™Y
_ .
&- — SIXTHEDITION ——

SOIL SCIENCE =

e SIMPLIFIED s

iR Neal S. Eash, Thomas J. Sauer, = =
R Lo Deb 0’Dell, and Evah Odoi -~ =i s :

WILEY Blackwell



Table of Contents

Cover

Title Page

Copyright

Preface

Chapter 1: Introduction to Sail
What Is Soil ?
Nature and Uses of Soil
How Bigls an Acre? A Hectare?

Chapter 2: Soil Formation
The Rock Cycle
Composition of the Earth's Crust
Processes of Rock Weathering
Factors of Soil Formation
Soil Horizon Devel opment
Let's Takea Trip

Chapter 3: Soil Physical Properties
Soil Phases
Soil Separates
Soil Texture
Soil Structure
Benefits of Aggregation
Porosity and Density
Composition of Soil Pores
Soil Consistence
Soil Color

Chapter 4: Soil Biological Properties
Organic Matter and Humus
The Carbon Cycle
Factors Affecting Soil Organic Matter Levels
The Decomposition Process
Factors Affecting the Rate of Decomposition




|mportance of Soil Organic Matter

Carbon Sequestration

P ant Roots and the Rhizosphere

Mi croorgani sms

Types of Microorganisms

The Nitrogen Cycle

|mmobi lization and Mineralization

Denitrification

Biological Decomposition of Rocks

Macroorgani Sms

Pesti cide Use and Soil Organisms
Chapter 5: Soil Chemical Properties

Sail Colloidal System

Silicate Clays

Oxide Clays

Cati on Exchange

Anion Exchange

Soil Reaction (pH)

Soil Aggregation
Chapter 6: Soil Water
Hydrologic Cycle
Soil Water Storage and Movement
Water Use by Plants

Drainage
Irrigation
Water Conservation

Chapter 7: Soil Temperature
|mportance of Soil Temperature
Factors Affecting Energy Inputs
Energy Inputs and Temperature Change
Heat Transfer in Soils
Soil Temperature Fluctuati ons
Managing Soil Temperature

Chapter 8: Soil Fertility and Plant Nutrition




Soil Fertility
Conditions Affecting Level and Availability of Plant Nutrients
Nutrient Mobility in Soils
Methods to Increase the Availability of Added Nutrients
Plant Nutrition
Determi ning Nutrient Needs
Adding Plant Nutrients
Timing of Fertilizer Application
Precision Farming
Organic Farming/Gardening
Composting
Biosolids
Chapter 9: Soil Management
Physical Condition
Tillage Practices
Chemical Characteristics
Biological Characteristics
Crop Production Factors
Chapter 10: Soil Conservation and the Environment
Erosion Processes
Erosion by Water
Erosion by Wind
Erosion by Mass Wasting
Sediment as a Pol l utant
Extent of the Problem
Chapter 11: Conservation Agriculture
CA Principles
CA Adoption
Summary of CA Benefits
Bibliography
Chapter 12: Soil Classification and Surveys
The Soil Classification Categories
The 12 Soil Orders
Time |Is too Short for Strong Soil Devel opment




Climate Is the Domi nant Factor in Soil Devel opment
Parent Material |s Specific
Vegetation Is a Grassland (Prairie) Mollisols. Grassland Soils (6.9%)
Climate and Vegetati on Combi nation Domi nates
Vegetation and Parent Material Domi nate
Soil Horizons
Descri pti on ofthe Diagnosti cSurface Horizons (Epi pedons)
Descriptions of Subsurface Horizons
Other Diagnostic Subsurface Horizons
Soil Moisture and Temperature Regimes
Soil Surveys
Land Capability Classes
Soil Landscape Appreciation
Chapter 13: Soil and Its Uses
Urban Soils
Engineering Uses
Municipal Waste
Disturbed or Contaminated Lands
Glossary
Index
End User License Agreement

List of lllustrations

Chapter 1: Introduction to Sail
Figure 1.1 Roadbanks can reveal the complexity of the soil.

Figure 1.2 Earthen houses are common in West Africa.

Figure 1.3 Living organisms sooner or |ater become a part of the soil once again.
Figure 1.4 Anacre is 208.7 ft on aside; a hectare is 328 ft on a side.
Chapter 2: Soil Formation

Figure 2.1 The rock cycle shows how heat and pressure, melting and erosion cause
rocks to change in form through geologic time.

Figure 2.2 Igneous rocks.
Figure 2.3 Sedimentary rocks.




Figure 2.4 Exposure to weathering causes tiny cracks to devel op in the surface of
rocks, which allows for chemical reactions with the penetrating sol utions.

Figure 2.5 Sails are natural features of the landscape.

Figure 2.6 Parent material in atopographic location is acted on over time by organisms
and climate.

Figure 2.7 Bedrock may be blanketed by sediment from several sources.
Figure 2.8 Representative land forms.

Figure 2.9 Grass |eaves are normally highest in bases, broad |eaves of trees are
intermediate, and conifer needles are the lowest.

Figure 2.10 In adrainage catena, the soil refl ects the effects of |ong-term moisture
conditions.

Figure 2.11 Land surfaces tend to become smoother over time as hills are worn down
and valleys arefilled.

Figure 2.12 The profile on the left il lustrates a soil from a subhumid grassland; the one
on the right shows a soils from a humid hardwood forest region.

Figure 2.13 Biotic cycling hel ps to concentrate nutrients near the soil surface.

Figure 2.14 A trip through different climatic vegetation regions of the United States
would reveal many kinds of soil.

Chapter 3: Soil Physical Properties

Figure 3.1 The approxi mate proportions of various phases by volume in a moist surface
soil.

Figure 3.2 The same mass of mineral has much greater surface area when pul verized.

Figure 3.3 A layered clay crystal is similar in nature to a stack of thin sheets of dough.

Figure 3.4 A textural triangle shows the limits of sand, silt, and clay content of the
various texture classes.

Figure 3.5 Sail structural units are classified according to shape and size.

Figure 3.6 Soil without humus becomes cloddy (left), whereas humus-rich soil is

granular (right).

Figure 3.7 When rocks weather, they become |oosened and |ess dense as sail is
formed.

Figure 3.8 The zone of compaction has a higher bulk density and lower permeability.
Chapter 4: Soil Biological Properties
Figure 4.1 A topographi c sequence of soils in a humid temperate climatic zone.




Figure 4.2 The surface soil contains mineral particles and organic matter.

Figure 4.3 Humus, shown as adark |ayer, can be derived from leaf litter on the forest
floor or fromroots in surface soil.

Figure 4.4 Carbon enters the biosphere through photosynthesis and is cycled back into
the atmosphere by decomposers and by burning.

Figure 4.5 The rhizosphere is the volume of the soil, water, and air immediately around
the plant root.

Figure 4.6 Microorganisms in the soil are instrumental in decomposing plant material,
resulting i n the formati on of humus.

Figure 4.7 The nitrogen cycle.

Figure 4.8 Nodules on the roots of some plants (Iegumes) contain bacteria that are
capabl e of taking nitrogen fromthe air to the benefit of the plarnt.

Figure 4.9 Nematodes are usually microscopic. They can be destructive to crops.

Figure 4.10 Earthworms are essential for mixing organic material with mineralsinthe
soil.

Figure 4.11 Springtails and mites play an important role in the decomposition of dead
|eaves and stems.

Figure 4.12 Ants are active in tunneling in the soil and enriching it with organic
material.

Figure 4.13 In tropical regions, termites build huge mounds in which they concentrate
calcium as well as organic material intheir nests.

Figure 4.14 The burrowing activities of animals contribute to the porosity and
enrichment of soils.

Chapter 5: Soil Chemical Properties
Figure 5.1 Clay particles are extremely small and in some types the |ayers tend to curl.

Figure 5.2 lons in silicate clays form a geometric pattern such asin this kaolinite.

Figure 5.3 Devel opment of a negative charge on a silicate clay lattice.

Figure 5.4 Layer |attice crystals of montmorillonite clay have a high capacity to hold
plant nutrients, absorb water, and swell.

Figure 5.5 Layer |attice crystals of hydrous mica clays have alower capacity to hold
plant nutrients and to absorb water.

Figure 5.6 Layer |attice crystals of kaolinite clay have a very low capacity to hold
plant nutrients and to absorb water.

Figure 5.7 Silicate clays can be identified by use of X-rays.




Figure 5.8 Particle of oxide clay has little or no crystallinity and a very low capacity to
hold plant nutrients.

Figure 5.9 Soil colloidal particles attract ions with the opposite el ectron charge.

Figure 5.10 A —swarmll of positively charged ions around a negatively charged soil
particle resembles bees around a hive,

Figure 5.11 A calciumion (Ca?*) (left) migrates in solution toward a negatively
charged soil particle to which two potassiumions (K*) have been previously attracted.

The Ca2* ion (right) changes places with the two K* ions, which move oninto the soil
solution. An instance of cation exchange has occurred.

Figure 5.12 Cations move fromamineral, into solution, to the colloid surface, and on
into the rootl et by ion exchange.

Figure 5.13 Devel opment of a negative charge on a humus colloid particle.

Figure 5.14 Hydrogen ion concentration is expressed as pH.
Figure 5.15 Soil reactionis usually less than two pH units on either side of neutral.

Figure 5.16 A colloidal clay particle has exchangeabl e cations around it. Each® (acid)
or_k(base) represerts billions of ions.

Figure 5.17 A spoonful of soil weighing 10 g (dry) contains about 1.2 quirtillion (1.2 O

102! exchange sites to which plant nutrients (Ca, K., etc.) can be held available for plant
roots.

Figure 5.18 Leaching of the soil ultimately returns bases to the sea.

Figure 5.19 Soil iswell aggregated by action of colloids richin calciumions (left).
Sail runs together in a dense mass by action of colloids contai ning abundant sodium

lons (right).

Figure 5.20 Corn growth is poorer on sodiumtrich soil than on calcium-rich soil.
Chapter 6: Soil Water

Figure 6.1 The hydrol ogic cycle describes the flow of water in the environment.

Figure 6.2 Water that enters the soil may percolate or evaporate or it may be transpired
or stored.

Figure 6.3 Soils with large pore spaces, such as sandy soils and well-granul ated types,
usually have high infiltration and percolation rates, whereas those that have small pore
spaces or are in poor physical condition have low infiltration and percolation rates.
Runoff occurs if the rate of rainfall exceeds the water infiltration rate.

Figure 6.4 Runoff and infiltration for a 1.5-in. (38-mm) rainfall in 1 h. The infiltration
rate decreases as the soil wets until runoff begins after 10 min. Late in the storm, the
runoff and infiltration rates are steady. Runoff would have begun later and been less if




the soil had a higher infiltration rate.
Figure 6.5 If a plant seedling is not strong enough to lift the soil crust, it dies.

Figure 6.6 Soil water returns to the atmosphere by evaporation from the soil surface
and by transpiration from plant | eaves.

Figure 6.7 A mulch hel ps prevent evaporation of water from the soil.

Figure 6.8 Black plastic or tar paper controls weeds and evaporation.

Figure 6.9 Water moves from soil particles with the thickest water films to soil with the
thi nnest. As the plant root absorbs moisture, water tends to move toward it (capillary
movement). Plant roots also grow and extend into zones with more moisture.

Figure 6.10 The water filmsin A are thickest and the soil is nearly saturated; at B it is
about at field capacity; and the thinfilms in C represent the wilting point.

Figure 6.11 Soil water between field capacity and the wilting point is available to the
plant.

Figure 6.12 Water moves into the roots and through the plant primarily by capillary
action.

Figure 6.13 The water table can be lowered to the level of the subsurface drainage
network.

Figure 6.14 Different types of subsurface drainage systems.

Figure 6.15 Channelization is needed to carry water from subsurface drains.

Figure 6.16 Examples of types of irrigation systems:. (A) surface or flood, (B)
sprinkler, (C) sub-irrigation, and (D) drip. Photos courtesy of USDA NRCS.

Chapter 7: Soil Temperature
Figure 7.1 The thermal conductivity of a soil depends onits porosity and wetness.

Figure 7.2 Heat can be transferred fromwarm soil to cool air by forced or free
convection.

Figure 7.3 The surface energy budget summarizes heat flow in the soil| plant
atmosphere system. Incoming solar radiation evaporates water, warms the air, and
warms the soil that emits |long-wave radiation.

Figure 7.4 Variations of surface and subsoil temperatures throughout the dayf  warming
during the day, cooling at night.

Figure 7.5 In the Northern Hemi sphere, solar radiation at midday produces the highest
temperature on dark soil, but soil temperature is also influenced by several other
factors shown here.

Chapter 8: Soil Fertility and Plant Nutrition




Figure 8.1 Phosphorus exists originally as a complex mineral with very low solubility.
Weathering breaks it down into |ess complex forms, some of which can be used by

plants.

Figure 8.2 The influence of soil pH on nutrient availability. The wider the bar, the
greater the availability.

Figure 8.3 Carbon and oxygen come from carbon dioxide in the air, hydrogen from
water inthe soil, and other el ements are absorbed by plants from the sail.

Figure 8.4 The sulfur in fossil fuels such as coal is the source of sulfur dioxide (SO,)
emi ssion into the atmosphere when it is burned.

Figure 8.5 Proper collection of soil samplesis extremely important. Tests made on
carel essly taken samples can be misleading and costly.

Figure 8.6 Grid sampling is an alternative method of sampling where soils are quite
variable.

Figure 8.7 Some typical nutrient deficiency symptoms caused by lack of a specific
nutrient.

Figure 8.8 A complete commercial fertilizer is reported in terms of varying percentages
of N, PZQE‘ and KZQ

Figure 8.9 Nitrogen may be applied as anhydrous ammonia (NH,) gas fed froma
pressure tank through hollow knives that cut into the soil.

Figure 8.10 Most nitrogen fertilizers start with ammonia, which reacts with various
acids. They exist in gaseous, dry, or liquid forms.

Figure 8.11 Liquid fertilizer may be applied to the soil or, if sufficiently diluted, it can
be used as afoliar application.

Figure 8.12 Rock phosphates for making fertilizer are mined from open pits.

Figure 8.13 Potash, a potassium compound, is mined from deposits in the earth.

Figure 8.14 Animal manure improves soil structure as well as supplying nutrients.

Figure 8.15 Lagoons provide storage and mai ntai n the nutri ent val ue of manure.

Figure 8.16 A tractor-powered mobile tank and pump unit for injecting liquefied
manure into the soil.

Figure 8.17 Crops can be plowed under as green manure to provide organic meatter.

Figure 8.18 Fertilizer distribution using a) broadcast topdressed and b) broadcast
i ncorporated methods of placement.

Figure 8.19 Pop-up or direct seed contact method of fertilizer placement.
Figure 8.20 Band fertilizer placement method.




Chapter 9: Soil Management

Figure 9.1 Grasses are low in nitrogen at maturity and are more slowly decomposed
than | egumes, whi ch contain much more nitrogen.

Figure 9.2 Minimum tillage or no-till often means planting while residue fromthe
previous crop is still inthefield.

Figure 9.3 Disking incorporates crop residue to a shallow depth, a moldboard plow
covers the residue, and a chisel plow goes deep but | eaves no residue on the surface.

Figure 9.4 Plow pans can form at the depth of tillage and inhibit root penetration
because of their increased density. Chiseling or periodic deep plowing can prevent this
effect.

Figure 9.5 Implements used for farming.

Figure 9.6 Agricultural lime is produced from limestone quarried from bedrock.

Figure 9.7 Many humid-region soils need regular applications of lime to combat
acidity.

Figure 9.8 Anillustration of how profit fromfertilizer is maximized. Inthis
hypothetical example, the most profitabl e rate of fertilization is 100 pounds per acre

(about 110 kg/ha). Note that the maxi mum yield does not correspond to the most
efficient rate of application.

Figure 9.9 Saline sails (A) usually have ~white capsll of salt in the tops of the beds.
Growth of crops normally is spotted. Sodic soils (B) are usually dark colored (often
called -black alkalill) and are gumimy and slick when wet and cracked with a powdery
surface when dry.

Figure 9.10 The generalized pH management considerations for soils of the United
States. Region A soils are generally above pH 7.0-soils may be saline or sodic. In
region B the acid-base rel ati onshi ps are commonly favorable, and in region C the bases
have been leached so that lime and fertilizer are needed in high amounts.

Figure 9.11 For some crops such as rice, the straw remaining after harvest is so thick
that burning may be the only practical way to manage it.

Chapter 10: Soil Conservation and the Environment

Figure 10.1 Loose substratum (A) slowly devel ops into soil if surface erosion takes
place at a slow rate. Where sail is thin over bedrock (B), erosion of the surface |eaves
abarren landscape.

Figure 10.2 Agricultural systems commonly accel erate erosion.

Figure 10.3 The impact of raindrops contributes to erosion by breaking up soil
aggregates and splashing soil downslope.

Figure 10.4 Gully erosion can be spectacul ar.




Figure 10.5 Rill and sheet erosion can result in great soil |oss.

Figure 10.6 Two safeguards against soil erosion are vegetative cover and well-
aggregated soil.

Figure 10.7 Contouring is very helpful in controlling runoff.

Figure 10.8 A grassed waterway offers erosion protection.

Figure 10.9 A drop spillway is an erosion control structure that prevents gully erosion.

Figure 10.10 Furrow dikes trap most of the water that falls as rain or by sprinkler
irrigation so it can be used by the crop.

Figure 10.11 Agricultural terraces for rice productionin the highlands of Vietnam.
These terraces are irrigated and have been productive for more than 1,000 years.

Figure 10.12 Parallel terraces may be drained by buried tiles.

Figure 10.13 Although |ess common than water erosion, wind erosion can be
devastati ng.

Figure 10.14 Wind erosion transports soil particles by creep, saltation, and suspension.

Figure 10.15 An unprotected soil surface (A) invites erosion, but crop residue on the
surface (B) gives protection fromwind and water erosion.

Figure 10.16 Stubble-mul ching loosens the soil but |eaves most of the plant residue on
the surface.

Figure 10.17 Shelterbelts and rough soil surfaces can reduce wind erosion.

Figure 10.18 Erosion |oss can be great from cave-ins along riverbanks.
Figure 10.19 Caitle paths accentuate ripples made by mass wasting.

Figure 10.20 Erosion not only reduces the val ue of cropland but al so causes serious
sedi mentati on problems.

Chapter 12: Soil Classification and Surveys
Figure 12.1 World soil map.

Figure 12.2 Entisols are weakly devel oped.

Figure 12.3 Inceptisols are rel ativel y immature.

Figure 12.4 Aridisols are very fragile.
Figure 12.5 Gelisols have permanently frozen subsoil.

Figure 12.6 Most Oxisols arein tropical regions.

Figure 12.7 Andisols have many |ayers of volcanic ash.

Figure 12.8 Histosols are accumul ati ons of organic matter.




Figure 12.9 One author stands beside a subsidence post at Belle Glade, Florida.
Figure 12.10 Vertisols arerichinclay.

Figure 12.11 Mallisols are very productive.
Figure 12.12 Alfisols have a high base content.
Figure 12.13 Ultisals lack bases and quickly become impoverished under cultivation.

Figure 12.14 Spodosols are very acid.

Figure 12.15 Anillustration of a polypedon, pedon, and a soil profile.
Figure 12.16 Ochric epipedon.

Figure 12.17 Mallic epipedon.

Figure 12.18 Histic epipedon on the O horizon.

Figure 12.19 Cambic B horizon.

Figure 12.20 Argillic B horizon.

Figure 12.21 Spodic B horizon.

Figure 12.22 Oxic B horizon.

Figure 12.23 Petrocalcic B horizon.

Figure 12.24 A soil landscape can be broken into several components.
Figure 12.25 Various soil bodies fit together to form the |landscape.

Figure 12.26 Mapping unit symbal.

Figure 12.27 A soil mapper makes auger holes to investigate the soil and records the
findings on an aerial photograph

Figure 12.28 A detailed soil map of one section of land in Randall County, Texas. Itis
1 mile (1.6 km) on each side.

Figure 12.29 A generalized map of Randall County, Texas.
Chapter 13: Soil and Its Uses

Figure 13.1 Soil classification systems used by engineers (AASHTO and USC) have
different ranges for particle size distributions than the USDA system.

Figure 13.2 Use of sand and gravel provides a stable base for a structure on potentially
unstabl e ground.

Figure 13.3 Various kinds of soil materials are used in construction of an earthwork.

Figure 13.4 Two examples of earth sheltered install ati ons.

Figure 13.5 Cross-section of a buried pipe and the effect of severe corrosionina
wetland position.




Figure 13.6 Residential wastewaters generated inrural homes are recycled by soil
absorption of septic tank effl uent.

Figure 13.7 Irrigation of farmland is being tried on a limited basis as a means of
disposal for wastewater generated by some small industries such as canneries.

Figure 13.8 Cross-section of alandfill cell whenfilled.

Figure 13.9 Cross-section of parts of two fields. To the | eft of the post, the soil is
undi sturbed. To the right, the topsoil was removed and saved, and then the desired
subsoil was removed. The original topsoil was replaced, thereby permitting crop

production.

List of Tables

Chapter 2: Soil Formation
Table 2.1 Composition of earth's surface crust
Chapter 4: Soil Biological Properties
Table 4.1 Essential functions performed by soil organisms
Chapter 5: Soil Chemical Properties
Table 5.1 The range in cation exchange capacity of some common clay minerals
Chapter 8: Soil Fertility and Plant Nutrition

Table 8.1 Elements required for plant growth and principal formsinwhichthey are
taken up by plants (Eash, Neal S., Cary J. Green, Aga Razvi, and William E _Bennett,
eds. Soil Science Smplified. 5th ed. Ames, lowa: Wiley-Blackwell, 2008. Copyright
2008, John Wiley & Sons, Inc.)

Table 8.2 Essential plant nutrients, function in plant growth, and deficiency symptoms
(Eash, Neal S., Cary J. Green, Aga Razvi, and William F. Bennett, eds. Soil Science
Snplified. 5th ed. Ames, lowa: Wiley-Blackwell, 2008. Copyright = 2008, John
Wiley & Sons, Inc.)

Table 8.3 Fertilizer grades (Eash, Neal S., Cary J. Green, Aga Razvi, and William E
Bennett, eds. Soil Science Smplified. 5th ed. Ames, lowa: Wiley-Blackwell, 2008.
Copyright = 2008, John Wiley & Sons, Inc.)

Table 8.4 Combination used to produce nitrogen fertilizers (Eash, Neal S., Cary J.
Green, Aga Razvi, and William FE. Bennett, eds. Soil Science Smplified. Sth ed. Ames,
lowa: Wiley-Blackwell, 2008. Copyright =~ 2008, John Wiley & Sons, Inc.)

Table 8.5 Average content of essential elements in beef feedlot manure (based on 30
sampl es from Texas High Plains feedl ots, figured at 30% moi sture content) (Eash, Neal
S., Cary J. Green, Aga Razvi, and William F. Bennett, eds. Soil Science Smplified. 5th
ed. Ames, lowa: Wiley-Blackwell, 2008. Copyright ~ 2008, John Wiley & Sons, Inc.)




Chapter 11: Conservation Agriculture

Table 11.1 Area of land under no-till in the top countries as reported to FAO from 2009
to 2014

Chapter 12: Soil Classification and Surveys

Table 12.1 The 12 soil orders used in Soil Taxonomy, ! their formeative el ements,
correlating FAO classification, and U.S. and worldwide distribution

Table 12.2 Soil Taxonony classificati on scheme

Table 12.3 Examples of soil horizons

Table 12.4 Two soils of Columbia County, Wisconsin
Chapter 13: Soil and Its Uses

Table 13.1 Suitability or limitation rating for soils of the Clarion-Nicollet-Webster
association

Table 13.2 Characteristics of soils for engineering purposes




Soil Science Simplified

Sixth Edition

Neal S. Eash

Professor of Biosystems Engineering & Soil Science
University of Tennessee in Knoxville,

Tennessee.

Thomas J. Sauer

Research Soil Scientist in the Soil,
Water, and Air Research Unit at the
USDA Agricultural Research Service
in Ames, 1A, USA

Deb O'Dell

Doctoral Candidate in the Biosystems

Engineering & Soil Science

Department at the University of Tennessee in Knoxville, TN, USA.

Evah Odoi

Adjunct Assistant Professor

in the Biosystems Engineering & Soil

Science at the University of Tennessee in Knoxville, TN, USA

lllustrated by Mary C. Bratz

WILEY Blackwell



Copyright * 2016 by John Wiley & Sons, Inc. All rights reserved
Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any means,
electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted under Section 107 or 108 of the
1976 United States Caopyright Act, without either the prior written permission of the Publisher, or authorization through payment
of the appropriate per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-
8400, fax (978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be addressed
to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748
6008, or online at http//www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in preparing this book, they
make no representations or warranties with respect to the accuracy or completeness of the contents of this book and
specifically disclaim any implied warranties of merchantahility or fitness for a particular purpose. No warranty may be created
or extended by sales representatives or written sales materials. The advice and strategies contained herein may not be suitable
for your situation. Y ou should consult with a professional where appropriate. Neither the publisher nor author shall be liable for
any loss of profit or any other commercial damages, including but not limited to special, incidental, consequential, or other

damages.
For general information on our other products and services or for technical support, please contact our Customer Care
Department within the United States at (800) 762-2974, outside the United States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in
electronic formats. For more information about Wiley products, visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data:
Cover image: Mycola, wet spot on cracked earth under dramatic sky, iStock / Getty Images Plus



Preface

Soil Science Smplified, Sxth Edition explains soil science in an easily understandable
manner. Students, professionals, and nonprofessionals alike will gain an accurate working
knowledge of the many aspects of soil science and be able to apply the information to their
endeavors. The book is a proven and successful textbook and works well as assigned reading
for university students in the natural sciences and earth sciences. Agricultural science courses
taught at the high school or post high school level can also use this edition as a resource.

Soil science has been largely directed toward agricultural production. Farming remains at the
forefront of food and fiber production and is, more than ever, concerned with soil and its
properties.

Anyone who works with soil can benefit from an understanding of soil and its properties.
Horticulturists, foresters, landscape architects, and similar professional s can benefit froman

i n-depth understanding of soils. Home gardeners can likewise benefit. Those who construct
houses and other structures need to understand that the soil's physical and chemical properties
can impact foundati on problems. Engineers need the same understanding of soil properties as
they build roads, bridges, danms, levees, and similar structures. Environmentalists and people
inrelated areas find a working knowledge of soils useful.

There are many uses of soil-far more than for production agriculture. And everybody who
works with the land in any way needs to know how to take full advantage of the informationin
asoil survey report. The need for an understanding of soil is ever-present. If your profession
will involve the use of sail, read and understand the i nformati on in this sixth edition of Soil
Science Smplified. Keep areference copy in a handy spot in your bookcase.

This sixth edition expands and updates several chapters. New approaches to the content have
been incorporated to provide informeation needed by those professionals listed previously. A
chapter on conservation agriculture (CA) has been added that describes the evol ution of
agricultural management practi ces that support and strengthen both food production and
environmental resources. The illustrations and photos demonstrate the principles described in
the text and enhance comprehension.

Drs. Eash, Sauer, and Odoi are experienced university professors of soil science who have
taught and conducted research in soils. Through experience in the field, classroom, and
|aboratory, they have gained a basi ¢, hands-on appreci ati on of the importance of applied soil
science. This book represents their many years of experience and the desire to provide a
working knowledge of soil and how its properties influence decisions on the best use of soil,
whether it is used as a mediumfor plant growth, as a base for the foundati on of buildings, or
for any other purpose.

This book has been used successfully as a resource in certification programs in the agricultural
industry such as the Certified Crop Advisor program sponsored by the American Society of



Agronomy. We once agai n use many of the line illustrations by Mary C. Bratz that have
appeared in earlier editions of the book which continue to be useful in communi cating essential
ideas and processes in soil science.



Chapter 1
Introduction to Soil

Soil isanatural resource onwhich people are dependent in many ways. Since the birth of the
soil conservation movement inthe 1930s, there has been anincreased interest in conserving the
soil. The environmental awareness and concerns that have occurred over the past severa
decades have focused attention on the need to conserve soil as a fundamental part of the
ecosystem. Thereis, however, little public understanding of the soil's complexity.

Careful observers may see soil exposed in roadbanks or excavations, and it may be noti ced
that the soil does not look the same in all locations (Fig. 1.1). Sometimes the differences are
apparent in the few inches of surface soil that the farmers plow, but greater variations can
usual ly be seen by looking at a cross section of the top 3 or 4 ft. (0.9 or 1.2 m) of soil. The
guality and quantity of vegetative growth depends on the properties of the soil layers.

Figure 1.1 Roadbanks can reveal the complexity of the soil.

Roads and structures may fail if they are constructed on soils with undesirabl e characteristics.
Special care must be taken to overcome soil limitations for specific engineering uses.

Sati sfactory disposal of human waste and livestock manure i s becoming an increasing concern,
particularly where soils are used as a disposal site.

Poor yields of agricultural crops and poor growth of trees may result from a mismatching of
crops and soils. This mismatching may happen because the landowner has not examined the
soil horizons or understood their limitations. Soil scientists study the factors necessary for

proper soil management and plant growth.

What Is Soil?

The traditional meaning of soil isthat it isthe natural medium for the growth of land plarts.
The Soil Science Society of America has published two definitions. Oneis"The



unconsolidated mineral or organic material on the immediate surface of the earth that serves as
anatural mediumfor the growth of land plants.”

A more inclusive definition by the Society is " The unconsolidated mineral or organic matter on
the surface of the earth that has been subjected to and shows the effects of genetic and
environmental factors of: climate (including water and temperature effects) and macro- and
microorganisms, conditioned by relief, acting on parent material over a period of time." The
effect of each of these genetic and environmental factors will be discussed in Chapter 2 on soil
formation.

Soil differs fromthe material fromwhichit is derived in many physical, chemical, biological,
and morphological properties and characteristics. The differences in these properties and
characteristics will be discussed in subsequent chapters. Their effect on soil management
decisionsisimportant whether the soil isto be used for crop production, in an urban setting, or
for roads, dams, waste disposal, and its many other uses.

Most soil consists of fragmented and chemically weathered rock which includes sand, silt, and
clay separates, and it usually contai ns humus, whichis partially decomposed organic matter.
Soil isvery diverse over the face of the earth, and it varies considerably. If properties of a soil
are known, the soil can be properly managed, and it will serve quite well for the purpose for
whichitis used.

Nature and Uses of Soil

Soil isamediuminwhich plants are grown for food and fiber. It is fortunate that over most of
the land area of the earth, soil covers bedrock to a considerable depth. If there were no soil,
the conti nents would be wastel ands of barren rock. In soil, seeds germinate and plants grow as
they obtain water and nutrients from the soil. Crops of the fields and forests produce food and
fiber.

Soil gives mechanical support for plant roots so that eventall trees stand for decades agai nst
strong winds. Soil also physically supports structures such as houses, buildings, sidewalks,
streets, and highways. Someti mes the properties of soils are undesirable and buildings and
pavement will crack due to the instability of the underlying soil. Abandoned roads may be
buried by soil carried upward by ants, earthworms, and other creatures.

Inintertropical regions, millions of people live comfortably in places built chiefly fromlocally
excavated soil. Such earthen houses are common in West Africa (Fig. 1.2). A compound
earthen dwelling for an extended family may be quite an impressive structure. The adobe
houses of the southwestern United States and the pioneer sod houses of the prairies are other
exampl es of earthen houses. Modern earth-sheltered homes are shown with pride by the
owners and builders. For maxi mum insul ation, houses often feature an earthen embankment
covering all but the side exposed to the sun.
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Figure 1.2 Earthen houses are common in \West Africa.

Soil isinvolved in several processes inthe hydrologic cycle. Water in the form of rain, dew,
fog, irrigation, or snowmelt may move into the soil (infiltrate) or evaporate or run off of the
soil surface into the area drainage systeminto lakes or streams. The water that infiltrates into
the soil may evaporate or be utilized by plants. It may be used by the plants to form compounds
or it may be transpired from the | eaves back into the atmosphere. If there is more water than the
soil will hold, it may percolate downward to become part of the groundwater reservoir and
eventual ly become part of streants, rivers, and springs.

Many organic and inorganic pollutants in wastewater are sorbed as they pass through the soil,
thereby partially cleansing the groundwater. If potential pol | utants that are very soluble are
added to the soil, they may be carried by the soil water into the groundwater to our detriment.

Soil is anair-storage facility. Plant roots and billions of other organisms living inthe soil need
oxygen. The pore systemin soil provides access to air, which moves into and drawn out of the
soil by changes in barometric pressure, by turbulent wind, by the flushing action of rai nwater,
and by diffusion. Some plants, such as rice, have the capacity to conduct oxygen into
waterlogged soil. Soil air contains consi derable amounts of carbon dioxide.

Soil is even useful asamineral supplement for people. In some impoverished African
countries, selected types of soil containing high calcium, for example, have been used as a
special food supplement. Specifically, pregnant women and their babies have benefited from
the mother's ingestion of soil from termite mounds that are enriched with cal cium. By using this
natural resource, these women may have adequate calciumintheir systens.

Soil accepts back that which came fromit. When plants die, it is not long before organi sms that
cause them to decompose will be active and the plant will eventually become a part of the soil.
Even huge logs on the forest floor soon disappear (Fig. 1.3). Animalsthat live inthe wild as
well as other forms of life also return to the soil when they die. Society produces vast amounts
of waste of every size, shape, and description, whichis often buried inlandfills where it will
decomposeif itisorganic.



Figure 1.3 Living organisms sooner or later become a part of the soil once again.

Soil isbeautiful; it is an aesthetic resource. People may become fond of their native soil,
whether it is black and brown or red and yellow. There is arainbow of various hues of soil
under our feet.

Changes in both soil and vegetati on through the seasons are observed with great interest. Some
soils formwide cracks in dry seasons and swell when the rains return. Frost action may create
little ice pillars that lift the surface of the ground in winter. The smell of freshly tilled soil
seems good to farmers and gardeners as they plant their crops with high expectations for an
abundant harvest. Some people love their native soil so much that even today they still perform
the ancient ritual of kneeling to kiss it when they return home.

How Big Is an Acre? A Hectare?

Land measurements in the United States are in the English systemwhile for most of the rest of
the world the metric systemis used. The principal measure of land in the English systemisthe
acre while the hectare is used in the metric system. One acre equals 0.4047 ha; hence, an acre
is only about 40% the size of an hectare. An acre has 43,560 sq ft, while a hectare contains
107,628 sq ft.

Inthe United States, soil amendments are usually applied in units of pounds (or tons) per acre.
Inthe rest of the world, applications are usually in metric units of kilograms (or metric tons)
per hectare. Pounds per acre closely correspond to the metric units of kilograms per hectare.
Tons per acre closely correspond to metric tons per hectare. Loss of soil by erosionisrated in
tons per acre.



Comparing a house ot size to an acre will give a perspective on the size of an acre. Most
house lots will be approximately 10,000 sq ft in size (about one-fourth of an acre), whereas an

acre has 43,560 sq ft. See Figure 1.4 for a perspective on these units of measurements.
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Figure 1.4 Anacreis 208.7 ft on aside; a hectare is 328 ft on a side.



Chapter 2
Soil Formation

Many peopl e throughout the world depend upon soil for their subsistence. Soil isadynamic
feature on the landscape and few realize the importance of the parent rock to soil fertility and
productivity. Although the parent rocks determine many soil characteristics, soil is much more
than just weathered rock.

Pedogenesis is the term used to describe the formati on and devel opment of the soil profile.
The " pedon” isthe three-dimensional body of soil used as the soil base of reference and

" genesis' is often defined as "beginning.” Through pedogeni ¢ processes the soil profile
develops fromthe very thirf  maybe several inches thick whichis commoninyoung soil§ to
soil that is greater than 80 in. (2 m) thick, whichis commoninolder soils.

To understand soil pedogenic processes, it is essential to consider how rocks are formed, how
that formati on infl uences their mineral ogy, and subsequent breakdown into soil parent material.
The mineralsinrocks strongly infl uence the composition of the soil derived fromthem. The
other factors in nature that i nfl uence the specific properties of soil inagivenlocationwill also
be discussed in this chapter.

One of the basic rules of nature is that nothing remai ns the same over long periods of time.
Astronomers tell us that even stars such as our sun have afinite lifespan. They coal esce from
cosmic dust, forminto shining solar bodies, finally expend their energy, collapse, and return to
cosmic dust. The secrets of these processes have only recently been reveal ed by the Hubble
telescope. On earth, the alteration of rocks from one formto another is much more easily
understood because we can study specimens of rocks and rel ate themto their positionin the
earth's crust.

Rocks are merely combi nations of minerals. Mineral s have specific chemical compositions
whereas arock refers to a material within a specified range of mineral ogical composition that
is of appreciable extent in the crust of the earth. Some of the most common rocks are granite,
basalt, sandstone, and limestone. Rounded pieces of rock so common in glaciated regions
are boulders, stones, cobbles, and gravel s in descending order of size.

The Rock Cycle

To understand the formation of soil, consider first the rocks fromwhich the mineral particlesin
the soil were derived. As the earth cool ed, the molten magma crystallized into igneous rocks.
As long as there has been water on the earth, flowing water has been eroding rocks and the fine
particles produced have become sediments, which may solidify into sedimentary rocks. Under
conditions of extreme heat and pressure, both igneous and sedimentary rocks may be modified
and at |east partially recrystallized into metamorphic rocks.



The shifting of continents causes |landmasses to slide over and bury other landmasses to the
extent that the buried ones may become molten again. Where this occurs there is evidence of
great tectonic activity in the form of earthquakes, vol canoes, faults, and related phenomena.
Therefore, over geologic time the rocks of the earth are cycled from one formto another (Fig.
2.1). Rocks are the evidence for these actions in the past, and the same processes continue
today.

erosion

Igneous ¥ _ > Sedimentary
melting

Metamorphic

Figure 2.1 The rock cycle shows how heat and pressure, melting and erosi on cause rocks to
change in form through geol ogic time.

Composition of the Earth's Crust

Chemists recognize afew over 100 el ements that make up everything tangible on earth. Of
these, the eight listed in Table 2.1 are the most abundant elements in the earth's crust. The
others are no less important, but are present in much smaller quantities.

Table 2.1 Composition of earth's surface crust
Element lon

Oxygen  O?
Silicon Si4

Aluminum Al3*

Iron Fe?t Fe3*
Cacium Cat
Magnesium Mg

Potassium K+
Sodium Na+



Silicate Minerals

If molten magma from within the earth cool s very rapidly, these el ements solidify randomly
into a glass such as obsidian, a material commonly used injewelry. If the cooling is slower, the
elements will assemble themselves into crystalline silicate minerals. The slower the cooling
IS, the larger the crystals.

Silicates are minerals made up, inlarge measure, of combined silicon and oxygen. They are the
most common mineralsinrocks. When only silicon and oxygenions are invol ved, they forma
four-sided structure with oxygen ions at the points and a siliconion in the center. It can be
compared to a three-sided pyramid, with the base being the fourth side. Thisis called a
tetrahedron. If the O2 on each corner is shared with another tetrahedron, a very strong
framework structure results. A mineral withthisformis quartz, anditisso resistant that itis
said to be nonweatherable. Hence, the beaches along our oceans consist mainly of sand.

Of the silicates, most are aluminosilicates; feldspars are the classic example. Feldspars also
have a framework structure but from one-fourth to one-half of the Si%* was replaced with Al3*
during the original crystallization of the feldspar. Since Al®* has alower positive charge than
Si*#*, the unsati sfied negative bonds fromthe O? are satisfied primarily by K* and Ca?* inthe
crystal. Feldspars are quite stable but are | ess resistant to weathering than is quartz. The
weathering of feldspar accounts for much of the potassium and cal cium found in the soil, the
oceans, and sedimentary rocks.

Micas are the other main group of aluminosilicates. The tetrahedra are formed into layers that
can be lifted, one from the other, like the pages of a book. When separated from the rocks,
these small flat particles will glisteninthe sun, especially if they settled out of flowing water
and lay flat onthe dried soil surface.

Most of the very dark colored mineralsinrocks are ferromagnesian silicates. Instead of the
framework silicate structure discussed above, these minerals have single, paired, or chained
sets of tetrahedra that are bonded together by accessory ions, usually Fe* and Mg?*, hence, the
term ferromagnesian. It is by way of the accessory ions that weathering gai ns access to these
minerals and the integrity of the mineral structure is destroyed. Two common groups of these
dark minerals are the amphibol es and pyroxenes.

Igneous Rocks

Igneous rocks (Fig. 2.2), including granites and their metamor phic associates, make up the
bedrock foundation of the continents. The minerals inthem are crystalline informand, if the
magma cool ed slowly far below the surface of the earth, the crystals are comparatively large.
Thisisthe case with granite. If the cooling of the magma took place more rapidly, the crystals
are small, such asinrhyolite. Granite and rhyolite may be identical in mineralogical
composition and are characterized by having abundant quartz due to the high silica content of
the magma. Ina parallel manner, magma lower insilicamay solidify into very dark colored
gabbro or basalt, depending on the rate of cooling.
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Figure 2.2 Igneous rocks.

Crystalline igneous rock lays just below the unconsolidated surface material on about one-
quarter of the earth's land area. Elsewhere itis more deeply buried. It is quarried for building
stones and monuments. Pink and light-colored granite is popul ar. It outcrops dramatically in the
Black Hills of South Dakota at Mount Rushmore, where the heads of four U.S. presidents have
been carved. Gabbro can be polished into a beautiful building stone and is sometimes called
black granite. A well-known example of it is the Vietham Memorial in Washington, DC.
Blackish and finely crystallized basalt is well known because of extensive volcanic activity on
earth.

Sedimentary Rocks

Sedimentary rocks (Fig. 2.3) are the bedrock for about three-quarters of the land area of the
earth. These rocks were deposited as | oose |layers of sediment on the bottoms and edges of
ancient seas. Sand, primarily quartz grains, was deposited near the shores, gray siliceous mud
farther out, and limy, whitish mud fromfossil shells inthe deep water. These layers gradually
hardened into rock to become sandstone, shale, and limestone, respectively. As the land was
slowly uplifted and the seas receded, sedimentary rock covered most of the continents.

Marine fossil Interlocking Cemented g S
calcite grains quartz grains silt- and clay-size
quariz and

feldspar sediment

EIMERNE SANDSTONE

Figure 2.3 Sedimentary rocks.



Metamorphic Rocks

Rocks can be altered by heat and pressure within the earth. The metamor phic rocks that result
may have been any of the igneous or sedimentary rocks. Granite is commonly metamorphosed
into gneiss, a beautifully banded rock wherein like mineral s became concentrated due to
similar viscosity and density in the shifting magma. Sandstone is cemented by silicafrom

sol ution to become quartzite, which is the most resi stant rock that is widespread on the earth.
Shaleis converted into slate and limestone into marble by heat and pressure.

Processes of Rock Weathering

When living organisms such as plants die, they are rotted by saprophytic microorganisms. Ina
similar manner, naturally occurring physical and chemical forces cause rocks to be weathered
into saprolite. Collectively, saproliteis called the regolith of the earth, whichis composed of
the |oose mineral materials above solid bedrock. The effects of rock weathering can be
observed by splitting a stone that has been exposed on or near the ground surface for along
time (Eig. 2.4). During the weathering process, the altered rock material may accumulate in
place over the solid rock or it may slide, be washed, or be blown to other sites. Soil formation
begins soon after |oose rock material is stabilized.

e, Weathering rind
"

Figure 2.4 Exposure to weathering causes tiny cracks to devel op in the surface of rocks, which
allows for chemical reactions with the penetrating sol utions.

Biological Decomposition of Rocks

If you have ever been on a hike into the mountai ns and sit down on arock to rest, if you look
closely at the rock you will quickly seethat it is covered by small macroscopic organisms
called lichens. Lichens are composed of an alga and a fungus and are often one of the first
organisms to col onize exposed rocks.

Just three years after the island of Krakatoa was largely blown away by a violent volcanic
eruptionin 1883, scientists visited it and found that the surface of the fresh bedrock was
already being invaded by cyanobacteria, one of the most self-supporting forms of life on earth.
It can both photosynthesi ze and fix nitrogen. Growing a ong with the cyanobacteria were
nitrogen and carbon-fixing bacteria as well as fungi and lichens. Weak acids produced by
these mi croorgani sms were dissol ving nutrients (phosphorus, calcium, etc.) from the rocks and
building up a humic mat capabl e of supporting mosses and eventually higher plants. The weak
acids include carbonic acid formed by solution of carbon dioxide gas inwater and lactic acid
produced by fungi, and the stronger acids (nitric and sulfuric) were formed by bacteria. Certain



fungi and bacteria can rel ease phosphorus from mineral particles. It is evident that
microorganisms are involved inrock weathering fromthe start.

Physical Weathering

Physical weathering of rocks is their breakdown into progressively smaller pieces with no
change in molecular arrangement within the minerals. Any of the forces that transport solid
particles causes them to wear. Sand on a beach that is rolled by eachincomingwaveisa
familiar example. Strong winds pick up sand and blast it against objects that soon show the
effects of abrasion. Tree roots penetrate cracks inrocks and as the roots grow they cause the
cracks to expand and eventually break the rock. In temperate regions, water enters cracksin
rocks, freezes, and can cause the surface of the rock to peel off like the rind of an orange,
whichis called exfoliation. Glaciers were the ultimate in physical weathering as they broke
| oose massive boulders and moved them great di stances with a grinding action. Hillswere
lowered, valleys were filled, and there was a general | eveling effect except at the glacier's
edge, where small hills called terminal moraines were created. No matter the extent of
physical weathering, it does not directly cause significant rel ease of ions fromthe minerals for
the benefit of plants.

Chemical Weathering

Chemical weathering, as the termimplies, results from chemical reactions that alter the
molecular composition of minerals. These chemical forces react with the surface of minerals.
If physical weathering did not greatly increase surface area by breaking down rock into
smaller pieces, chemical weathering would progress much more slowly.

Hydrolysis

Hydrolysisis important in mineral weathering. It takes place when hydrogenions (H) in
water replace metallic ionsin minerals. All water is slightly ionized, so hydrolysisis
pervasive. Rain absorbs carbon dioxide (CO,) asit falls, resulting in arelatively weak
carbonic acid (H,CO,), which greatly increases the reaction of hydrolysis. However, the
ancient statues from the Greek and Roman empires did not show much degradation until smoke
from modern industry resulted in sulfuric acid and nitric acid in the precipitation. Over
millions of years, most of the acid in the soil resulted from the respiration of CO, by living

organisms. Plant roots al so release H* during nutrient uptake.
In one simplified example of hydrolysis, potassium fel dspar reacts with water to yield silicic
acid and potassium hydroxide as shown in following equation:

KAISi,O, + HOH = HAISi.O, + KOH

The silicic acid is the building block of clay. Inthe reaction, the primary mineral is destroyed,
clay is formed, and potassium (K™) is released into the soil for use by plants. If precipitationis
sufficient to leach away the base (KOH), the land will become more acid and the sea will



become more basic.

Oxidation

Oxidation takes place when certain multivalent ions |ose an el ectron (a negative charge) to
become more positive. A common element in rocks capabl e of two valence states is iron. Just
asawrench left inthe rainwill rust, so also iron-bearing minerals in rocks become oxidized.
The equations for the reaction are

Fe'+ = Fe'* + le” and 4 Fe'™ + 30, = 2Fe,0;

Hydration

By itself, oxidation would not be extremely disruptive to the mineral, but, in nature, itis
followed by hydration:

Fe,0; + nH,0 = Fe,0, ¢ nH,0

In this reaction, n water molecul es attach themsel ves to aniron oxide molecule. Thisresultsin
consi derabl e expansion, which greatly disrupts the mineral structure of the rocks and causes
themto crumble. For this reason, when digging in the subsoil inahumid region it is common to
encounter stones that disintegrate if struck by a spade. Manganese is another element in
minerals that can exist in multival ent ionic states, but it is much |ess abundant than iron. Salt
may al so hydrate with similar results.

Reduction

Reduction, being the opposite of oxidation, reflects a gain of electronsinmultivalentions. Itis
not disruptive to most bedrock, but it does have a marked influence on soil where oxygen has
been depl eted by microorganisms inwet places. Under reducing conditions, iron and
manganese may be dissol ved and removed from the system or transl ocated to regions with free
oxygen. Here they preci pitate as nodul es, concretions, or various types of |ayers and coatings.

Solution

Water comes as close as anything to a universal solvent. However, it is only capable of
dissolving large quantities of soluble salts that were precipitated from sol ution at some earlier
time. The cal cium carbonate in limestone came from the shells of sea creatures. Itisan
example of asalt that is slowly soluble in pure water, but water enriched by carbonic acid, due
to biological activity, reacts with limestone. This dissolution is evidenced by massive caves
where the rock was dissolved by biologically acidified water that seeped down from the soil.

Factors of Soil Formation

Soil scientists think of soils as natural bodies that have length, breadth, and depth. Each soil
body occupies a portion of the landscape. This means that soils are more than simply the



product of rock weathering; they are components of the landscape (Fig. 2.5), just as arerivers,
forests, marshes, and prairies. Thousands of years have been required to make our present-day
soils. Five factors of soil formation have beenidentified (Fig. 2.6). They are (1) parent
material, (2) climate, (3) living organisms, (4) topography, and (5) time.
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Figure 2.5 Soils are natural features of the |andscape.
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Figure 2.6 Parent material in atopographic locationis acted on over time by organisms and
climate.

Soil Parent Material

Parent material of mineral soilsis the weathered rock that was slowly broken up at a site or
was transported there by natural agents. It can be grouped into (1) crystalline rocks, such as
granite and gneiss, (2) sedimentary rocks, such as sandstone and limestone, and (3)
geologically recent deposits, such as alluviumand glacial till.

Soils that have formed from granite contain a full range of particle sizes, from gravel and sand
to the finest clay. Since quartz grains (somewhat like bits of glass) in granite are very resistant
to weathering, they become the gritty sand inthe soil. The less-resistant mineralsinrock such
as feldspar (aword meaning field crystal) and dark minerals richiniron and magnesium
(ferromagnesian minerals), including black micd are altered by weathering into fine clay



particles.

Black and dark gray crystalline rocks include gabbro (coarse grained) and basalt (fine
grained). Because these rocks contain no quartz, soils formed from gabbro and basalt are not
sandy but are clayey, sticky, and rather fertile.

Soils from sandstone are sandy; those from shale are silty or clayey. Soils from limestone
consist largely of insoluble shaley materials that were included as gray mud in the otherwise
more weatherable rock mass. Therefore, soils from limestone commonly are clayey.

Recent deposits are blankets of geol ogically young sediments that overlie the types of bedrock
just discussed. They include (1) eolian (windblown) sand, (2) loess, (3) volcanic ash, (4)
gacia drift, (5) alluvium, (6) and colluvium (Eig. 2.7).

“Dirty”
glacier

Pitted
Ouiwash i
plain outwash
et e =
roun
Wind-blown lce blocks 1 raine (till)

silt (loess)

Colluvial and i‘
local alluvial
deposits

e Glacial till g 2
P {unsorted) _*‘{-:

Irp‘a
1Lh1}

Figure 2.7 Bedrock may be blanketed by sediment from several sources.

Eolian sands are most common in arid and subhumid areas. Most were initially deposited by
water when massive expanses of sandstone were being eroded over along period. Wind action
may shift these cover sands i nto dune formations, which are then referred to as eolian deposits.
The Sand Hills of western Nebraska are a good exampl e of eolian deposits. When viewed
froman airplane, they are seen as an expanse of crescent-shaped dunes. They are droughty and
not very productive for crops or livestock.

L oess is awind-transported deposit that mainly consists of silt that was derived from the flood
plains of rivers that drained the meltwater from glaciers. These silts have a rich supply of plant
nutrient-bearing minerals, and their size is such that they hold a significant quantity of water for
crops. Extensive areas of fertile agricultural soils can be found inloess deposits in such places



as China, the Mississippi-Missouri Valley, and the Danube Valley in Europe.

Volcanic ash is widespread in Hawaii, Oregon, and Washington in the United States and in
Central America, Japan, Indonesia, and many other mountai nous areas. The mineral ogy of
volcanic ashis variable, but most of it devel ops into high-quality soil for crop production.

Glacial deposits, often with a covering of loess, are parent materials of soils in much of the
corn belt in North America and the wheat belt of Eurasia. They were |eft by glaciers (and their
meltwaters) that advanced and retreated repeatedly between 1 million and 10,000 years ago.
Glaciers carried alot of rock debris collected by a grinding action on the terrain over which
they passed and thus were made of "dirty" ice. An unsorted mixture (till) of stones, sand, silt,
and clay was deposited in broad blankets and ridges called moraines. Glacial till is sometimes
stony enough to inhibit cultivation, but its fresh supply of minerals provides an abundance of
many plant nutrients. Rapidly flowing meltwaters | eft behind extensive sheets of sand and
gravel, called outwash, that tend to be droughty for crops. Where huge ice blocks, which
melted | ater, were surrounded by glacial drift (till and outwash), large pits or potholes were
formed. Many | akes once existed near the glaciers. Today, the ancient | ake bottoms are almost
level farmlands with rich silty and clayey sails.

Alluvium is sediment that was deposited by rivers and streams in vall eys throughout the world.
Centuries of erosion have created fertile areas of alluvial soils: the Bangkok Plain, the Mekong
Delta, the Mississippi Delta, and the vast alluvial plains of China. About one-third of the
human popul ation i s supported on these fertile flood plains that are rich in topsoil materials
brought down from the uplands. Although flooding is a major hazard to humans, buildings, and
crops, itisamgor agent in depositing soil materials. Alluvial soils are finely layered
(stratified) to great depths. Each layer may represent the deposit of a single flood. These soils
show marked changes horizontal ly, from somewhat sandy near riverbanks on natural levees
and alluvia fans to clayey and even peaty in remote swampy areas. Older soils with distinct
subsoil layers may be found on natural terraces, or "high bottoms," that now stand above the
rest of the valley floor but were subject to flooding at one time (Fig. 2.8).
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Colluvium, a gravity-transported deposit at the base of foothills or mountains, moved from
above to its present | ocation. Often, as in the case of mudflows, it was in a somewhat fluid
state at the time of transport. These deposits are extremely variable in composition but are not
geographically extensive. Colluviumincludes tal us, which consists of chunks of broken rock at
the foot of a mountain.

Climate

Every place on earth has climate that can be described based on its many components. The two
components that most strongly influence soil formeation are preci pitation and temperature.

Each of the soil-forming factors interacts with the others, and this is evident with climate. It
strongly influences the rate at which rocks are weathered into aloose regolith. It control s the
supply of water for physical weathering and determines breakup by freezing and thawing.
Climatic change | ed to the advancement and retreat of glaciers and the resulting glacial till.

It is the effect of climate on chemical weathering that has the greatest influence on the
weathering of rocks. Precipitation provides the water necessary for chemical weathering
processes and may be sufficient to carry away sol uble products, thereby allowing the reaction
to conti nue. Without water, there can be no hydrolysis or hydrati on. Even oxidati on-reduction
may be dependent on the quantity of dissol ved oxygen. The solution of mineralsin certain
rocks is dependent on rainfall unless they are adjacent to a body of water.

Temperature has a marked influence on the rate of soil formation. Perhaps the most obvious
effect is that which occurs in the temperate zone, where essentially no chemical weathering
takes place while the ground is frozen. There is awell-established rule in chemistry that for
every 10@C rise intemperature, the rate of chemical reactions increases by afactor of 2 3. For
exampl e, the soils of the warmer southern part of the United States are more highly weathered
than those in the cool er northern states even where glaciers were not a factor.

The combined influence of precipitation and temperature i s probably as important as either one
of themindividually. If the temperature is cool, water does not evaporate fast, so the
effectiveness of the precipitation is high. On the other hand, some warm areas receive quite a
lot of precipitation, but due to rapid evaporation, they have the properties of amuch drier
climate. As an example, St. Paul, Minnesota, and San Antonio, Texas, each receive about 28

in. of precipitation annually, but because of the cool Minnesota temperature, the soil thereis
normally moist, whereas in the San Antonio area, the soil is usually dry. This effect isalso
reflected in the native vegetation, which is hardwood forest in the St. Paul area and drought-

tol erant vegetation in the prairies of South Texas.

Living Organisms

The influence of all the organisms, plants, and animal s (both large and small) is the biotic
factor of soil formation. Chapter 4 is devoted to soil biology, but in this section the ways that
living organisms are involved in soil devel opment are discussed.

Inany particular climatic region, the amount of humus in the soil isadirect result of how much



and what type of plant residue has been incorporated into it. Thus, if vegetationis sparse, the
soil will be low in humus and less fertile. Grasses have a fibrous root systemthat quite
thoroughly invades the tiny pores of the soil so that as the roots live, die, and decay over
thousands of years, the soil becomes well supplied with humus. Tree roots are much larger, but
because they do not invade the pores of the topsoil as completely as those of grasses, the
humus content of soils under forestsis usually lower.

Most of the trees in the world's forests can be divided into two groups:. the hardwoods with
broad |eaves and the softwoods (conifers) with needles. Chemical analyses of broad |eaves
and needles show that needles are usually more acid because they contain fewer base-forming
el ements such as cal cium and magnesium. Grasses contai n even more bases than either broad
leaves or needles (Fig. 2.9). Therefore, soils formed under conifer forests tend to be the most
acid and least well buffered (e.g., against acid rain).

Figure 2.9 Grass leaves are normally highest in bases, broad | eaves of trees are intermediate,
and conifer needles are the lowest.

Grassland regions have the most fertile soil for agriculture, but most of them are subject to
extended dry periods. Pioneers tended to sel ect the hardwood forests as places to settle
because the soils were quite good, and they needed the forest products for their livelihood.

Topography

Thelay of theland itslevelnessor hillines§ is called topography. Topography infl uences
the formeation of soil primarily intwo ways: (1) Erosion carries topsoil from the higher
positions, particularly the side slopes of hills, and depositsit inthe valleys. Thisresultsin
relatively thicker, more fertile soilsinthe valleys. (2) Water drains from the uplands to the
valleys and if the excess is removed in a timely manner, vegetation is more abundant there. The



abundant plant life, which does not decompose as rapidly in moist valleys as onthe drier
uplands, also contributes to the formation of deep, dark-colored, fertile soils. As aresult, much
of the world's popul ation relies on crops grown in valleys for their food.

Climatic conditions modify the effects of topography on soil devel opment. In the subhumid and
drier climates, the soils are well drained inall positions in the landscape, but they differ in
thickness by their long history of erosion or deposition. Inthe humid regions witharolling
landscape, soils may be thin and excessively drained on the hills and thick with poor drainage
inthe valleys. Broad, nearly level topographic positions typically have deeply devel oped soils
evenif they lie high above the drainageways. In the humid regions, these areas will show the
effects of excess moisture unless the parent material is coarse textured, so it will allow rapid
internal drainage. Insemiarid regions, broad level uplands typically have deep, dark colored
soils formed under grassland vegetati on.

Topography is astrong indicator of soil characteristics withina particular region. In 1935 an
English earth scientist named Milne, working in East Africa, noticed the sequential nature of
soils fromthe top of one hill, down through the valley, up the next hill, and down again
repeatedly. Being a scholar in classic |languages, Milne knew the Greek term for the arc formed
by a chai n suspended between two posts. Fromthis, he derived the term catena, meaning a
sequence of soils differing from each other due to their topographic position. Inatwo-
dimensional sense, he saw each soil asalink inthe chain. A catenais atoposequence of soils
that may differ from each other in avariety of ways, such as composition and drainage. The
drai nage catena rel ationship of a humid regionillustrated in Figure 2.10 is horizontal ly
compressed.

" Gray subsoil

Figure 2.10 In a drainage catena, the soil reflects the effects of 1ong-term moi sture conditions.

Time

Timeistypically discussed as the last of the five soil-forming factors. It is a consideration of
how long the other factors have beeninfluencing soil formation. The effects of time can best be
seeninequatorial regions, where the extremes in age are well expressed. Geol ogically young
areas typically have anirregular topography, and they are comparatively more fertile because
young parent materials usually contain an abundance of weatherable minerals that slowly

rel ease plant nutrients as they weather. Geol ogically old surfaces, on the other hand, have long
since lost most of their weatherable minerals. Their fertility is found primarily inthe organic



meatter, whichis subject to rapid depl etion under cultivation. Since prehistoric times, farmers
in the tropi cs have been attracted to rugged |andscapes because of the success of growing
better crops there. Similar comparisons of soil fertility could be made between geologically
young regions such as the northern Rocky Mountains and ol d, highly weathered portions of the
Piedmont Plateau i n the southeastern United States.

In glaciated regions, which occur in much of the northern part of the United States, thereisa
rel ationship between the time since the last glacial advance, the irregularity of the landscape,
and the degree of soil development as evidenced by the concentrati on of clay in the subsoil.
Regions with more recent glacial till (<25,000 years) have many undrai ned depressions that
may form lakes. Moderate to steep slopes are common, and the leaching of clay to the subsoil
is moderate. In regions where the glacial till is much older (>50,000 years), more of the
depressions have beenfilled and a compl ete drai nage pattern has formed. The slopes here are
more gentle, and there is usually a much greater concentration of clay |eached into the subsoil

(Fig. 2.11).

- =" Former land surface when it
2 f" was young and irreqular

Present surface

Figure 2.11 Land surfaces tend to become smoother over time as hills are worn down and
valleys are filled.

Soil Horizon Development

During soil formation both parent materials and organic materials are altered and transl ocated
so that layers called soil horizons develop. The layers usually can be recognized visually. A
cross section of soil horizons, called a soil profile, is exposed when apit or roadsideis
excavated. Two profiles areillustrated in Figure 2.12. Oneistypical of some of the subhumid
grasslands and the other depicts the soil of humid hardwood forest regions.
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Figure 2.12 The profile onthe left illustrates a soil from a subhumid grassland; the one on the
right shows a soils from a humid hardwood forest region.

Although the number and properties of these horizons vary widely, arather typical soil profile
inahumid regionis discussed in this section. Dark humic materials commonly accumulate in
the topsoil (the A horizon), followed by aleached zone (E horizori fromthe word eluvial
meani ng washed out). The subsoil (B horizon) commonly has an accumulation of clay. The
depth to the bottom of the B horizonis typically the depth to which there are abundant plant
roots and biological activity. Certainly some roots may extend much deeper.

The portion of the soil profile that has been altered by the soil-forming factorsis called the
solum and is made up of the A, E, and B horizons. On the surface of the A horizon, there may
be alayer of plant residue called an O horizon. Below the B horizon the underlying
unconsolidated material is called the C horizon. If bedrock is within afew feet of the surface,
itis called the R horizon. These symbols may be subdivided with small |etters and numbers
because of the diverse nature of soil. This system provides symbol s used in making detailed
soil profile descriptions. The symbols are a type of shorthand used by soil scientists, and they
reveal much about the soil properties. The principal soil horizons can be categorized into
diagnostic horizons, which will be discussed in Chapter 11.

Leaching of plant nutrients such as potassium and cal cium takes place as water moves through
the soil, but some nutrients are retai ned by the finely divided humus and clay materials. Plants
take up these nutrients and transport them into their aboveground parts. The nutrients are
returned to the soil as the seasons progress; thus, plants contribute to nutrient recycling. This
biotic cycling hel ps to keep the soil from becoming infertile by frequent leaching (Fig. 2.13).



Weathering is an ongoing process in the soil and to alesser extent in the substratum below. As
soil ages, itislikely to have ahigher clay content because clay results fromthe physical and
chemical breakdown of larger particles.
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Figure 2.13 Biotic cycling hel ps to concentrate nutrients near the soil surface.

Let's Take a Trip

Aswe travel fromone climeatic region to another, there are distinct changes in the native
vegetation, and if the farm fiel ds have been plowed, there are differences in the appearance of
the soil, even to the casual observer. If the soil is exposed to some depth, there are even more
changes evident to those who examine the subsoil carefully.

If we take atrip inthe United States from the deserts of the West to the humid woodlands of the
East, a succession of soils could be seen (Fig. 2.14). Inthe arid regions, the tan-colored soil is
only alittle darker on the surface thanit is deeper down because meager rainfall provides for
only sparse vegetation. Even here, however, there are differences. Salts may whiten the soil
surface inlower areas if water contai ning large amounts of salts evaporates off the surface. On
very old geol ogi ¢ surfaces, carbonates may accumul ate in the subsoil to formrocklike layers.
Pebbl es scattered on these ancient surfaces are likely to have a dark reddish-brown varnish
from oxides of iron and manganese.



Figure 2.14 A trip through different climatic vegetati on regions of the United States would
reveal many kinds of sail.

Asour trip takes us into the central midwestern states, we enter aregion whererainis more
common during the growing season, and where the native prairie grasses with their abundant
fibrous roots have made the topsoil thick, dark, and rich in plant nutrients. These soils do not
have aleached E horizon. They are, in the main, the most productive soils in the United States.
When fields are plowed, they appear almost black from the abundant humus, and if aroad is
cut through them, they show that the humus commonly extends 2 or more feet (61 cm) below the
surface.

Asthe average rainfall and humidity increase toward the eastern one-half of the United States,
forests replace the grasslands, and the soils are markedly different. When they are tilled, these
soils have a grayi sh-brown appearance, which reflects their lower content of humus and the
presence of aleached E horizon beneath athin A horizon. The subsoil usually has a
concentration of clay that shows up as a reddish-brown horizon in road cuts or other
exposures. Many of these soils are very productive, but they require more fertilizer and lime



because | eaching by greater rainfall has occurred.

If we swing south across the Ohio River, we find soils that are geol ogically much older, and
soils in which the effects of weathering have been greater. Here the cultivated fields are quite
red in most places as aresult of iron from the minerals that have become oxidized. In these
soils, the clay-enriched subsoil forms a much thicker zone, and their native fertility is low.

If you travel from southern Texas to northern Minnesota, you will find that soils in Texas will
generally have less organic matter than those in the north. In northern Minnesota the growing
season is much shorter due to the cold temperature that slows the breakdown or the organic
matter. Through time this results in slower soil carbon cycling and anincrease in soil organic
matter as you move north in the Northern Hemisphere.

Whenever you have the opportunity to travel, be alert to the change in the soils and | andscapes.
If you look closely you will see that as the soil changes so do the ways peopl e build roads,
houses, and manage the |and through tillage and crop sel ection. Youwill find that some soils
can support a |l ot people whereas other soils cannot.



Chapter 3
Soil Physical Properties

Soil physical properties, those properties that can be seen or felt, are discussed inthis chapter.
Chemical properties cannot be seen or felt but can be detected with sophi sticated scientific

I nstruments. Some chemical properties can be easily altered with soil amendments, but
physical properties are often much more difficult to change. Thus, physical properties should
receive greater consideration in land-use planning.

Soil Phases

Froma physical standpoint, soil is athree-phase system: solid, liquid, and gas. Each phaseis
equally essential for growth of plants. Inatypical soil the solid phase is made up primarily of
mineral particles along with a small amount of humus (organic particles). Organic soils
commonly found in wetlands may have a high amount of humus particles in addition to the
mineral particles.

The solid phase is the source of nutrients and provides anchorage for plants and makes up
approximately half of the soil volume. The liquid and gas phases are in the pores between the
mineral and organic particles and occupy the other half. The proportion of liquid and gas
varies as the soil gains or loses moisture. Plants must be able to absorb water from the soil,
and all except afew aquatic plants depend upon the soil pores for the oxygen that i s essential
for every cell intheir roots. Figure 3.1 ill ustrates the approximate proportion of all three
phases in a moist soil.

Soil air

Soil
minerals

Soil water

Humiis

Figure 3.1 The approxi mate proportions of various phases by volume in a moist surface soil.



Soil Separates

The mineral fraction of the soil consists of particles of various sizes. Soil separates are
mineral particles that are classified on the basis of their size. Sand, silt, and clay make up the
soil separates, which are collectively referred to as the —+ine earthll fraction and are smaller
than 2 mmin diameter. The —eoarse earthll fractionis larger than 2 mmin diameter and
consists of gravel, stones, and so forth. The —fne earthll fraction plays a mgjor role in plant
growth as well as influences land-use and management decisions.

In the USDA classification system sand particles range in size from 2 to 0.05 mm; silt particles
are smaller than sand and range in size from 0.05 to 0.002 mm; and clay particles are smaller
(less than 0.002 mm) than silt particles. If the diameter of medium-sized particles of clay, silt,
and sand were expanded 1,000 times, the clay would have a diameter about the thickness of
this page, the silt about 1 in. (2.5 cm), and the sand about 40 in. (1 m).

Sand

Sand forms the framework of soil and givesit stability wheninamixture with finer particles.
Pure sand, however, does not cling together, so it is easily eroded by water and wind. During
erosion, sand is not suspended in the water or air but bounces al ong the surface and piles up
where the vel ocity of wind or water decreases. In the case of wind erosion, this causes sand to
forminto drifts like snow.

Quartz is usually the dominant mineral in sand because it is the most resi stant to weathering of
the common minerals inrocks; thus, its breakdown is extremely slow. Many other minerals are
found in sand, depending on the rocks fr-omwhich the sand was derived.

The shape of sand grainsis more or less spherical. However, the angularity of sand grainsis
variable due to the degree to which the specific deposit was rolled around by flowing water.

Sand contributes very little to plant nutrition. The quartz in sand contributes no plant nutrients
to the soil while the other mineral's, such as feldspars, release their nutrients very slowly.
Nevertheless, soils that have alot of feldspar and other weatherable mineralsin their sand
fraction devel op a comparatively higher state of fertility over the thousands of years of soil
formation.

Silt

In many respects, siltis similar to sand except that it is smaller and is too small to be seen with
the naked eye. It is spherical and mineralogically similar to sand. Silt istoo fine to be gritty to
the touch but imparts a smooth feel without stickiness. It is fine enough to be suspended in
flowing water, but it drops out when the flow is reduced. Thisis the reason that harbors are
said to become —silted in.ll If silt is disturbed by drifting sand, it can be picked up and carried
great distances by strong winds; thus, silt constitutes the main part of the wind-deposited parent
material, loess. This concept will be discussed further in Chapter 10.



Clay

This soil separate is for the most part much different, particularly in size and chemical
composition, from sand and silt. Sand and silt are progressively finer and finer pieces of the
original crystalsin the parent rocks, while clay, on the other hand, is made up of secondary
minerals that were formed by the drastic alteration of the original forms or by the
recrystallization of the products of their weathering. Clay is so powdery fine that 1 gwould
have a volume about equal to that of a pencil eraser while the total surface areawould equal
about one-fifth of afootball field (Fig. 3.2). This tremendous surface area results fromthe
platelike shape of the individual clay particles. The maximum diameter of aclay particleis
0.002 mm. Finer clays inthe range of 0.0001 mmare called colloidal clays. They canonly be
viewed clearly with an el ectron microscope.

~/ Broken to : Pulverized silt-
sand-size minerals spfors..  size minerals

Figure 3.2 The same mass of mineral has much greater surface area when pul verized.

To illustrate some characteristics of clay, take alarge ball of pie dough and roll it into athin
sheet witharolling pin (Eig. 3.3). Pieces cut from the sheet could be stacked to make a model
of aclay particle. The pile of thin sheets would have a much larger surface area, inside and
out, than the original ball of dough. Similarly, each clay particleis actually a stack of many
very small sheets. There are many kinds of clay, each with different internal arrangements of
chemical elements that give themindividual characteristics. The major groups of clays related
to their chemical characteristics will be discussed in more detail in Chapter 5.
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Figure 3.3 A layered clay crystal is similar in nature to a stack of thin sheets of dough.

Soil Texture

Soil texture is the degree of fineness or coarseness of the sail. It is an expression of the

rel ative amounts or percentages of sand, silt, and clay. Texture is a permanent property of the
soil. Inageneral way, texture influences the water and nutrient supplying potential for plants;
the amount of humus; the vol ume of pores; the bonding of particles to each other; the ability of
the soil to adsorb and hold certain chemical's; drai nage of water; and the soil's ability to bear
welght. Among the soil separates, clay is the most influential on these soil properties. Many
|and-use decisions are based on texture of the soil.

All mineral soils canbe classified into 12 textural classes of the USDA classification system
as represented in the textural triangle (Fig. 3.4). Soils that are dominated by sand are
considered —eoarse textured,ll and those dominated by clay are considered —fine textured.|l
Soils that have properties strongly influenced by more than one soil separate are considered
—edium textured.ll Additions of organic matter to a soil (not shown inthe triangle) modify
soil behavior; sandy soils seemfiner textured and clay soils seem coarser textured than they
really are. Chemical and biological properties are al so changed with the addition of organic
material.
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Figure 3.4 A textural triangle shows the limits of sand, silt, and clay content of the various
texture classes.

Determination of Texture

The proportion of sand, silt, and clay can be accurately determined in the laboratory by
measuring the density of a suspension of soil particlesinwater with a hydrometer. The
resulting data (sand, silt, and clay content) are placed on atextural triangle to determine the
textural class of a soil. With practice, texture can also be closely estimated by the —feel
method, |l whichis commonly used inthe field. The —feel methodll of texture determination
requires rubbing a moist soil between the thumb and the forefinger. Sand in a soil feels gritty. If
moi st soil feels smooth, but not really sticky, itisasilty soil. If itisvery sticky and can be
rubbed into a cohesive ribbon that extends from the fingers like a broad blade of grass, itisa
clayey soil. Laboratory data can be used to calibrate one's fingers as to the feel of each of the
individual soil separates so as to place the soil inthe proper textural domain on the textural

triangle.

A soil with a significant amount of sand, silt, and clay is called aloam. Various kinds of |oams
are classified by feel according to the degree of grittiness, smoothness, and stickiness: sandy
loam, silt loam, and clay loam. A simple |oam without excessive amounts of any soil separate
has about 20% clay, 40% silt, and 40% sand (Fig. 3.4). Compared to silt and sand, clay is so
sticky that not muchisrequired to give the soil a special texture. Presence of organic matter in



asoil (not showninthe triangle) can modify the feel of a soil; sandy soils seemfiner textured
and clay soils seem coarser textured than they really are.

The texture of a soil does not indicate how it was formed. Did wind, water, or glacial ice drop
the particles of sand, silt, and clay at a particular site? Such questions about how the processes
of soil formation resulted in sand, silt, or clay fractions were discussed in Chapter 2.

Soil Structure

Individual particles of sand, silt, and clay tend to become clustered into units of various
shapes. This clustered unit is referred to as soil structure, whichis defined as the arrangement
of soil particles. The resulting structural units are called aggregates or peds. Soil structure
creates arange of different-sized pores. Without structure, fine-textured soils would be one
massive chunk (with mostly smaller diameter pores) or like loose beach sand (with mostly
large diameter pores). Good soil structure means a large volume of pores as well. Good
structure allows the soil to retain adequate water as well as drain excess water; promotes ease
of seedling emergence, root penetration, and tuber growth; air movement; and erosion control.

Structural arrangements result frombiological, chemical, and physical forces that cause the
soil particles to bond with each other. Clay and humus because of their small size, high surface
area, and electrical charges serve as cementing agents i n the bonding of particles withinthe
aggregates. Microorganisms in the soil also play animportant role in producing sticky
substances that hel p cement particles together. Oxides of iron and several cationsin salts help
the bonding process. Physical forces also play a significant role in bringing particles closer
together to form aggregates, among these forces are shrinking and swelling fromwetting and
drying, freezing and thawing, and the actions of expanding roots and of earthworms and other
soil organisms. A sandy-textured soil does not have enough cementing agents to hold the soil
together as aggregates. As a result these soils are like a sandy beach and are considered
—structurel essll or —single grained.ll

As structure is formed, pores are created within and between aggregates. The spaces within the
aggregate (betweenindividual soil particles) are small pores or micropores, and those
between the aggregates are |arge pores or macropores. The larger pores allow water and air
to move through the profile, while the small pores act as a sponge and retain water for use by
plants. Soil structural units are classified according to shape and size as granul ar, platy,

blocky, prismatic, and columnar structures (Fig. 3.5).
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Figure 3.5 Soil structural units are classified according to shape and size.

Granular structure is best recognized by farmers and gardeners who strive for a mellow soil.
The more or less spherical clusters are called aggregates, and when soil istilled it can be
determined if itiswell aggregated by the ease of working it. Some clay and a plentiful amount
of organic matter are the key to stable aggregates in the topsoil. The aggregates in coarse-
textured topsoil are usually rather porous, like breadcrumbs, and it is described as having a
crumb structure.

Platy structure has along horizontal and a short vertical axis. When this occurs in the subsoil,
water penetrationis restricted. For example, on-site waste disposal systems for rural homes
arelikely to fail if soil beneath the seepage bed has platy structure.

Blocky structure is the most common structure in the subsoil in humid regions that had forest as
Its native vegetation. The vertical and horizontal axes are about the same length. This gives a
somewhat cubical formthat allows good water percol ation al ong the boundaries of the blocks.
If thereis plentiful clay inthe soil, the edges of the blocks are likely to be angular. Structureis
less well developed in coarse-textured soils and edges of the blocks are rounded. Thisis
known as subangular blocky structure.

Prismatic structure is best devel oped in the subsoils with a plentiful amount of clay inregions
where the soil becomes periodically desiccated. These conditions are most common where



prairie grasses were the native vegetation. The sides of the prisms act as an avenue for water
movement.

Columnar structure is an undesirable variation of prismatic wherein the tops of the prisms are
rounded and usually covered with gray soil particles. If the topsoil is cleared away, the tops of
the columns ook like the tops of baking powder biscuits. This happens when there is too much
sodiuminthe soil. This condition is extremely restrictive to water percolation but, fortunately,
itisusually localized in semiarid regions.

Sail structural units can also be classified based on the relative bonding strength or adherence
of individual particles to each other within a ped. The bonding strength or stability of an
aggregate isits ability to resist breakdown from external forces such as raindrop impact and
tillage activities. The bonding strength of soil aggregates is classified as weak, moderate, or
strong. The aggregate stability of the surface soil is particularly important for minimizing soil
erosion,

Benefits of Aggregation

A well-aggregated soil is considered a high-quality soil. A well-aggregated soil is considered
to have good tilth because its |ooseness allows better water infiltration, seedling emergence,
root growth, and air and water movement in the root zone.

Aggregates at the surface of the soil are constantly subject to destructive forces (either physical
or chemical) that may weaken the bonding or shear the soil particles from the aggregate.
Among the physical forces are raindrop impact, rapid wetting, rapid freezing, intensive tillage,
compaction due to traffic and harvesting equi pment, and so forth. Once the aggregates fall
apart, it may take several years of good soil management before the structure will revert toits
original state.

Soils under natural vegetation, or heavily mulched soils, tend to have good structure because
they are protected from the physical forces of raindrop impact. These soils tend to have more
humus than their tilled counterparts, and therefore they are likely to have a healthy popul ation
of organisms, which helps protect the soil fromfalling apart. Without humus, soilswitha
significant amount of silt and clay become very dense and cloddy when they arettilled

repeatedly (Fig. 3.6).



Figure 3.6 Soil without humus becomes cloddy (left), whereas humus-rich soil is granular
(right).

Weakly bonded aggregates at the surface of a bare soil are particularly subject to breakdown
by the impact of raindrops. As these aggregates fall apart, the finer particles move into the
pores at the soil surface, plugging them and forming a surface crust. In this situation, rainwater
will have difficulty entering the soil; instead it begins to flow across the soil surface, creating
apotential for accel erated erosion of surface soil particles. Crusted surfaces may al so affect
seedling emergence. Protecting the bare soil with mulch, crop residue, or vegetation will
protect the aggregates from breaking and maintai n good structure under the cover. The structure
of soilsinundisturbed forests is well protected by the canopy as well as a litter layer onthe
surface.

Excessive weight due to tillage machinery or harvesting equi pment can squeeze the soil
particles together (minimize the large pores) and compact the soil. The effects of compaction
on structure destruction become even more obvious if the machinery is operated when the sail
iswet. The water between the particles serves as a | ubricant allowing the particles to come
closer together due to external pressures. Compaction from the wei ght of machinery impacts
the subsoil's structure and will affect the airt water relations in the subsoil.

Tillage practices that pul verize the soil inthe plow layer a so destroy the structure. In addition,
the churning of the soil exposes humus in the plow layer to air, which increases the rate of
breakdown of humus. Consequently medium- and fi ne-textured soils become dense and cloddy
because repeated tillage may have depleted their humus content. For this reason, undisturbed
soils such as forest or prairie land tend to have more humus and better structure thantheir tilled
counterparts in the same region.

The goal of good farming, forestry practices, and urban soil management should be to protect
soil structure, especially at the soil surface. As part of this goal, managers should avoid soil
compaction by minimizing tillage operations, and avoid any tillage activity if the soil moisture
islikely to promote compaction. Good management practi ces must include a planto increase
humus content of the soil by periodically adding organic matter; mai ntain the humus content at a
level that will sustain stable aggregates; plant closely spaced vegetation that has a fibrous root
systemto restore the humus content and the soil structure; and protect the structure at the
surface by not having a bare soil exposed to raindrop impact. If these practices are



Implemented, natural cycles of freezing and thawing, or wetting and drying, could help restore
damaged soil structure over time.

Porosity and Density

The volume occupied by poresinsail is called porosity. As the parent material of soil
becomes weathered, |oosened, and mixed by a variety of forces, pore space devel ops,
providing a place for air and water to be held. Soils that have good structure should have 50%
of their volume consisting of pores. Both the amount of pore space and the size of the pores are
important. Small pores retain water very well whileinlarge pores, water drains out and air
moves in. Sand-textured soils have mostly large pores, and therefore they tend to drain water
rapidly. The lack of small pores al so makes the sand-textured soils droughty. Clay-textured
soils may have a greater proportion of small pores and tend to retain water better and

someti mes may become water logged. Therefore, it is desirable to have a balance of both large
and small pores such as found in medium-textured soils (silt loams and |oams) that are in good
structure.

Density indicates the | ooseness or tightness of a soil. Density of soil, called bulk density,
includes both the solid particles and the pore spaces among them. If a soil is compacted, the
amount of pore space is reduced and the weight of a given volume of soil isincreased. The
measure of density is a comparison to water, which has a density of 1 g/cn. The mineral
grains inthe soil have a density of about 2.6 g/cn. The total volume of the soil is around 40
60% pore space, so by using a mean val ue of 50% for porosity, bulk density would be 1.3
g/cm?. Thisis one-half the density of the mineralsin solid rock (Fig. 3.7). Density can be
expressed inthe imperial system, such as pounds per cubic foot, but it is customary to express
density in metric units.

A core of A core of
solid rock dry soil

Density about Density about
2.6 glem? 1.3 glcm?

Figure 3.7 When rocks weather, they become loosened and |ess dense as sail is formed.

Some soils have naturally compacted |ayers (pans) that may have a high bulk density. Such
densities restrict root penetration and water movement. In other cases, heavy tractors and
machinery may cause serious compaction (Fig. 3.8), which limits plant growth. In recent years,
there has been a shift toward the use of till age equi pment that properly loosens the soil, leaves



some protective crop residue on the surface, and allows for fewer trips to be made over the
field.

‘-~ -""'Compaction zone

Figure 3.8 The zone of compaction has a higher bulk density and lower permeability.

Composition of Soil Pores

Soil pores can befilled totally with air or water. If a medium-textured soil is moist but freely
drained, the air and water content of its pores are probably about equal. Normally, soils that
seemdry still contain some moisture and the relative humidity in the pores remains near 100%.
The water inthe poresis actually a soil solution because it contains the ions of dissolved salts.
Some are plant nutrients that may be absorbed by plant roots. The soil solution may also

contai n organi c compounds, such as humic and fulvic acids. Humic acid, for example,
frequently gives the soil solution a brownish tinge. An abundance of dissol ved humus may give
alkali (sodic) soils avery dark brown color, but this condition is not widespread.

The Earth's atmosphere is about 78% nitrogen (N,), 20.9% oxygen (O,), and 0.03% carbon
dioxide (CO,), with trace amounts of other gases. If the surface soil has free exchange, the soil
air and the atmosphere will have about the same composition. However, when the plant roots
and soil organisms are flourishing in the growing seasons, CO, is being respired by the living
cells as oxygenis being absorbed. Nitrogenis essentially inert for all but afew specialized
organisms, so its content remains unchanged. O, and CO, are the main variables. It is common
in the root zone for O, to drop to 10% and the CO, to rise to 10% without ill effects to the
plants. Even 5% O,and 15% CO, may not be harmful, since crops vary in their tolerance to
CO,. When soil pores fill with water, the life-sustaining O, is soon depleted. Cornis very

sensitive to this condition, but sorghum can withstand several days of fl ooding without
permanent damage.

Soil Consistence

A description of soil consistence gives an indication of how soil will react to mechanical
mani pul ation at various moisture contents. The field measurements are made between the



fingers, which give a good indication of how the soil will react to tillage, traffic, digging, or
similar activity. Whenthe soil isdry, it is described according to a fixed set of parameters as
to its degree of hardness or softness. In the moi st state, the degree of friability or firmnessis
used. When wet, it is ranked by its stickiness. The amount and type of clay is the single most
important characteristic in determining soil consistence. For example, a clayey soil islikely to
be very hard when dry, very firmwhen moist, and very sticky when wet.

For engineering purposes, more quantitative measurements of soil consi stence can be made in
alaboratory and expressed as a percentage of water by weight remaining in the soil whenthe
soil displays the foll owing characteristics:

Plastic limit is the moisture content when the soil crumbles asitisrolled into a—wirell
between the pal m of the hand and a frosted glass pl ate.

Liquid limit is the moisture content at the point when the soil flows in a curved-bottom dish
after 25 impacts in a simple machine that lifts the dish a short distance and letsit drop ona
hard surface. A specific tool has been designed for this measurement.

Plasticity index is the difference between the values of plastic limit and liquid limit.

These val ues are used to predict the rel ative ease or difficulty of working with earthen
materials under differing degrees of wetness.

Soil Color

In Chapter 2, the difference in the appearance of the soil from one region to another was
considered. The color changes reflect, for the most part, differences in the quantity of humus
and the chemical formof the iron present. It is true, however, that the pigmentation of agiven
amount of humus is usually darker in grassland regions than in forested regions, particularly in
warm areas.

Color of the subsoil gives a strong indication of soil hydrology and the mineral composition of
the soil. In some cases, color is an indicator of iron, humus, carbonates, and/or sulfates.

Varying shades of red, yellow, and gray in soils are usually due to the concentration and form
of iron present. Red means that the ironis oxidized and not hydrated. Yellow indicates
hydration and sometimes |ess oxidation. Gray indicates chemical reduction caused by wetness
and lack of oxygen. An exception to thisis the gray E horizon just below the surface of some
well-drained soils.

Gray colorsin the subsoil or a combination of gray and bl otches of yellow and red mottles are
extremely important for interpreting the natural drai nage condition of the soil. Mottles are
found at a depth to which excess water accumul ates due to lack of drainage or if the water

tabl e rises periodically during the warm seasons. Even when the water table drops, telltale
signs of soil colors are | eft behind, and these are used as a basis for designing septic systems,
tile drainage, and the like.

The absorption of solar radiationis greater on dark surfaces than onlight ones. Thisis



certainly true for bare soils. Color differences have a comparatively minor effect onthe
temperature of the soil below the shallow surface layer, but even this can be important for seed
germination. Solar radiation has a greater impact on bare soils than on soils with plant cover
because when soil s become vegetated, | eaves intercept the solar radiation before it reaches the
soil surface.

Soil scientists use a set of standardized color charts to describe soil colors. These charts are
called the Munsell colors. They consider three properties of colorf  hue, value, and chromd
in combi nation to come up with alarge number of color chipsto which soil scientists can
compare the color of the soil being investigated. This systemis superior to using descriptive
terms al one, which may not mean the same thing to everybody.



Chapter 4
Soil Biological Properties

Bacteria, fungi, worms, insects, small mammal's, and many other organisms inhabit the soil .
They participate in and regul ate many physical and chemical processes. Soil organisnms create
favorable conditions for the growth of plants and al so decompose plant and animal remains.

Animalsin the soil make openings through it that i nfluence the movement of water and air into
and through the soil. Termites, for example, air-condition their mounds by channeling air
through them. Even the most desol ate landscapes on earth have primitive soils, showing the
effects of water providing for life inthe soil and the transl ocation of salts and other
compounds. Thereis no soil without life and no higher forms of terrestrial life without soil.

Pl ant roots can extend down through the soil for several feet (meters). Above ground parts of
plants in some forests extend more than 100 200 ft. (30 60 m) high. Shade from the vegetati on
lowers the amount of soil surface exposed to full sunlight. Roots absorb alarge amount of
water and this water is conducted through the stems to the leaves where it is either utilized by
the plant or it passes into the air as water vapor (see Fig. 6.12). The many tons of plant tissue
per acre that die each yearf including roots, |eaves, fallen branches, and bark become a part
of the soil agai n through decomposition by soil organisims.

Onwell-drained uplands, |eaves that fall on the forest floor at the end of the growing seasonin
humid temperate regions are nearly all decomposed by the end of the next growing season. In

| akes and wetlands, decomposition of plant remains is slowed because the cover of water
excludes oxygen. Plant material may accumul ate in wetlands as peat (whichis made up of
identifiable plant parts) and muck (whichisasoil composed of highly rotted, dark organic
matter). In upland mineral soilsthis dark material is called humus (Fig. 4.1).

Well-drained
upland soils |
Excessively
~Humus drained, droughty
EF};.E.* hill-slope soils
one e e 3
. = = Very poorly drained,
Q‘_’?MT Poorly wetland organic
Ty, drained soils
o e foot-slope
%"'M el Peat and muck

Figure 4.1 A topographic sequence of soils inahumid temperate climeatic zone.

Soils are classified as mineral soils and organic soils. The difference isinthe amount of
organic matter present. Arbitrarily, about 25% organic matter by weight i s the dividing point



between mineral and organic soils. Soils with more organic matter are called organic soils
(peat or muck). Soils with less organic matter are called mineral soils because they are
composed mostly of inorganic sand, silt, and clay that have been derived from minerals and
rocks. A given volume of organic matter is much lighter than an equal volume of mineral soil.
Thus, a soil with 5% organic matter by weight has about 10% organic matter by volume.

Organic Matter and Humus

Organic matter is agenera termthat includes living and dead organi sms, plant and animal
residues in various stages of decay, and humus. Soil organic matter (SOM) is usually
composed of 50% carbon, 5% nitrogen, 0.5% phosphorus, 0.5% sulfur, 39% oxygen, and 5%
hydrogen, but these val ues can vary from soil to soil. Upland soils consist largely of mineral
particles; however, the surface soil, or plow layer, may contain consi derabl e organic metter,
whichis the partially decomposed residue of plants and animals that live in the soil. Humus
gives soil the dark color widely associated with high fertility, although this assumption is not
necessarily true for soils that have been heavily cropped or for naturally infertile soils. In most
surface soils of temperate humid regions, the humus content is between 1 and 4% by weight (or
twice that by volume); but this small quantity has a great influence on the physical, chemical,
and biological processes that take place in the soil. Figure 4.2 shows patches of the humusin
pores between roots and particles of mneral soil. Inarid regions, the surface soil typically has
less than 1% humus by wei ght because temperatures are favorabl e for organic metter
decomposition and vegetative growth is limited by low rainfall.
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Organic matter and silt particles Silt
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Figure 4.2 The surface soil contains mineral particles and organic matter.

Humus makes up about 60 80% of SOM and it is derived mainly from plants (flora), witha
significant portion coming from the roots (Fig. 4.3), and a very small fraction comes from soil
animal s (fauna). It is formed by degradati on and synthesis processes. In alkaline and neutral
soils, the rapid decomposition of plant residues by soil fauna and microorganisms results in the
organic fraction of the soil being dominated by humus. In acidic soils, decompositionis slow



and plant fragments make a significant contribution to the organic fraction. Soils formed under
prairie grasslands generally have greater amounts of humus than do those formed under forest
vegetati on because of the high density of grassland vegetation and the fibrous root system of
grasses. Inthe forest the vegetation at ground level is not nearly so dense, and most of the
organic residue fromliving plants accumul ates on the surface of the ground as leavesin the
autumn. Much of the humus in the surface, 5 or 6in. (12 or 15 cm), of forest soils results from
incorporation of this plant residue into the soil by insects, worms, and other soil fauna. In
agricultural use, the incorporation of plant residue and manure contributes to the formation of
humus, but the decomposition of plant roots has been found to be more i mportart.

g3 A
g2 e oz
- s o P -. 2 Root-derived humus

in surface soil
under prairie

Leaf litter-
derived humus

Figure 4.3 Humus, shown as a dark layer, can be derived fromleaf litter on the forest floor or
fromroots in surface soil.

Humus can be divided into non-humic and humi ¢ substances. Non-humi ¢ substances consist of
carbohydrates, proteins, amino acids, fats, waxes, and low molecular weight organic acids.
They are readily attacked by microorganisms and they are rapidly decomposed. Humic
substances, on the other hand, are chemically complex organic compounds with large
molecular weights and they are therefore rel atively resistant to microbial attack. They are
mostly responsible for cation exchange and interacti ons with soil-applied pesticides.

Based on solubility inacid and alkali, humic substances can be further subdivided into:

1. Fulvic acid, whichislow in molecular weight, light in color, soluble in both acid and
alkali, and most susceptible to microbial attack (15 50 years)

2. Humic acid, which is mediumin molecular weight and color, soluble inalkali but
insoluble in acid, and i ntermedi ate in susceptibility to degradati on by microbes (100+
years)

3. Humin, whichis high in molecular weight, dark in color, insoluble in both acid and
alkali, and most resistant to microbial attack.



The soil is teeming with many forms of life, each occupying aniche that is vital to the entire
scheme of life. For microorganisms and small animals, the soil provides environments where
conditions of feast or famine may occur side by side or follow each other rapidly. As a moist
growing season is succeeded by a dry or cold season, vast numbers of organisms die. Within
the soil, small chambers full of rich humus and debris may be separated by vol umes of soil
that, like underground deserts, are nearly devoid of decomposabl e organic matter. To survive,
therefore, most soil organisms must find something to eat within afew millimeters.
Earthworms, on the other hand, are strong enough to make channel s and move several feetin
search of fallenleaves or other plant debris.

The Carbon Cycle

Lifeis essential to the existence of atrue soil. Of the countless microorganisms that live inthe
soil, all but afew derive their energy from the oxidation of carbon compounds. Soil organic
matter, most of which is humus, serves as an energy source for these organi sms. Many functions
in the rel ease of nutrients to plants are carried out by soil microorganisms, but only the carbon
cycle will be discussed at this point.

During photosynthesis, plants take carbon dioxide (CO, from the atmosphere and combine it

with water to produce sugar and subsequently all plant tissue. The plants die or are eaten by
animals and the residue is returned to the soil. Some of this residue decomposes on the surface
while some isincorporated into the soil. Ultimately, most organic material is decomposed by
soil organisms and returned to the atmosphere as CO,, where it can again be used by plants

(Fig. 4.4).

Figure 4.4 Carbon enters the bi osphere through photosynthesis and is cycled back into the
atmosphere by decomposers and by burning.



Humus i s continuously being decomposed and new humus i s being formed to replace the old,
except where human mi smanagement i nterrupts the cycle of returning plant or animal residues
to the soil, and thus altering (or reducing) the beneficial effects of organic matter. The soilf
which supports living plants, animals, and humang is ever ready to take into itself anything
that has died. Any great tree is destined someday to fall and be incorporated into the soil again.

Factors Affecting Soil Organic Matter Levels

Organic metter levels of mineral soils canvary fromless than 1% in coarse-textured, sandy
soils to more than 5% infertile, prairie grassland soils. The amount is influenced by the five
soil forming factors, discussed in Chapter 2. These factors, arranged in the order of
importance, are climate > vegetation > topography = parent material > age.

The following generali zations have been made regarding SOM levelsinvirgin soils:

1. Soils formed under grasslands generally have greater amounts of humus than soils
formed under forest vegetation.

2. The amount of SOM increases with increasing preci pitation and decreases with
i ncreasi ng temperature.

3. Fine-textured (clay) soils have higher SOM level s than coarse-textured (sandy) soils.
4. Poorly drained soils have higher SOM levels than well-drained soils.
5. Soilsinlowlands have higher SOM contents than soils on upland topographi c positions.

The Decomposition Process

During decomposition, complex organic mol ecul es are broken down into smaller and more
sol ubl e inorganic mol ecul es such as ammonium (NH,*) and nitrate (NO5®), among others. The

process of transforming organic forms of nutrients into inorganic formsis called
mineralization. Soil animals (fauna) perform much of the initial mechanical breakdown of plant
residues, after which soil microorganisms (microflora) secrete enzymes (extracel lular
enzymes) onto the remaining materials and carry out decomposition. Depending on the carbon
to nitrogen ratio of the decomposing material, these nutrients may be released into the soil (net
mineralization) or they may be used by the soil organisms to build their own cell tissues
(immobilization). Soil fauna and microflora also have relatively short life-spans and they are
decomposed by other microbes when they die. By breaking down carbon structures and
rebuilding new ones, soil organisms play an essential role in nutrient cycling processes and,
thus, inthe ability of a soil to provide plants with sufficient nutrients.

Mineralization is accomplished by both aerobic and anaerobic organi sms using energy derived
from carbon contai ned i n the decomposi ng organi ¢ matter. Under aerobic conditions, the main
products of decomposition are carbon dioxide (CO,), water, inorganic nutrients, microbial

bi omass and humus. In environments where oxygenisinlimited supply, the main products of



decomposition are methane, some carbon dioxide, hydrogen sulfide, ammonium, organic acids
and alcohols. By converting the carbon in organic materials to CO,, microorgani sms compl ete

the biological carbon cycle that was initiated during photosynthesis. Successi ve decomposition
of dead material and modified organic matter results in the formati on of a more complex
organic matter called humus.

Factors Affecting the Rate of Decomposition

Since soil fauna and microflora are living organisms, they are greatly affected by physical and
chemical environmental factors such as moisture, temperature and soil pH. The ideal
conditions for decomposition include: moisture content near the soils' water-hol ding capacity,
temperature of 90®to 100&, soils with oxygen content above 5%, and soil pH near 7.0. Other
factors affecting the rate of decomposition are the size of the residue, chemical nature of the
organic material as dictated by its nitrogen and lignin contents and C:N ratio, and type and
amount of clay minerals present in the soil. Generally, soluble organic materials with simple
molecular structures, young | eguminous plants, and residues with low C:N ratios tend to
decompose most rapidly. Large amounts of clay tend to lower the rate of decomposition.

Importance of Soil Organic Matter

Soil organic matter regul ates several attributes that enhance plant productivity and
environmental quality.

Soil organic matter is ahuge reserve of several nutrients. Mineralization of organic matter by
microorgani sms rel eases nutrients (N, P, S, and many minor nutrients) ininorganic forms that
can be taken up by plants. Soil organic matter imparts a dark color on the soil, and this may
alter soil thermal properties as discussed in Chapter 7. Soil organic matter has the ability to
absorb up to 20 times its mass of water, thereby greatly increasing the capacity of soils to store
water. The activities of micro and macro organisms promote formati on of macropores and
aggregates, resulting in improved soil tilth, infiltratiorn/drainage, and reduced erosion. Organic
matter complexes with Al and metallic ions, particularly Fe3*, Cu?t, Zr?*, and M?*, making
these micronutrients more available for plant uptake while reducing potential toxicities as well
as enhancing the availability of phosphorusinlow pH soils. The cation exchange capacity (see
discussion on CEC in Chapter 5) of soil humus enhances the retention of cations (e.g., Al
Fe3*, Ca?*, Mg?*, NH,"), thereby preventing them from leaching to deeper soil layers. Soil
organic matter also affects the efficacy of soil-applied herbicides. Other benefits of sail
organic matter include increased buffering of soil pH and carbon sequestration.

Carbon Sequestration

One environmental ly important function of soil is the sequestration of carbon through plant
growth. Sequestration is the taking of gaseous CO, from the atmosphere and storing it in stable



solid (organic compounds and carbonates) form. It occurs through chemical reactions that
convert CO, into inorganic carbonates and as plants photosynthesi ze atmospheric CO, into

organic compounds in growing plants. A portion of the carbon in plant biomass eventual ly
becomes soil organic carbon during the decomposition process.

The organic matter content of soil usually decreases by between 40 and 60% when grasslands
and forests are converted to cropland. This resultsin the release of CO, into the atmosphere.
Emission of CO, by the burning of fossil fuels and from other sources has been a source of
CO, increase in the atmosphere. The net effect of increased atmospheric CO, is not known, but
it has been suggested that reduction of CO, in the atmosphere would be —environmental ly
friendly.ll

On reasonably fertile soils with reliable water supply, yieldsinlong-termarable agricultural
systems have been maintained at very high levels by applying substantial amounts of fertilizer

and other soil amendments. Intropical low-input agricultural systems, yields generally decline
rapidly as nutrient and soils organic matter levels decline.

The fact that clearing of virgin lands for agricultural use has resulted inlosses of alarge
proportion of soil organic carbon means that there is potential to build soil carbonto improve
the productivity of soils. Most SOM is found in the zone of maximumbiological activity, that is
the topsoil or plow layer. Therefore, anything done to this layer will influence the long-term
buildup or depletion of SOM. Since SOM level s are a bal ance between the rates at which
carbon is added and lost from the soil, we can increase SOM level s by increasing carbon i nput
rates and/or decreasing | oss rates resulting from decomposition and soil erosion.

Adoption of widespread soil conservation practices has been helpful. Trees are especially
beneficial because they sequester carbon in wood for |ong periods.

Management practi ces suggested to increase soil organic metter levelsinclude:
1. conservation tillage,

2. proper management of crop residue, such as minimumtillage and stubble mul ching,
maxi mizing economi ¢ plant popul ations,

3. application of organic amendments such as manures, composts, biosolids, and Biochar,
4. rotations to include forage or high-residue crops (such as sorghum),

5. precision agriculture, including variabl e rate application of fertilizer,

6. cover crops,

7. agroforestry in which crops or forage are grown between the rows of trees,

8. pasture establishment using plants with a high proporti on of bel ow-ground biomass,

9. irrigation, and

10. terracing.



In summary, any practice is desirable if it decreases decomposition rates and increases yields
and/or increases the amount of carbon sequestered from atmospheric CO..

Plant Roots and the Rhizosphere

The rhizosphere is the volume of soil, water, and air plus associated organi sms immediately
around the root of a plant. Figure 4.5 shows that the surface of aroot is commonly surrounded
by gel atinous material inwhich clay, organic debris, and microorganisms are abundant. Plant
roots absorb water and nutrients from the rhizosphere. The roots may release CO, and oxygen.

The CO, makes the soil solution slightly acid so that plant nutrients may be more readily

available for uptake. The oxygen may favor precipitation of ironto formafilminthe soil near
the root. Outer layers of the root may slough off, enriching the soil with organic metter.
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Figure 4.5 The rhizosphere is the volume of the soil, water, and air immediately around the
plant root.

Microorganisms

Soil microorganisms decompose and dispose of plant and animal remains. In the process, these
organisms form humus (Fig. 4.6), whichis a more active component of soil than mineral clays.
Microorgani sms al so perform important steps in various nutrient cycles and in solid, liquid,
and gaseous phases of the soil| plant root system. Without these organic processes the cycles



would lose life support. Thereisabiological rule stating that the smaller the organism, the
greater its number and influence. Thus, the action of microorganisms inthe soil is far more
widespread and of greater importance than that of insects and rodents.

Actinomycetes

Protozoa

Figure 4.6 Microorganisms in the soil are instrumental in decomposing plant material,
resulting in the formation of humus.

Some members of each group of organi sms perform specialized functionsinthe sail. Itis
beyond the scope of this book to discuss all of these, but some are considered in the following
paragraphs. Table 4.1 summarizes the essential functions performed by soil organisims.



Table 4.1 Essential functions performed by soil organisms

Functions Organisms involved

Mai ntenance of soil Invertebrates and plant roots, mycorrhizae and other
structure mi croorgani sms that stir or mix the soil

Regul ation of water Plant roots and invertebrates that burrow or bore into the soil

movement in the soil
Carbon sequestrationand  Mostly microorganisms and plant roots, some carbon is protected

gas exchange in large compact aggregates produced by invertebrates
Soil detoxification Mostly microorgani sms
Nutrient cycling Mostly microorganisms and plant roots, some soil- and litter-

feeding invertebrates
Decomposition of organic Various saprophytic and litter-feeding i nvertebrates (detritivores),

matter fungi, bacteria, actinomycetes and other microorganisms
Suppression of pests, P ants, mycorrhizae and other fungi, nematodes, bacteria and
parasites and diseases various other microorganisms, earthworms, various predators
Sources of food and Plant roots, various insects (crickets, beetle larvae, ants,
medicines termites), earthworms, vertebrates, microorganisms (mostly

actinomycetes) and their by-products

Symbiotic and asymbiotic Rhizobia, mycorrhizae, actinomycetes, and various other
relationships with plants | rhizosphere microorgani sms, ants
and their roots

P ant growth control Pl ant roots, rhizobia, mycorrhizae, actinomycetes, pathogens,
(positive and negative) parasitic nematodes, i nsects, plant-growth promoting rhizosphere
mi croorgani sms, biocontrol agents

Biological Cyanobacteria, nitrogen and carbon-fixing bacteria, fungi, and
decomposition/weathering lichens
of rocks

Living organisms are separated into the prokaryotes, which are not clearly either plants or
animal s, and the eukaryotes, which include the plants and animal s. Bacteria and actinomycetes
are inthe former group; most fungi and all the protozoans are in the | atter.

Esti mates of the numbers of soil microorganismsinagram of soil (about the volume of alima
bean) range from several hundred millionto afew billion. Most are beneficial to agriculture,
but all groups contain those that can cause crop diseases.

Types of Microorganisms

Bacteria are one-celled organisms that are the most abundant forms of life in most soils. They
can occur singly or join together in groups. In cropland they are primarily responsible for the



decay of residue. They secrete extracellular enzymes that break down organic compounds such
as sugars, starches, cellulose, and so on, into basic chemical components like carbon and
nitrogen, which the bacteria can use for energy and growth. Any nutrients not needed by the
bacteria (or other degrading organisms) are released into the soil and become available for
plant uptake. Bacteria a so perform a multitude of other functions. Those involved with
nitrogen are covered in more detail in the discussion of nitrogen fixation.

Actinomycetes are mycelial bacteriathat have threadlike extensions that are all part of the
single cell. There may be several million actinomycetes inagram of prairie soil. They prefer
warm, moist soil, and their numbers do not diminish as rapidly with depth as those of other
bacteria. The earthy or musty odor of soil comes from the producti on of geosmin by the
actinomycetes. Actinomycetes are important in the degradation of the larger lignin moleculesin
organic residues. One kind, the streptomycetes, produces anti bi oti cs that we depend on so
heavily in many medicines.

Algae are abundant in habitats with adequate moi sture and lighting. They can exist as single
cells or they can formlong chains. Like higher plants, algae contain chlorophyll and are able to
convert sunlight into ATP energy and compl ex organic compounds. Algae frequently live
harmoniously or even symbiotically with cyanobacteria (formerly classified as blue-green
algae) to formamicrobial crust on barren soils. Inthe United States, these crusts are
particularly well devel oped on arid deserts of the Southwest. Cyanobacteria can fix
atmospheric nitrogen (whichis discussed under the nitrogen cycle), protect the soil surface
from erosion, and create a favorable environment for seed germination. They also fix nitrogen
inrice paddy soils and thereby fertilize the growing crops.

Fungi, which are of great importance in decomposing organic residues in the soil, are
multicellular organisms ranging in size from microscopic to the large mushrooms normal ly
found only on moist, untilled soil. Fungi common in the soil are made up of a mass of fibers
called a mycelium. One hundred thousand fungi may be found in mycelial and spore formsina
gramof soil. They do best inacid soil (pH 4.5 5.5), so they do not compete with bacteria,
most of which flourishin nearly neutral soil. Fungi can decompose a greater variety of organic
compounds than bacteria. Some catch nematodes in a kind of noose and consume them. Some
soil fungi are also pathogenic and cause diseases. The mycelium al so function as nets that
surround and bind primary soil particles and micro-aggregates into macroaggregates, thereby
contributing to soil structural stability.

Mycorrhizae, which means fungus root, is a symbiotic relationship between certain fungi with
roots in the surrounding soil. Threads (hyphae) of the mycelia extend into the roots of perhaps
half the kinds of higher plants, which means that these plants have —doubl e rootsll of high
efficiency. The hyphae grow out into the soil and provide water and nutrients, especially
phosphorus, for the plants, which in return protect and in part nouri sh the fungus with sugars. In
this symbi oti ¢ rel ationship the fungus may even provide some anti bi oti ¢ protection to the roots.
Mycorrhi zae form a sheath around the plant root and either extend the hyphae into the spaces
between the root cells or extend the hyphae into the cells of the root where they are finally
digested. When the hyphae penetrate the root cells, they form highly branched structures called



arbuscul es that are the site of nutrient exchange between the plant and fungus.

There are two types of mycorrhizae: endomycorrhizae (hyphae extend into spaces between root
cells, but do not enter into the cells) and ectomycorrhizae (hyphae extend into the root cells).
The endo group is associated primarily with field crops such as corn, rice, and alfalfa plus a
few trees such as apple and citrus. The ecto group is associated mostly with trees, a common
one being pine.

Another symbiotic relationship devel ops between fungi and blue-green algae to formlichens.
These primitive plants can survive on bare rock because they fix atmospheric nitrogen and can
extract a few nutrients from the minerals of the rock.

Protozoa are one-celled animals. There may be thousands of themin a gram of moist, humic
soil. They live inside the films of water that cover soil particles. If the films dry up, the
protozoa change into aresting formin which they survive until the next rain. Protozoa include
amoeboid, ciliate, and flagell ate forms. They contribute to the breakdown of organic matter,
and some feed on tremendous numbers of bacteria, thus hel ping to mai ntain the bal ance of
nature. It is also thought that by feeding on other soil microbes, protozoa contribute greatly to
mineralizing nitrogen in agricultural systens.

Myxomycetes are slime molds, which are intermedi ate between protozoa and fungi. Inthe
protozoan stage the cells are free-living. Inthe fungal stage they come together to forma
jellylike mass that may be orange, purple, or some other bright color. The fungal stage
produces reproductive spores.

The Nitrogen Cycle

Most nutrients, such as phosphorus, cal cium, magnesium, and potassium, are derived from
minerals. They are absorbed by plants and formliving tissue. The plants die and return to the
soil, where they decompose and rel ease the nutrients, which can be taken up by plants again.
This is acommon nutrient cycle.

Nitrogen, however, comes from the atmosphere, which consists of 78% nitrogen in gaseous
form. In the nitrogen cycle, nitrogen is transformed from gaseous nitrogen into a form that can
be used by plants. Nitrogen undergoes several transformations in the nitrogen cycle. Under
certain conditions, the nitrogen returns to the atmosphere before it is utilized by plants. The
various steps of the nitrogen cycle are shownin Figure 4.7.
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Figure 4.7 The nitrogen cycle.

Nitrogen Fixation

Nitrogenfixationis a process that occurs in the nitrogen cycle. It is the process whereby
nitrogen from the soil atmosphere is converted into protein in the plant. Nitrogen fixation may
be symbiotic or nonsymbictic. Inthe case of symbiotic fixation, bacteria live inthe root tissue
of plants to the mutual benefit (symbiosis) and convert the nitrogen to ammonium (NH,"),

which can then be utilized by the host plant. The bacteria supply themsel ves and the host plant
with nitrogen, while the host plants supply the bacteria with nutrients and energy sources.

Small knots of tissue called nodul es form on the roots when these bacteria are present and
active. Legumes such as clover, afalfa, peas, beans, and locust are primary hosts for symbiotic
nitrogen-fixing bacteria (rhizobia) (Fig. 4.8).
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Figure 4.8 Nodul es on the roots of some plants (Iegumes) contain bacteria that are capabl e of
taking nitrogen fromthe air to the benefit of the plant.

A vigorous alfalfa crop may fix 100 200 Ib of nitrogen per acre (110 220 kg/ha) per year,
which is one reason for itsinclusioninacrop rotation. Most grasses, including grain crops,
are not natural hosts for nitrogen-fixing bacteria. Scientists are trying to find ways of breeding
new varieties that can fix nitrogen. If successful, the resultant varieties may reduce the use of
commercial nitrogen fertilizer for such crops as corn, wheat, oats, and barley.

Symbiotic nitrogen fixation is a so brought about by acti nomycetes in associ ation with several
woody plants, particularly alder, Russian olive, and sweet fern.

Some nitrogenis fixed nonsymbiotically. A free-living soil bacterium (Fig. 4.8) of the genus
Azotobacter fixes nitrogen that becomes available to plants when the bacteriumdies. The
amount of nitrogen fixed in this manner is seldom more than 10 Ib per acre (11 kg/ha) per year
but is a valuable part of the nitrogen cycle.

Nitrogen fixation al so takes place in the atmosphere, particularly by lightning. During storms,
lightning will oxidize atmospheric nitrogen to form nitrous oxide (N,O). It is then carried into
the soil by therain. Thisis a different type of nitrogen fixation in that the end product is one of
the oxides of nitrogen that need not progress through the nitrogen cycle to be available for plant
uptake. The amount of nitrogen fixed inthis way may average 10 Ib per acre (11 kg/ha) per



year.

Ammonification

Ammonificationisthe first step in mineralization. It is a step inthe microbiological
decomposition of organic material, such as plant residue, and it is brought about by the general
soil population of microorganisms. Ammonia (NH5) is a product of this decomposition and it

ionizes to form the ammoniumion (NH,*). Ammoniumions can be held by the soil, fixed inthe

structure of clay mineral's, converted to ammonia and lost to the air via vol atilizati on, absorbed
by plants, but most will progress through the next two-part step, nitrification, if the soil is
warm and moi st. In the case of paddy rice, ammoniumions are the main source of nitrogen.

Nitrification

Nitrificationis the reaction that results in the conversion of ammoniumions to nitrate ions. If
the soil iswarm (75 85@&-), has near neutral pH, and iswell supplied with moisture and
oxygen, the ammoniumions are oxidized first to the nitrite (NO,®) form by the bacterium

Nitrosomonas. The nitrite form rarely accumul ates in the soil. The nitrate (NO5F) formis

brought about directly by the bacterium Nitrobacter. These bacteria are able to meet their
energy needs by oxidizing NH,* to NO3® and obtain C for building their cell structures from

carbon dioxide. Nitrate i s the highest oxidation state for nitrogen. Since nitrate isananion, itis
not held on the exchanges sites on soil colloids. This, coupled withits high solubility inwater
makes nitrate subject to leaching, particularly in coarse textured soils, excessively irrigated
fields and in areas with high rainfall intensity. If water percolates through the soil, nitrate
moves with it and may contami nate groundwater. Excessive nitrate in drinking water interferes
with bloods' ability to carry oxygen resulting in a condition known as Blue Baby Syndrome in
infants under 6 months of age. For this reason, the United States Environmental Protection
Agency has set 10 milligrams of nitrate nitrogen per liter of water as the maximum
concentration safe for drinking water. Surface runoff of nitrate causes eutrophication, or agal
blooms, inlakes and estuaries. Eutrophicationis the slow, natural nutrient enrichment of
streams, |akes and reservoirs. As the algae grow and then decompose, they depl ete the water
off the dissolved oxygen, resulting infish kills, offensive odors, and reduced attractiveness of
the water for recreation and other public uses.

During the process of nitrification, hydrogenions are rel eased. The ammoniumin fertilizers
al so undergoes this same nitrification process. This explains why soil acidification occurs
when large amounts of organic material's or ammonium contai ning fertilizers are added to the

soil (see Chapter 5).

Immobilization and Mineralization

Immobilization is the conversion of inorganic, primarily ammonium and nitrate, nitrogen into
organic nitrogen (amino acids and proteins in microorganisms and plants). Mineralizationis



the reverse process of immobilization, wherein organic forms of nutrients in organic materials
are converted to the inorganic forms by soil organisms during decomposition.

The addition of alarge amount of residues with inadequate amounts of nitrogen, such as wheat
straw, to the soil stimul ates the growth of a large popul ation of microorganisms. After
ammonification and nitrification, the ammonium and nitrate ions may be taken up by the roots
of higher plants or by microorgani sms decomposing organic residues in the soil.
Immobilization is the process during which an overabundance of microorganisms, which also
need nitrogen to live, may outcompete with crops for the available nitrate. Asinorganic
ammonium and nitrate are incorporated into the cells of living microorgani sms, the plant-
available N levelsinthe soil are reduced. As aresult, crops may become nitrogen deficient
and devel op ayellow coloration. This situation can be prevented by compositing residues
before incorporation in the soil, blending low C:N ratio residues with high C:N ratio residues
or by adding inorganic nitrogen fertilizers to the soil.

Mineralization and immobilizati on can have a major influence on the amount of available N in
the soil. As has been discussed, soil microorganismswill break down plant material (and
other organic materials) to obtain carbon and energy. During the initial stages of
decomposition, N can be released (mineralized) from the organic material and it can be taken
up (immobilized) by the biomass. The net result of these N transformations will dictate
whether available N increases during the early stages of decomposition or decreases.

The amount of N mineralized is proportional to the quantity of total N in the substrate being
decomposed. Ingeneral, 2% N is considered critical, with net mineralizati on occurring when
the proportion of N inthe material is>2%. The relative amount of C and N (C:N ratio) inthe
decomposing material also determines whether mineralization or i mmobilization
predominates. Since most plants are about 40% C, the C:N ratio is primarily influenced by N
content. Plants with higher N contents have lower C:N ratios, and mineralization (increasein
available N) is favored when these plant material s decompose. For example, when alfalfa
decomposes, the relatively high amount of N (C:N ratio = 25:1) favors mineralization and
available N will increase. If residues with lower N contents, and which have higher C:N ratio,
are added to the soil, the microbes will have to scavenge the soil for nitrogen to balance the
excess carbon in the residue and immobilization (decrease in available N) will usually occur
when these plant materials decompose. For example, when corn (C:N ratio ~ 57:1) or wheat
(C:N ratio ~ 80:1) residue are added to the sail, the relatively low amount of N (high C:N
ratio) favors immobilization and available N decreases. Thisis because the additional N
required to balance the high C in the straw will have to come fromthe soil. For this reason, it
is advisable to add 15 Ib of nitrogen for every ton of straw up to 50 Ib of N.

The processes of mineralization and immobilization occur simultaneously. As organic matter
decomposes, inorganic nitrogenis released into the soil and is utilized by both plants and
microorganisms. The N in both the plants and the body mass organisms eventually reverts into
plant-available N when they die and decompose to rel ease inorgani ¢ nitrogen into the soil
through mineralization.

In summary, everything el se being equal, mineralization and immobili zation proceed at fairly



equal rates when the C:N ratio of decomposing organic residues is between 24:1 and 30: 1.
This implies that microorganisms need 1 gram of N for every 24 g of C in the substrate (food).
Net mineralization occurs at C:N ratios below 24:1 while net immobilization occurs at C:N
ratios above 30: 1.

Crop residues on the soil surface serve to protect the soil from the destructive impact of

rai ndrops, thereby protecting the soil from erosion. The faster the rate of decomposition, the
|ess the time those residues will be available to provide cover to the soil surface. Therefore,
while the decomposition of crop residues is important for nutrient cycling, it is also essential

to mai ntai n a certain amount of residue for soil cover. For these reasons, it isimportant to pay
attention to the C:N ratio of crop residues, so as to maintain soil cover when desired, yet allow
the residue to ultimatel y break down and be recycl ed.

Denitrification

Denitrification is the process whereby nitrate nitrogen (NOg") undergoes chemical reduction
into gaseous nitrogen forms including nitric oxide (NO), nitrous oxide (N,O) and molecul ar
nitrogen (N,), and is volatilized into the atmosphere. This is a process whereby

mi croorgani sms that flourish, under anaerobic conditions, derive their oxygen fromthe nitrate
ilons or similar oxides. Therefore, for denitrification to occur carbon and nitrate must be
available and oxygen availability must be restricted. Most NO3-N may be lost in this manner

fromlow, wet areas of afield, especially during periods of warmweather and heavy rainfall
when the soil stays saturated for prolonged periods of time. Evenin aerated soils, small,
localized areas in the soil (microsites) can have inadequate supply of oxygen. The presence of
crop residues and other decomposabl e organic matter increases the rate of denitrification. For
I nstance, the presence of surface mulch and moisture in no-till systems greatly increases the
potential for denitrification loss of surface-applied N and a side dressing of N fertilizer may
become necessary to ensure an adequate supply of N during the early growth phase. Nitrate

| osses due to denitrification can be reduced by applying slow release fertilizers or fertilizers
that contai n nitrification inhibitors. Nitrification inhibitors slow the processes of nitrification
until periods of greater plant uptake.

To afarmer, denitrification can be a costly loss of an expensive plant nutrienff nitrogen. This
Isamgjor reason for maintai ning adequate soil drainage and proper timing of nitrogen
fertilizer application. The N,O released into the atmosphere during denitrificationis a
greenhouse gas that contributes to global warming. Neverthel ess, denitrificationis a crucial
part of the nitrogen cycle asit is the only point in the cycle at which fixed nitrogen re-enters the
atmosphere as gaseous nitrogen. Without it, atmospheric nitrogen would eventually be depl eted
by the nitrogen fixers.

Volatilization

This is the production of gaseous ammonia from ammonium and its | oss to the atmosphere.



Ammonia vol atilization increases with soil pH because a high concentration of OH™ ions
promotes the conversion of nitrate to ammonium. As discussed in Chapter 8, volatilization
losses are high for broadcast unincorporated ureafertilizer or manure. Incorporation of manure
and fertilizers can reduce ammonial osses by up to 75%. Evaporation promotes vol atilizati on.
Thus, volatilization is greatest as the soil dries after reaching field capacity. Crop residues that
are not incorporated into the soil may increase the rate of volatilization. Vol atilization | osses
can be reduced by applying slow release fertilizers or by using fertilizers that contain urease
inhibitors. Slow release fertilizers contain a coat of sulfur that must break down before ureais
released while urease inhibitors slow the process of urea hydrolysis.

Ammonium Fixation

This isthe trapping of ammoniumions between interlayer spacing of some 2:1 layer silicate
clay minerals such as vermiculite and illite. It occurs because the size of cavity |eft by oxygen
in claysis sufficiently large to hold potassium and ammoniumions, but too small for other
ions. Whether ammoniumwill be fixed or not is determined by the source of charge on clays.
Kaolinite does not fix ammonium. Hydrous oxides at low soil pH val ues do not fix ammonium
or potassium because the Al(OH) inthe interlayer spaces satisfy the clays' charge and also
expands the interlayer space, thereby impeding fixation. Montmorillonite does not fix

ammoni um under wet soil conditions.

The fixation of NH,* ions |eads to a temporary immobilization of fertilizer N applied ina soil.

The actual amount of ammonium fixed depends on the amount of K* in the fixed position. The
more the quantity of K fixed, the less the quantity of ammonium can be fixed. For this reason,
NH,* fixation can be reduced by K fertilization prior to NH," application.

Biological Decomposition of Rocks

Three years after the island of Krakatoa was largely blown away by aviolent volcanic
eruptionin 1883, scientists visited it only several years later and found that the surface of the
fresh bedrock was already being invaded by cyanobacteria, one of the most self-supporting
forms of life on earth. It can both photosynthesi ze and fix nitrogen. Growing along with the
cyanobacteriawere nitrogen and carbon-fixing bacteria as well as fungi and lichens. Weak
acids produced by these mi croorgani sms were dissol ving nutri ents (phosphorus, cal cium, and
other nutrients) from the rocks and building up a humic mat capabl e of supporting mosses and
eventual ly higher plants. The weak acids include carbonic acid formed by sol ution of CO, gas

inwater and lactic acid produced by fungi, and stronger acids (nitric and sulfuric) that were
formed by bacteria. Certain fungi and bacteria can rel ease phosphorus frommineral particles.
It is evident that microorganisms are involved inrock weathering fromthe start.

Macroorganisms

Macroorgani sms include worms, arthropods, and vertebrates. In an acre of soil there may be a



million nematodes, a million ants, two hundred thousand mites, and four thousand worms, to
name just afew. Most wild bees nest in the soil and in the process make the soil more porous
by excavating burrows and chambers. Before settlement by European immigrants, a squirrel
could cross the state of Ohio without touching the ground. Many of the trees in the native
forests were planted by squirrels. Obviously, animal life has greatly influenced both plants and
soil.

Worms i nclude nematodes and earthworms. Nematodes are eel -shaped, unsegmented, col orless
worms and are generally the most abundant multicellular organismsin soils. (Fig. 4.9). Most
are too small to be seen without a microscope, but some may grow to a centimeter or morein
length. Many are saprophytic, which means that they feed on dead plant residue, but some are
parasitic and live on the roots of plants. Many of the parasitic species cause i mportant diseases
of plants, animals, and humans. They cause great economic |oss to many crops, including
citrus, cotton, soybeans, alfalfa, corn, and vegetabl es such as potatoes and tomatoes.
Nematodes are involved in organic matter decomposition and nutrient cycling, biological
control of insect pests and certain plant parasitic nematodes. They al so serve as food for other
soil organisis.

Figure 4.9 Nematodes are usually microscopic. They can be destructive to crops.

Earthworms (Fig. 4.10) perform an important function in mixing organic matter with mineral
matter. In a sense, they are soil factories. Among the many kinds of earthworms, the
nightcrawler, Lumbricus terrestris, was brought to the United States from Europe by settlers.



Figure 4.10 Earthworms are essential for mixing organic material with mineralsin the soil.

In general, worms perform an important aeration and mixing function by burrowing/channeling
through the soil, consuming organi c matter, and bringing the residue to the surface as castings,
which form stabl e aggregates upon excretion. It is estimated that worms bring 7/ 18 tons of soil
per acre (16 40 t/ha) annually to the surface inthis way.

Arthropods include springtails, mites, and ants. Springtails (Collembola) are primitive i nsects
that do not go through stages of metamorphosis as do flies and butterflies (Fig. 4.11). They ook
like ancient fossil creatures. They are numerous in decaying leaves, and in late winter they
appear on snowbanks (hence their nickname —snow fleasll) where they feed on scattered

pollen.
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Figure 4.11 Springtails and mites play an important role in the decomposition of dead |eaves
and stems.

Mites (Acarina) (Fig. 4.11) performthe same job as springtails, whichis to consume dead and
decomposing plant parts. Mites are found everywhere, even in ocean depths and on high
mountai ns. They consume organi ¢ residues and feed on nematodes and springtails.

In both urban and rural environments, ants are active in tunneling and bringing up subsurface
soil to construct mounds of various sizes as shown in the figure. Because ants can carry
particles no larger than allowed by the gap between their open mandibles (mouthparts), the
mounds contai n no stones or gravel. Figure 4.12 shows a cross section through a mound nearly



1 ft (30 cm) high that was built by the western mound-building ant, Formica cinera. These
insects were originally common in the grasslands of the American prairie but are now confined
by cultivation to undisturbed |ands such as those along railroad tracks, cemetery edges, and
wetland borders. Their mounds are built largely of subsoil and are richin organic materials
that the ants bring to the col onies from nearby vegetation.

Figure 4.12 Ants are active in tunneling in the soil and enriching it with organic material.

Termites are particularly active in soil and plant material's in subtropical and tropical regions.
They consume large quantities of dead trees, shrubs and plant debris. Some of these insects
tend to concentrate nutri ents such as calciumintheir nests, which, when abandoned, are
cultivated by farmers and eventual ly produce patches of high-quality crops. In semiarid
regions, underground termite nests may act as sinks (collectors) for irrigation waters and
thereby become a nuisance. The long-term soil-mixing effects of termites are beneficial, but the
I mmedi ate effects may be troubl esome. Some mounds may be higher than those shownin
Figure 4.13.



Figure 4.13 Intropical regions, termites build huge mounds in which they concentrate cal cium
aswell as organic material intheir nests.

Vertebrates include moles, mice, ground hogs, and many others. Moles (Tal pidae) plow soil
by burrowing just bel ow the surface to where they can find earthworms, grubs, and plant roots
to eat. This activity occurs both in sod and in forest topsoil. It |leaves the soil |oosened and
contributes to the high porosity of noncultivated soils.

Mice (Cricetidae) and shrews (Soricidae) are numerous enough to make an impact on soils by
their burrowing activities. When snow melts in the spring, networks of rodent runways are
plainly visible. Ground squirrels (Spermophilus), Ground hogs (Marmota), prairie dogs
(Cynomys), and other mammal s make el aborate burrows, constructed to not fill with water
readily during rainy periods and to be aerated by convection and updraft air currents. These
rodents bring tons of subsoil material to the surface. Because these animal's prefer dry sites, the
materials they excavate are commonly sandy and gravelly resultinginasoil profile that is
mixed with various soil particles, but enriched with vegetative debris and rodent excretain the

process (Fig. 4.14).



Figure 4.14 The burrowing activities of animals contribute to the porosity and enrichment of
soils.

Pesticide Use and Soil Organisms

Before the dawn of agriculture, all organisms were in balance and none were able to build up
in numbers beyond that of natural populations. Thisis not to say that primitive humans were not
bothered by insects and the like, but they were natural popul ations. When humans began to

mani pul ate plants and animal s to increase their food supply, the balance was altered so that
certai n organi sms became detrimental to agricultural production. Various forms of control have
been used, but in recent decades the emphasi s has been upon organic compounds that are
intended for the sel ective control of specific target organisms. Some pesticides kill certain
kinds of pests such as fungi, nematodes, insects, or rodents; some regul ate plant growth by
speeding it up or retarding it; some defoliate or desiccate plants; some attract insects to deadly
traps or sterilize them; and some repel pests through protective coatings such as are found on
Some seeds.

When properly handled, pesticides cause little or no problemin the environment. One reason



for thisis the action of soil microorganisms. Bacteria quickly break down most pesticides into
components that are harml ess when deactivated. Components that are unlike any natural

mol ecul es, however, cannot be attacked by bacteria and they can build up in the environment,
such as DDT (dichlorodiphenyltrichl oroethane).

There are other exampl es where a component formed by microbial breakdown of the original
insecticide is potentially very hazardous to human heal th. One of the aldicarbs derived froma
combi nation insecticidg nematocide used on potato fieldsisinthis category. Aldicarb (or its
derivatives) has been found in the groundwater beneath sandy soils in Wisconsin, New York,
and Florida. If the soil is not rapidly permeabl e, the breakdown of aldicarb into harmless
components seems to be compl ete.

The massive use of pesticides over large areas has, in some cases, been sel f-defeati ng.
Someti mes natural enemies of a pest have been eliminated, and pesti cide-resi stant vari eties of
the pests have evolved. Well-planned harmonizing of chemical and natural control methods

(integrated pest management) is awiser approach.

Limited strategic use of pesticides may be combined with ecological pest control. The latter

i ncludes the encouragement of growth of popul ations of natural enemies of pests, rel ease of
many sterile individual s of a species, and rotation of cropsinaway so as to interrupt

popul ation expansion. The tobacco hornworm moth, for exampl e, has been controlled by light
use of pesticides together with a vigorous encouragement of parasitic wasps (biol ogical
control) and some handpi cking (scouting) of larvae. Integrated pest management has been well
received because it is an economically sound approach as well as being good for the
environmert.

The recent devel opment of hybrids that are resistant to specific insects and infections al so
offers an opportunity to reduce the application of pesticides. Some examples are cornthat is
resistant to corn borers, potatoes that are resistant to potato beetles, and alfalfathat is resistant
to | eaf hoppers. The application of insecticides to control these and other insects has been
extremely expensive and controversial.



Chapter 5
Soil Chemical Properties

The chemically active fractions of the soil are clay and humus. Both clay and humus have
electrically charged sites ontheir surface§ both negative and positive. These sites attract ions
of the opposite charge. The types and rel ative amounts of ions that are attached will influence
the plant nutrient level as well as the alkalinity or acidity of the soil.

Soil Colloidal System

The humus and clay fractions are often call ed the colloidal system. A colloid, by definition, is
an extremely small particle. Clay and humus fit the definition. Colloids are too small to be seen
with alight microscope, but clear images of them can be made with el ectron microscopes. The
upper limit of their diameter is commonly given as 0.0001 mm, although particles somewhat
larger may react similarly but to alesser extent. For comparison, it would take 254,000 of
these particles, side by side, to extend 1 in. (2.54 cm). Thus, the colloidal systemis made up of
the finest clay particles and highly decomposed humus. Due to their small size, colloids have a
|arge specific surface area and carry an electrical charge ontheir surface. As aresult, colloids
are the most chemically active fraction of the soil and are intimately associated with many
reactions involved in plant nutrition.

Since colloidal clay and humus particles have negatively and positively charged sites, nutrient
ions that are essential for plant growth are attracted to the colloidal surfaces of opposite
charge. The positively charged ions are cations and those with negative charge are anions.
They are held weakly as a reserve supply for plants and may be released into the soil solution
where they can be utilized by plants. Without the attraction between ions and colloids, the
|eaching of certainions deeper into the soil and beyond the reach of roots would be much
greater in humid regions. Indeed, it is often observed that nitrate |eaches readily in soilsin
humid regions. Nitrate ions are negatively charged and are not attracted to the negatively
charged soil colloids; therefore, nitrate ions remainin the soil solution. Since the nitrate ions
are quite soluble and are not prone to other sorption reactions, nitrate will readily leach.

The nature of the colloidal systemis not only dependent on the col | oids themsel ves but a so on
the properties of the ions attracted to them. These attracted ions may be exchanged, partly in
accordance with the dominance of specific ionsinthe soil solution. Thisprocessis called ion
exchange. Inall soils, except some intropical regions, the negatively charged sites on
colloidal surfaces are much more numerous than are the positive sites, so the usual processis

cation exchange.

To understand how colloids influence soil chemistry, it is necessary to know something about
their composition. Clay mineral colloids, primarily silicate clays, oxide clays, and humus
colloids, will be discussed separately.



Silicate Clays

Mineral particles such as common feldspar grains from granite are made up mostly of three
elements: silicon, oxygen, and aluminum. Therefore, they are called aluminosilicates. Small
feldspar particles slowly change to clay minerals by weathering. These are also
aluminosilicates, but they are different fromfeldsparsintwo principa ways. The clay
mineral s have some water moleculesintheir structure so they are called hydrated
aluminosilicates, and they have a platy or layered structure.

Just as aplant leaf is made up of distinct layers of cells, the very small, flat clay crystals are
made up of definite layers of ions. Most silicate clay particles are sandwich-like, with an
alumina layer (aluminum plus oxygen) sandwiched between two silicalayers (silicon plus
oxygen). They are called 2:1 clays because of this arrangement. Smectite and hydrous micaare
clays of this type.

Inclay mineralswitha 1:1 structure, thereis asingle silicalayer adjacent to a single alumina
layer. Kaolinite is acommon 1:1 clay. Plates of halloysite, a variety of kaolinite, tend to curl

(Fig. 5.1).
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Figure 5.1 Clay particles are extremely small and in some types the layers tend to curl.

These 2:1 and 1:1 types of clays are called layer lattice silicate clays. Theionsin each layer
are arranged in | attice-li ke geometric patterns (Fig. 5.2). The 2:1 |attice clays have variations
within the geometric pattern of ions that give rise to a negative charge on the surface. Most 2:1
clays are al so expanding | attice clays so they absorb water between, but not within, the sets of
2:1 | attices.
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Figure 5.2 lonsin silicate clays form a geometric pattern such as inthis kaolinite.
As an anal ogy, clay particles resembl e a stack of sandwiches and the expansi on takes place



between the sandwiches. Expanding | atti ce clays have a tremendous surface area because the
internal surfaces are available to react with the soil solution. Clays witha 1:1 lattice do not
expand because hydrogen bondi ng between the sets of |atti ces hol ds them together.

Another kind of clay isthe oxide clay that has little or no regularity inits structure. Inthis
respect, oxide clays are gel-like.

Source of Negative Charge on Silicate Clay Minerals

The negative charge on silicate clays in soils comes from two sources. A typical silicate clay
of the 2:1 type illustrates this principle. First, the silica layer devel ops a negative charge from
the oxygen ions along the edge of the crystal. Only one of the oxygen's two negative chargesis
combined withasiliconion, so at the plane where the crystal ends, there are oxygenions with
one negative charge unsatisfied. Figure 5.3 depicts this charge distribution in two dimensions,
with an unsatisfied charge at each end of the lattice. The oxygenions are not showninthis
schematic diagram, but their locationis similar to the ionic arrangement inthe silicalayer
showninFigure 5.2. This source of negative chargeis called edge charge and althoughiitis
low, it is the main charge on kaolinite clay, whichis asilicate clay mineral. This charge
fluctuates with soil pH, henceit is called pH-dependent charge.

Three-layerad silicate mineral Three-layered silicate clay
withoul isomorphous with isomorphous
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Figure 5.3 Devel opment of a negative charge on a silicate clay | attice.

The second source of a negative charge arises when one ionis substituted for another during
the formati on of the silicate clay crystal, without any change inits form. During substitution,
some atoms inthe crystal are replaced by other atoms of similar size but different valence.
Thisis called isomorphous (Iso = similar, morphous = size and shape) substitution, and it can
occur in different ways. In some clays an aluminumion (Al3") substitutes for asiliconion
(Si**) inthe outer (silica) layers, whereas in other clays a magnesiumion (Mg?*) may
substitute for Al3* in the alumina layer. Either way, one negative charge results in the crystal
and the charge i's permanent since it does not vary with soil pH. In essence, the substitutions
result in a deficit of positive charges, and this results in an overall net negative charge on the
clay.

Groups of Silicate Clays



Several groups of layer silicate clay minerals have been identified and within each group there
are many specific clay minerals. Inthis book, only three of these groups are discussed to
illustrate the nature and importance of clay.

Smectite Group

Montmorillonite is a common member of the smectite group. It is a 2:1-type clay withahigh
capacity to hold plant nutrients and to swell and shrink on wetting and drying (Fig. 5.4).
Variations within this group are due mainly to the amount of substitution of magnesium and
ferrousiron for aluminumin the aluminalayer. Soils that have high amounts of montmorillonite
clay can be very troublesome, particularly when wet. They are expanding | attice clays wherein
their strong affinity for water causes the clay particles to spread apart and readily slip past one
another. Thisresultsinwhat is called low bearing strength, which means that foundati ons of
buildings and roads built on these clays are likely to fail (slip) and cause crackinginthe
superstructure, particularly on sloping ground. When montmorillonitic soils dry, cracks of
nearly 2 in. (5 cm) or more may open. Debris may fall into these cracks and cause the soil to
buckle whenit is wetted.
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Figure 5.4 Layer |attice crystals of montmorillonite clay have a high capacity to hold plant
nutrients, absorb water, and swell.

Montmorillonitic soils become very sticky and difficult to till when wet and very hard when
dry. As aresult, farmers can work them only at just the right moisture content. Unimproved
roads on montmorillonitic soils become impassabl e in rainy seasons.

The inner (alumina) layer of the montmorillonite clay lattice is made up of aluminum,
hydrogen, and oxygenions. All the negative and positive charges balance and neutrali ze each
other withinthis layer only if the three named ions are present. In montmorillonite clay, about
one-fourth of the aluminumions (Al3*) have been replaced by ions of magnesium (Mg?*) or
iron (Fe?*); ions with two positive charges have been substituted for ions with three positive
charges. This produces a deficiency in positive charges, which results in an excess of negative
charges at the surface of the crystal lattice. These are permanent negative charges that

devel oped when the crystals were formed.



Smectite clays tend to be associated with the subhumid to arid climatic regions that have
produced grasslands in the United States. WWhen found in the more humid regions, they are
generally in soil formed from shal e or in the residue from basi ¢ rocks.

Hydrous Mica Group

Hydrous mica (Fig. 5.5) has a dlight structural difference fromthe primary mineral (mica) that
isfound in granite. Hydrous micais probably derived by weathering of mica. It is associated
with regions where weathering has not been severe and where the soil is neither very acid nor
very basic. A member of thisgroup is called illite after alocationinlllinoiswhereit was first
identified. Hydrous micais like montmorillonite inthat it has a 2:1 | attice structure, but the
|attice layers are held together by a mutual bond with potassiumions between them. This
bonding minimizes the swelling and shrinking and results in good bearing strength for this clay
and in reduced stickiness when wet. Illite has alower capacity than does montmorillonite to
hold plant nutrients.
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Figure 5.5 Layer lattice crystals of hydrous mica clays have alower capacity to hold plant
nutrients and to absorb water.

The presence of hydrous micainasoil does not make the soil unstable inthe way that
montmorillonite does. A predominance of hydrous micaclay inasoil indicates alack of
severe weathering. Such clays are likely to be found in the cool climatic zones where
preci pitation is high enough to remove sol ubl e salts from the soil.

When the interlayer potassiumis completely removed by weathering, an expanding lattice 2:1
clay called vermiculite is formed. It does not shrink and swell as much as montmorillonite
does. In vermiculite the negative charge is derived from the i somorphous substitution of Al3*

for Si** inthe outer layer. As aresult, vermiculite has a higher negative charge than does
montmorillonite.

Kaolinite Group

The lattice of kaolinite claysisa 1:1 type made up of one silicaand one aluminalayer (Fig.
5.6). It can be seen that kaolinite has the | east silica of any of the silicate clays. Thisisthe
result of the intense weathering that is characteristic of warm regions of the world.
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Figure 5.6 Layer lattice crystals of kaolinite clay have avery low capacity to hold plant
nutrients and to absorb water.

One important property of kaolinite is the fixed spacing between the | attice layers. Thisis due
to the attraction of hydrogen of the hydroxyl ions in an alumina layer for the oxygenin the
adjacent silicalayer. The bond between these lattice layersis called a hydrogen bond, and itis
of great importance because it renders kaolinite | ess sticky and gives the soil a greater bearing
strength than with other types of silicate clays. Kaolinite has a very low capacity to hold plant
nutrients, and it absorbs less water than 2:1 clays.

Kaolinite, afavorite clay among potters, is most abundant in tropical and subtropical regions.
Nearly pure deposits of kaolinite are valuable as sources for industrial materials. Large
amounts are mined for use in the manufacture of bathroom fixtures.

Ammonium Fixation by Clays

Some 2:1 layer silicate clay minerals such as vermiculite and illite trap NH," and K™ ions
between interlayer spaces, resulting in atemporary immobilization of fertilizer N applied ina
soil. Fixation occurs because the size of cavity left by oxygenin claysis sufficiently large to
hold potassium and ammonium ions, but too small for other ions.

Identification of Layer Silicate Clay Minerals

Different clay minerals have contrasting properties; hence, it is important to i dentify them so
that a soil's capabilities and limitations can be accurately predicted. The most common
|aboratory instrument used to identify silicate claysis the X-ray machine (Fig. 5.7).
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Figure 5.7 Silicate clays can be identified by use of X-rays.
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When vol canic ash weathers in arelatively short time, some nearly amor phous (without
structure) silicate clays form. Two of the clay minerals are allophane, whichis spherical, and
imogolite, whichis threadlike. Except for their small size, they share few of the properties of
the layer silicate clays listed previously. Their presence is germane to the classification of
soils of volcanic origin.

Oxide Clays

To this point, consideration has been given to only silicate clays, but oxide and hydrated oxide
clay minerals are aso present in soils (Fig. 5.8). Normally, these are oxides of iron and
aluminum, are amorphous, and are found most abundantly in soils formed from parent materials
richiniron and aluminumintropical and subtropical regions where weathering has removed
much of the silica fromthe clay fraction. Oxide clays have little or no crystallinity and very
low capacity to hold plant nutrients. If iron oxides are not very hydrated, they give the soil a
deep red color. Ferrihydrite is one of the iron oxide clays that is very hydrated; it isimportant
in the classification of some volcanic region soils.

Figure 5.8 Particle of oxide clay haslittle or no crystallinity and a very low capacity to hold
plant nutrients.

Cation Exchange

The characteristic of clay and humus to attract, hold, and release cationsis called cation
exchange.

Although most soil colloids have a net negative charge, no electrical charge inthe soil goes
unbal anced for very long. Electrical neutrality is maintai ned.

A soil colloidal system (primarily very fine clay and humus particles) has a double layer of
charges. Theinner layer is very closely associated with the surface of the colloidal particle
discussed previously. The outer layer is formed by cations in the soil solution, which are
attracted to the colloidal surfaces in proportion to the negative charges available. This means
that a dival ent cation such as cal cium (Ca2*) or magnesium (Mg?) can neutralize two negative
charges of the colloidal particle, whereas monoval ent ions such as potassium (K*), sodium
(Na"), or hydrogen (H*) can neutralize one negative charge each (Fig. 5.9).
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Figure 5.9 Soil colloidal particles attract ions with the opposite el ectron charge.

In acid soils, aluminumions (Al3*), which may be combined with one or two hydroxyls (OHE),
can be attracted to colloidal surfaces. There may be many other cations attracted to the
colloids in small amounts. Some of these are trace el ements that are of great significance to
growing plants.

Cations in the outer layer are sometimes called -swarmionsll because they resemble a swarm
of bees around a hive, with the greatest concentration of bees close to the hive (Fig. 5.10). Ina
soil colloidal system, these cations become hydrated so their effective radius includes the
water molecules.
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Figure 5.10 A —swarmll of positively charged ions around a negatively charged soil particle
resembl es bees around a hive.



The force of attraction of cations to the negatively charged colloidal surface differs among

cati ons, depending on the number of positive charges and the effective diameters of the cations.
The greater the number of positive charges (valence), the greater the force of attraction. For
instance, Ca?* has two positive charges and is attracted closer to the colloid than Nat, which
has one positive charge and tends to migrate farther from the surface of the colloid. The force
of attraction increases inthe order: Na* < Mg?* = Ca?* < Al®*. For cations with the same
number of charges, the force of attraction is dictated by the effective diameter of the cation.
Cations with smaller effective diameters are attracted more strongly and they are held closer to
the colloid than those with larger effective diameters. The force of attraction increases in the
order: Li* < Na" < K*. All the attracted cations are in constant motion, but attraction holds
them tightly enough so they are not readily lost to water that is moving through the soil. They
are adsorbed ions because they are held to the surfaces of the colloids. Thisactionis very
important to plant life because it keeps many nutrients within the root zone of the crops.
Addition of cations to the soil, through acidification, liming, or fertilization, enhances the

rel ease of adsorbed cations into the soil sol ution as the new cations swap places onthe

exchange sites.

When there i s sufficient moisture in the soil, cations in the soil sol ution can be lost fromthe
soil profile by leaching. The nutrients that are easily leached are those that are | ess strongly
held by soil particles. For instance, nitrate (an anion) will leach much more readily than
calcium (a cation). In addition, monoval ent cations, such as potassium, will leach more readily
than dival ent cations, such as calcium, since divalent cations are held closer to the exchange
sites than monoval ent cations.

In summary, cations are el ectrostatically attracted to the surface of the negatively charged
colloids, but will diffuse away from the surface and toward the bulk soil solution based on
concentration gradients. Anions, on the other hand, will be electrostatically repelled fromthe
negatively charged colloid surface, but will diffuse toward the surface and away from the bulk
sol ution based on concentrati on gradi ents. The exact nature of these processes is beyond the
scope of this book, but they are very important in explaining many important soil properties.

Cations (e.g., Ca?*) inamineral fragment are rel eased by weathering into the soil solution
where they are attracted to particles of clay, around which they —swarm.ll By exchange with
hydrogen ions coming from around roots, the nutrient ions finally reach the roots. Thereis an
area called the oscillation zone in whichions are moving around roots and clay particles. This
IS the place of exchange, where one cationis replaced by another with an equival ent amount of
charge (Fig. 5.11). For example, one divalent ion (such as Ca?*) may replace another divalent
ion (such as Mg?*), or it may replace two monovalent ions (K* and K*). When a plant takes
cations from the soil solution (Fig. 5.12), it releases hydrogenions (H) in exchange. For
example, when one calciumionis taken into the plant, two hydrogenions are given off into the
soil solution. Thus, electrical neutrality is maintai ned.
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Figure 5.11 A calciumion (Ca2*) (left) migrates in sol ution toward a negatively charged soil
particle to which two potassiumions (K*) have been previously attracted. The Ca?* ion (right)

changes places with the two K™ ions, which move oninto the soil solution. Aninstance of
cati on exchange has occurred.
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Figure 5.12 Cations move froma mineral, into solution, to the colloid surface, and on into the
rootlet by ion exchange.

Cation Exchange Capacity

Cation exchange capacity (CEC) is defined as the sumtotal of exchangeabl e cations that a soil
can adsorb. To quantify the negative charges on the soil colloids and therefore al so the amount
of cations attracted to those charges, it is essential to express the amount in standard units. The
units are centimol es of charge per kilogram of soil material (cmol /kg). The —€ll subscript
before the slash indi cates —eharge.ll The quantities determined are designated as the cation
exchange capacity (CEC). Typically, this measurement is determined on soil samples, but it



may be made on other earthy deposits such as | ake bottom sedi ments.

There are many variations in the |aboratory determination of CEC, but the basic principles
behind the methods are similar: (1) A knownweight of soil is placed in a beaker and reacted
with a sol ution contai ning only one type of cation, such as ammonium (NH,"). (2) Wheniit has

been established that all the negative sites on the colloids are sati sfied with ammoniumions,
the ammoniumions are replaced with another ion, and the ammoniumions replaced are
measured. (3) The cmol /kg of NH,* determined represents the CEC of the soil sample.

Frequently the kinds of cations held on the colloidal system need to be determined. This can be
doneinasimilar manner wherein the exchangeabl e cations in the soil sample are replaced
with another cation and those removed are analyzed individually. The kinds of cations found on
the colloidal system of most soils are quite predictable. They are cal cium (Ca?*), magnesium
(Mg?), potassium (K*), sodium (Na*), and hydrogen (H*). In some soils, a uminum (AI3*) may
also be very significant. When nitrogen is added to the soil in the form of ammonia (NH5) or
the ammoniumion (NH,"), the adsorption of NH," becomes important. The ranges in the CEC

for pure samples of the clays discussed in this chapter are shownin Table 5.1.
Table 5.1 The range in cation exchange capacity of some common clay minerals

Typeofclay  CECincmol /kg

Kaolinite 315
llite 10 40
Montmorillonite 80 100
Vermiculite 100 150

For most agricultural soils, the CEC ranges between 3 and 20 cmol /kg. The very sandy soils

are at the low end of the scale, and very clayey soils or organic soils may have a CEC much
higher than 20 cmol /kg. Soil CEC isinfluenced by the amount of clay in the soil (texture), the
type of clay present (mineral ogy), the amount of organic matter present, and the soil pH. The
CEC of the soil gives a strong indication of the ability of a soil to retain and rel ease nutrients,
but it does not replace a soil test for plant nutrients that are discussed | ater.

A high CEC signifies a greater capacity to retain cations such as K*, Ca?*, Mg?*, and NH,;*
among others. This means that more nutrients are held on the soil colloids and the
concentration of nutrients in the soil solutionislow. Thisimplies that while there are plenty of
nutrients in the soil, the plants may not be abl e to take advantage of them, especially under
conditions of low soil moisture, since nutrients held on the soil colloids have decreased
mobility. These cations are also less likely to leach. A low CEC implies that fewer nutrients
can be held by the soil and indicates a need for more frequent nutrient applications.

Humus as a Colloidal Substance



Humusis a so part of the soil's colloidal system, and it rel eases val uable plant nutrients as it
decomposes. Like clay, these microscopic particles carry negative charges to which cations
are attracted. Humus has various chemical groups that can undergo loss of hydrogen at high

soil pH to generate exchange sites for cation exchange. For this reason, the negative charge of
colloidal humus particles can devel op in several ways. One is from the migration of hydrogen
ions (H™) away from carboxyl groups that consist of carbon (C), oxygen (O), and hydroxyl (OH
©). They exist along the sides of the humus colloids (Fig. 5.13). The abundance of hydrogen
ionsinsoilswithalow pH restricts the migration of H™ from the surface of humus colloids and
reduces their CEC. For this reason humus has a pH-dependent charge rather than a permanent
charge.
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Figure 5.13 Devel opment of a negative charge on a humus colloid particle.

The CEC of humus (~300 cmol /kg) is at least twice or more times as high as that of silicate

clays, so its value to the soil for crop production is enormous. Further, organic matter additions
to sandy Coastal Plain soils whose clay fraction is dominated by kaolinite or hydrous oxides
can greatly increase the CEC of these soils. This higher CEC may have an impact on how soil-
test results for K, Mg, Ca, and other cations are interpreted. For instance, many state soil
testing programs recogni ze thi s effect by separati ng state soils into groups for interpretati on
based on their CEC.

Anion Exchange

Up to this point, only those colloids that have a net negative charge have been discussed. The
negative charge is the dominant condition. However, the word net in net negative charge
implies that positively charged sites may also be present, though inlesser numbers, and thisis
indeed the case. In fact, certain acid tropical soils contain colloids with a net positive charge,
and these coll oids attract and exchange sol uble anions just as negatively charged colloids
attract and exchange sol uble cations. Thus, these soils exhibit anion exchange capacity (AEC)



instead of CEC. Soluble anions such as nitrate (NO5®), chloride (CI€), and sulfate (SO,°) are
held and exchanged on the positively charged surfaces, whereas the cations are repelled and
remain in sol ution. Phosphate (H,PO,°) is also attracted to these surfaces but is held much

more tightly on surfaces of iron-, aluminum-, and cal cium-bearing minerals by a specific
adsorption mechani sm that operates in either positively or negatively charged soils.

Surface charge becomes more positive (or |ess negative) as the soil acidity increases. Soils
that show positive surface charges, therefore, are characteristically acid, and their colloid
component is highin kaolinite, iron and aluminum oxides, and hydroxides but low in humus
and expanding-layer silicate (smectite) clay.

In general, weathering removes the 2:1 clays and leaves 1.1 clays, such as kaolinite aswell as
iron and al uminum oxides. Under these conditions, the very acidic soils can devel op positive
charges. They are usually undesirable for crop production, not so much because of their
charge, but because they often contai n enough active al uminum and/or manganese to be toxic to
plants. Many of these soils also have a very high capacity for fixing applied phosphorusina
formthat is relatively unavailable to plants. Soils high in humus and smectite clay never go
positive, but some tropical soilslow inthese components can be positive at pH 6 and bel ow.

The usual problems with aluminum and manganese toxicity and phosphorus fixation in these
soils make them generally undesirable. Also, these soils are so highly weathered that very few
nutrients are rel eased by further weathering. The AEC of most agricultural soilsis small
compared to their CEC. Therefore, anions such as NO5®, SO,€, and CI€ are repelled by the net
negative charge on soil colloids and they remain mobile in the soil solution. They are

suscepti bl e to | eaching.

Soil Reaction (pH)

Soil reaction refers to the concentration of hydrogenions (H*) and hydroxyl ions (OHE) inthe
soil solution, which are expressed in moles per liter. ThetermpH is a measure of the
concentration and activity of hydrogenions (H") inasystem. It is defined as the negative log of
the hydrogen ion concentration, or | log ([H*]) =log 1/H*. The more H* thereiis, the lower the
pH and the greater the acidity. A pH 7.0 = elog 0.0000001 = log 1/10%7, pH 8.0 = elog
0.00000001 = log 1/10%8, The pH scale is the logarithm to the base 10 of the reciprocal of the
hydrogen ion concentration. Thus, a unit decreasein pH resultsina 10-fold increasein
hydrogen ions, and a comparabl e decrease in hydroxyl ions. Thus, apH of 6.0 is 10 times as
acidicasapH of 7.0 and 100 times as acidic as a pH of 8.0 (see Fig. 5.14).



Figure 5.14 Hydrogen ion concentration is expressed as pH.

Soil acidity can beinthe soil solution (active acidity) and it can also be associated with the
solid phases (reserve acidity) of the soil (ironand aluminumoxides, CEC, etc.). Reserve
acidity is the main source of active acidity. Active acidity determines whether soil pH needs to
be raised while reserve acidity determines how much lime must be applied to raise it. Soils
with high clay and/or organic matter contents generally require more lime for asimilar pH
change as they tend to have higher reserve acidity than sandy soils with low organic matter.

The pH scal e extends from 1 to 14, with pH 7 being precisely neutral. This means that at pH 7,
the concentration of hydrogen and hydroxyl ionsis equal. As hydrogenionsincreasein
concentration and hydroxyl ions decrease, the pH drops below 7 and vice versa. The pH
ranges that might be encountered under natural soil conditions are illustrated in Figure 5.15.
Soils are considered acidic below apH of 5 and very acidic below a pH of 4. Conversely,
soils are considered alkaline above a pH of 7.5 and very alkaline above apH of 8. Itisrare to
find soils close to either of the extreme ends of the pH scal e unless they have been

contami nated by human activity.
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Figure 5.15 Soil reactionis usually less than two pH units on either side of neutral.

Soil pH isanimportant chemical property that is most i ndicative of the general chemical status
of asoil. For this reason, soil pH is the most commonly measured soil chemical property by
farmers and urban homeowners alike. Its measurement can help in determination of: the amount
of lime or sulfur to add to the soil, which fertilizers to use (some fertilizers will acidify the
soil and others may raise the pH), and whether a particular pesticide can be tank-mixed with a
particular fertilizer.

As discussed in Chapter 8, the use of manure and ammonium based nitrogen fertilizers, such as



anhydrous ammonia, ammonium sulfate and urea, will gradually lower the soil pH. For this
reason, it is useful to compare current soil test pH val ues to previous values to determine if
thereisatrend of soil pH change. Regular (every 2 3 years) monitoring of pH valuesinafield
can help one consider if actionis needed to remedi ate the pH.

In the laboratory, soil pH values are typically measured by mixing 10 g of air-dry soil with 20
ml of double-distilled water or 20 ml of 0.01 M CaCl, sol ution, and measuring the pH using an

appropriate el ectrode connected to a pH meter. Soil pH measurement is aregular part of most,
if not all soil test protocols.

The growth of cropsis influenced by soil pH. Most field crops such as corn, small grains,
cotton, and pasture grasses will grow satisfactorily over arelatively wide pH rangd from5.5
to 8.3 but the preferred range for best productionis frompH 6.5 to 7.8. At this pH range,
most plant nutrients are optimally available to plants. Furthermore, this range of pH is
generally very compatibl e to plant root growth. Cranberries and blueberries, however, grow
best inacid soilswith pH 4.0 5.0, while alfalfa and sweet clover require a pH of 6.5 or above
for best growth.

Plants are usually not directly affected by soils that range in pH below 5.0 or above 9.0;
however, the indirect effect may be drastic. It is somewhat like having a fever that does not
harm the body unless it goes to an extreme, but it certainly indicates that there is some sort of
aninfectionthat is at | east temporarily harmful. Such soils are likely to produce poor crops for
one or more of several possible reasons such as:

1. A lack of one or more plant nutrients.

2. Presence of plant nutrients in forms unavailable to plants. Low pH reduces the
availability of phosphorus, cal cium, magnesium, and Mo. High pH reduces the avail ability
phosphorus and most micronutrients (Fe, Cu, Mn, Zn).

3. Diminished activity of beneficial soil microbes. For instance, the optimum soil pH for
nitrification (the biological transformation of ammonium (NH,") to nitrate (NO5®) is 6.6
8.0, and is markedly reduced at pH below 6.0. Rhizobia, the bacteriaresponsible for
nitrogen (N) fixation inlegumes, do not nodulate and fix N effectively under pH values less
than 5.5. Since soil pH influences the activity of pathogenic microbes as well, farmers can
adjust soil pH to manage some plant diseases. In general, the most abundant and diverse
popul ations of soil organisms are found in near-neutral pH.

4. Abundance of ions toxic to plants. Low pH greatly increases the solubility of Al, Mn,
Zn, and Fe, which are toxic to plants in excess. A high concentration of soluble Al also
affects plant growth negatively through inhibition of Ca uptake and precipitation of P. In
very acidic soils, the high concentration of H* ions causes irreversible damage to the
uptake mechanisms of plant roots. Molybdenumis available at high pH and can be toxic to
plants.

An unfavorable soil reaction can be remediated (see Chapter 9). The pH of alkaline soils can
be lowered by adding elemental sulfur or sulfur-contai ning materials to alkaline soils. Acidic



soils may be neutralized over time with the application of liming material's such as agricultural
lime (CaCO,) or dolomitic limestone (CaMg(COs3),) among others.

When lime is applied to the soil, it dissolves to form carbonic acid and cal cium hydroxide.
Since carbonic acid is weak/unstabl e, it dissociates to carbon dioxide gas and water. The
remai ning cal cium hydroxide dissociates into cal cium and hydroxide ions. The calciumions
replace two hydrogen ions on the exchange sites, while the hydroxide ion reacts with the
displaced hydrogen ions to formwater, thereby resulting in anincrease in soil pH.

The amount of lime required to adjust the pH of a soil to adesired value is termed -Hme
requirement.ll This amount i s dependent upon the buffering capacity of the soil and how much
the pH needs to be adjusted. The higher the amount of clay and organic metter, the higher the
buffering capacity and more lime needed.

Remediation of soil pH has several benefits including prevention of the toxic effects of
aluminum and micronutrients, provision of nutrients such as Ca and Mg, increased availability
of essential nutrients, improvement in soil conditions for microbes, and improved soil
structure.

Base Saturation

Base saturation refers to the percentage of base-formingions (Ca?*, Mg?t, K*, Nat) that
occupy the colloidal surfaces, or the CEC. Most cations in the soil are associated with the
cation exchange complex of colloidal clay and humus discussed earlier. Under acidic
conditions, comparatively few basic ions (cal cium, magnesium, potassium) are present on the
colloidal system, but there are many hydrogenions. Aluminumions on the colloidal system
also give an acid reaction. For instance, in highly weathered soils of the Southeastern USA and
the tropics, high rainfall in these areas | eaches monoval ent and dival ent cations, leaving an
abundance of Al3* ions on the soil colloid. Thisresultsinlow base saturation. In contrast,
moderatel y weathered soil s that formed from basi ¢ igneous rocks, such as the basalts, have
relatively high base saturation.

In alaboratory, when the naturally occurring cations in a soil sample are replaced with another
kind, the original cations can be collected and identified. The amount of basic exchangeable
cations found may then be compared to the total amount of exchangeabl e cations. Thisisthe
means for cal cul ating the percent base saturation. For example, on the colloidal clay particlein
Figure 5.16 there are 25 cations, 15 of which are basic. Therefore, the percent base saturation
is (15/25) ©100 = 60%. A high percentage base saturation is usually desirable for crops.



Figure 5.16 A colloidal clay particle has exchangeabl e cations around it. Each* (acid) or |=
(base) represents billions of ions.

Keep in mind that numbers given here and in Figure 5.16 are for illustration only. The actual
numbers are beyond comprehensi on. One mol e of charge corresponds to Avogadro's number
(6.02 010%) so, for example, 1 cmol /kg of H* would be 1/100 of Avogadro's number (6.02 O

10%Y). Figure 5.17 gives a comparison of this quarntity to a spoonful of soil.

Figure 5.17 A spoonful of soil weighing 10 g (dry) contains about 1.2 quintillion (1.2 102
exchange sites to which plant nutrients (Ca, K, etc.) can be held available for plant roots.

Buffering Capacity

In chemistry, buffering refers to a resi stance to change in pH; consequently, a soil that iswell
buffered is one whose pH is not easily atered significantly. The cation exchange capacity of
soils gives themmost of their buffering capacity, as the vast mgjority of the basic and acidic
ions are held to the surface of the clay and humus coll oids are exchangeable. Thus, when basic
ions are dissolved in the sol ution of a colloid-rich soil, there is very little increase in pH
because hydrogen ions are rel eased fromthe colloidal surfaces to neutralize the base that was
added, that i s the hydrogen and hydroxide ions react to formwater (H* + OH® € H,O). Well-

buffered soils need more lime to raise their pH than those that | ack an abundance of colloids.
The situation is anal ogous to the strength of anarmyf it is not so much related to the number of
troopsit has onthe front line as it isto the forces it holds in reserve.

Reasons for Basic or Acidic Soil

Native soil pH isinfluenced by soil minerals and amount of precipitation. Inarid and semiarid
regions of the world, most soils are basic (alkaline) or nearly neutral for two reasons. The
ions derived from weathering of minerals are predominantly base-formingions, and thereis
not enough preci pitati on to |each them from the soil.

In humid regions of the world, leaching by preci pitati on causes the bases to be transl ocated
deeper into the soil, and ultimately they return to the sea (Fig. 5.18). The effect of this process



over the long span of geologic time is evident in deposits of |imestone and other basic

sedi mentary rocks laid down on the sea bottom. The limestone deposits, which may be several
hundred feet thick, have resulted from the concentration of cal cium and magnesi um carbonates
by living organisms or by chemical precipitation in ancient seas. Other basic ions have been
concentrated as salt beds when seas dried up. In many places, basic sedimentary deposits are
covered with thick sandstone formati ons that may be somewhat acid or neutral in reaction.
Other natural processes that contribute to soil acidification include the release of H' ions by
plant roots, nitrogen fixation, and acid rainfall.

Figure 5.18 Leaching of the soil ultimately returns bases to the sea.

Although soil acidificationis anatural process, some agricultural practices promote the
acidification of soils. These practices include harvesting of crops, which removes cations such
as Ca and Mg, the addition of manures, composts, and other organic residues, which release
hydrogen ions during mineralization, and the generation of acid (H*) fromthe nitrification of
urea and ammoni um-based fertilizers. A simplified equation showing how the conversion of
ammonium to nitrate (nitrification) increases soil acidity is shown here:

INH? + 40, = 2NO; + 4H* + H,0 + Energy

Agricultural practices, such astillage, also enhance soil acidification because they accel erate
mineralization of organic matter as well as leaching. These effects, however, are not serious if
steps are taken to counteract them by the addition of lime.

Soil Aggregation

The colloidal system of the soil not only is the center of chemical reactions but also has much
to do with the physical structure of the soil. Most of the common soil cations (particularly Ca?*



and Mg?") attracted to colloids cause themto cluster into what is called a floccul ated
condition. The opposite of flocculation is dispersion, which means that the soil particles do not
tend to cluster together when wet. Sodiumions (Na* disperse soil very effectively and cause
the soil to flow together so that it becomes al most i mpermeabl e to water (Fig. 5.19). The
reason is that the adsorbed Na* migrates far enough away fromthe colloids to leave the
negative charges of the colloids unsaturated. Like charges repel, so the negative (e) particles
disperse. The soil loses stability as aresult. Entrance of sodium-rich water into earthen dams
may cause themto fail.

Figure 5.19 Soil iswell aggregated by action of colloids richin calciumions (left). Soil runs
together in a dense mass by action of colloids contai ning abundant sodium ions (right).

The dispersed soil condition caused by sodiumis very adverse to crop production. It is most
commonly associ ated with slight depressions in otherwise level grasslands of semiarid regions
aswell aswith cropland irrigated with water high in sodium. Sodium also brings about a
strong alkali condition that can dissolve humus, producing a dark crust on the soil surface when
the water evaporates. Farmers call these —black alkali spotsll and they are rel atively
unproductive (Fig. 5.20).

" * Naturally sodium-affected . ....- Naturally productive

black alkali soil with calcium-enriched
columnar hardpan mellow soil

Figure 5.20 Corn growthis poorer on sodiuntrich soil than on calciumrich soil.



Chapter 6
Soil Water

Many ancient civilizations | eft evidence that it was well understood how vital water was to the
survival of their cultures. Nomadic tribes followed the seasonal rainfall patterns that affected
the growth of forages for their grazing animals and of edible plants for their own consumgption.
Some of the earliest public works projects invol ved drainage and irrigation of lands to
enhance crop production. The eventual collapse of some of these ancient civilizations has been
attributed to poor management of water resources. Human reliance on a sufficient and timely
supply of water for food and fiber productionis no less critical today.

Water stored inthe soil does several things. First, itis essential to plant growth. Nutrients
move within the soil solution and are absorbed (taken up) fromit by plants through the roots
(see Chapter 8). Second, it is essential to the microorganisms that live inthe soil and
decompose organic matter and recycle plant nutrients (see Chapter 4). Third, it isimportant in
the weathering process and soil formation by accel erating the breakdown of rocks and
minerals to form soil and rel ease plant nutrients (see Chapter 2). Fourth, water also plays a
role in moderation of soil temperatures (Chapter 7). Fifth, water serves as an active factor in
soil formation by transl ocating fine particles downward and dissolved substances both
downward and upward.

Water in the soil influences the timing of many farming operations, such aswhento till, whento
plant, and when and how to apply herbicides and/or fertilizers. Soil water influences the
choice of crops to be grown. In areas where rainfall and soil water are sufficient, corn may be
grown. Inareas with less rainfall and/or more evaporation, thereis less soil water available,
and a cereal crop or grain sorghum (milo) is more likely to be selected by farmers. To
effectively manage available water resources, it isimportant to understand the processes of
water movement in soils and uptake by plarnts.

Hydrologic Cycle

Hydrology is the study of the movement of water on the earth. The hydrologic cycle (Fig. 6.1)
Is used to summarize all the processes invol ving water in the environment. When the
hydrologic cycleis considered onaglobal scale, itis common to begin with evaporation of
water from the oceans. Evaporation also occurs from the land, and a small amount of water
vapor comes directly fromsnow and ice in alpine and Polar Regions through sublimation
(transformation of ice directly to water vapor). Water vapor in the atmosphere forms clouds
and the water falls to earth in precipitation (rain, snow, sleet, and hail). Precipitation that fall s
on the ocean can be evaporated again. Snow that falls in polar or mountai nous regions may be
stored for decades or centuries before it melts.



Water
vapor

Groundwater
recharge

Evapotranspiration

Groundwater
flow

Figure 6.1 The hydrologic cycle describes the flow of water in the environment.

Some of the precipitation that falls on land is i ntercepted by vegetati on and evaporates back to
the atmosphere but most of it reaches the soil surface.

Preci pitation that reaches the soil can either enter the soil or run off the land to a surface water
body (stream, marsh, or lake). Surface water eventual ly evaporates, seeps farther into the
earth, or flows back to the oceans, where it can evaporate and start the cycle again. Water that
enters the soil is of most importance to plant growth. This water can evaporate from the soil
surface, be absorbed by plant roots to be utilized by the plant or transpired (evaporate from
leaves), or pass through and out of the root zone to become part of the groundwater.

The global hydrologic cycle is very complex and involves processes that occur on large scales
(precipitation) and over long periods of time (melting of glaciers). Nonethel ess, parts of the
hydrol ogic cycle have strong implications for food and fiber production. For instance, in
several areas of the world, water from melting snow and ice is captured inreservoirs and used
to irrigate crops sometimes hundreds of miles (kilometers) away.

Soil Water Budget

Although soil water is just one component of the hydrologic cycle, it represents the crucial
reservoir of water for the growth of most plants. An easy way to monitor water in soilsisto



consider the soil's water budget. Just as a person may have afinancial budget with inputs
(income, investments, etc.) and outputs (food, clothing, shelter, etc.), the soil has awater
budget. In agricultural settings there are two inputs: preci pitation and irrigation. Water from
preci pitation and/or irrigation can either move into the soil (infiltration), or it can run across
the soil surface to a stream, marsh, or lake (runoff).

What happens to water after it enters the soil ? It can be stored in the root zone for future use by
plants or move through the soil and out of the root zone (percolation) and eventually to
groundwater. It may al so evaporate, either directly fromthe soil or from plant |eaves
(transpiration) after being absorbed by roots. Thus, the soil's stored water is the difference
between the sum of all inputs and the sumof all outputs. The water budget has two inputs
(precipitation and irrigation) and three outputs (runoff, evaporation, and percolation) (Fig.
6.2).
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Figure 6.2 Water that enters the soil may percolate or evaporate or it may be transpired or
stored.

The water budget can be put in equation form:

S=(P+NH—-(R+E+D)

where Sis the amount of stored water, P is precipitation, | isirrigation, Ris runoff, Eis
evaporation and transpiration, and D is percolation. Each termin the water budget equation
would have linear units of measurement such as inches (millimeters). Typically, water budget
anal yses are compl eted for months or years so managers can anal yze trends in each term and
consider options to optimize water use.

The amount of water that ends up in each termis partly determined by climate and partly by
properties of the soil and the requirements of the plants growing inthe soil. Of course, humans
al so have the opportunity to manage the movement of water by choosing which cropsto plart,
when and how much to irrigate, types of tillage and residue management practices to follow, or
to provide drainage of excess water.

Infiltration and Runoff
Precipitation or irrigation that reaches the soil surface is partitioned between infiltration and



runoff. The rate of infiltration varies with the texture and physical condition (structure and
porosity) at the soil surface. Sandy soil, because of its relatively large pore size, has a higher
infiltration rate than clay soil withits smaller pore size (Fig. 6.3). If the physical condition of
the sail is poor, the infiltration rate is reduced. A sandy soil may have an infiltration rate
greater than 1in. (2.5 cm) per h, whereas some clayey soils require more than 12 hfor 1 in.
(2.5 cm) of water to infiltrate.

}infiltration { 0GR
°f .

+Percolation <

Figure 6.3 Soils with large pore spaces, such as sandy soils and well-granul ated types, usually
have highinfiltration and percol ation rates, whereas those that have small pore spaces or are
in poor physical condition have low infiltration and percolation rates. Runoff occurs if the rate
of rainfall exceeds the water infiltration rate.

Figure 6.4 gives an indication of the rates of runoff and infiltration for a hypothetical rai nstorm.
The rate of infiltration needs to be known when designing a drainage or irrigation system. One
way to estimate infiltration would be to observe how long it takes before water starts to run off
(if it ever does) during arainstorm. If the rate of water infiltration into soil is less than the rate
at whichrainfalls, water accumul ates on the soil surface. If enough water accumul ates to fil |
the small depressions at the soil surface, runoff begins. If the amount of rainfall and the
duration of the storm are known, then the infiltration rate can be estimated.
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Figure 6.4 Runoff and infiltration for a1.5-in. (38-mm) rainfall in 1 h. Theinfiltration rate
decreases as the soil wets until runoff begins after 10 min. Late in the storm, the runoff and
infiltration rates are steady. Runoff would have begun later and been less if the soil had a
higher infiltration rate,

As runoff water flows downslope across the land surface, it gathers momentum and picks up
soil particles, whichresultsin soil erosion. Itis generally desirable to hold as much of the rain
as possible where it falls to provide water for crops and to protect the soil from erosion. On
some soils in humid regions, however, it is necessary to encourage runoff through a surface
drai nage system that prevents the soil from becoming waterlogged. It isimpossible to avoid al
erosion, but it isimportant for it to be minimized. Soil erosion will be discussed further in

Chapter 10.

A farmer caninfluence the infiltration rate of a soil by keeping a protective vegetative cover on
the surface and by maintaining good soil structure, both of which help conserve water and soil.
By keeping the soil in good physical condition, the topsoil becomes full of —erumbs,|l which
are stable, spongy aggregates. With this condition of the soil, water moves easily into and
through the soil. Such aggregates form when adeguate organic matter is present and excessive
tillage is avoided. The farmer who depl etes the soil of organic matter by removing crops
without returning plant residues or manure is likely to decrease the infiltration rate. When
raindrops strike exposed soil, especially without the spongy aggregates, the soil is beatento a
paste and a seal forms on the surface. The soil surface then tends to shed water like a roof.

When a seal ed-off surface becomes dry, it forms a brittle crust that can inhibit emergence of
seedlings. Seedlings such as those of beans and potatoes are strong enough to break through,
lifting pieces of the crust like so many trapdoors opened from below. But seedlings of small-
seed crops such as oats and even the larger seedlings such as corn may perish without ever



emerging (Fig. 6.5). Sometimes farmers have to break this crust with light tillage after planting
the crop, but this may be only partially successful.

Soil crust after a rainstorm

Figure 6.5 If a plant seedling is not strong enough to lift the soil crust, it dies.

Evaporation

Evaporation is the transformation of water from liquid to vapor regulated by solar energy,
wind movement, and humidity. Soil water can evaporate directly fromthe soil or it can be
absorbed by roots and evaporate from stomates on the |eaves of plants. The process of
evaporation from stomates is called transpiration. Evaporation from soil and transpiration by
plants may be combined and called evapotranspiration (Fig. 6.6).
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Figure 6.6 Soil water returns to the atmosphere by evaporation from the soil surface and by
transpiration from plant |eaves.

In many temperate and drier regions, at least half the water lost fromfarmiand is by
evaporation. Therefore, farming practices are often designed to reduce this | oss and conserve



moi sture. One effective practice isto | eave the plant residue from the previous crop on the soil
surface. These crop residues reduce evaporation by shading the soil and blocking water vapor
movement.

Insmall plots of high-value crops, mul ches are often used to hold the soil water for plants and
thus reduce evaporation (Fig. 6.7). Many kinds of mulches have been used: straw, corncobs,
gravel, and plastic. All can be quite effective. The selection of one type of mulch over another
depends on the specific use and availability of the material. Organic material s such as straw
are preferabl e in situations where the mul ch can be incorporated into the soil after each crop.
Sand and gravel have the advantage of allowing a higher percentage of small rains to infiltrate
into the soil rather than bei ng absorbed by the mulch. This can be an advantage around fruit
trees and ornamental plantings.

Figure 6.7 A mulch hel ps prevent evaporation of water from the soil.

The use of black plastic as amulchis popular in vegetable producti on because it effectively
control s both weeds and evaporation. A variationinthis practice isto form plastic or tar paper
into a shallow cone around the base of atree or shrub and cover it with afew inches of gravel.
This allows rainwater to enter the soil near the trunk and | eaves no place for weeds or grass to
grow in hard-to-mow places (Fig. 6.8).
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Figure 6.8 Black plastic or tar paper controls weeds and evaporation.



Farmersindry areas where wheat is aleading crop utilize the principle of mulching by leaving
much of the plant residue on the soil surface whentilling after harvest. Creating a dust mulch
by frequent tillage of fallow land is now often discouraged because it has been found that little
water is conserved by this practice and that soil may be | eft susceptible to severe wind
erosion.

Percolation

In 1856, an engineer named Henry Darcy was the first to describe how water moves through a
saturated soil (all poresfilled with water). He devel oped his theory by observing the flow
through a sand filter used to purify water inthe French city of Dijon, famous for the production
of mustard.

The force of gravity causes water to move downward through the soil, particularly in larger
pores. Gravitational water percolates until it is adsorbed by drier soil below or it reaches the
water table. The water table is the level in porous subsurface materials below which al
pores are filled with water. This may be within the surface soil, in buried sediments, or inthe
deep bedrock. Groundwater is the water below the water table. The amount of water that
percol ates through the root zone to groundwater is referred to as groundwater recharge. The
water table surface has a slight slope (much less undul ating compared to land slopes) allowing
the water to flow laterally below ground. Porous soil or rock layers that are saturated can be
important sources of well water. Such layers are called aquifers.

As water moves downward through the soil to reach the water table and the ground water, it
may encounter a soil layer that restricts downward movement causing water to build up and
forma perched water table. If the perched water table is within the root zone, plant roots
growing inthis zone may be deprived of oxygen, thus i mpacting plant growth.

Inaflat area, water flow inauniformsoil will be primarily downward. On steep slopes or
when there is a gentle slope with arestricting or more conductive layer inthe soil (like a layer
of clay or gravel), water movement may still be downward but some water may also move
downslope or laterally. Lateral water flow in mountainous areas may come to the surface again
as discharge fromflowing springs. In all cases, plant uptake draws water out of the soil,
altering water movement inthe soil near the roots.

Wetl ands, |akes, and streams in humid regions are often places where the water table comes to
the surface and groundwater discharge takes place. Wetlands in drier regions, however, are
often groundwater recharge areas, where surface runoff collects and infiltration occurs. Thus,
wetlands in these areas serve an important role in replenishing aquifers.

Soil Water Storage and Movement

Two forces impact soil water storage and movement. They are; (1) gravity and (2) attraction of
soil particles for water. When soil is saturated with moisture, gravity is the dominant forcein
moving water inlarge pores deeper into the soil. At the same time that gravity is pulling water
downward, the soil particles are attracting water inall directions by the forces of adhesion and



cohesion. Adhesion is the attraction of a surface for water (e.g., the surface of the soil
particle), and this force is quite strong. Cohesion is the attraction of one water molecul e for
another. The two forces combine so that water is held within small pores between soil
particles. Because one of the forces is the attraction a soil particle surface has for water, it
follows that a soil with very small particles and more surface area such as a clay attracts and
holds more water than a soil with large particles and |ess surface area such as sand.

When a soil dries, adhesive forces begin to dominate, and the water remaining infilmsis held
very close to the soil particles with greater force due to the surface attraction for water.
Consequently, water movement is very slow. Water movement in unsaturated soilsinvolves a
compl ex combi nation of gravity, relative amount of water, and adhesive/cohesive forces. It
was not until 1907 that an American, Edgar Buckingham, was able to accurately describe
water flow in unsaturated soils.

As aplant root absorbs water, it takes some from the film surrounding the adjacent soil
particle. Due to cohesion and adhesion, water moves from particles with thicker films to
particles with thinner films that are next to the roots. Thisis called capillary movement (Fig.
6.9). Capillary water may move to the roots fromany directiorf up, down, or laterally. An
Important fact is that water moves in the soil toward roots to provide plants with water. Some
essential nutrients can also move with the water. Capillary movement, however, is normally
very slow insoil, so plants must continually extend their roots into moist pores to absorb
water. The soil thus has a critical role inagriculture as it acts as a storehouse of water for
plants to use until the next rain or irrigation.

Plant

Thickest
water films

Figure 6.9 Water moves from soil particles with the thickest water films to soil with the
thinnest. As the plant root absorbs moisture, water tends to move toward it (capillary
movement). Plant roots also grow and extend into zones with more moisture.

Water Use by Plants

Water is essential to all forms of lif§  both plants and animals. Some plants have low water
requirements and are call ed xerophytes (xero means little or none and —phytesll from the word
phyto, which means plant). Some have high water requirements and are called hydrophytes
(hydro means water). Plants with moderate water needs are called mesophytes (meso means



I ntermedi ate).

P ants need water to form certain compounds. For example, six parts of water are required for
each simple sugar produced. The process of forming simple sugars, called photosynthesis,
involves the splitting of water (H,0) into hydrogen and oxygen. The hydrogen combines with
carbon dioxide (CO,) to form sugars, and the oxygen i s discharged into the atmosphere through
openings called stomates in the leaves of plants.

Much of the water stored inthe soil is used by a plant. The amount of water stored in the soil
and the amount availabl e to plants vary with the texture and structure of the soil. When soil
water content is near saturation and gravitational forces are dominant, most water inthe soil is
readily available to the plart.

The maxi mum amount of water inasoil held against the force of gravity is called the field
capacity. Aswater is used by plants or evaporates, the water film around soil particles
becomes thinner, is more tightly held by the particles, and is more difficult for the plant to
absorb. Eventually, the attraction between the soil and the water is greater than the plant's
ability to absorb it. This amount of water inasoil is called the wilting point because the plant
can no longer absorb enough water to maintai n transpi ration and sustain life (Fig. 6.10).

(A) (B) )

Figure 6.10 The water filmsin A are thickest and the soil is nearly saturated; at B it is about at
field capacity; and the thin films in C represent the wilting point.

Between these two points, the field capacity and the wilting point, water is available to the
plant (Fig. 6.11). The amount that is available varies with soil texture (and physical condition).
For example, a sandy soil (which has large particles and low surface area) may store about 1
in. of water per foot of soil depth (83 mmym) and most of the water would be available to
plants. A clay soil (which has small particles and high surface area) may hold 4 in. of water
per foot of soil depth (333 mnmym), but because of the strong attraction of clay particles for
water, only 1 in. of these 4 in. may be available for plant use. Soils with the greatest amount of
available water are usually those with aloamy texture and good structure.
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Figure 6.11 Soil water between field capacity and the wilting point is available to the plarnt.

Only avery small percentage of the water absorbed and utilized by a plant is for
photosynthesis. Water's principal functionis to transport nutrients and plant compounds in
sol ution, either upward from the plant roots to the upper leaves or downward into lower
leaves or the root system. Most of the water taken up by a plant eventually evaporates at the
stomates (Fig. 6.12). Water |ost from the plant due to evaporation from the stomatesis called
transpiration and, especially in hot weather, transpiration helps cool a plant. Less than 1% of
the water absorbed by a plant is used informing plant compounds; the rest is lost via
transpiration.
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Figure 6.12 Water moves into the roots and through the plant primarily by capillary action.

A plant's water use efficiency is determined by measuring the amount of water required to
produce a certain weight of dry plant tissue. It takes approximately 500 |b (225 kg) of water to
produce 1 Ib (0.45 kg) of wheat (foliage plus grain). Only 5 Ib (2.25 kg), or 1% of this amount
actual ly becomes part of the plant. Alfalfa uses more water, requiring about 850 Ib (385 kg) of
water per pound (0.45 kg) of dry matter; while grain sorghum, an efficient water user, may
require less than 300 Ib (135 kg) of water per pound (0.45 kg) of dry matter.

Drainage

It is a common occurrence in many regions of the world for the soil to contain too much water
during rainy seasons of the year or during winter when evaporationis low. If the sail is
waterlogged too | ong during the growing season, roots die fromlack of oxygen or from
accumul ation of toxic compounds. To rid the soil of excess water, drai nage systems have been
installed on millions of acres (hectares) of land. Drainage systems can invol ve subsurface or
surface practices or a combination of both. Remarkabl e increases in crop yields can occur
when naturally wet soils are drained.

Subsurface drainage is the practice of burying a network of perforated pipes horizontally in the
soil. The pipes intercept percolating water, or capture the water in a perched or true water
table. The water entering the pipes moves laterally to a surface outl et such as a drainage ditch.
Drain pipes or tiles were originally made of short sections of concrete or clay, but long |engths
of flexible plastic tubing are now more popular. The tubingisinstalled at a depth of 2 6 ft.
(0.6 1.8 m) and has a dlight downward gradient to the surface outl et. Subsurface drainage



functions only when the soil is saturated, so that water can flow fromthe large pores in the soil
into the gaps between sections of clay or concrete tile or through holes in the plastic tubing and
onalongthe tile or tubing to the outlet (Fig. 6.13).
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Water table being lowered to level
of the subsurface drainage network

Figure 6.13 The water table can be lowered to the level of the subsurface drainage network.

In some cases, avertical tubeisinstalled fromthe subsurface drain to the soil surface to allow
water ponded on the soil to enter the drai n without percol ating through the soil. These surface
inlets or intakes are commonly found in areas with small depressions that fill with water
during heavy rains or spring snowmelt.

Subsurface drainage can be installed in different patterns, depths, and spacing depending on
land slope and | ocation of the outlet (Fig. 6.14A] D). The randomdesign (Fig. 6.14A) is used
where there are isolated wet areas. Drain lines are run under each area with perhaps a surface
inletinthe larger depressions. Pattern (Fig. 6.14B) and herringbone (Fig. 6.14C) drainage
patterns invol ve uniform distances between multiple drain lines. The pattern used depends on
slope of the land and desired depth of unsaturated soil. Aninterceptor drain (Fig. 6.14D) is
used to intercept lateral flow down a slope that may be creating a wet spot.



(A) Random (B) Pattern

WW

Restricting layer

¥

(C) Herringbone (D) Interceptor
Figure 6.14 Different types of subsurface drai nage systens.

Surface drainage invol ves digging channel s in the soil and someti mes al so shaping the land
surface so water will run over the surface into the channels. Surface drainage is used on soils
that have layers with low permeability or invery flat areas like the Red River Valley of North
Dakota and Minnesota. In these areas, water either cannot move through the soil fast enough or
the slope of the land is nearly flat for subsurface drains to flow effectively. Combination
surface/subsurface drai nage systems invol ve subsurface drains using surface drai nage channels
for their outlets.

To have an outl et for subsurface drains, some natural stream channel s have been strai ghtened
and/or deepened (Fig. 6.15). This practiceis called channelization, and is often criticized for
impacting water quality and wildlife conservation. Draining wetlands that should be preserved
for wildlife habitat or for water quality protection is often undesirable. In these cases,
channelization is usually undesirable. However, on agricultural land that isin crops and
pasture, channel s can be beneficial to both agriculture and wildlife. When intermittent
waterways are deepened, a permanent stream may be formed. As aresult, fish thrive, and
birds, mammal's, and reptiles find an improved environment al ong the channel banks. Crops
also flourish, and they too provide food and shelter for wildlife.
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Figure 6.15 Channelization is needed to carry water from subsurface drains.

To hel p offset the | oss of wetlands due to farmland drainage and channelization, artificia
wetlands can be created. Shallow depressions are made in the soil inlow-lying areas and
wetland plant species are seeded or transplanted into the depression. Water from runoff or
subsurface drainsis directed into the wetland. The wetland may be designed to be flooded the
entire year or only after spring snowmelt and large rainstorms. These constructed wetlands; (1)
provide wildlife habitat, (2) may help reduce chemical and sediment transport to streams, and
(3) increase groundwater recharge.

Irrigation

Since ancient times, various civilizations have utilized water fromrivers and wellsto ensure
more reliable crop production. Today, about 17% of the World's cropland isirrigated. Because
yields onirrigated land are usually high, irrigated cropland accounts for a disproportionately
large part of crop production. In countries where rice is the staple diet, the people rely on
irrigated agriculture for most of their food. Many of these countries have a monsoon climate
where the annual rainfall is high but most rain falls during a few months and is followed by an
extended period of limited rainfall. Even in the temperate regions, timely rains can be quite
unpredi ctable from year to year so irrigation agriculture is common.

Different irrigation systems are used based on the crops being grown, the source and quality of
water, and the level of technology available. Flood irrigation involves flooding the entire field
with water from canals or pipes (see Fig. 6.16). Paddy rice production is an exampl e of flood
irrigation. A bermaround the field contai ns the water and someti mes the plants are grownin
rows on ridges with the water flowing between the rows. With sprinkler irrigation water is
sprayed onto the crop from nozzl es suspended above the canopy. Often the water sourceis a
well and electricity or anengine is needed to pump the water and/or move the sprinklers. Sub-
irrigation can be accomplished with small tubes buried in the soil through which water is
pumped. Water seeps into the soil through emitters spaced al ong the tubing. Another type of
sub-irrigation involves putting water back into subsurface drain tubes to re-wet soil inthe root



zone. Drip irrigation utilizes small tubes on the soil surface with drippers or micro-sprinklers
placed near the plants. Water is pumped through the tubes and the amount of water applied
depends on the length of time and the number and size of the drippers or micro-sprinklers. Drip
irrigation is most often used with high value crops and where there isavery limited
availability of water for irrigation (see Fig. 6.16).

© (D)

Figure 6.16 Examples of types of irrigation systems:. (A) surface or flood, (B) sprinkler, (C)
sub-irrigation, and (D) drip. Photos courtesy of USDA NRCS.

The first two conditions to consider for irrigation feasibility are a source of water and
adequate soil drainage. The quality of irrigation water isimportant because it may have long-
termimpacts on soil properties. The two common qualities of irrigation water that are of
concern are high total salt content and a high-concentration of sodium. In some cases, other
ions such as boron, lithium, and selenium may be present at toxic levels in the proposed water



source. Sometimes special water-utilization techniques can be empl oyed to enabl e the use of
water of marginal quality. In some instances, irrigation water may contain beneficial ions.
Nitrate nitrogen (NO5®) might be present inirrigation water at high concentrations, suchasin

the Platte River valley of Nebraska. In these instances, a credit should be given for the amount
of nitrogen applied during irrigation.

All irrigation water contains salt, and when irrigation water evaporates, the salts tend to
accumul ate and might negatively impact plant growth. Thisis when the internal drainage of the
soil becomes important. If salts accumulate, the only way to remove themis by applying more
water. When this water moves downward, the salts dissolve and move with the water. Thisis
called leaching. Water used for |eaching can be either fromrainfall or irrigation. The removal
of salt fromirrigated soil may create other problems. If internal drai nage of the soil is good,
salts can be |eached down through the root zone and either accumul ate there or continue to
move downward. If soil drainage is poor, salts can move off the soil surface as water moves
acrossit (asinrice production). In some soils with poor internal drai nage, subsurface drainage
systems may be installed. As water moves through the soil into the drai nage system, salts move
withit (such asinthe Imperial Valley of California). Regardless, the salt concentration in the
water increases as it moves across or through the soil. The water coming out may contain three
to four times the salt content compared to the water going into the field.

Discharging water with high salt content into the drai nage system of an area can create
problems for those downstream from the point of discharge. If salt concentrationistoo high, it
can be detrimental to human and livestock consumption or for reuse as irrigation water for
crop production.

If sodium concentrationis highintheirrigationwater, the soil will develop ahigh
exchangeable sodium level. Sodiumis attracted to alesser extent to colloidal surfacesthanis
Ca?*, but it takes only about 15% Na'* on the exchange complex to cause a dispersal of clay
particles. Soils with high exchangeabl e sodiumwill normally devel op surface crusts and soil
aggregates will disperse. These conditions decrease the rate at which water moves through the
soil, which interferes with drainage and salinity control. Scientists at the U.S. Salinity
Laboratory devel oped the sodium adsorption ratio (SAR) to characterize the sodium status of
irrigation water and soil solutions:

SAR = [Na*]/([Ca® + Mg?*]/2)"/?

where the concentrations of Na*, Ca?*, and Mg?* are expressed as moles of charge/L. SAR
values are not used alone but rather with other measures of salinity or sodicity. A SAR below
13 15 for asoil extract is generally considered acceptable.

About three-quarters of the irrigation water in the United States comes from surface waters
such as rivers and reservoirs where rainwater and/or snowmelt have been impounded. The
remaining quarter comes from underground aguifers. Some wells tap shallow aquifers that are
repleni shed by precipitation annual ly, such as in the Central Sands of Wisconsin, but others
—inell deep water that was trapped in aquifers thousands of years ago and is not being



repl enished to an appreciable degree. This situation, referred to as overdraft, is occurringin
parts of the High Plains of Texas, where the water table is dropping. This potential problem
exists where the Ogallala aquifer, which reaches from South Dakota to Texas, has been
supplying irrigation water since the 1930s. The solution for extending the life of the Ogallala
aquifer, while maintaining agricultural production, isimproved efficiency in the use of
irrigation water.

Water Conservation

The recognition of high-quality water as a val uabl e resource has led to extensive research on
improving irrigation efficiency. Flood irrigation has alower water use efficiency as significant
water can be | ost to evaporation, seepage below the root zone, and as tailwater (water that
flows out of the field). Sprinkler irrigation typically has a higher water use efficiency although
there can still be large evaporation losses. Sub-irrigation and drip irrigation are the most
efficient types of irrigation. With these systems the water is applied slowly where roots can
reachit so very little water is wasted. However, the cost of these systems is high and their
install ation and operation require greater management skill.

Other, general water-conserving techni ques now in common use include;

1. improved timing of water application based on measured soil moisture in the root zone
(often continuously monitored with sensors buried in the sail),

2. plastic lining of supply ditches,
3. selection of crops and varieties with higher water use efficiency,
4. optimized plant popul ation density, and
5. attention to plant nutrition and heal th mai ntenance.
To minimize water |0ss by evaporation, plant residues or mulch can be especially effective.



Chapter 7
Soil Temperature

All plants need sunlight to grow. Light from the sun supplies the energy needed for
photosynthesis and al so warms the soil and air inwhich crops grow. Soil temperature affects
almost every physical, chemical, and biological activity that occurs inthe soil. Management
decisions, such as when to plant, are often based on soil temperature. Knowledge of the flow
of energy inthe soil| plant atmosphere system hel ps to understand how plants respond to
climate conditions.

Importance of Soil Temperature

Plants

Soil temperature is a greater influencing factor in plant growth rates than above ground air
temperatures. Soil temperature i nfluences date of planting, time to germination, and number of
days for a crop to mature. Ideal soil temperatures for germination vary depending on the crop
and the seed characteristics. Most seeds (provided other conditions are ideal, such as adequate
soil moisture) require minimum soil temperatures of 40 60&- (4.5 15.5&C) to germinate. In
Some cases extreme soil temperature may restrict germination and plant growth and extremely
hi gh temperature can cause severe heat stress to young seedlings. Cooler soil temperatures may
diminish the ability of the roots to absorb water and nutrients. In normal situations, with
Increased temperatures, germination and growth of seedlings are enhanced, and root

devel opment is faster.

Optimum soil temperatures for plant growth are generally higher for plants that have evolved
in warm climates than those evolved in cooler climates. Crops like cotton grow well inwarm
soil conditions while potatoes, rye, and oats prefer cooler soil conditions. Similarly, different
trees have preferences for cooler or warmer soil conditions. Inforested areas of the
Midwestern United States, a dense oak hickory maple forest is found growing in the cooler
soils of the north-facing slope, while south-facing slopes (warmer soils) often have a sparse
stand of red cedar and burr oak with grass between the trees.

Microorganisms

Microorganisms are vital to the breakdown of plant and animal residues (organic matter) with
the resultant rel ease of essential plant nutri ents including nitrogen, phosphorus, and sulfur. Soil
temperature i nfluences the growth and activity of microorganisms inthe soil. Each organism
has an optimum temperature at which its metabolic activity is at its highest level (most rapid
breakdown of organic matter). Normal soil temperatures are generally cooler than the opti mum
for most organisms. As aresult any increases in temperature (approaching the optimum
temperature) could result inincreased microbial activity and faster release of plant nutrients.



While warmer soil temperatures can help the beneficial soil organisns, the same is true for the
soil organisms responsible for plant diseases. Microbes are al so responsible for breakdown of
many of the organic wastes and pesticides. Warmer temperatures could help the microbes
detoxify a soil faster. Extremes in soil temperature can have a slowing effect on microorganism
and plant growth. Extremely high temperatures can destroy pathogenic organisms and weed
seeds as is done i n composti ng operations.

Solubility of Minerals

Soil temperature has an influence on the dissol ving of minerals by water. Warmwater hastens
the dissol ution of mineral's, making nutrients from these mineral s avail able for plant use. High
soil temperature and adequate soil moisture mean, in Most cases, more nutrients in sol ution.
Soilsinclimates where rainfall is excessive and soil temperatures are high generally have low
nutrient | evel s because the nutrients from dissolved minerals may have leached out of the root
zone.

Soil Moisture

Soil temperature impacts the physical form of water inthe soil (ice, liquid, or vapor). The
behavior of liquid water is also affected by soil temperature. Temperature has an impact on the
density and viscosity of the water, both of which are important i n determining the rate of water
movement in soil. Warmer temperatures allow faster water movement in a soil.

Extreme soil temperatures could result in frozen water or excessive evaporation |osses. A soil
with a frozen layer of ice could impede downward movement of water, resulting in ponding of
water above the ice layer. Water from spring rains on frozen ground could result in flooding of
surrounding low lands due to decreased infiltration and increased surface runoff. Inthis
situation, the surface soil is likely to erode as well.

Water expands upon freezing. Soils containing a (significant) amount of fine particles that can
retain water will expand more than coarse textured soils. This expansion could result in
internal pressures causing the soil particles to move away fromthe ice lenses formed during
freezing of the soil water. In some areas where perennial crops are planted, pressure caused by
freezing could push or lift the plant out of the soil, a phenomenon called frost heave. Asa
result the plant is pushed upward while the roots remai n anchored, causing the roots to break
away fromthe plant, and if the action is severe enough could result in economic lossesto a
farmer. Similarly, frozen soil conditions can push rocks buried in the soil upward to the soil
surface.

Frozen water pockets can put uneven pressures on structures such as roads and shallow
foundations, causing the structure to shift/settle in an uneven manner. Thisis one of the reasons
footings that support foundations of buildings are placed at a depth below the frost zone in cold
climates. In the higher latitudes, soils may be frozen for longer periods of the year. Infar
northern regions, the subsoil is aways frozen. This condition, whichis called permafrost,
exists in much of northern Canada, Alaska, and Siberia. In recent years the permafrost has
shown rapid melting of the ice layer with serious implications to plants and potentially



increased decomposition rates of organic material.

Warmer soil conditions can promote evaporation. As the water vapor escapes the soil surface
(drier sail), the heat stored in the water is lost fromthe soil and therefore it has a cooling
effect on the soil. However, inputs of energy could quickly make up the energy lost via vapor
with anincrease in the temperature of the drier soil. Loss of water due to transpiration can also
have the same impact of drying the soil and heating the soil much faster.

Fires

Someti mes extremel y high soil temperatures are created by fires. The duration and intensity of
the fire will determine soil temperatures and the depth to which the extreme heat is conducted.
Extremely high temperature has the ability to burn the organic matter inthe soil, resultingin an
instant rel ease of plant nutrients. While nutrient rel ease may be a temporary benefit, the |oss of
organic matter and the destruction of microorganismin the soil may have long-term
consequences. High temperature from occasional burning can also result in destructi on of weed
seeds and pathogeni ¢ organisms. However, some seeds that have hard coatings only germinate
after being exposed to high temperatures. Sometimes soil temperatures are intentional ly rai sed
by the addition of certain chemicals that produce a heat-generating reactionin order to clean up
lands contami nated with organic pollutants. The high temperature may cause the organic

pol [ utant to vaporize.

Soil Formation/Classification

Temperature and water play animportant role as active soil-forming factors. Solubility of
mineral s, decomposition of organic matter, moisture conditions, and competitive nature of
dominant plants are related to soil temperature. The transl ocation of soluble materials and their
subsequent accumul ation in the profile leads to soil horizon differentiation. Soils on south-
facing slopes in the Northern Hemisphere will tend to be shallower and contain less organic
matter due to the more extreme (warmand dry) climate.

Mean annual soil temperature is generally used to group soils into various thermal regimes.
The thermal regimeis used for soil classification purposes. The thermal regime of a soil
characterizes the type of vegetation that can adapt to the temperature conditions. For example,
soils infon wetlands compared to dry lands and of north-facing slopes versus south-facing
slopes could have distinctly different thermal regimes, resulting in distinctly different
vegetation and soil properties.

Factors Affecting Energy Inputs

Inputs of energy have a warming effect on soils. The most significant source of thermal energy
gainisfromsolar radiation. The surface of the sun with a temperature of about 10,300&
(5,704@C) radiates energy to the earth. Incidental and sporadic inputs of energy may come from
fires, warmrains, warmair masses blowing across the land surface, condensati on of dew,
biological activity, and similar events.



Atmospheric Conditions

The amount of solar energy reaching the earth's surface will depend on the rel ative position on
earth, season of the year, atmospheric conditions, soil cover (vegetation, snow, or mulch), and
other aspects. As energy from the sun radiates toward the earth, it must pass through the earth's
atmosphere. On its journey through the atmosphere, solar radiation may not reach the earth's
surface because it may be intercepted, absorbed, or reflected by the clouds, various gases, or
parti cul ate matter in the atmosphere. Not all of the solar radiation from the sun that reaches the
top of the earth's atmosphere reaches the soil surface.

Land Cover

A portion of the solar energy that passes through the earth's atmosphere could be intercepted,
absorbed, or reflected by land cover such as vegetation, snow, or mulch. The portion of the
solar energy that filters through the land cover and makes it through to the soil surface
warms the soil. But only a small portion of the solar radiation actually reaches the land surface
and hel ps to warmthe soil.

The type and density of vegetative cover influences how much solar energy reaches the soil
surface. A thick crop/forest canopy/turfgrass or layer of snow/mulch shades the soil surface
fromincoming solar radiation and keeps the soil temperatures cool. Inthe spring, soilswith
|arge amounts of crop residue on the surface warm more slowly than bare soils. Bare soils
warm and cool faster than soils that are covered with vegetation or snow. Crop residues or
other types of mulch al so reduce evaporation. Thus, not only do residues shade the soil, but by
limiting evaporation, they al so keep the soil moist. A moist soil warms more slowly because it
takes more energy to warmwater as compared to air inthe soil pore spaces. These effects
should be considered when modifying management practi ces after the adoption of minimum
tillage practi ces.

Color of Surface Soil

Solar radiation that reaches the soil surfaceis either absorbed by the soil or reflected back to
the atmosphere depending on soil surface conditions. The term albedo is used to describe the
amount of incoming solar radiation that is reflected by a surface. Most soils reflect from 10 to
30% (albedo = 0.1] 0.3) of the incoming solar radiation that reaches the soil surface. A light-
colored surface will reflect much of this radiation (higher albedo), allowing lesser amounts of
energy to be absorbed by the soil. Therefore, dark-colored soil surfaces gainalot more energy
than light-col ored surfaces. The same soil will have a higher albedo whenitis dry than whenit
is wet. By comparison, most vegetati on reflects more solar radiation back to the atmosphere
than soils (albedo = 0.2 0.3).

Slope Aspect

When the sunis directly overhead, its rays strike the soil surface at right angles and more heat
is absorbed than when the sunis at alower angle. The sunis more nearly overhead in the



summer, resulting inahigh level of energy (heat) absorption. Inthe fall, winter, and spring
months, the sun appears lower inthe sky and its rays strike the soil surface at alower angle,
resulting inless heat absorption. These differences are actually due to the absol ute surface area
over which a given amount of solar radiationis distributed. Obviously, soils that slope toward
the sun can i ntercept more energy and thus be warmer than soils sloping away fromthe sun. A
soil sloping to the south (in the Northern Hemisphere) warms more rapidly in the spring than
one sloping to the north. Some specialty crops may be planted on the south side of an east west
row because of the exposure to more direct sunlight. The south side heats relatively rapidly,
which speeds germination of seeds by as muchas 3 5 days.

Incidental Sources of Energy

Heated air masses may be blown infrom one area to another. When the warmair massis
blowing over a cooler soil, there will be energy gains to the soil. Rain or irrigation water that
iswarmer than the soil can also warmthe soil. Biological activity inthe upper layers of the
soil adds small amounts of heat to the soil. Changes in temperature due to the incidental
sources are often not as significant compared to direct solar radiation or fire.

Energy Inputs and Temperature Change

The temperature increase following an input of energy is dependent on the net amount of energy
input, the heat capacity of the soil, the amount of heat transferred to the subsoil, and the amount
of heat | ost to the atmosphere. Energy inputs were discussed earlier inthis chapter.

Heat Capacity

Heat capacity is the amount of energy it takes to change the temperature of a material by 1®LC.
Thus, amaterial that has a high heat capacity exhibits a smaller change in temperature for the
same amount of energy input or energy | ost. Each component of the soil (air, water, solids)
reacts differently (resultant temperature change) to energy inputs. Among soil components,
water has a higher heat capacity than soil solids, and soil solids have a higher heat capacity
than sail air. It takes about 3,000 times more energy to warm an equal volume of water as
compared to air.

A soil when wet will have a much higher heat capacity than the same soil whendry. Thus, it
takes more energy to heat a wet soil than adry soil. Likewise, wet soils compared to dry soils
will show a slower decrease in temperature due to heat | oss going from summer to fall to
winter seasons. For this reason, wet soils are considered cold soils and they take longer to
warmin the spring than dry soils. Thus, planting seeds inawet soil must be delayed during the
spring until the soil warms. Germination is delayed in cold/wet soils as well.

Heat capacities of soils vary depending on the relative proportion of solids, water, and air

present. The air and water content of a soil are constantly changing, resulting in a dynamic heat
capacity of the soil. Since water has an overwhel ming effect on the heat capacity, evaporation,
transpiration, irrigation, precipitation events, and drai nage can bring about significant changes



in the heat capacity of a soil. Therefore, soil moisture is amajor factor in controlling the rate
of temperature change. With a constant change in the soil moisture content, it makes studying
the amount and rate of heat movement complex and difficult to predict.

The bulk density of a soil plays aminor role in altering the heat capacity of a soil. Compacted
soils (high density) will have fewer large pores than noncompacted soils (lower density). Dry
compacted soils will have a higher heat capacity than noncompacted soils (note: Fig. 7.1 isfor
soil thermal conductivity). However, for awet soil, density and porosity play a minor rolein
altering the heat capacity of the soil.

Wet, coarse-textured
-~ soils have high
Dry, fine-textured thermal conductivities.
soils have low
thermal

conductivities. . Water

Figure 7.1 The thermal conductivity of a soil depends onits porosity and wetness.

Heat Transfer in Soils

Thermal energy is transferred as aresult of a temperature difference within or between
objects. Heat always flows from a warm object to a cooler one. Only the soil surfaceis
subject to inputs of solar energy. Once the energy is absorbed by the soil at the surface, the
surface soil is attempting to reach equilibrium with the atmosphere above as well as the
subsoil below. As aresult, energy inthe formof heat is constantly moving at al timesin the
soil. Subsoil temperature changes are a function of heat transfer intwo directions: fromthe
surface soil to the subsoil, and from the subsoil to the atmosphere via the surface soil. Heat can
be transferred by radiation, conduction, or convection. All three types of heat transfer take
place inthe soil| plani atmosphere system.

Radiation

All objects around us radiate energy in the form of invisible el ectromagnetic waves (short,
intermediate, and long wave lengths). Solar radiation was discussed previously as the primary
source of energy input into the soil. The soil surface if warmer than the air above will radiate
energy to the air.

Conduction

Heat conduction occurs when energy is transferred from one mol ecul e to an adjacent, cool er
molecule. The ability of amaterial to conduct heat is called its thermal conductivity. Metals
such as copper and iron have high thermal conductivities whereas material s such as wood and
plastic have low thermal conductivities. The latter are called insulators. The thermal
conductivity of a soil depends on the proportion of the soil vol ume occupied by the solid,
liquid, and gaseous phases. While thermal conductance is a measure of the rate of energy



movement, the resultant change in temperature i s more a function of the heat capacity of the
soil.

Most soil minerals have athermal conductivity about 5 times greater than water, 10 times
greater than organic matter, and over 100 times greater than air. A solid rock is able to conduct
heat faster than a soil because it has neither air nor water withinit. Similarly, a compacted soil
or asoil withfew pores can conduct heat faster than a noncompacted soil because the
compacted soil has more contact between soil particles (Fig. 7.1). Whenasoil iswet, it hasa
much higher thermal conductivity thanwhenit is dry because the air inthe pore spacesis a
poor conductor of heat and thus acts as an insulator. For example, when comparing a wet soil
to adry soil, it takes alot more heat to rai se the temperature of water inawet soil, although a
wet soil is able to rapidly conduct heat.

Convection

Heat is transferred by convection when the movement of a heated fluid such as air or water is
involved. Furnaces that heat buildings by blowing warmair through a system of ducts are
someti mes call ed convection furnaces. Because heat always flows from warmer to cool er
objects, heat is transferred fromawarm soil to air moleculesinacool wind. Warmair is
lighter than cold air, and heat can also be transferred by convection whenwarmair rises. On
spring mornings, sunshine on adark, bare soil heats the soil surface and the air above it,
causing the warmair to rise into the atmosphere by convection (Fig. 7.2).
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Figure 7.2 Heat can be transferred fromwarm soil to cool air by forced or free convection.

Warm spring rains on cold soils could carry enough heat to i nstantly increase the temperature
of acold soil, but the newly gained soil water has a tendency to slow the increase of soil
temperature from future energy inputs. Summer rains can also cool awarmsoil. Aswater is
drained out of the shallower parts of the soil profile, the heat stored in the water moves with
the water to deeper parts of the subsoil. This kind of subsoil drainage where excess water from
the root zone is removed (lower heat capacity) helps the soil warm up faster with renewed

solar energy inputs.

Sensible and Latent Heat



Sensible heat is heat energy that is transported by a body that has a temperature higher thanits
surroundings via conducti on, convection, or both. Heat stored inthe soil may be transferred to
the air just above the soil surface and this heat |oss from the soil is considered sensible heat.
This situation is typically noti ced when going from summer into the fall season as well as after
SUNSet.

Latent heat describes the amount of energy inthe formof heat that is required for a material
to undergo a change of phase (al so known as —ehange of statell). In the soil, energy used to
change ice to water isthe latent heat of fusion, and the energy used to convert liquid water to
vapor is called the latent heat of vaporization (Fig. 7.3). The energy inthe formof heat is
utili zed when going fromsolid to liquid to gas, but heat is rel eased when going in the opposite
direction.
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Figure 7.3 The surface energy budget summarizes heat flow inthe soil| plant atmosphere
system. Incoming solar radiation evaporates water, warms the air, and warms the soil that
emits long-wave radiation.

Latent heat is simply a shift of energy from one phase of water to another. For example,
converting liquid water to vapor involves the transfer of energy fromthe liquid to vapor phase,



resulting in more stored energy in the vapor phase. The stored energy islost fromthe soil only
when the water vapor is physically removed fromthe soil by evaporation. The |osses of water
vapor (drier soil) resultsinaloss of energy, as aresult one would expect cooling of the soil.
Instead, adrier soil because of itslower heat capacity can rapidly increase in temperature with
any gainin solar radiation.

Condensation of water vapor in the form of dew on the soil surface will release energy stored
in the vapor back into the soil as the vapor converts to water. During cool nights, when the | eaf
surfaces have cool ed enough to have water vapor inthe air condense on leaf surfaces, the
condensed water rel eases heat to the plant's microenvironment. Prolonged presence of dew on
leaf surfaces causes plant pathogens to proliferate.

In temperate regions, the change of seasons fromfall to winter could result in freezing of the
soil moisture, the freezing process rel eases heat stored in the water. This heat is lost to the
atmosphere, resulting in further cooling of the soil. This concept is utilized by managers of
citrus orchards where they spray their trees with water before an antici pated freeze; the
subsequent rel ease of heat keeps the | eaves and fruit from freezing.

There is aninteraction between the | atent and sensible heat transfer. When a soil is moist, the
|atent heat domi nates energy transfer fromincoming solar radiation (keeping the air above the
soil cool). But when the soil dries, the amount of energy used as | atent heat decreases and more
energy is used to warmthe soil solids with aresultant increase in sensible heat, thereby
warming the air. If no rainfalls for along period, the crops growing on these dry soils may
suffer not only from a lack of moisture but al so from excessive heat due to increased sensible
heat. Understanding sensible heat flow is important because many crops have anair
temperature at which they grow best.

Soil Temperature Fluctuations

The temperature of a soil at agiventimeis afunction of the combined effect of thermal
properties of soils, atmospheric conditions, heat transfer, and net stored energy (gains and
losses). The dynamic nature of energy fluctuations are reflected in daily and seasonal
variations of soil temperature.

During the day due to incoming solar radiation, the surface soil warms and begins to cool off
as the sun sets. The temperature of the soil at the surface is generally dlightly warmer than the
air above it. At midsummer a soil without vegetative cover may exhibit temperature
fluctuations at the surface as much as 40& (22.2&C) inthe course of a day. As the energy must
be conducted to the subsoil, the fluctuation in daily temperature is progressively less in deeper
sections of the profile. For example, at a depth of 6 in. inthe same sail, the variationin
temperature in a day may be only 10& (5.6@C), and at a depth of 24 in. (60 cm) the change in
one day would be almost negligible (Fig. 7.4).
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Figure 7.4 Variations of surface and subsoil temperatures throughout the dayf warming during
the day, cooling at night.

Depthis also afactor inthe variation of soil temperature over ayear. On an annual basis, the
hi ghest temperatures in the upper 1 ft (30 cm) of soil are normally reached in late summer,
whereas the |owest temperatures come in late winter. At lower depthsof 2 4 ft (0.6 1.2 m),
high and low temperatures | ag behind the surface temperatures by 2 3 months.

Depth-rel ated soil temperatures can range widely during the year depending on which part of
the world they are located. Many soils in the temperate region show arange of as much as
60@&- (33.3@C). Inthe spring, more heat goes into the soil during the dayti me than goes out at

ni ghttime, and the soil slowly warms from day to day. Inthe fall, the opposite happens and less
heat is conducted into the soil as the days grow shorter and cool er whereas a greater
proportion of heat radiates to the atmosphere during the long nights.



Managing Soil Temperature

Since temperature has such a profound effect on the rate of biological processes in the upper
few inches of a soil, considerabl e effort has been put into devel oping ways to modify the
surface energy balance in horticultural and agricultural production. In managing soils for
temperature, attempts should be made to create nearly optimum conditions for enhancing plant
growth and productivity. Since energy is lost or gained at the soil surface, a mgjority of the
temperature control methods focus on modifying conditions at the soil surface in hopes of
restricting or enhancing movement of heat in the desired direction. Another way to manage soil
temperature i s through the alterati on of soil moisture conditions.

Surface Conditions

Tilling the soil and creating a rough surface is likely to lower the albedo and improve heat

gain, resulting inincreased daytime high temperatures. Because of increased macroporesin
freshly tilled soils, transmission of heat to the subsoil is slower, and as aresult |oose, tilled
soilswill lose much of the heat gai ned during the day to the atmosphere at night.

Mani pul ati on of the surface albedo has been used to increase and decrease soil temperature.
As discussed earlier, planting of vegetation has an ability to shade the soil with foliage
increasi ng the surface albedo and therefore providing a cooling effect on the surface soil. In
hot and arid regions, increasing the surface albedo by whitening the surface with awhite
powder can have a cooling effect on the soil. Conversely, in subarctic regions, soil
temperatures have been increased by blackening crop residue to lower the surface al bedo.
These types of practices are only temporary and rel atively expensive so they are only feasible
in extreme cases or with high-val ue crops.

Surface slope aspect can a so be modified ona small scale to increase soil temperature (Fig.
7.5). Thisis especially important at planting time at higher latitudes when cold, wet soils delay
emergence and early seedling growth. Tillage operations can be used to create a ridge and
furrow geometry in easf west rows. Soil inthe ridge will warmfaster because it dries more
quickly and it absorbs more sunlight on its south-facing slope (in the Northern Hemisphere).
Seeds planted into the ridge will germinate and grow faster than if they are planted inflat soil .
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Figure 7.5 Inthe Northern Hemisphere, solar radiation at midday produces the highest
temperature on dark soil, but soil temperature is also influenced by several other factors shown
here.

Mulches

Mulches applied to the soil surface with the intent of enhancing or restricting heat flow include
plastic or paper sheeting; organic by-products (crop residues, leaf litter, wood chips, etc.), and
gravel. All these mulches create a water and/or heat barrier at the soil surface. Porous mulches
like crop residues and wood chips reduce evaporation by providing a barrier to water vapor.
Mulches made of crop residue a so have a higher abedo than the underlying soil. Soils under a
porous mulch cover will be cooler and moister than bare soils during the growing season.
Organic mulches with large particles tend to have a large volume of air between the particles.
Sinceair isapoor conductor of heat, it serves as an insulator and keeps the heat from flowing
into or out of the soil.

Clear plastic film mulches not only reduce evaporation, but also increase soil temperature by
trapping long-wave radiation under the plastic and/or by decreasing the surface albedo. A dark
plastic mulch will absorb more heat from the sun. Plastic mulches are common in horticultural
applications where young plants require a warm, moist environment.

Soil Moisture Control

Water regulation may be the most significant temperature control method for soils. Presence of
excess water canresult inlower than optimum soil temperature. Excess water is commonin
low-lying areas or poorly drained soils. Since adrier soil will heat faster, attempts to avoid or
decrease excess water content of the soil could be hel pful in regulating soil temperature. To
control excess water inasoil, we can avoid the entry of excess water into the soil (surface
drainage) or remove the excess water that has already infiltrated into the soil profile by
draining it (subsurface drainage).



Surface drainage invol ves the modification of |and surface slopes so as to create a balance
between overland flow (excess water) and the amount of water infiltrating the soil surface.
Subsoil drainage requires the placement of drai nage tiles/perforated tubing in the subsoil or
ditches that will allow the excess water in the soil pores to freely flow into the tile/tubing or
ditch. The tubing or ditchis sloped so asto carry away the excess water into alarger receiving
body such as a stream. The ideal condition for soil warmingisto have enough water to
provide rapid heat movement to the subsoil, but not so much water asto slow theincreasein
soil temperature (due to the high heat capacity of water).

In nature, soil temperatures are influenced by the constantly changing meteorol ogi cal
conditions at the soil| atmosphere interface. External infl uences such as day or night, summer
or winter, cloudy or sunny days, rain events, warmor cold wave events are constantly affecting
the temperature of a soil. When factors such as geographi c | ocation, vegetative cover, and most
importantly soil moisture conditions are added, predicting soil temperature becomes even
more complicated and difficult.



Chapter 8
Soil Fertility and Plant Nutrition

Water, carbon dioxide, and certain chemical elements called plant nutrients are essential for
plant growth. Water is supplied by either rainfall or irrigation, carbon dioxide fromthe
atmosphere, and the essential plant nutrients from the soil, fertilizers, or other soil
amendments.

Soil Fertility

Soil fertility includes the ability of a soil to hold plant nutrients, the level of plant nutrients
present, and the availability of the nutrients for uptake by plants. A soil that has ahighlevel of
essential nutrients available for use by plantsis usually a productive soil if it also has
sufficient soil water and if the crops are well managed. Plant nutrients exist in the soil in
several different forms. They include the following:

Minerals. Examples include the feldspar group, whichis the most abundant group of
mineralsinthe rocks of the earth. Some are high in potassium and others in cal cium.
Nutrients are rel eased from the mineral s by weathering.

Cations or anions. These are plant nutrients that exist on the surface of clay or humus.
These surfaces are called the exchange complex and are positive or negative. They attract,
hold, and exchange the cations or anions (see Chapter 5).

Chemical compounds. There are many chemical compounds that formin the soil. An
exampl e would be the formati on of phosphorus compl exes on the surface of calcium
carbonate.

Soluble ions. Numerous ions exist in the soil solution. Plants absorb a large portion of
their essential nutrients fromthis source. This pool of nutrients is small, but can be readily
repl enished through cati on exchange reactions and other buffering mechani sns.

Organic matter. Plant residues and organic matter contain the el ements that plants require
for growth. As decomposition (mineralization) occurs, these nutrients are released and can
be used by plants.

The availability of nutrients to be absorbed by plants varies according to the forminwhich
they exist (see Table 8.1). As anillustration (Fig. 8.1), phosphorous is readily available to
plants as i norgani ¢ orthophosphate i ons (HPO42¢ and H,PO,2?). The bulk of the soil

phosphorous exists as |ow sol ubility organic and inorganic phosphorous compounds that are
not readily available for plant uptake. Nutrients in soil solution are quite readily available for
use by plants. Those on the exchange complex are generally avail able for absorption by plants
but not quite as readily avail able as those in the soil sol ution.




Table 8.1 Elements required for plant growth and principal formsinwhich they are taken up
by plants (Eash, Neal S., Cary J. Green, Aga Razvi, and William F. Bennett, eds. Soil Science
Smplified. 5thed. Ames, lowa: Wiley-Blackwell, 2008. Copyright © 2008, John Wiley &

Sons, Inc.)
Nutrient

Macronutrients

Carbon
Hydrogen
Oxygen
Nitrogen
Phosphorus
Potassium
Calcium
Magnesium
Sulfur
Micronutrients
Boron

Copper

Chlorine
Iron

Manganese
Molybdenum
Zinc

Co

Nickel

Cu

Cl
Fe

Mn
Mo

Zn
Cobalt
Ni

Form(s) absorbed

CO,

H,0O

H,0, O,

Ammonium (NH,"), nitrate (NO3®)
Orthophosphate ions (HPO,%), (H,PO,%)
Potassiumion (K¥)

Calciumion (Ca2*)

Magnesiumion (Mg?)

Hydrogen sulfate (HSO,?), sulfate (SO,%)

H3BO; (boric acid), H,BO5® HBO;%, BO;%, B,O,%?
Copper (cupric) ion (Cu?*), copper hydroxide ion
(Cu(OH)™)

Chlorideion (CI®)

Ferrous iron (Fe**), Fe(OH),*, Fe(OH)?*, ferric iron
(Fe*)

Manganese ion (Mn?)

Mo0Q,%¢, HM0O,°

Zincion (Zré*)

Cobalt ion (Co?")

Nickel ion (Ni%*)



Availability of

Name Chemical form Complexity phosphorus to plants

Hydroxyapatite Ca,o(PO,).(OH), Highly Very low
[=)}
% Dicalcium Ca,(HPO,) Moderate Moderate
£ phosphate
o
m v
= | | Monophosphate H,PO, Simple Readily

ion

Figure 8.1 Phosphorus exists originally as a complex mineral with very low solubility.
Weathering breaks it down into less complex forms, some of which can be used by plants.

Nutrients present as complex chemical compounds, or as precipitated salts as well asthosein
organic matter are normally only moderately available depending to a great extent on soil
water content, soil temperature, and soil pH. Those present as minerals are slowly available.
They are released only as the mineral breaks down during the process of weathering (see
Chapter 2 for details on weathering).

Most nutrients can be classified as readily available, moderately available, or slowly
available. It is desirable to have an adequate supply of nutrients in areadily available form.

Conditions Affecting Level and Availability of Plant
Nutrients

Certain soil characteristics influence the avail ability of nutrients. Oneis soil texture, the
relative amount of sand, silt, and clay. Because clay particles provide a part of the exchange
compl ex, the percentage of clay inthe soil influences the capability of a soil to hold nutrients.
The percentage of clay determines the size of the —Autrient warehouse.ll

The type of clay is also important. As explained in Chapter 5, three of the types of clay insoils
inthe United States are kaolinite, illite, and smectite (montmorillonite). Each type has a
different capacity to hold nutrients (cati on exchange capacity, CEC). In general, soilswitha
high CEC will be more fertil e because more nutrient cations can be held on the soil complex.

The CEC isrelatively low for kaolinite (3 15 cmol /kg), moderate for illite (10 40 cmol /kg),
and high for smectite (80 100 cmol /kg). It follows that a soil with 20% clay as smectite

would have a much greater capacity to hold nutrients than a soil with 20% clay as kaolinite.
The clay content and the type of clay are both important in soil fertility.

Soil texture can al so influence water retention and drai nage. Sandier soils tend to drain more
quickly and retain |ess water than do soils with higher clay contents. Sandy soils aso have
large pore spaces, allowing for more leaching of nutrients. The effects of soil water on nutrient
availability are discussed in the fol lowing.

Structure is defined as the arrangement of soil particles into aggregates. A good soil structure
Is essential for water and nutrient movement and retention, as well as root growth. Large
spaces between aggregates allow soil water (and the nutrients dissol ved therein) to flow more



freely, resulting inleaching losses. Small or no spaces between aggregates, especially due to
compaction, prevent water from moving through the soil profile, resulting in runoff.

Organic matter is another important soil characteristic that, if high enough in content, can
favorably impact the availability of nutrients. It has a threefold effect onfertility. First, the
fraction of organic matter that is humus (the colloidal fraction) issimilar to clay particlesin
that it has an exchange capacity ranging from 50 to 200 cmol /kg (depending on the pH of the

soil) and attracts and holds nutrients for plant uptake. Second, as organic matter decomposes
(mineralizes), the essential plant nutrients it contains are released and organic acids are
formed that increase the availability of most nutrients. Third, an adequate level of organic
matter inasoil is generally desirable not only from a plant nutrient standpoint but al so because
of its favorabl e effect on soil characteristics such as physical condition, water-holding
capacity, and infiltration rate as explained in Chapter 6.

Soil water content al so infl uences nutrient availability. Most nutrients utilized by plants are
absorbed fromthe soil solution. A higher level of soil water normally means a higher level of
most nutrients in solution, leading to improved nutrient uptake by diffusion and root

| nterception. Adequate moi sture al so increases the rate of organic matter decomposition (see
Chapter 5), whichreleases N, P, and S. Soluble and mobile nutrients such as N in the nitrate
formmay be lost in a process known as |eaching as water percol ates bel ow the root zone.
Poorly drained or very wet soils increase the solubility of minerals such asiron and
manganese. Furthermore, nitrate may be lost due to denitrification (see Chapter 4) inflooded
soils. Low moisture can result in reduced nutrient uptake due to formation of insoluble
compounds. Higher soil temperature usually |eads to greater availability of most plant
nutrients, as explained in Chapter 7.

Soil pH, whichis ameasure of the degree of soil acidity or alkalinity, also influences the
availability of nutrients through its effects on root growth and nutrient form (see Chapter 5).
Most nutrients are at their highest level of availability when the pH is dlightly acid to neutral
(pH 6.0 7.0). Acidic soils reduce root growth, whichis critical to Puptake. The pH isalso
important in N transformati ons, such as mineralization, nitrification, and N fixation, as the
bacteriainvolved are sensitive to pH. The different forms of N have different availabilities as
they have different |eaching capabilities. As a soil becomes more acid, certain nutrients
become less available; if a soil becomes alkaline, the availability of certain nutrients
decreases (see Fig. 8.2).
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Figure 8.2 The influence of soil pH on nutrient availability. The wider the bar, the greater the
availlability.

Nutrient Mobility in Soils

Nutrient mobility inthe soil affects the ease of its uptake by plants, and the likelihood of its

| eachi ng through the soil. Mobility of nutrients within the soil is influenced by soil physical
properties such as soil texture and structure, soil chemical properties such as CEC and AEC
and pH, aswell as soil conditions such as moisture. Cal cium, potassium, and magnesium are
positively charged ions (cations). Most soil colloids have a net negative charge (see Chapter
5). Since opposite charges attract, these cations are attracted and held onto the cati on exchange
sites and are rel eased only when excess cations are added to replace their place onthe
exchange sites. For this reason, these cations are considered |ess mobile and are slowly
available to plants. Their movement and enrichment in watersis rarely an environmental issue,
particularly where erosionis controlled.

Sulfur occurs as the anion sulfate form (SO,f), which does not bind to cation exchange sites
and is thus mobile in most soils. Nitrogen usually existsin the soil as ammonium (NH,*) and
nitrate (NO5®) forms, hence its mobility depends onthe formitisin. The NH,"-N can be held

on cation exchange sites and is therefore rel atively immobile, and is not susceptible to
leaching. On the contrary, the negatively charged NO5® ionis not held on the exchange sites,



hence it is very mobileinsoil water. In addition, nitrates are highly soluble in water and are
subject to losses to ground water by leaching, and to surface waters by runoff (see Chapter 4).

Phosphorus normally exists in soils with pH val ues between 5 and 7 as the ortho-phosphate ion
(H,PO,2, HPO,?®). Unlike the nitrate anion, the ortho-phosphate ion forms very tight bonds to
soil particles. As a consequence, phosphorus is typically immobilein soil, and it does not
readily leach out of the root zone. The potential for P-loss is mainly associated with erosion
and runoff. The lack of P mobility also reduces the availability of P-fertilizer to plants. Both
nitrates and phosphorus when transported to surface waters stimulate algal growth to the point
of crowding out other more desirabl e species through a process called eutrophication (see

Chapter 4).

For nutrients to be utilized by plants, they must move to the surface of the plant roots, where
absorption takes place. There are three processes by which nutrients move to the root surface.
These are root interception, mass flow, and diffusion.

Root interception: Root interception, also known as contact exchange, occurs when the root
comes into direct physical contact with nutrients associated with soil colloids asit grows
through the soil. Root interception generally increases as the surface area and mass of the root
increases, thereby enabling the plant to explore a greater volume of soil. Mycorrhizae al so
increase the surface area explored by roots thereby enhancing root i nterception. Root
interception is animportant mode of transport for cal cium and magnesium. However, since the
volume of soil occupied by rootsis usually less than 1%, root interceptionis a minor pathway
for nutrient transfer.

Mass flow: Mass flow occurs when dissolved nutrients in the soil solution are transported to
the surface of roots as plants take up water for transpiration. Mass flow decreases as soil

water content decreases. Nitrate, sulfate, cal cium, and magnesium are largely supplied by mass
flow.

Diffusion: Diffusionis the movement of nutrients to the root surface inresponse to a
concentration gradient. Continued uptake of a nutrients by plants causes its concentration in the
soil solution adjacent to the root surface to decrease. This creates a concentration gradi ent
fromthe bulk soil to the root surface that causes nutrients to move to the root surface, where
they can be taken up. Diffusionis largely responsible for supply of phosphorus and potassium.

Methods to Increase the Availability of Added Nutrients

There are a number of ways to increase the availability of nutrients. For example, potassium
fertilization prior to application of ammonium fertilizers can be used to reduce NH," fixation
insoilswith vermiculite and illite types of clay. Early season uptake of phosphate ions by crop
roots can be facilitated by placing phosphorus-containing fertilizer in or close to the seed-row
at planting. Inthis way, phosphate ions are taken up by the roots before they react with cations
dominating under acidic (e.qg., A" or Fe®") or alkaline (e.g., Ca2* or Mg?") soil conditions.
Under alkaline soil conditions, the phosphate fertilizer can be applied in bands with afertilizer



that generates ammonium (NH,") ions. This allows slight acidification of the soil adjacent to

the fertilizer band. Alternatively, compound nutrient fertilizer granules that contai n nitrogen
(N), phosphorus (P), and/or elemental sulfur can be applied to alkaline soils. Inthis case, the
soil adjacent to the granule will be acidified and P uptake will be enhanced. Addition of lime
to acidic soils can al so enhance availability of some nutrients.

In high pH soils, soil applied iron (Fe) fertilizers often do not successfully correct Fe
deficiencies. Thisis because the Fe3* ions from the Fe fertilizer react so fast with soil that the
nutrient is tied up and rendered unavailable to plants. In these soils, Fe enhanced can be
corrected through foliar application of soluble ironfertilizer compounds. By avoiding the soil
and applying the Fe directly to the |eaves, the small amount of Fe required by plantsis
successfully introduced into the crop.

Plant Nutrition

Essential Elements

At least 17 elements, called plant nutrients, are essential for plant growth (Table 8.1). Thefirst
group includes three element§  carbon, hydrogen, and oxygeri that are the basic building
blocks of all plant compounds. These three are needed in much larger quantities than all others
combined. The initial product of photosynthesisis the simple sugar CgH1,0Og. The carbon and
oxygen come from carbon dioxide, and the hydrogen comes from water. The oxygeninthe

water is given off by plants and goes back into the atmosphere. This process assures us of a
conti nui ng source of oxygen.

6C0O, + 6H,0 + sunlight = C.H,,0, + 60,
Curbom Wider Suga
dioxide

Oxygen

The second group of essential el ements, called macronutrients, consists of nitrogen,
phosphorus, potassium, sulfur, calcium, and magnesium. They are classified as macronutrients
because they are used inrelatively large quantities by plants.

Another group of eight elementsis called micronutrients because they are normally used in
smaller quantities. This group includes iron, zinc, manganese, copper, boron, molybdenum,
nickel, and chlorine.

Some scientists contend that some other el ements may al so be essential for plant growth.
Included inthis group are silicon and sodium. These two el ements plus vanadium, cobalt, and
iodine are often called beneficial elements because they can be used by plants as substitutes
for nutrients that are essertial.

Approximately 90% of the dry weight of a plant is made up of carbon, hydrogen, and oxygen;
the bal ance consists of the other essential elements. Most of this remainder consists of the
elements classified as macronutrients, whereas | ess than approxi matel y one-tenth of this 10%
isinthe micronutrient group. Severa elements not known to be essential may al so be included



