 
balance of moisture are called mesic and represent the 
primary soils used for agricultural production.

Soil Properties
Soils are a fascinating mix of living and nonliving things. 
On some levels, they function as a superorganism—
an enormous singular living thing made up of many 
smaller living things. In other ways, soils function as an 
amalgamation of rock and mineral particles. Soils are 
both alive and not alive at the same time. This condition 
provides us with an interesting mix of physical, chemical, 
and biological properties that can be readily observed. 
This section provides a basic catalog of some of the most 
fundamental properties in each of those categories.
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Physical Properties

•	 Texture: Nonorganic soil particles are classified by size into clay (small), silt (medium), and sand (large). Of these, 
clay has uniquely small pores and electric charges around its particles, which retain water and bind with nutrients. 
The ratio of these three particles relative to each other is a basic way of defining a soil’s type, such as a silt loam or 
a sandy loam.

•	 Structure and aggregates: Soil particles form aggregates, which are particles bound by organic or mineral 
compounds. Soils can be evaluated by how those aggregates hold together or resist deformation when crushed. 
Healthy soils have good aggregate stability—the soil resists compaction and the pore spaces that are important for 
root growth, animal movement, water infiltration, and gas exchange remain intact. Powdery soil or soil with large, 
hard clods are examples of poor soil structure.

•	 Bulk density: The weight of soil relative to its volume is an indicator of how much pore space exists between the 
particles. This property is commonly measured in grams per cubic centimeter, with higher numbers reflecting 
less pore space. Because organic matter provides an abundance of pore spaces, even the addition of a small 
amount of organic matter can reduce the bulk density of a soil.

Figure 5—Poor soil structure (left) restricts the inflow of water and air and limits root growth. Important cations are leached and overal 
carbon is low. In contrast, soils with good structure (right) have more space for air, water, roots and animals and chemical cycles 
related to plant health are more likely to function well, including carbon storage and movement. (Adapted from J. Nardi 2007, 
University of Chicago Press.
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The Nitrogen Cycle
Nitrogen is an essential chemical element for life on Earth and is present in many different compounds. The transformation and 
reuse of nitrogen in biological and geochemical processes is described in the nitrogen cycle. 

Bacteria and other microbes are the natural key in the terrestrial nitrogen cycle. Soil is the interface where nitrogen fixation 
occurs and where reactive forms of nitrogen are held and taken up by plants. Nearly 70% of the atmosphere is nitrogen gas 
(N2), but this form of nitrogen is nonreactive and is not biologically available to most life forms. For example, we humans take in 
nitrogen with each breath, but we exhale it. Our intake of usable nitrogen comes via the plant and animal ingredients in our food. 

But how did it get from the atmosphere into plants 
and animals? We have bacteria to thank. Nitrogen-fixing 
bacteria grow in close symbiosis within specialized 
structures, called nodules, in the roots of certain plant 
species. The majority of plants in the bean, or legume, 
family (Fabaceae) share symbiotic relationships with one 
or more nitrogen-fixing bacteria. Symbiotic nitrogen 
fixation also occurs in more than 30 non-legume plant 
genera. There are other groups of bacteria that live freely 
in the soil and also fix nitrogen. Nitrogen-fixing bacteria 
intake atmospheric nitrogen from soil pore spaces 
and convert it to organic nitrogen. Bacteria and fungi 
decompose dead plants or animals and also convert 
the nitrogen in those tissues to ammonia. Groups of 
nitrifying bacteria convert ammonia to ammonium, 
ammonium to nitrite (NO2-) and then nitrite to nitrate 
(NO3-), which is the form of nitrogen available for plants 
to uptake. Denitrifying bacteria convert nitrate back to 
atmospheric nitrogen. 

Apart from biological nitrogen fixation, additional 
energy can convert atmospheric nitrogen to 
biologically usable forms. High enough levels of energy 
to fix nitrogen occur naturally via lightning and through 
the manmade Haber-Bosch process, which uses high 
pressure, high temperatures, and natural gas.

Biological Properties

•	 Nutrient cycling: One of the most important services that soil organisms perform is the decomposition of organic 
matter (such as dead plants and animals) into smaller pieces, which then have greater proportions of surface 
area. Mineralization is the further decomposition and transformation of organic matter into nutrients available 
for plants. This combined process, called nutrient cycling, especially the cycling of nitrogen and carbon, is a 
critical factor in soil fertility. Soil microbes have historically received most of the attention for nutrient cycling, 
yet larger organisms also play key roles. The roles of soil invertebrates can be categorized as: ecosystem engineers 
that create and maintain habitat; herbivores and predators that regulate the populations of other organisms; and 
primary decomposers that accelerate the decomposition process by breaking down plant or animal material into 
pieces more accessible to microorganisms.

•	 Microbial diversity and abundance: Each combination of soil characteristics, time, and conditions shape microbial 
communities. The composition of species that are present (diversity) and quantity of each (abundance) will 
drive different ecosystem services. For example, arbuscular mycorrhizae (types of fungi) and rhizobia (types 
of bacteria) make phosphorus and nitrogen more available to plant roots for uptake. Saprotrophic fungi cycle 
nutrients by breaking down leaf litter near the soil surface and mineralizing carbon.

Figure 6—The nitrogen cycle. 
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Figure 7—A Munsell chart is used to categorize the color of a soil. Figure 8—A forest soil profile with distinct horizons. 

Chemical Properties

•	 Cation-exchange capacity: Elements that occur in soil sometimes exist as positively charged ions, called cations. 
Aluminum, magnesium, potassium, calcium, and hydrogen are some of the common cations found in soils. In 
contrast, small soil particles such as clay and organic matter have negatively charged surfaces that attract these 
cations, slowing the rate at which they are leached out of the soil by water.  Despite this, some cations are inevitably 
lost or taken up by plants. When this happens, those lost cations may be replaced by others in a process called 
cation exchange. The measure of negative charges in a unit of soil that can rapidly exchange cations is called the 
cation-exchange capacity. (To put it another way, it is the measure of how many cations a soil sample can hold in an 
exchangeable form.) Typically, the greater the proportion of clay and organic matter in a soil, the greater the cation-
exchange capacity will be, and the greater the potential will be for the soil to retain most plant nutrients.

•	 Soil pH: The acidity or alkalinity of a soil is known as the soil pH. This property is influenced by the parent 
material (or bedrock) from which the soil is created, as well as climate, vegetation, and other factors such as 
fertility management and irrigation. For example, in the northeastern United States, leaching of basic cations is 
one of the primary causes of soil acidification. Various plant nutrients are soluble at different ranges of pH. For 
many agricultural plants, a slightly acidic soil in the pH range of 6.0 to 6.8 is often preferred. Inputs used to alter 
the pH of a soil, such as lime or sulfur, may influence the types and abundance of soil organisms.

Other Characteristics

The following characteristics are shaped by a combination of physical, chemical, biological, and temporal influences:
•	 Color: The parent material and iron, organic matter, and other soil components create distinct soil colors that 

vary between locations and depths. Moreover, oxidation or other reactions can cause variations in soil color. In 
many cases, colors can provide clues to what materials are present in a specific soil sample, as well as whether a 
soil is well aerated, poorly drained, or highly weathered. 

•	 Horizonation: Soils form distinct layers, called horizons, that make up a deep cross section of soil, called a soil 
profile. Horizons usually run parallel to the ground surface. Soil horizons are often labeled with letters of the 
alphabet. The top horizons (O and A) consist of the organic material and small particles typically called topsoil. 
Deeper horizons (such as B, C, and E) are typically made of minerals with little organic matter. Each horizon will 
typically have a distinct color and texture that sets it apart from the other horizons around it in a profile. (The 
horizon labeled O is typically found in forest soils and represents organic matter, but the other letters assigned 
to horizons are arbitrarily alphabetical.)
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American Burying Beetle
A number of beetles contribute significantly to the recycling of carrion, returning nutrients to the soil. Carrion is a small portion 
of detritus in most ecosystems but has an important role in nutrient cycling because it decomposes at a much faster rate than 
plant materials, which contain lignin, hemicellulose, and cellulose—all resistant to decomposition. Carrion is also much more 
nutrient rich than the same amount of plant matter. Decomposing carrion creates small islands of increased soil fertility that can 
have long-lasting ecological effects.

Of the 31 species of burying beetles in North America, the 
largest is the American burying beetle (Nicrophorus americanus). 
At more than 1.5 in. (3.81 cm) in length, adults have shiny black 
bodies with bright-orange bands on their wing covers, a patch 
of orange between their eyes, and a dollop of orange on their 
antennae.

Experts at detecting the odor of death, these beetles use 
their antennae to help them locate small animals within an hour 
of death from up to two miles away (these beetles specialize in 
carrion the size of pigeons or small rodents such as prairie dogs 
or ground squirrels). A breeding pair will get to work right away to 
prepare the carcass.

If the ground underneath isn’t amenable (these beetles 
strongly prefer soils with high moisture), the beetles will move 
the carcass to a preferable site for burial. They will loosen the 
soil, plowing through it from beneath the carcass, eventually 
causing the carcass to settle into the ground. After covering 
the carcass with several inches of soil, the beetles clean off any 
feathers  or fur and work the carcass into the shape of a ball. 
The female will lay eggs in a depression on top of the carcass 
ball. Burying beetles provide their larvae with parental care, 
which is uncommon in insects. The adults provide predigested 
carrion to the larvae on request until they have grown enough 
to feed themselves. American burying beetles are active at 
night, which prevents competition with the day-active flies that 
lay eggs on carcasses; the burying of the carcass also reduces 
competition. Thus, young burying beetles grow up in a relatively 
safe environment, and their work breaks down the carrion and 
adds nutrients to the soil. As the carrion is broken down by the 
beetles, nitrogen, phosphorus, potassium, sulfur, magnesium, 
and sodium increase in soils underneath.

Once found in 35 states in the eastern and central United 
States, American burying beetles are now found only in 
undisturbed habitats (e.g., prairies, forest edges, and scrubland) 
in Nebraska, Rhode Island, Oklahoma, South Dakota, Kansas, and 
Arkansas, along with populations that have been reintroduced 
in Ohio, Massachusetts, and Missouri. The species was listed 
as federally endangered in 1989; in 2019, the United States 
Fish and Wildlife Service proposed reclassifying the beetle as 
threatened rather than endangered. Causes for the beetle’s 
decline include habitat loss and fragmentation, a reduction of 
the small mammals and birds on which these beetles grow, 
and an increase in competition with larger scavengers (e.g., 
crows, foxes, and raccoons) that compete for available carrion in 
disturbed areas. Climate change is now also a threat, since these 
beetles have a limited ability to tolerate warmer temperatures 
and changes in soil moisture.

Figure 11—American burying beetle larvae feeding on a mouse 
carcass.

Figure 10—American burying beetle adult digging a new burial 
site.

Figure 9—American burying beetle adult searching for a new 
burial site.
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Figure 12—Healthy soil is full of life: 1—wood fern; 2—shrew; 3—March fly; 4—mycorrhizal mushroom (Russula); 5—millipede; 6—rove beetle; 7—snail; 8—
snail-eating ground beetle; 9—daddy longlegs; 10—soldier fly larva; 11—ringneck snake; 12—crane fly larva; 13—soil flatworm; 14—soil centipede; 
15—woodlouse; 16—firefly larva; 17—filaments (hyphae) of soil fungi; 18—ants with their larvae and pupae; 19—bacteria and actinomycetes; 20—
earthworm; 21—potworms; 22—click beetle larva; 23—oribatid mite; 24—springtail; 25—nematodes; 26—protozoa and algae: (a) testate protozoa, 
(b, c) ciliated protozoa, (d) blue-green alga, (e) heliozoa; 27—symphylan; 28—dipluran; 29—proturan; 30—cicada nymph; 31—pauropod; 32—
pseudoscorpion; 33—rotifer; 34—tardigrade; 35—scarab beetle larva. (Adapted from J. Nardi 2007, University of Chicago Press.)

Soil is Full of Life
Beyond the nonliving mineral components of soil and the dead organic matter, soil is also composed of diverse living 
organisms, both fauna (animals) and flora (plants, bacteria, archaea, and fungi). These organisms are classified in 
multiple ways, with the simplest classifications based upon their relative size and physiology. The profiles in Chapter 
6 include these groups of organisms, with brief coverage of flora and detailed focus on macrofauna and mesofauna:

•	 Microflora (bacteria and microscopic fungi and algae) 
•	 Fungi (mushrooms and other macrofungi)
•	 Plants (mosses, lichens, liverworts, and vascular plants)
•	 Microfauna (protozoa)
•	 Mesofauna (nematodes, rotifers, tardigrades, potworms, and smaller arthropods such as springtails and mites)
•	 Macrofauna (larger arthropods like centipedes and beetles, isopods, mollusks, earthworms, and vertebrate 

animals)
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Figure 14—For this soil in South Dakota, the practices of no-till, cover crops 
and a diverse crop rotation of corn-corn-pea-wheat-soy (pictured) 
have increased the amount of organic matter, soil organisms and 
healthy soil function.

2
Soil Health

Soil is the foundation of all terrestrial life, including 
humans. This includes the life generated by both 
wild soils, such as forests and grasslands, and by the 
agricultural soils that are the focus of this handbook. 
Given this, it’s natural to be interested in the health of 
our soils, and indeed people often talk about soil health. 
But what does soil health even mean?

If you’re reading this, we’re guessing you’ve had 
many of the same experiences that we’ve had with soil. 
For example, think of a time when you dug into a soil 
that was rich, loose, and earthy smelling, with fine bits 
of soft organic matter and probably a few bugs, and 
that seemed to exhale into your hand. Now in contrast, 
remember a moment when you tried digging into a soil 
that was hard, dry, pale, compacted, and sparsely covered 
with plants, other than maybe a few tough weeds. It’s 
obvious which of those soils was healthy, even if we can’t 
immediately describe the exact scientific properties that 
each soil possessed. All of us have a natural intuition that 
can help us evaluate the aliveness of different soils. This 
sense of aliveness is a good starting point in discussing 
the concept of soil health, especially if we are focused on 
the soils that grow crops and feed us.

Beyond simple intuition, one technical definition of soil health might be this: soil health is the degree to which 
a soil is optimized to support various ecosystem services (such as crop production, water infiltration, and carbon 
sequestration). In their article from 2000, John Doran and Michael Zeiss define soil health as “the capacity of soil to 
function as a vital living system, within ecosystem and land-use boundaries, to sustain plant and animal productivity, 
maintain or enhance water and air quality, and promote plant and animal health.” One regenerative farmer that 
Xerces has worked with in the midwestern United States has told us that he recognizes healthy soil when he has been 
able to decrease external inputs while maintaining good and stable crop yields.

As we noted earlier, soils have chemical, physical, and biological properties. In some cases in agricultural 
landscapes, alteration of these properties may increase or optimize various functions. In other cases, alteration may 
degrade soil properties, hindering important functions.

Plants, soil animals, and microbial nutrient cycling, through their aliveness, capture carbon from the atmosphere 
and hold it in their cells. This is carbon sequestration, a key function of healthy soils and of vital importance to balancing 
carbon dioxide, a greenhouse gas that contributes to global climate change. In the face of our present situation, a new 
soil health paradigm would focus on creating new soil and restoring the life in it.

11The Xerces Society for Invertebrate Conservation



Figure 15—Cover cropping is a soil conservation practice that also 
provides habitat for soil organisms and can be adapted for use in 
orchard crops as well as field crops.

Soil Health and Crop Yields
Research demonstrates that farm practices that improve 
soil health provide numerous agronomic benefits. For 
example, some studies demonstrate that natural sources 
of fertilizer, such as manure and green manure, can 
sustain long-term crop yields. One 2011 study from the 
Rodale Institute compared the long-term yield potential 
of organic inputs versus conventional synthetic-
input-based soil management over a 22-year period 
in Pennsylvania. Throughout this study, researchers 
found that crop yields between the two systems were 
comparable under normal conditions. However, under 
drought conditions, corn yields were roughly one-third 
greater in the organic-input plots due to the increased 
water-holding capacity of those soils (resulting from 
higher levels of soil organic matter). Moreover, the 
overall costs associated with the organic plots were also 
15% lower than their conventional counterparts.
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which conduct energy upward; 
death and decay return it 

to the soil. The circuit is 
not closed; some energy is 

dissipated. in decay, some is 
added by absorption from 

the air, some is stored in soils, 
peats and long-lived forests; 

but it is a sustained circuit, like 
a slowly augmented revolving 

fund of life.”
– Aldo Leopold, A Sand County Almanac and 

Sketches Here and There, 1949.

Figure 16—Soil life food web. (Adapted from J. Nardi 2007, Chicago University Press.)
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Dung Beetles
Humans have long been fascinated by dung beetles (family 
Geotrupidae and subfamilies Scarabaeinae and Aphodiinae of 
family Scarabaeidae). Prominent in ancient Egyptian mythology, 
dung beetles were associated with rebirth after death and were 
considered sacred. Ancient Greeks and Romans adopted the 
scarab as a good luck symbol, and images of a beetle and its 
dung ball even appeared on ancient coins. In most cultures 
today, dung beetles are valued for their efficient cleanup 
activities.

Dung beetles are adept at locating dung, a resource for 
which there is a great deal of competition. In order to minimize 
competition with flies that may lay their eggs in the dung, dung 
beetles will slice off a chunk of dung, maneuver it into a ball, and 
bury it, sometimes relocating it before burial. An egg is laid on 
each ball of dung, and larvae consume the dung after emerging, 
digesting the cellulose in the dung’s plant material with the 
help of gut microbes. The burial of dung and the excavation 
of chambers for young dung beetles influences soil physically 
and chemically. Dung beetles mix nutrients from dung with the 
soil, help reduce soil compaction, and help facilitate the further 
breakdown of the dung by microorganisms.

Dung beetles are present in many landscapes, but their 
activity in rangelands is the most studied because of their 
benefits to producers. Dung beetles accelerate the incorporation 
of dung into soil, and they increase plant productivity of 
rangelands. Cattle dung contains undigested plant materials. 
When deposited on the soil surface, dung smothers plant growth 
in the immediate vicinity, and forage around it is often unused 
by cattle until the dung is broken down. When left on the soil 
surface, nutrients like phosphorus, potassium, or nitrogen can 
be lost to leaching, runoff, or volatilization, reducing nutrient 
availability to plants. In grazing systems where antiparasitic 
treatments for cattle are present in dung, it can take up to three 
years longer or more for dung pats to degrade than when 
treatments are absent because the antiparasitic compounds are 
toxic to many invertebrates, including dung beetles.

In addition to their contributions to nutrient cycling and 
plant growth, dung beetles, along with predatory beetles, 
such as rove and hister beetles, help suppress dung-inhabiting 
pests and parasites of cattle and other grazers, such as horn 
flies (Haematobia irritans). Dung beetles also act as secondary 
seed dispersers, moving seeds that are present in dung. On 
farmlands, dung beetles reduce food-borne pathogens such as 
E. coli up to 90%, supporting food safety. Although not revered 
to the extent as they were thousands of years ago, dung beetles 
continue to provide essential services to us and for their natural 
communities. 

Figure 17—Dung beetle (Canthon sp.).

Figure 18—A male dung beetle rolls a ball of cow dung and 
presents it to the female beetle (top). Then the pair roll the 
ball (bottom) to bury it, mate and lay eggs.  
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Figure 20—Integrating livestock with crop production enhances nutrient 
cycling, helps to build soil organic matter, manages weeds and 
diversifies the food webs of soil invertebrates.

Figure 19—Flooding and runoff is one cause of soil erosion that 
contributes to a loss of soil function and decreased water quality 
downstream.

Soil Health and Downstream Impacts
Beyond direct benefits at the farm level, the ways we 
manage soils and the things we add to soils have far-
reaching implications and impacts:

•	 Runoff from fields where plant nutrients have 
been applied can lead to impaired water quality. 
Phosphorus in runoff is a contributing factor to 
freshwater eutrophication, a process that promotes 
the growth of cyanobacteria and algae, and results 
in depleted oxygen levels and a buildup of toxins in 
those waters. Nitrogen that leaves agricultural fields 
is the primary cause of large-scale oceanic dead 
zones where rivers empty into oceans.

•	 Contamination of nitrogen-rich fertilizers in 
groundwater can directly impact human health, 
especially in infants in the form of acquired 
methemoglobinemia (also known as blue baby 
syndrome).

•	 The long-term use of synthetic fertilizers can 
contribute to soil acidification and the accumulation 
of soil salts and toxic metals.

•	 The annual production of synthetic nitrogen 
fertilizer requires billions of cubic feet of natural 
gas. The resulting greenhouse gas byproducts have 
massive implications for climate change. Research 
conducted in the United Kingdom suggests that two 
kilograms of carbon dioxide are generated for every 
kilogram of ammonium nitrate fertilizer produced. 
Moreover, the conversion of nitrate, that is either 
soil- or fertilizer-derived, to nitrous oxide (such as 
by soil bacteria) produces an additional greenhouse 
gas that adds to atmospheric warming.

•	 Soil health and soil conservation also have economic 
implications. One study found that for every dollar 
spent on soil conservation at the farm level, 5–10× 
that amount can be saved in associated downstream 
costs, such as river dredging and flood control.

Soil Health and Soil Life
The number and diversity of living things in soil are typically considered important indicators of soil health. This 
biological richness can most obviously be observed in natural soils, such as wild grassland and forest soils.

In contrast, intensive cultivation and overgrazing can reduce the aliveness of soil. One example of this was clearly 
demonstrated in a survey of soil organisms conducted across Europe, published in 2015 in Global Change Biology, 
comparing high-intensity (annual crops and annual tillage) and low-intensity (perennial vegetation without tillage) 
farming systems. Consistently, the researchers found that high-intensity farming resulted in fewer earthworms, 
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springtails, and oribatid mites (all widely different and diverse animals). As section 6 of this guide demonstrates, 
these and other animals perform important functions in the soil and are worthy of conservation. Moreover, we’re 
fortunate to have farming systems and conservation practices that can lower our negative impact on soil and help 
maintain and enhance the populations of these animals.
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Figure 21—In order to observe soil and soil life, it is usually necessary to 
disturb the soil. Many valuable observations can be made by keeping 
the soil as intact as possible. 

As both the understanding of soil as a living system 
and the interest in improving soil health increase, the 
need to reliably evaluate soil health is becoming more 
apparent. Observation and measurement can help 
track changes at the same location, allowing you to, for 
example, compare baseline conditions with conditions 
present after a few seasons of farming using practices 
aimed at increasing soil biodiversity. In addition, it may 
be useful to compare soil health between fields where 
management methods differ, such as in the use of tillage, 
cover crops, nutrient or grazing management, or crop 
rotations.

There are many possible measures of soil health, 
ranging from biological indicators like the abundance 
and diversity of soil organisms to various chemical and 
physical soil characteristics. No single indicator captures 
all soil functions, and using multiple indicators provides 
a more complete picture of soil health.

Because soil is a living, connected matrix with physical structure, roots, channels, and moisture, temperature, 
and light gradients, the most accurate and meaningful way to measure soil health is to keep the soil sample as intact 
as possible. The best way to do this is to make direct assessments in the field. Improvement in real soil function 
can only be measured when the soil ecosystem in its natural state is included in the assessment. It can be helpful to 
evaluate unmanaged soil of the same type that has a long history of not being disturbed, such as soil that exists in a 
fencerow or field border. This can provide an idea of the potential for soil health improvement. This chapter outlines 
several soil health assessment methods that you can use in the field. Since this isn’t always possible, we also include 
methods for lab testing.

On-Farm Observations of Organisms
Soil organisms provide a biological indication of soil health and provide a sense of how complete and complex a 
soil community is—which top predators, prey, herbivores, and other functional groups are present and in what 
proportions. One way to measure changes in soil health and function is to begin by collecting and counting these 
groups at a baseline point in time, continue doing so for several seasons or years after you implement soil health 
management practices, and then compare the results. The methods here—using pitfall traps or performing Berlese 
funnel surveys—can be followed with handmade equipment and traps.

3
Observing Soil Life

Farming with Soil Life: A Handbook for Supporting Soil Invertebrates and Soil Health on Farms | Chapter 316





Figure 23—A homemade Berlese funnel. The soil sample is held in an 
upper container that has an open, narrow base (inverted milk jug) on 
top of a lower container (jar). Over the course of hours and days, heat 
and light drive the soil invertebrates away from the light bulb source 
and into the lower container. 

Berlese Funnel Surveys

Berlese funnels (also known as Tullgren funnels) represent a simplified method of surveying mobile soil-dwelling 
organisms, especially small arthropods such as mites, springtails, and small insects. In this method, a shallow soil or 
leaf litter sample is collected and placed under a light. Over a period of days (or hours for small samples and funnels), 
as the light source warms and dries the soil sample, organisms move away from the light and heat and into a trap 
below. This can be built from household materials and set up indoors, at the farm, or in an office. Follow these steps 
to construct and use a Berlese funnel:

1.	 Collect two standardized soil samples, one from a crop field and one from a nearby control site. Examples of 
control sites include fallow field borders, forest or hedgerow understories, or other natural landscapes within the 
farm landscape that are protected from disturbance—and from pesticide runoff and drift, and excess nutrient 
runoff (e.g., non-grazed or cultivated areas consisting of permanent vegetation). Soil samples should be collected 
from the top 2 in. (5 cm) of the soil surface and ideally will include some surface thatch, vegetation, or crop 
debris. To collect samples, use a 16-ounce steel food can with both ends removed (to create a hollow cylinder). 
Press the can into the soil to a depth of 2 in. (5 cm), extracting a shallow core sample.

2.	 Place the core samples into plastic funnels of roughly the same diameter, with a hardware cloth screen suspending 
the core sample above the bottom of the funnel.

3.	 Support the funnels on small collection jars that fit closely around the funnel (so that specimens cannot escape 
from any space around the mouths of the collection jars). If desired, the collection jars can be partially filled with 
rubbing alcohol (ethyl or isopropyl) to demobilize and preserve specimens.

Modified Baermann funnel 
methodSieve method

Counting dish

Figure 24—Baermann funnel survey set-up.
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flooding. Because more biologically active soils produce more of these natural glues, the slake test provides a convenient 
process for visually demonstrating the relative microbial richness of soils under different management systems.

To conduct a slake test:
1.	 Collect two soil aggregates, roughly 2–3 in. (5.1–7.6 cm) in diameter, from a crop field and from a nearby 

control site. Typical control sites include fallow field borders, forest or hedgerow understories, or other natural 
landscapes within the farm landscape that are protected from disturbance—and from pesticide runoff and drift, 
and excess nutrient runoff. Also note: do not collect the crop field aggregate from the plow pan layer of the soil. 
Focus on the upper 3.94 in. (10 cm) of soil for collection of samples.

2.	 Allow the soil aggregates to air-dry for 24 to 72 hours until noticeably dry to the touch.
3.	 Fill two large beakers or glass jars (at least one liter in size) with water and suspend a simple hardware cloth 

cage in the opening of each beaker. The cage should be suspended underwater and hold the soil aggregate in the 
upper portion of the beaker.

4.	 Place each soil aggregate in the hardware cloth cage, ensuring it is fully covered with water. Note that bubbles 
may appear as water displaces air within the pore spaces of the aggregates.

5.	 Visually compare each beaker at five minutes, 10 minutes, one hour, and 24 hours. Compare the water clarity 
between each beaker, the aggregate size, and the amount of sediment that forms at the bottom of each beaker.

Because the slake test is a qualitative visual evaluation, it is not necessary to record data or perform additional 
measurements. In most cases, immediate and obvious differences between aggregate stability will occur, with 
intensively farmed soils producing cloudy water and eroded soil aggregates in a very short period of time.

Lab Tests
A handful of lab tests have been developed to quantify some of the components that contribute to soil health. This is 
an area of soil health that is dynamic and not yet solidified. Like any assessment, these are snapshots and can be best 
applied to establish a baseline of data and then collect the same information at later times, following management 
regimes. Lab test results can compare the effects of practices intended to foster soil health. Here are some of the tests:

•	 Soil organic matter (SOM). This cannot be directly measured, but is estimated by combining measures of soil 
organic carbon, total soil carbon, and the weight lost through ignition. 

•	 Protein, potentially mineralizable nitrogen (PMN), and phospholipid fatty acids (PLFA). These tests measure 
organic compounds that are characteristic of bacteria and fungi and provide an estimate of microbial presence, 
abundance, and activity. 

•	 Aggregate stability. There are wet and dry versions of this test, which measures how well soil aggregates hold 
together under simulated erosive forces of water or wind. 

•	 Bulk density. Bulk density is measured as the dry mass of soil divided by the volume and reflects the porosity, 
which is influenced by soil life and management practices. 

•	 Respiration. This is a measure of the metabolic activity of the soil microbial community, also referred to as 
carbon mineralization. (Labs vary between 24 and 96 hours of incubation time.)

•	 Basic USDA Natural Resources Conservation Service (NRCS) soil health test. This consists of five core measurements: 
soil organic carbon, active carbon, respiration, aggregate stability, and extractable protein. This is used in 
conjunction with a complete nutrient analysis that includes micronutrients.

•	 Comprehensive assessment of soil health (CASH). Developed at Cornell University, CASH measures multiple 
biological, physical, and chemical indicators. This includes the active carbon (Active C) protocol. Active carbon 
cycles faster than more recalcitrant forms and might indicate microbial activity. CASH results are presented in 
table format with ratings.

•	 Other package soil health tests are Earth Fort and VitTellus.
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Figure 26—Example CASH test results.
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How to collect samples for lab tests:
•	 Accurately record location coordinates with GPS and field mark the sampling sites so that you can return to the 

same point and collect composite samples around the marked point.
•	 Gather the soil. Most tests require two to six cups of soil using multiple field subsamples. A tile spade is an ideal 

tool; round tools (e.g., bulb planter or golf hole cutter) and the associated twisting can interfere with aggregate 
stability tests.

•	 Be mindful to avoid cross-contamination as much as possible by cleaning shovels, tools, and hands between 
samples.

•	 Keep the sample cold with ice and a cooler in the field, and pack the sample to ensure it stays cold during 
shipping. The lab may provide shipping materials for this.

Comparisons
The most dramatic comparisons of soil health typically occur in two scenarios: (1) crop fields versus unfarmed, 
vegetated land, and (2) crop fields managed using long-term, continuous conventional tillage versus crop fields 
managed under no-till systems. Another comparison includes soil samples taken from (1) long-term monocropped 
fields versus fields managed under highly diverse crop rotations, and (2) overgrazed pastures versus pastures managed 
with rotational grazing and fallow rest periods.

Like the slake test, Berlese funnel surveys are most useful to compare the same soil type under different 
management systems. For example, samples of the same soil type from permanent grassland and nearby crop fields 
can be compared using the Berlese technique to contrast basic richness and abundance of soil organisms. Note 
that multiple ongoing replications of the slake test and the Berlese funnel technique can be used as a sampling 
protocol for more robust research projects; however, in the case of this guide, these tests are presented as simplified 
demonstration projects.

So far, it is not possible to make specific management recommendations (such as which cover crop species to use) 
based on soil health test results, but certain results would indicate following general beneficial management practices 
(such as using cover crops), discussed in chapter 5. It isn’t yet possible to say, for instance, “If a pitfall trap catches 
X number of tiger beetles in a 24-hour period, the soil is healthy”—no biological thresholds have been determined. 
Instead, soil invertebrates can be grouped in functional categories, such as generalist predators or decomposers, and 
the diversity and abundance of each group compared before, during, and after changes to management practices. For 
example, in a 2008–2013 study of cover cropping systems by Purdue University researchers, soil health tests showed 
significant differences between conventional and no-till farming methods, but the tests did not detect differences 
among the various conservation treatments (such as cover crop species or type of no-till method) within no-till 
farming.

Keep in mind these important points when testing and comparing results:
•	 Pick a lab and continue to use that lab. Differences in equipment and techniques can affect the results, making 

accurate comparisons between tests impossible. This is very important.
•	 Use laboratories that have enrolled in the North American Proficiency Testing program. This program provides 

quality assurance and control for many laboratory tests, including the NRCS basic soil health test.
•	 Different testing labs use different units (either ng/g or nmol/g) for phospholipid-derived fatty acid (PLFA) 

measurements. To be able to compare results, use labs or tests with the same units.
•	 Measurable changes in soil health are not immediate. Allow for three years (or even five years) between tests in 

order to compare the effect of implementing practices that support soil health.
•	 There is not yet enough understanding of soil health and soil health tests to be able to set a threshold or range 

for what might constitute a “good” result. The best way to know if a result is good is to compare results between 
similar soils, cropping systems, and climate.
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Figure 27—Conventional tillage (left) compared with strip tillage (right) 
of rye.

As a geological and biological matrix, healthy, living soil is protected and buffered against dynamic changes or 
degradation. However, physical or chemical disruption of the soil environment destroys the healthy function between 
minerals, water, gases, roots, and animals. Landslides, floods, and storms are naturally occurring disruptions to soils. 
Many conventional practices used in growing crops are damaging to soil health—in the short term and long term. 
External inputs or additional disturbance only mask the damage temporarily and are economically and ecologically 
costly. This chapter describes the negative effects on soil health caused by tillage, climate change, synthetic fertilizer 
applications, and pesticides. Chapter 5 covers practices that can build and protect soils that are healthy and alive.

Tillage
Tillage is destructive to the physical structure of soil and the living organisms within it. The primary reasons for 
tillage have been to destroy weeds and to achieve consistent planting conditions, but much more is destroyed in the 
process. The physical disturbance of tillage breaks up soil structure and destroys aggregates and soil pores. (Inversion 
tillage is the most destructive; plows, disks, shanks, and vertical tillage tools are increasingly less destructive.) Soil 
structure is critical to water infiltration, root growth, and nutrient and gas exchange. Existing channels from dead 
roots and earthworm or animal tunnels are lost with tillage. This impacts water infiltration and storage, as well as the 
habitat value for animals that use the tunnels. 

When surface aggregates are destroyed, the fine 
particles form a crust that inhibits infiltration and 
impedes seedling emergence. Tillage churns soil and 
dramatically increases the exposure of soil surfaces to the 
atmosphere. This exposes carbon, previously held inside 
aggregates, to microbes in an oxygen-rich environment. 
Microbes quickly eat this carbon, and much is lost as 
carbon dioxide. The loss of soil cover and the exposure 
of dark soil surfaces to heating by the sun increases 
soil temperatures. Higher soil temperatures can be 
detrimental to many soil macrofauna, mesofauna, and 
microfauna and result in the loss of soil water needed by 
some animals to move around within the soil.

Tillage results in shifts in detrital food webs: 
undisturbed soils support extensive fungal networks, and 
fungi form the basis for detrital food webs in untilled 
soils, but plowed soils tend to shift toward bacterial 
decomposers at the base of the detrital food web.

4
Farming Practices That Can Put Soil Health at 
Risk

Farming with Soil Life: A Handbook for Supporting Soil Invertebrates and Soil Health on Farms | Chapter 424







can result in negative health outcomes for farmworkers and their families. Adoption of nonchemical management 
strategies for insect, disease, and weed management benefits both human health and the environment.

Fate of Pesticides in Soil

Depending on the method and timing of application, some or all of the pesticides applied to crops can end up in the 
soil. Some pesticides are applied directly to the soil as fumigants, granules, or pellets spread on the soil surface; soil 
drenches and injections; or seed coatings. Pesticides sprayed on plant foliage or via aerial applications can also move 
into soil and groundwater; for example, approximately 65% of high-volume sprays applied by ground equipment to 
blueberry bushes for mite control were found to pass through the bushes into the soil. Pesticides can also enter the 
soil from crop residues, leaf fall, and root exudates.

Pesticide interactions with soil organic matter and life are complex. Some pesticides bind to soil particles—
primarily organic matter—while others may be taken up by plants or leached through the soil profile into water 
bodies. Adsorption (binding) to soil particles involves a variety of bonding mechanisms and strengths; only some 
pesticide residues in soil are bioavailable to plants and soil organisms.

Soil microorganisms largely mediate the degradation of pesticides in soil. Bacteria, fungi, algae, and other 
microbes in the soil metabolize or otherwise catalyze the transformation of pesticide active ingredients into less 
bioactive substances. At the soil surface, light and heat also work to break down pesticides. Persistence of different 
pesticides in the soil environment depends on many interacting factors, including climate, soil type, type or nature 
of the pesticide, and whether it was applied once or several times. Degradation is generally much slower in dry soils.

Soil amendments like compost and manure can affect the fate of pesticides. Increasing organic matter content 
may increase the adsorptive capacity of soils, as well as microbial activity and associated decomposition of pesticides. 
Tillage also interacts with pesticide residues in soil—some pesticides are intentionally incorporated into soil 
through tillage, and in other cases, tillage that brings pesticide residues to the soil surface may lead to volatilization 
(evaporation of residues into the atmosphere) or degradation of those residues. Pesticides that volatilize can move 
far from where they were applied as vapor drift before settling back out of the atmosphere.

The NRCS offers a pesticide risk screening tool, Windows Pesticide Screening Tool (WIN-PST). This tool can 
help evaluate the potential for a pesticide to leach or run off at a site based on the pesticide’s physicochemical 

Figure 29—There are numerous potential routes of exposure to insecticides—especially neonicotinoids—for non-target organisms in or around 
agricultural settings.

Watershed Contamination
Neonicotinoids are water-soluble by 
design. This means they can move with 
shallow subsurface flow or with surface 
runoff into local waterbodies.

Dust
Neonicotinoids can be released as dust from 

coated seeds during mechanized planting. 
This dust can move off-site to reach non-

target sites and invertebrates.

Spray Drift
When applied as a spray, neonicotinoids 

can drift off-site and directly expose 
non-target invertebrates or 

contaminate non-target sites.

Movement Into Habitat of Soil Animals
The habitat and/or nests of soil animals—
such as ground-nesting bees—can be contaminated, 
especially when neonicotinoids are applied as a soil 
drench.

Wind Erosion
Neonicotinoids have been 
found in soil and soil dust. 
Contaminated soil can be 

dispersed by wind.

Persistence
Most neonicotinoids are long-

lived.  As such they can persist in 
the environment for months to 

years after an application. 

Leaching 
Neonicotinoids can leach into 
subsurface water where they can 
enter ground water or be taken up 
by neighboring plants.

Uptake
Plants take up neonicotinoids, 

allowing the chemical to spread 
through the plant’s tissues 

potentially exposing insects that 
eat or collect pollen, nectar, or 

other plant 
tissue (like 

leaves).
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characteristics and the site’s specific conditions, such as soil type and slope. The downloadable WIN-PST database (see 
Resources) includes a variety of information about the toxicity and environmental fate of currently registered pesticides.

Insecticides

Insecticides, particularly broad-spectrum insecticides with a mode of action affecting many different types of 
insects, are generally the most toxic pesticides to arthropods in the soil. Broad-spectrum insecticides such as 
organophosphates, carbamates, avermectins, neonicotinoids, and synthetic pyrethroids can reduce the abundance, 
species richness, or biomass of predatory arthropods, isopods, earthworms, and potworms in the soil. Insecticides 
can have complex ripple effects in soil food webs: loss of predators following insecticide applications can result in 

Neonicotinoid Insecticides
Neonicotinoids are the most widely used class of insecticides 
worldwide, representing more than 25% of total global 
insecticide sales. Neonicotinoids pose a particular risk to 
soil invertebrate communities due to their high toxicity to 
most insects, systemic properties, and persistence in soils. 
Half-lives of the nitro-substituted neonicotinoids (including 
imidacloprid, thiamethoxam, and clothianidin) range from 
about five to 25 weeks in soil, with some estimates ranging 
as high as two to three years. A general rule of thumb is 
that it takes approximately five half-lives to functionally 
eliminate a substance from the soil environment.

Neonicotinoid seed treatments can have complex 
effects on aboveground and belowground invertebrate 
communities. Only a small proportion (approximately 
2–20%) of the active ingredient in neonicotinoid soil or 
seed treatments is taken up by plants; the bulk of the active 
ingredient remains in the soil and may pose risks to soil 
organisms. A meta-analysis of 20 field studies found that 
neonicotinoid seed treatments and pyrethroid insecticide 
applications had similar negative impacts on natural enemy 
abundance, reducing abundance of beneficial insects by 
an average of 16% compared with untreated fields. Natural 
enemies—including minute pirate bugs, lady beetles, 
lacewings, spiders, ground beetles, and rove beetles—
were found to be significantly less abundant in surface litter 
in clothianidin-treated corn plots than untreated plots. 
Loss of these natural enemies and other soil macrofauna 
could result in disruptions to the ecosystem services they 
provide, including controlling insect pests and consuming 
weed seeds.

Residual imidacloprid in the fallen leaves of treated 
trees inhibited earthworm and aquatic insect feeding 
and reduced leaf litter breakdown in two studies. These 
sublethal effects on decomposers could have broad 
implications for organic matter breakdown and nutrient 
cycling in terrestrial and aquatic ecosystems. Agricultural 
plant litter with imidacloprid residues may have similar 
feeding inhibition effects on decomposers.

No estimated use <0.01 lb/mi2 >0.04 lbs/mi2

Figure 31—Estimated Annual Agricultural Use of Imidacloprid in the 
United States: 1994–2017. Source: http://water.usgs.gov/nawqa/
pnsp/usage/maps/compound_listing.php
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Figure 30—Neonicotinoid-treated seeds in a hopper. 
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population spikes of their prey. Sometimes these population spikes become secondary pest outbreaks; pests that were 
previously suppressed by natural enemies reach a population level at which they cause economic damage to crops.

Systemic insecticides, including neonicotinoids, sulfoximines, and anthranilic diamides, are water-soluble 
pesticides that move easily within plants and can be translocated from the site of application to other parts of the plant. 
Typically, systemic insecticides are applied to soil and taken up by plant roots, but they can also be applied to foliage or 
injected directly into woody plants. Because these chemicals dissolve easily in water, they can be quite mobile in soils 
and prone to leaching and off-site movement. Large-scale use of systemic insecticides in agriculture has raised concern 
about negative impacts on decomposition, nutrient cycling, soil respiration, and invertebrate populations.

Studies of neonicotinoid seed treatments have found mixed impacts on soil microbial activity and community 
composition, with some studies indicating that effects of seed treatments are short-term and even stimulatory, 
and others finding adverse effects on soil microbial communities and their function (e.g., lower respiration rate or 
metabolic activity, and shifts in community composition or diversity).

Fungicides

While insecticides are the pesticides likely to pose the greatest risk to soil-dwelling arthropods, fungicides may have 
larger impacts on soil microbial activity. Heavy metal fungicides (e.g., copper, zinc, and sulfur) significantly reduced 
the biomass, activity, and diversity of earthworms and soil microbial communities in orchard and vineyard soils. Soil 
and lab experiments have found that copper negatively affects survival and growth of earthworms, and that earthworms 
tend to avoid or move out of copper-contaminated soils, preferring soils with a lower copper concentration.

Fungicide applications that reduce earthworm abundance or activity may slow the breakdown of leaf litter that 
these soil fauna provide. Applications of the benzimidazole fungicides benomyl and thiophanate-methyl reduced 
surface earthworm populations and slowed leaf removal in apple orchards, with some residual effects on earthworm 
abundance lasting up to three years after benomyl applications.

Herbicides

Herbicides can have direct or indirect effects on soil invertebrates. Some herbicides, including paraquat and 2,4–D, 
can have direct sublethal or lethal impacts on a variety of beneficial insects, particularly their developing larvae. 
Glyphosate, the most widely used herbicide in the world, has been found to disrupt earthworm movement and 
reduce reproduction—although it is not clear whether these effects are due to direct toxicity or simply the loss of 
plant cover at the soil surface.

In some cases, exposure to herbicides may make invertebrates more susceptible to other pesticides they are 
exposed to in the soil environment. Triazine herbicides, such as atrazine and simazine, can synergize the toxicity 
of certain insecticides, particularly organophosphates. Atrazine has been found to increase the toxicity of the 
organophosphate insecticide chlorpyrifos to invertebrates by several fold. Glyphosate may synergize the effects of 
insecticide or fungicide seed dressings on earthworm activity.

Some herbicides, including atrazine, simazine, glyphosate, and paraquat, can have a repellent effect on predatory 
ground beetles, which play important roles for pest and weed seed control in agricultural fields. In one study, beetles 
did not return to treated fields for a month after application of glyphosate or paraquat. This effect may be a response 
by these predatory insects to the loss of plant cover in herbicide-treated fields.

Indirect Effects

In general, in agricultural settings, herbicides are used to reduce aboveground plant diversity in favor of monoculture 
in order to reduce competition with the focal crop. Aboveground plant diversity drives the diversity and abundance 
of soil organisms—and vice versa—and so the loss of plants due to herbicide use is likely to negatively impact the 
diversity and abundance of soil-dwelling organisms that feed on pollen, nectar, seeds, leaves, roots, and other plant 
tissues. Changing organic matter inputs may also affect populations of soil decomposers.
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Soil Fumigants

Soil fumigants are pesticides that, when injected or incorporated into soil, form a gas that diffuses through the 
pockets of air in soils. Fumigants are typically used weeks to months before crop planting to control a broad range 
of soilborne pests, including insects, nematodes, bacteria, fungi, and weeds. Many fumigants are toxic to a broad 
spectrum of soil life and will kill beneficial organisms along with soilborne pathogens. The use of fumigants can 
cause long-term disruption in the balance of soil communities—some organisms are more susceptible to fumigants 
than others, and some are better able to recolonize soils following fumigation. Interestingly, fumigants are generally 
far more harmful to mycorrhizal fungi than soil-applied fungicides, and in some cases have led to plant stunting due 
to elimination of beneficial mycorrhizal fungi in fumigated soils.

Knowledge Gaps

There are major knowledge gaps regarding pesticide impacts on most soil invertebrates and the ecosystem functions 
they provide and regulate. Many of the pesticides used have toxicity data for fewer than five soil invertebrate species. 
The current pesticide risk assessment framework in the United States fails to capture the diversity of responses and 
sensitivity to pesticides among soil invertebrates. The model organism for soil invertebrates that is typically used for 
lower-tier testing of pesticide toxicity, the red wiggler (Eisenia fetida), a habitat specialist earthworm, was chosen 
mainly for its amenability to laboratory testing rather than for its ecological relevance. Other soil invertebrates, such 
as springtails (Collembola), may be far more sensitive to pesticides than earthworms.

We also know little about community and population responses of soil invertebrates to the complex mixture of 
pesticides and their metabolites likely to be present in crop soils. Few studies have examined the interactive effects of 
different pesticide mixtures (e.g., whether mixtures are additive, synergistic, or antagonistic in their toxicity to soil 
organisms).

Many pesticides can persist via a variety of binding mechanisms for months to years in the soil. While some 
residues are biologically inactive once adhered to soil particles, some remain bioavailable or can become bioavailable 
through interactions with soil microbes. There are few long-term studies examining the effects of chronic low-dose 
exposure to pesticide residues in the soil, including the metabolites produced as pesticides break down over time.

Recommendations

The first line of defense in managing pests is prevention. There are many cultural, biological, and mechanical methods 
that can break pest and disease cycles and keep pest populations at tolerable levels, reducing the need for pesticide 
applications. Use pesticides as a last resort if preventive strategies are not feasible, or if scouting and monitoring 
determine that pests have reached damaging levels despite preventive management. Do not apply pesticides before 
knowing if there is a problem. Neonicotinoid and other pesticidal seed treatments are often used without knowing 
whether the target pests are present or a problem in the fields where they are planted. Prophylactic use of these seed 
coatings across millions of acres of cropland is a waste of resources and poses a variety of environmental risks.

Scouting and monitoring can help determine what pests are present and whether populations are high enough 
to result in economic damage to crops. Once you know what’s in your fields, you should seek resources on pest life 
cycles and habitat requirements to figure out the best approaches for keeping their populations low over time. Think 
of it this way: if you have ants in the kitchen, you’d clean your sink and counters to remove the food sources that are 
attracting them. The same principle is true for removing food or shelter for insect pests and cleaning up infested 
plant materials in crop fields.

If you use pesticides, take steps to reduce the risk to soil life:
•	 Use the principles of integrated pest management to increase prevention-based strategies and reduce reliance 

on chemical management. Scout and monitor for insect pests and diseases and only apply pesticides if a pest has 
reached economically damaging levels.
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•	 If using pesticides, target applications to the areas where pests are present. Reduced coverage methods like spot 
spraying and band or alternate-row applications can reduce pesticide use and cost while maintaining efficacy for 
a variety of crop pests.

•	 Do not use soil fumigants, which disrupt the balance and reduce the diversity of soil communities.
•	 Avoid tank mixing wherever possible, particularly mixes of insecticides, fungicides, or herbicides that are known 

to jointly increase toxicity when applied together. The University of California IPM Bee Precaution Pesticide 
Ratings tool (see Resources) can help identify some of these synergistic mixtures.

•	 Choose less persistent and more selective options to reduce impacts on nontarget organisms.
•	 Minimize drift and off-site movement into natural areas near crop fields. These areas are refuges that allow 

soil organisms to recolonize crop fields after disturbances like tillage or pesticide applications. Consider use of 
electrostatic sprayers that improve deposition onto the target plant foliage and therefore reduce the amount of 
pesticide applied and the amount likely to reach soils.

•	 Follow all label instructions and apply pesticides at the lowest effective rate and frequency to minimize the 
amount reaching soils.
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Figure 32—An example of a diverse cover crop of common vetch, spring 
forage pea, spring oats, triticale, purple top turnip, forage collard, 
safflower, sunflower, and phacelia planted in rotation with spring 
wheat and winter wheat in eastern Oregon..
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Farming practices that support soil health often need to 
be customized or adapted to local conditions. However, 
some overarching strategies are used in nearly all 
climate zones, soil conditions, or crop systems. Broadly 
speaking, some of the strategies that support soil health 
focus on a few key actions:

•	 Minimize the potential for erosion through 
conservation systems that protect crop fields from 
wind and water runoff.

•	 Cover the soil as much as possible year-round or 
maintain continuous living root systems in the soil.

•	 Reduce mechanical cultivation and compaction.
•	 Increase organic matter with natural inputs while 

reducing or eliminating synthetic fertilizer inputs.
•	 Maximize crop diversity.
•	 Integrate crops and livestock. For example, rotate 

them in succession or graze cover crops.
•	 Increase soil biodiversity by reducing or eliminating 

pesticides, including soil fumigants.

Any one of these strategies is worthy of its own 
book (and indeed there are lots of books on all of these 
topics). Moreover, most of these strategies are deeply 
interconnected. For example, controlling erosion, 
increasing soil organic matter, and maintaining 
living cover might all be addressed through a single 
practice, such as cover cropping. Describing all of the 
conservation practices, crop management systems, 
and specialized tools that can help optimize soil health 
seems nearly impossible. Yet, it is worth reviewing at 
least a few of the most established, well understood, and 
accessible soil conservation practices.

5
Farming Practices that Support Soil Health
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Figure 34—Terraced crop fields in Iowa. 

Figure 35—Contour buffer strips are established around a slope, and 
alternate down the slope with cropped areas farmed on the contour.

Figure 36—Aerial view of windbreak, rows of trees that are separating 
crop fields.

Erosion-Control Buffers

The loss of soil to wind and water erosion is a natural, 
ongoing process that occurs on most soils in both 
natural and agricultural settings. While this loss is 
typically a slow process that may be largely unnoticed in 
natural settings, it is often accelerated by cultivation and 
grazing, requiring active work to counteract erosion 
and keep soil on the farm. To reduce soil loss on farms, 
various conservation systems have been developed:

•	 Terracing. Terraces are horizontal landforms 
constructed on slopes to provide stable, relatively 
non-erodible surfaces for crop production. 
Examples can be found of terraced fields that have 
sustained continuous crop production for hundreds 
of years in southern Europe and Asia.

•	 Contour buffer strips. A smaller-scale version of 
terracing is the use of contour buffer strips where 
strips of perennial vegetation alternate with wider 
strips of row crops on sloped fields. The vegetated 
strips help capture sediment washing downslope in 
the form of sheet erosion, and they provide a barrier 
against rill formation.

•	 Windbreaks. Also known as shelterbelts, 
windbreaks consist of one or more linear row 
plantings of trees or shrubs surrounding farm fields, 
pastures, and farm buildings. In the United States, 
where windbreaks have been promoted since the 
1930s as a soil protection feature, typical designs call 
for three to 10 rows of trees and shrubs. Based upon 
these very generalized specifications, windbreaks 
are typically able to reduce wind velocity for a 
distance of at least 20 times the windbreak height.

These conservation features help prevent the direct loss 
of soil from farm fields. Other conservation features, 
such as grassed waterways, filter strips, and riparian 
buffers, also exist to manage or capture eroded soil once 
it has been dislodged from crop fields.

No-Till Cropping

No-till and reduced-tillage cropping systems (using no-
till seed drills and planters) provide good protection 
against soil erosion, reduce compaction, reduce 
disruption to fungal hyphae, and improve habitat 
for wildlife and beneficial insects (e.g., ground cover 
provided by thatch and crop residue). Additionally, no-
till cropping can reduce some greenhouse gas emissions. 
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Figure 39—Cover crop cocktail (crimson clover, mustard and buckwheat) 
in bloom. 

Figure 38—A roller crimper is an implement that breaks and flattens the 
stems of cover crops. This is a non-chemical termination method with 
minimal soil disturbance.

Figure 37—No-till planting of cover crops into corn residue. 

However, soil organic carbon (SOC) is not permanently 
sequestered by no-till cropping. Because no-till cropping 
primarily builds soil carbon in aggregates close to the 
soil surface, a single tillage event can lead to a large flush 
of microbial activity and loss of that soil organic carbon. 
To maintain any reduction of greenhouse gas emissions, 
no-till systems need to be continuously undisturbed in 
order to protect the soil organic carbon that is physically 
stabilized in soil aggregates.

Although most no-till systems are still dependent 
on herbicides for weed suppression, newer no-till 
alternatives to weed control are gaining more use, 
including cover crops, rotations to outcompete weeds, 
and roller crimpers (rather than herbicides or tillage) 
to terminate cover crops. Potential crop pests like slugs 
and voles can thrive in the crop residue of no-till fields. 
There are several ways to manage against these potential 
pests in no-till systems while supporting soil health. 
Create and protect perennial, bunchgrass habitat for 
beneficial predatory insects—including rove beetles, 
soldier beetles, ground beetles, and firefly larvae, which 
consume and flatten spikes in slug populations. As 
part of an integrated pest management plan to support 
populations of beneficial predatory beetles, avoid using 
treated seeds and insecticides. The neonicotinoids 
on treated cash crop seeds can kill off these beneficial 
insects but do not affect slugs, leaving seedlings, 
especially soybeans, vulnerable to slug damage. Make 
space on the farm landscape for coyotes and owls, which 
are important predators of small mammals and vital to 
wider agricultural and mixed land use, especially fields 
with cover crops and voles. 

Cover Cropping

Cover crops provide temporary or permanent vegetative 
cover to control erosion, reduce nutrient runoff and 
leaching, suppress weed growth, improve soil fertility, 
and increase biological diversity. Farmers can customize 
particular cover crop mixes and management practices 
to meet their specific goals.
As an example, in regions with winter rainy seasons, cover 
crops such as triticale, cereal rye, or barley are frequently 
planted to reduce erosion by slowing the velocity of 
rainfall and preventing soil splashing. Additionally, the 
root systems of winter cover crops create pore spaces in 
the soil that enhance water infiltration, decrease surface 
runoff, and recharge groundwater supplies.
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To maximize soil fertility benefits, those who plant cover crops typically prioritize legumes that support 
nitrogen-fixing rhizobia, a category of bacteria. Compared to synthetic equivalents, nitrogen-fixing cover crops 
produce sources of fertility that are less likely to be quickly lost through denitrification or volatilization (biological 
conversion and loss to the atmosphere), since the nitrogen is released slowly as the cover crop decomposes. While 
these kinds of green manure crops have traditionally depended on tillage to be incorporated back into the soil, 
farmers have pioneered new roller-crimper methods to terminate cover crops and press some residue against the 
soil surface without tillage.

Cover crops may also consist of species that fulfill other goals, such as mustard for biofumigation to reduce 
soil pathogens, forage for livestock, or lacy phacelia (Phacelia tanacetifolia) to provide nectar for beneficial insects, 
including honey bees. Alternatively, multispecies cover crop mixes increase overall field-scale biological diversity 
and fill multiple ecological niches and functions. Components of multispecies cover crop mixes can range from two 
species to more than a dozen, including cereal grains, legumes, and oilseed crops planted in combination. 

Occasionally, cover crops are also interseeded between rows of a primary cash crop. Sometimes these cover crops 
are planted at the same time as the primary crop. More often, they are interseeded after the primary crop is actively 
growing in order to reduce competition. Such systems can provide farm benefits beyond just soil health. At least one 
study also found that songbird densities were higher in row crops that had been intercropped with a flowering cover 
crop. In that study, researchers pointed to the value of the intercrop in providing cover and nesting sites for the birds, 
but perhaps most significant was the higher abundance of beneficial insects in the flowering intercrop.

While cover cropping is mostly used on a rotational basis with annual crops, perennial crop farmers, such as orchard 
and vineyard crop producers, can also maintain a continuous cover of biologically diverse vegetation. In California, 
Xerces biologists have worked with almond producers to test and develop flowering cover crop mixes consisting of 
native wildflowers for use between the rows of trees. Such perennial ground cover sometimes raises concerns about 
weed competition with crops, exacerbated pest or disease problems, or detrimental changes in the microclimate of the 
farm. However, our work and various case studies continue to show how understory plantings in perennial crop systems 
can successfully support beneficial insects and remain compatible with normal farm operations. Farmers should take 
care to minimize pesticide exposure to understory plantings designed to support beneficial insects.

Crop Rotations

Along with cover crops, nitrogen-fixing cash crops (primarily legumes, such as peas or beans) can provide an 
additional source of soil nitrogen. Although most research examining the benefits of crop rotations focuses on 
soil fertility, research also confirms that increasing crop diversity through multispecies rotations produces a 
corresponding increase in soil species richness. For example, one 12-year study in Michigan, led by L. K. Tiemann, 
compared seven different crop rotations ranging from a corn monoculture to a highly diverse rotation of multiple 
legumes. Researchers observed significantly higher indicators of biological activity in soils with the most diverse 
crop rotations, including increased decomposition rates and the presence of microbial exudates, such as glue-like 
compounds that form soil aggregates. Rotating annual crops with perennial forage crops, which may contain multiple 
species or a single species, benefits soil health by keeping the ground covered for many years, eliminating tillage and 
maintaining a living plant for most of the year during that portion of the rotation.

Organic Soil Inputs

When focusing on soil health, nutrient management emphasizes the role of natural inputs over synthetic ones. 
Common natural inputs include compost, animal manure and bedding, bone meal and blood meal, seaweed and 
algae, and green manure crops, especially legumes. Rotating livestock in fallowed fields provides an additional 
approach for manure-based fertilization. Adaptive nutrient management is important during a transition to a soil 
health management system and depends on cropping systems and the availability of natural inputs.

These natural inputs vary in chemical composition. They also have to decompose before the nutrients they 
contain are available to crops, a process that happens over an extended period of time. Nutrient release from natural 
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Figure 40—Turning a compost pile to aerate the compost, increase drainage 
and help it mature more thoroughly..

Figure 41—One way that an Indiana farm integrates livestock into annual crop 
rotations is to graze cattle on the cover crop (wheat) prior to termination. 

inputs can also fluctuate based on temperature, soil moisture, and soil species richness. Despite the variability and 
slow release of natural sources of soil fertility, natural inputs eliminate some of the waste, expense, and pollution 
resulting from synthetic fertilizers. Care is needed in vegetable cropping systems to follow food safety rules regarding 
the use of animal manures.

These benefits are well illustrated in a paper by J. P. 
Reganold comparing wheat yields on farms in eastern 
Washington over an 80-year period beginning in 1908. In 
the earliest recorded years, all of the land was essentially 
farmed organically since synthetic inputs were not 
available. However, beginning in 1948, some of the 
farmland was regularly treated with synthetic fertilizers, 
while some of it continued to be farmed without any 
synthetic inputs. Researchers found that net yields were 
basically the same in both types of fields throughout 
their history. The farm not using synthetic fertilizer had 
less income overall because the land was fallowed every 
third year in a green manure crop of alfalfa. However, 
that farm also had lower expenses without the cost of 
synthetic fertilizers. The same study also revealed that 
the fields in a wheat and alfalfa rotation also had an 
average of 5.9 in. (15 cm) more topsoil than the fields 
using synthetic fertilizers.

Of course, natural sources of soil fertility are dependent on complex soil food webs for decomposition. Indeed, 
research demonstrates greater numbers and types of soil organisms are typically found on farms managed with 
natural inputs. In one study, led by E. Gagnarli, comparing organic versus conventional vineyards in Italy, researchers 
noted that the organic soils they studied resembled undisturbed forest soils in their richness of soil life.

Ley Farming

Ley farming, in which annual crop fields are not tilled but rather are sown with a perennial cover of a grass or legume 
for months or years, was historically a common method of rebuilding soil health. Some farmers used fields in ley 
farming for hay production or livestock grazing. With the development of low-cost synthetic fertilizers in the early 
20th century, ley farming was largely abandoned in favor of continuous cropping.

Despite its decline, ley farming continues to be 
occasionally used in rotation with crop production. 
In Australia, researchers have tracked the use of ley 
farming across more than 50 million acres, where wheat 
has been rotated with legume-based pasture for sheep 
over multiple decades. In published research findings, 
this system demonstrated a natural increase in soil 
nitrogen and water-stable aggregates, as well as 50% yield 
increases of wheat (when compared to continuous wheat 
cultivation). Similarly, case studies from Argentina have 
demonstrated the successful elimination of synthetic 
fertilizers from grain fields where rotational ley farming 
is practiced. Despite the fact that rotational ley farming 
has been used for centuries, contemporary research on 
the practice remains limited, especially research related 
to ley farming and soil biodiversity. However, one study 
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