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C hapter 1: Introduction to Soil

Figure 1.1 R oadbanks can reveal the com plexity of the soil.

Figure 1.2 Earthen houses are com m on in W est A frica.

Figure 1.3 Living organism s sooner or later becom e a part of the soil once again.

Figure 1.4 A n acre is 208.7 ft on a side; a hectare is 328 ft on a side.

C hapter 2: Soil Form ation

Figure 2.1 The rock cycle show s how  heat and pressure, m elting and erosion cause
rocks to change in form  through geologic tim e.

Figure 2.2 Igneous rocks.

Figure 2.3 Sedim entary rocks.



Figure 2.4 Exposure to w eathering causes tiny cracks to develop in the surface of
rocks, w hich allow s for chem ical reactions w ith the penetrating solutions.

Figure 2.5 Soils are natural features of the landscape.

Figure 2.6 Parent m aterial in a topographic location is acted on over tim e by organism s
and clim ate.

Figure 2.7 Bedrock m ay be blanketed by sedim ent from  several sources.

Figure 2.8 Representative land form s.

Figure 2.9 G rass leaves are norm ally highest in bases, broad leaves of trees are
interm ediate, and conifer needles are the low est.

Figure 2.10 In a drainage catena, the soil reflects the effects of long-term  m oisture
conditions.

Figure 2.11 Land surfaces tend to becom e sm oother over tim e as hills are w orn dow n
and valleys are filled.

Figure 2.12 The profile on the left illustrates a soil from  a subhum id grassland; the one
on the right show s a soils from  a hum id hardw ood forest region.

Figure 2.13 B iotic cycling helps to concentrate nutrients near the soil surface.

Figure 2.14 A  trip through different clim atic vegetation regions of the United States
w ould reveal m any kinds of soil.

C hapter 3: Soil Physical Properties

Figure 3.1 The approxim ate proportions of various phases by volum e in a m oist surface
soil.

Figure 3.2 The sam e m ass of m ineral has m uch greater surface area w hen pulverized.

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

Figure 3.4 A textural triangle show s the lim its of sand, silt, and clay content of the
various texture classes.

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

Figure 3.6 Soil w ithout hum us becom es cloddy (left), w hereas hum us-rich soil is
granular (right).

Figure 3.7 W hen rocks w eather, they becom e loosened and less dense as soil is
form ed.

Figure 3.8 The zone of com paction has a higher bulk density and low er perm eability.

C hapter 4: Soil B iological Properties

Figure 4.1 A topographic sequence of soils in a hum id tem perate clim atic zone.



Figure 4.2 The surface soil contains m ineral particles and organic m atter.

Figure 4.3 H um us, show n as a dark layer, can be derived from  leaf litter on the forest
floor or from  roots in surface soil.

Figure 4.4 C arbon enters the biosphere through photosynthesis and is cycled back into
the atm osphere by decom posers and by burning.

Figure 4.5 The rhizosphere is the volum e of the soil, w ater, and air im m ediately around
the plant root.

Figure 4.6 M icroorganism s in the soil are instrum ental in decom posing plant m aterial,
resulting in the form ation of hum us.

Figure 4.7 The nitrogen cycle.

Figure 4.8 N odules on the roots of som e plants (legum es) contain bacteria that are
capable of taking nitrogen from  the air to the benefit of the plant.

Figure 4.9 N em atodes are usually m icroscopic. They can be destructive to crops.

Figure 4.10 Earthw orm s are essential for m ixing organic m aterial w ith m inerals in the
soil.

Figure 4.11 Springtails and m ites play an im portant role in the decom position of dead
leaves and stem s.

Figure 4.12 A nts are active in tunneling in the soil and enriching it w ith organic
m aterial.

Figure 4.13 In tropical regions, term ites build huge m ounds in w hich they concentrate
calcium  as w ell as organic m aterial in their nests.

Figure 4.14 The burrow ing activities of anim als contribute to the porosity and
enrichm ent of soils.
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Figure 5.1 C lay particles are extrem ely sm all and in som e types the layers tend to curl.

Figure 5.2 Ions in silicate clays form  a geom etric pattern such as in this kaolinite.

Figure 5.3 D evelopm ent of a negative charge on a silicate clay lattice.

Figure 5.4 Layer lattice crystals of m ontm orillonite clay have a high capacity to hold
plant nutrients, absorb w ater, and sw ell.

Figure 5.5 Layer lattice crystals of hydrous m ica clays have a low er capacity to hold
plant nutrients and to absorb w ater.

Figure 5.6 Layer lattice crystals of kaolinite clay have a very low  capacity to hold
plant nutrients and to absorb w ater.

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 w ith the opposite electron charge.

Figure 5.10 A  ―sw arm ‖ of positively charged ions around a negatively charged soil
particle resem bles bees around a hive.

Figure 5.11 A  calcium  ion (Ca2+) (left) m igrates in solution tow ard a negatively
charged soil particle to w hich tw o potassium  ions (K +) have been previously attracted.
The C a2+ ion (right) changes places w ith the tw o K + ions, w hich m ove on into the soil
solution. A n instance of cation exchange has occurred.

Figure 5.12 C ations m ove from  a m ineral, into solution, to the colloid surface, and on
into the rootlet by ion exchange.

Figure 5.13 D evelopm ent of a negative charge on a hum us colloid particle.

Figure 5.14 H ydrogen ion concentration is expressed as pH .

Figure 5.15 Soil reaction is usually less than tw o pH  units on either side of neutral.

Figure 5.16 A  colloidal clay particle has exchangeable cations around it. Each ‛ (acid)
or ╞ (base) represents billions of ions.

Figure 5.17 A  spoonful of soil w eighing 10 g (dry) contains about 1.2 quintillion (1.2 Õ
1021 exchange sites to w hich plant nutrients (C a, K , etc.) can be held available for plant
roots.

Figure 5.18 Leaching of the soil ultim ately returns bases to the sea.

Figure 5.19 Soil is w ell aggregated by action of colloids rich in calcium  ions (left).
Soil runs together in a dense m ass by action of colloids containing abundant sodium
ions (right).

Figure 5.20 C orn grow th is poorer on sodium -rich soil than on calcium -rich soil.

C hapter 6: Soil W ater

Figure 6.1 The hydrologic cycle describes the flow  of w ater in the environm ent.

Figure 6.2 W ater that enters the soil m ay percolate or evaporate or it m ay be transpired
or stored.

Figure 6.3 Soils w ith large pore spaces, such as sandy soils and w ell-granulated types,
usually have high infiltration and percolation rates, w hereas those that have sm all pore
spaces or are in poor physical condition have low  infiltration and percolation rates.
Runoff occurs if the rate of rainfall exceeds the w ater infiltration rate.

Figure 6.4 R unoff and infiltration for a 1.5-in. (38-m m ) rainfall in 1 h. The infiltration
rate decreases as the soil w ets until runoff begins after 10 m in. Late in the storm , the
runoff and infiltration rates are steady. Runoff w ould 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 w ater returns to the atm osphere by evaporation from  the soil surface
and by transpiration from  plant leaves.

Figure 6.7 A  m ulch helps prevent evaporation of w ater from  the soil.

Figure 6.8 B lack plastic or tar paper controls w eeds and evaporation.

Figure 6.9 W ater m oves from  soil particles w ith the thickest w ater film s to soil w ith the
thinnest. A s the plant root absorbs m oisture, w ater tends to m ove tow ard it (capillary
m ovem ent). Plant roots also grow  and extend into zones w ith m ore m oisture.

Figure 6.10 The w ater film s in A are thickest and the soil is nearly saturated; at B  it is
about at field capacity; and the thin film s in C  represent the w ilting point.

Figure 6.11 Soil w ater betw een field capacity and the w ilting point is available to the
plant.

Figure 6.12 W ater m oves into the roots and through the plant prim arily by capillary
action.

Figure 6.13 The w ater table can be low ered to the level of the subsurface drainage
netw ork.

Figure 6.14 D ifferent types of subsurface drainage system s.

Figure 6.15 Channelization is needed to carry w ater from  subsurface drains.

Figure 6.16 Exam ples of types of irrigation system s: (A ) surface or flood, (B)
sprinkler, (C ) sub-irrigation, and (D ) drip. Photos courtesy of U SD A N RC S.

C hapter 7: Soil Tem perature

Figure 7.1 The therm al conductivity of a soil depends on its porosity and w etness.

Figure 7.2 H eat can be transferred from  w arm  soil to cool air by forced or free
convection.

Figure 7.3 The surface energy budget sum m arizes heat flow  in the soil‌plant‌
atm osphere system . Incom ing solar radiation evaporates w ater, w arm s the air, and
w arm s the soil that em its long-w ave radiation.

Figure 7.4 Variations of surface and subsoil tem peratures throughout the day‍ w arm ing
during the day, cooling at night.

Figure 7.5 In the N orthern H em isphere, solar radiation at m idday produces the highest
tem perature on dark soil, but soil tem perature is also influenced by several other
factors show n here.

C hapter 8: Soil Fertility and Plant N utrition



Figure 8.1 Phosphorus exists originally as a com plex m ineral w ith very low  solubility.
W eathering breaks it dow n into less com plex form s, som e of w hich can be used by
plants.

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

Figure 8.3 Carbon and oxygen com e from  carbon dioxide in the air, hydrogen from
w ater in the soil, and other elem ents are absorbed by plants from  the soil.

Figure 8.4 The sulfur in fossil fuels such as coal is the source of sulfur dioxide (SO 2)
em ission into the atm osphere w hen it is burned.

Figure 8.5 Proper collection of soil sam ples is extrem ely im portant. Tests m ade on
carelessly taken sam ples can be m isleading and costly.

Figure 8.6 G rid sam pling is an alternative m ethod of sam pling w here soils are quite
variable.

Figure 8.7 Som e typical nutrient deficiency sym ptom s caused by lack of a specific
nutrient.

Figure 8.8 A com plete com m ercial fertilizer is reported in term s of varying percentages
of N , P2O 5, and K 2O .

Figure 8.9 N itrogen m ay be applied as anhydrous am m onia (N H 3) gas fed from  a
pressure tank through hollow  knives that cut into the soil.

Figure 8.10 M ost nitrogen fertilizers start w ith am m onia, w hich reacts w ith various
acids. They exist in gaseous, dry, or liquid form s.

Figure 8.11 Liquid fertilizer m ay be applied to the soil or, if sufficiently diluted, it can
be used as a foliar application.

Figure 8.12 R ock phosphates for m aking fertilizer are m ined from  open pits.

Figure 8.13 Potash, a potassium  com pound, is m ined from  deposits in the earth.

Figure 8.14 A nim al m anure im proves soil structure as w ell as supplying nutrients.

Figure 8.15 Lagoons provide storage and m aintain the nutrient value of m anure.

Figure 8.16 A  tractor-pow ered m obile tank and pum p unit for injecting liquefied
m anure into the soil.

Figure 8.17 C rops can be plow ed under as green m anure to provide organic m atter.

Figure 8.18 Fertilizer distribution using a) broadcast topdressed and b) broadcast
incorporated m ethods of placem ent.

Figure 8.19 Pop-up or direct seed contact m ethod of fertilizer placem ent.

Figure 8.20 B and fertilizer placem ent m ethod.



Chapter 9: Soil M anagem ent

Figure 9.1 G rasses are low  in nitrogen at m aturity and are m ore slow ly decom posed
than legum es, w hich contain m uch m ore nitrogen.

Figure 9.2 M inim um  tillage or no-till often m eans planting w hile residue from  the
previous crop is still in the field.

Figure 9.3 D isking incorporates crop residue to a shallow  depth, a m oldboard plow
covers the residue, and a chisel plow  goes deep but leaves 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. C hiseling or periodic deep plow ing can prevent this
effect.

Figure 9.5 Im plem ents used for farm ing.

Figure 9.6 A gricultural lim e is produced from  lim estone quarried from  bedrock.

Figure 9.7 M any hum id-region soils need regular applications of lim e to com bat
acidity.

Figure 9.8 A n illustration of how  profit from  fertilizer is m axim ized. In this
hypothetical exam ple, the m ost profitable rate of fertilization is 100 pounds per acre
(about 110 kg/ha). N ote that the m axim um  yield does not correspond to the m ost
efficient rate of application.

Figure 9.9 Saline soils (A ) usually have ―w hite caps‖ of salt in the tops of the beds.
G row th of crops norm ally is spotted. Sodic soils (B ) are usually dark colored (often
called ―black alkali‖) and are gum m y and slick w hen w et and cracked w ith a pow dery
surface w hen dry.

Figure 9.10 The generalized pH  m anagem ent considerations for soils of the U nited
States. Region A soils are generally above pH  7.0-soils m ay be saline or sodic. In
region B  the acid-base relationships are com m only favorable, and in region C the bases
have been leached so that lim e and fertilizer are needed in high am ounts.

Figure 9.11 For som e crops such as rice, the straw  rem aining after harvest is so thick
that burning m ay be the only practical w ay to m anage it.

Chapter 10: Soil C onservation and the Environm ent

Figure 10.1 Loose substratum  (A ) slow ly develops into soil if surface erosion takes
place at a slow  rate. W here soil is thin over bedrock (B), erosion of the surface leaves
a barren landscape.

Figure 10.2 A gricultural system s com m only accelerate erosion.

Figure 10.3 The im pact of raindrops contributes to erosion by breaking up soil
aggregates and splashing soil dow nslope.

Figure 10.4 G ully erosion can be spectacular.



Figure 10.5 R ill and sheet erosion can result in great soil loss.

Figure 10.6 Tw o safeguards against soil erosion are vegetative cover and w ell-
aggregated soil.

Figure 10.7 C ontouring is very helpful in controlling runoff.

Figure 10.8 A  grassed w aterw ay offers erosion protection.

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

Figure 10.10 Furrow  dikes trap m ost of the w ater that falls as rain or by sprinkler
irrigation so it can be used by the crop.

Figure 10.11 A gricultural terraces for rice production in the highlands of Vietnam .
These terraces are irrigated and have been productive for m ore than 1,000 years.

Figure 10.12 Parallel terraces m ay be drained by buried tiles.

Figure 10.13 A lthough less com m on than w ater erosion, w ind erosion can be
devastating.

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

Figure 10.15 A n unprotected soil surface (A ) invites erosion, but crop residue on the
surface (B ) gives protection from  w ind and w ater erosion.

Figure 10.16 Stubble-m ulching loosens the soil but leaves m ost of the plant residue on
the surface.

Figure 10.17 Shelterbelts and rough soil surfaces can reduce w ind erosion.

Figure 10.18 Erosion loss can be great from  cave-ins along riverbanks.

Figure 10.19 C attle paths accentuate ripples m ade by m ass w asting.

Figure 10.20 Erosion not only reduces the value of cropland but also causes serious
sedim entation problem s.

C hapter 12: Soil C lassification and Surveys

Figure 12.1 W orld soil m ap.

Figure 12.2 Entisols are w eakly developed.

Figure 12.3 Inceptisols are relatively im m ature.

Figure 12.4 A ridisols are very fragile.

Figure 12.5 G elisols have perm anently frozen subsoil.

Figure 12.6 M ost O xisols are in tropical regions.

Figure 12.7 A ndisols have m any layers of volcanic ash.

Figure 12.8 H istosols are accum ulations of organic m atter.



Figure 12.9 O ne author stands beside a subsidence post at B elle G lade, Florida.

Figure 12.10 Vertisols are rich in clay.

Figure 12.11 M ollisols are very productive.

Figure 12.12 A lfisols have a high base content.

Figure 12.13 U ltisols lack bases and quickly becom e im poverished under cultivation.

Figure 12.14 Spodosols are very acid.

Figure 12.15 A n illustration of a polypedon, pedon, and a soil profile.

Figure 12.16 O chric epipedon.

Figure 12.17 M ollic epipedon.

Figure 12.18 H istic epipedon on the O  horizon.

Figure 12.19 C am bic B  horizon.

Figure 12.20 A rgillic B  horizon.

Figure 12.21 Spodic B  horizon.

Figure 12.22 O xic B  horizon.

Figure 12.23 Petrocalcic B  horizon.

Figure 12.24 A  soil landscape can be broken into several com ponents.

Figure 12.25 Various soil bodies fit together to form  the landscape.

Figure 12.26 M apping unit sym bol.

Figure 12.27 A  soil m apper m akes auger holes to investigate the soil and records the
findings on an aerial photograph

Figure 12.28 A  detailed soil m ap of one section of land in R andall C ounty, Texas. It is
1 m ile (1.6 km ) on each side.

Figure 12.29 A  generalized m ap of R andall C ounty, Texas.

C hapter 13: Soil and Its U ses

Figure 13.1 Soil classification system s used by engineers (A A SH TO  and USC ) have
different ranges for particle size distributions than the U SD A  system .

Figure 13.2 U se of sand and gravel provides a stable base for a structure on potentially
unstable ground.

Figure 13.3 Various kinds of soil m aterials are used in construction of an earthw ork.

Figure 13.4 Tw o exam ples of earth sheltered installations.

Figure 13.5 C ross-section of a buried pipe and the effect of severe corrosion in a
w etland position.



Figure 13.6 R esidential w astew aters generated in rural hom es are recycled by soil
absorption of septic tank effluent.

Figure 13.7 Irrigation of farm land is being tried on a lim ited basis as a m eans of
disposal for w astew ater generated by som e sm all industries such as canneries.

Figure 13.8 C ross-section of a landfill cell w hen filled.

Figure 13.9 C ross-section of parts of tw o fields. To the left of the post, the soil is
undisturbed. To the right, the topsoil w as rem oved and saved, and then the desired
subsoil w as rem oved. The original topsoil w as replaced, thereby perm itting crop
production.
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Preface
Soil Science Sim plified, Sixth Edition explains soil science in an easily understandable
m anner. Students, professionals, and nonprofessionals alike w ill gain an accurate w orking
know ledge of the m any aspects of soil science and be able to apply the inform ation to their
endeavors. The book is a proven and successful textbook and w orks w ell as assigned reading
for university students in the natural sciences and earth sciences. A gricultural 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 tow ard agricultural production. Farm ing rem ains at the
forefront of food and fiber production and is, m ore than ever, concerned w ith soil and its
properties.

A nyone w ho w orks w ith soil can benefit from  an understanding of soil and its properties.
H orticulturists, foresters, landscape architects, and sim ilar professionals can benefit from  an
in-depth understanding of soils. H om e gardeners can likew ise benefit. Those w ho construct
houses and other structures need to understand that the soil's physical and chem ical properties
can im pact foundation problem s. Engineers need the sam e understanding of soil properties as
they build roads, bridges, dam s, levees, and sim ilar structures. Environm entalists and people
in related areas find a w orking know ledge of soils useful.

There are m any uses of soil-far m ore than for production agriculture. A nd everybody w ho
w orks w ith the land in any w ay needs to know  how  to take full advantage of the inform ation in
a soil survey report. The need for an understanding of soil is ever-present. If your profession
w ill involve the use of soil, read and understand the inform ation in this sixth edition of Soil
Science Sim plified. K eep a reference copy in a handy spot in your bookcase.

This sixth edition expands and updates several chapters. N ew  approaches to the content have
been incorporated to provide inform ation needed by those professionals listed previously. A
chapter on conservation agriculture (CA ) has been added that describes the evolution of
agricultural m anagem ent practices that support and strengthen both food production and
environm ental resources. The illustrations and photos dem onstrate the principles described in
the text and enhance com prehension.

D rs. Eash, Sauer, and O doi are experienced university professors of soil science w ho have
taught and conducted research in soils. Through experience in the field, classroom , and
laboratory, they have gained a basic, hands-on appreciation of the im portance of applied soil
science. This book represents their m any years of experience and the desire to provide a
w orking know ledge of soil and how  its properties influence decisions on the best use of soil,
w hether it is used as a m edium  for plant grow th, as a base for the foundation of buildings, or
for any other purpose.

This book has been used successfully as a resource in certification program s in the agricultural
industry such as the Certified Crop A dvisor program  sponsored by the A m erican Society of



A gronom y. W e once again use m any of the line illustrations by M ary C . B ratz that have
appeared in earlier editions of the book w hich continue to be useful in com m unicating essential
ideas and processes in soil science.



Chapter 1
Introduction to Soil
Soil is a natural resource on w hich people are dependent in m any w ays. Since the birth of the
soil conservation m ovem ent in the 1930s, there has been an increased interest in conserving the
soil. The environm ental aw areness and concerns that have occurred over the past several
decades have focused attention on the need to conserve soil as a fundam ental part of the
ecosystem . There is, how ever, little public understanding of the soil's com plexity.

Careful observers m ay see soil exposed in roadbanks or excavations, and it m ay be noticed
that the soil does not look the sam e in all locations (Fig. 1.1). Som etim es the differences are
apparent in the few  inches of surface soil that the farm ers plow , but greater variations can
usually be seen by looking at a cross section of the top 3 or 4 ft. (0.9 or 1.2 m ) of soil. The
quality and quantity of vegetative grow th depends on the properties of the soil layers.

Figure 1.1 Roadbanks can reveal the com plexity of the soil.

Roads and structures m ay fail if they are constructed on soils w ith undesirable characteristics.
Special care m ust be taken to overcom e soil lim itations for specific engineering uses.
Satisfactory disposal of hum an w aste and livestock m anure is becom ing an increasing concern,
particularly w here soils are used as a disposal site.

Poor yields of agricultural crops and poor grow th of trees m ay result from  a m ism atching of
crops and soils. This m ism atching m ay happen because the landow ner has not exam ined the
soil horizons or understood their lim itations. Soil scientists study the factors necessary for
proper soil m anagem ent and plant grow th.

W hat Is Soil?
The traditional m eaning of soil is that it is the natural m edium  for the grow th of land plants.
The Soil Science Society of A m erica has published tw o definitions. O ne is "The



unconsolidated m ineral or organic m aterial on the im m ediate surface of the earth that serves as
a natural m edium  for the grow th of land plants."

A  m ore inclusive definition by the Society is "The unconsolidated m ineral or organic m atter on
the surface of the earth that has been subjected to and show s the effects of genetic and
environm ental factors of: clim ate (including w ater and tem perature effects) and m acro- and
m icroorganism s, conditioned by relief, acting on parent m aterial over a period of tim e." The
effect of each of these genetic and environm ental factors w ill be discussed in Chapter 2 on soil
form ation.

Soil differs from  the m aterial from  w hich it is derived in m any physical, chem ical, biological,
and m orphological properties and characteristics. The differences in these properties and
characteristics w ill be discussed in subsequent chapters. Their effect on soil m anagem ent
decisions is im portant w hether the soil is to be used for crop production, in an urban setting, or
for roads, dam s, w aste disposal, and its m any other uses.

M ost soil consists of fragm ented and chem ically w eathered rock w hich includes sand, silt, and
clay separates, and it usually contains hum us, w hich is partially decom posed organic m atter.
Soil is very diverse over the face of the earth, and it varies considerably. If properties of a soil
are know n, the soil can be properly m anaged, and it w ill serve quite w ell for the purpose for
w hich it is used.

Nature and Uses of Soil
Soil is a m edium  in w hich plants are grow n for food and fiber. It is fortunate that over m ost of
the land area of the earth, soil covers bedrock to a considerable depth. If there w ere no soil,
the continents w ould be w astelands of barren rock. In soil, seeds germ inate and plants grow  as
they obtain w ater and nutrients from  the soil. C rops of the fields and forests produce food and
fiber.

Soil gives m echanical support for plant roots so that even tall trees stand for decades against
strong w inds. Soil also physically supports structures such as houses, buildings, sidew alks,
streets, and highw ays. Som etim es the properties of soils are undesirable and buildings and
pavem ent w ill crack due to the instability of the underlying soil. A bandoned roads m ay be
buried by soil carried upw ard by ants, earthw orm s, and other creatures.

In intertropical regions, m illions of people live com fortably in places built chiefly from  locally
excavated soil. Such earthen houses are com m on in W est A frica (Fig. 1.2). A com pound
earthen dw elling for an extended fam ily m ay be quite an im pressive structure. The adobe
houses of the southw estern U nited States and the pioneer sod houses of the prairies are other
exam ples of earthen houses. M odern earth-sheltered hom es are show n w ith pride by the
ow ners and builders. For m axim um  insulation, houses often feature an earthen em bankm ent
covering all but the side exposed to the sun.



Figure 1.2 Earthen houses are com m on in W est A frica.

Soil is involved in several processes in the hydrologic cycle. W ater in the form  of rain, dew ,
fog, irrigation, or snow m elt m ay m ove into the soil (infiltrate) or evaporate or run off of the
soil surface into the area drainage system  into lakes or stream s. The w ater that infiltrates into
the soil m ay evaporate or be utilized by plants. It m ay be used by the plants to form  com pounds
or it m ay be transpired from  the leaves back into the atm osphere. If there is m ore w ater than the
soil w ill hold, it m ay percolate dow nw ard to becom e part of the groundw ater reservoir and
eventually becom e part of stream s, rivers, and springs.

M any organic and inorganic pollutants in w astew ater are sorbed as they pass through the soil,
thereby partially cleansing the groundw ater. If potential pollutants that are very soluble are
added to the soil, they m ay be carried by the soil w ater into the groundw ater to our detrim ent.

Soil is an air-storage facility. Plant roots and billions of other organism s living in the soil need
oxygen. The pore system  in soil provides access to air, w hich m oves into and draw n out of the
soil by changes in barom etric pressure, by turbulent w ind, by the flushing action of rainw ater,
and by diffusion. Som e plants, such as rice, have the capacity to conduct oxygen into
w aterlogged soil. Soil air contains considerable am ounts of carbon dioxide.

Soil is even useful as a m ineral supplem ent for people. In som e im poverished A frican
countries, selected types of soil containing high calcium , for exam ple, have been used as a
special food supplem ent. Specifically, pregnant w om en and their babies have benefited from
the m other's ingestion of soil from  term ite m ounds that are enriched w ith calcium . B y using this
natural resource, these w om en m ay have adequate calcium  in their system s.

Soil accepts back that w hich cam e from  it. W hen plants die, it is not long before organism s that
cause them  to decom pose w ill be active and the plant w ill eventually becom e a part of the soil.
Even huge logs on the forest floor soon disappear (Fig. 1.3). A nim als that live in the w ild as
w ell as other form s of life also return to the soil w hen they die. Society produces vast am ounts
of w aste of every size, shape, and description, w hich is often buried in landfills w here it w ill
decom pose if it is organic.



Figure 1.3 Living organism s sooner or later becom e a part of the soil once again.

Soil is beautiful; it is an aesthetic resource. People m ay becom e fond of their native soil,
w hether it is black and brow n or red and yellow . There is a rainbow  of various hues of soil
under our feet.

C hanges in both soil and vegetation through the seasons are observed w ith great interest. Som e
soils form  w ide cracks in dry seasons and sw ell w hen the rains return. Frost action m ay create
little ice pillars that lift the surface of the ground in w inter. The sm ell of freshly tilled soil
seem s good to farm ers and gardeners as they plant their crops w ith high expectations for an
abundant harvest. Som e people love their native soil so m uch that even today they still perform
the ancient ritual of kneeling to kiss it w hen they return hom e.

How  Big Is an Acre? A Hectare?
Land m easurem ents in the United States are in the English system  w hile for m ost of the rest of
the w orld the m etric system  is used. The principal m easure of land in the English system  is the
acre w hile the hectare is used in the m etric system . O ne acre equals 0.4047 ha; hence, an acre
is only about 40%  the size of an hectare. A n acre has 43,560 sq ft, w hile a hectare contains
107,628 sq ft.

In the U nited States, soil am endm ents are usually applied in units of pounds (or tons) per acre.
In the rest of the w orld, applications are usually in m etric units of kilogram s (or m etric tons)
per hectare. Pounds per acre closely correspond to the m etric units of kilogram s per hectare.
Tons per acre closely correspond to m etric tons per hectare. Loss of soil by erosion is rated in
tons per acre.



Com paring a house lot size to an acre w ill give a perspective on the size of an acre. M ost
house lots w ill be approxim ately 10,000 sq ft in size (about one-fourth of an acre), w hereas an
acre has 43,560 sq ft. See Figure 1.4 for a perspective on these units of m easurem ents.

Figure 1.4 A n acre is 208.7 ft on a side; a hectare is 328 ft on a side.



Chapter 2
Soil Form ation
M any people throughout the w orld depend upon soil for their subsistence. Soil is a dynam ic
feature on the landscape and few  realize the im portance of the parent rock to soil fertility and
productivity. A lthough the parent rocks determ ine m any soil characteristics, soil is m uch m ore
than just w eathered rock.

Pedogenesis is the term  used to describe the form ation and developm ent of the soil profile.
The "pedon" is the three-dim ensional body of soil used as the soil base of reference and
"genesis" is often defined as "beginning." Through pedogenic processes the soil profile
develops from  the very thin‍ m aybe several inches thick w hich is com m on in young soils‍ to
soil that is greater than 80 in. (2 m ) thick, w hich is com m on in older soils.

To understand soil pedogenic processes, it is essential to consider how  rocks are form ed, how
that form ation influences their m ineralogy, and subsequent breakdow n into soil parent m aterial.
The m inerals in rocks strongly influence the com position of the soil derived from  them . The
other factors in nature that influence the specific properties of soil in a given location w ill also
be discussed in this chapter.

O ne of the basic rules of nature is that nothing rem ains the sam e over long periods of tim e.
A stronom ers tell us that even stars such as our sun have a finite lifespan. They coalesce from
cosm ic dust, form  into shining solar bodies, finally expend their energy, collapse, and return to
cosm ic dust. The secrets of these processes have only recently been revealed by the H ubble
telescope. O n earth, the alteration of rocks from  one form  to another is m uch m ore easily
understood because w e can study specim ens of rocks and relate them  to their position in the
earth's crust.

Rocks are m erely com binations of m inerals. M inerals have specific chem ical com positions
w hereas a rock refers to a m aterial w ithin a specified range of m ineralogical com position that
is of appreciable extent in the crust of the earth. Som e of the m ost com m on rocks are granite,
basalt, sandstone, and lim estone. Rounded pieces of rock‍ so com m on in glaciated regions‍
are boulders, stones, cobbles, and gravels in descending order of size.

The Rock Cycle
To understand the form ation of soil, consider first the rocks from  w hich the m ineral particles in
the soil w ere derived. A s the earth cooled, the m olten m agm a crystallized into igneous rocks.
A s long as there has been w ater on the earth, flow ing w ater has been eroding rocks and the fine
particles produced have becom e sedim ents, w hich m ay solidify into sedim entary rocks. Under
conditions of extrem e heat and pressure, both igneous and sedim entary rocks m ay be m odified
and at least partially recrystallized into m etam orphic rocks.



The shifting of continents causes landm asses to slide over and bury other landm asses to the
extent that the buried ones m ay becom e m olten again. W here this occurs there is evidence of
great tectonic activity in the form  of earthquakes, volcanoes, faults, and related phenom ena.
Therefore, over geologic tim e the rocks of the earth are cycled from  one form  to another (Fig.
2.1). R ocks are the evidence for these actions in the past, and the sam e processes continue
today.

Figure 2.1 The rock cycle show s how  heat and pressure, m elting and erosion cause rocks to
change in form  through geologic tim e.

Com position of the Earth's Crust
C hem ists recognize a few  over 100 elem ents that m ake up everything tangible on earth. O f
these, the eight listed in Table 2.1 are the m ost abundant elem ents in the earth's crust. The
others are no less im portant, but are present in m uch sm aller quantities.

Table 2.1 C om position of earth's surface crust

Elem ent Ion
O xygen O 2‌

Silicon Si4+

A lum inum A l3+

Iron Fe2+, Fe3+

Calcium Ca2+

M agnesium M g2+

Potassium K +
Sodium N a+



Silicate M inerals
If m olten m agm a from  w ithin the earth cools very rapidly, these elem ents solidify random ly
into a glass such as obsidian, a m aterial com m only used in jew elry. If the cooling is slow er, the
elem ents w ill assem ble them selves into crystalline silicate m inerals. The slow er the cooling
is, the larger the crystals.

Silicates are m inerals m ade up, in large m easure, of com bined silicon and oxygen. They are the
m ost com m on m inerals in rocks. W hen only silicon and oxygen ions are involved, they form  a
four-sided structure w ith oxygen ions at the points and a silicon ion in the center. It can be
com pared to a three-sided pyram id, w ith the base being the fourth side. This is called a
tetrahedron. If the O 2‌ on each corner is shared w ith another tetrahedron, a very strong
fram ew ork structure results. A  m ineral w ith this form  is quartz, and it is so resistant that it is
said to be nonw eatherable. H ence, the beaches along our oceans consist m ainly of sand.

O f the silicates, m ost are alum inosilicates; feldspars are the classic exam ple. Feldspars also
have a fram ew ork structure but from  one-fourth to one-half of the Si4+ w as replaced w ith A l3+
during the original crystallization of the feldspar. Since A l3+ has a low er positive charge than
Si4+, the unsatisfied negative bonds from  the O 2‌ are satisfied prim arily by K + and Ca2+ in the
crystal. Feldspars are quite stable but are less resistant to w eathering than is quartz. The
w eathering of feldspar accounts for m uch of the potassium  and calcium  found in the soil, the
oceans, and sedim entary rocks.

M icas are the other m ain group of alum inosilicates. The tetrahedra are form ed into layers that
can be lifted, one from  the other, like the pages of a book. W hen separated from  the rocks,
these sm all flat particles w ill glisten in the sun, especially if they settled out of flow ing w ater
and lay flat on the dried soil surface.

M ost of the very dark colored m inerals in rocks are ferrom agnesian silicates. Instead of the
fram ew ork silicate structure discussed above, these m inerals have single, paired, or chained
sets of tetrahedra that are bonded together by accessory ions, usually Fe2+ and M g2+, hence, the
term  ferrom agnesian. It is by w ay of the accessory ions that w eathering gains access to these
m inerals and the integrity of the m ineral structure is destroyed. Tw o com m on groups of these
dark m inerals are the am phiboles and pyroxenes.

Igneous R ocks
Igneous rocks (Fig. 2.2), including granites and their m etam orphic associates, m ake up the
bedrock foundation of the continents. The m inerals in them  are crystalline in form  and, if the
m agm a cooled slow ly far below  the surface of the earth, the crystals are com paratively large.
This is the case w ith granite. If the cooling of the m agm a took place m ore rapidly, the crystals
are sm all, such as in rhyolite. G ranite and rhyolite m ay be identical in m ineralogical
com position and are characterized by having abundant quartz due to the high silica content of
the m agm a. In a parallel m anner, m agm a low er in silica m ay solidify into very dark colored
gabbro or basalt, depending on the rate of cooling.



Figure 2.2 Igneous rocks.

C rystalline igneous rock lays just below  the unconsolidated surface m aterial on about one-
quarter of the earth's land area. Elsew here it is m ore deeply buried. It is quarried for building
stones and m onum ents. Pink and light-colored granite is popular. It outcrops dram atically in the
B lack H ills of South D akota at M ount R ushm ore, w here the heads of four U .S. presidents have
been carved. G abbro can be polished into a beautiful building stone and is som etim es called
black granite. A  w ell-know n exam ple of it is the Vietnam  M em orial in W ashington, D C.
B lackish and finely crystallized basalt is w ell know n because of extensive volcanic activity on
earth.

Sedim entary R ocks
Sedim entary rocks (Fig. 2.3) are the bedrock for about three-quarters of the land area of the
earth. These rocks w ere deposited as loose layers of sedim ent on the bottom s and edges of
ancient seas. Sand, prim arily quartz grains, w as deposited near the shores, gray siliceous m ud
farther out, and lim y, w hitish m ud from  fossil shells in the deep w ater. These layers gradually
hardened into rock to becom e sandstone, shale, and lim estone, respectively. A s the land w as
slow ly uplifted and the seas receded, sedim entary rock covered m ost of the continents.

Figure 2.3 Sedim entary rocks.



M etam orphic R ocks
Rocks can be altered by heat and pressure w ithin the earth. The m etam orphic rocks that result
m ay have been any of the igneous or sedim entary rocks. G ranite is com m only m etam orphosed
into gneiss, a beautifully banded rock w herein like m inerals becam e concentrated due to
sim ilar viscosity and density in the shifting m agm a. Sandstone is cem ented by silica from
solution to becom e quartzite, w hich is the m ost resistant rock that is w idespread on the earth.
Shale is converted into slate and lim estone into m arble by heat and pressure.

Processes of Rock W eathering
W hen living organism s such as plants die, they are rotted by saprophytic m icroorganism s. In a
sim ilar m anner, naturally occurring physical and chem ical forces cause rocks to be w eathered
into saprolite. C ollectively, saprolite is called the regolith of the earth, w hich is com posed of
the loose m ineral m aterials above solid bedrock. The effects of rock w eathering can be
observed by splitting a stone that has been exposed on or near the ground surface for a long
tim e (Fig. 2.4). D uring the w eathering process, the altered rock m aterial m ay accum ulate in
place over the solid rock or it m ay slide, be w ashed, or be blow n to other sites. Soil form ation
begins soon after loose rock m aterial is stabilized.

Figure 2.4 Exposure to w eathering causes tiny cracks to develop in the surface of rocks, w hich
allow s for chem ical reactions w ith the penetrating solutions.

B iological D ecom position of R ocks
If you have ever been on a hike into the m ountains and sit dow n on a rock to rest, if you look
closely at the rock you w ill quickly see that it is covered by sm all m acroscopic organism s
called lichens. Lichens are com posed of an alga and a fungus and are often one of the first
organism s to colonize exposed rocks.

Just three years after the island of K rakatoa w as largely blow n aw ay by a violent volcanic
eruption in 1883, scientists visited it and found that the surface of the fresh bedrock w as
already being invaded by cyanobacteria, one of the m ost self-supporting form s of life on earth.
It can both photosynthesize and fix nitrogen. G row ing along w ith the cyanobacteria w ere
nitrogen- and carbon-fixing bacteria as w ell as fungi and lichens. W eak acids produced by
these m icroorganism s w ere dissolving nutrients (phosphorus, calcium , etc.) from  the rocks and
building up a hum ic m at capable of supporting m osses and eventually higher plants. The w eak
acids include carbonic acid form ed by solution of carbon dioxide gas in w ater and lactic acid
produced by fungi, and the stronger acids (nitric and sulfuric) w ere form ed by bacteria. Certain



fungi and bacteria can release phosphorus from  m ineral particles. It is evident that
m icroorganism s are involved in rock w eathering from  the start.

Physical W eathering
Physical w eathering of rocks is their breakdow n into progressively sm aller pieces w ith no
change in m olecular arrangem ent w ithin the m inerals. A ny of the forces that transport solid
particles causes them  to w ear. Sand on a beach that is rolled by each incom ing w ave is a
fam iliar exam ple. Strong w inds pick up sand and blast it against objects that soon show  the
effects of abrasion. Tree roots penetrate cracks in rocks and as the roots grow  they cause the
cracks to expand and eventually break the rock. In tem perate regions, w ater enters cracks in
rocks, freezes, and can cause the surface of the rock to peel off like the rind of an orange,
w hich is called exfoliation. G laciers w ere the ultim ate in physical w eathering as they broke
loose m assive boulders and m oved them  great distances w ith a grinding action. H ills w ere
low ered, valleys w ere filled, and there w as a general leveling effect except at the glacier's
edge, w here sm all hills called term inal m oraines w ere created. N o m atter the extent of
physical w eathering, it does not directly cause significant release of ions from  the m inerals for
the benefit of plants.

C hem ical W eathering
Chem ical w eathering, as the term  im plies, results from  chem ical reactions that alter the
m olecular com position of m inerals. These chem ical forces react w ith the surface of m inerals.
If physical w eathering did not greatly increase surface area by breaking dow n rock into
sm aller pieces, chem ical w eathering w ould progress m uch m ore slow ly.

Hydrolysis

H ydrolysis is im portant in m ineral w eathering. It takes place w hen hydrogen ions (H +) in
w ater replace m etallic ions in m inerals. A ll w ater is slightly ionized, so hydrolysis is
pervasive. R ain absorbs carbon dioxide (CO 2) as it falls, resulting in a relatively w eak
carbonic acid (H 2CO 3), w hich greatly increases the reaction of hydrolysis. H ow ever, the
ancient statues from  the G reek and Rom an em pires did not show  m uch degradation until sm oke
from  m odern industry resulted in sulfuric acid and nitric acid in the precipitation. O ver
m illions of years, m ost of the acid in the soil resulted from  the respiration of C O 2 by living
organism s. Plant roots also release H + during nutrient uptake.

In one sim plified exam ple of hydrolysis, potassium  feldspar reacts w ith w ater to yield silicic
acid and potassium  hydroxide as show n in follow ing equation:

The silicic acid is the building block of clay. In the reaction, the prim ary m ineral is destroyed,
clay is form ed, and potassium  (K +) is released into the soil for use by plants. If precipitation is
sufficient to leach aw ay the base (K O H ), the land w ill becom e m ore acid and the sea w ill



becom e m ore basic.

O xidation
O xidation takes place w hen certain m ultivalent ions lose an electron (a negative charge) to
becom e m ore positive. A com m on elem ent in rocks capable of tw o valence states is iron. Just
as a w rench left in the rain w ill rust, so also iron-bearing m inerals in rocks becom e oxidized.
The equations for the reaction are

Hydration
By itself, oxidation w ould not be extrem ely disruptive to the m ineral, but, in nature, it is
follow ed by hydration:

In this reaction, n w ater m olecules attach them selves to an iron oxide m olecule. This results in
considerable expansion, w hich greatly disrupts the m ineral structure of the rocks and causes
them  to crum ble. For this reason, w hen digging in the subsoil in a hum id region it is com m on to
encounter stones that disintegrate if struck by a spade. M anganese is another elem ent in
m inerals that can exist in m ultivalent ionic states, but it is m uch less abundant than iron. Salt
m ay also hydrate w ith sim ilar results.

Reduction
R eduction, being the opposite of oxidation, reflects a gain of electrons in m ultivalent ions. It is
not disruptive to m ost bedrock, but it does have a m arked influence on soil w here oxygen has
been depleted by m icroorganism s in w et places. Under reducing conditions, iron and
m anganese m ay be dissolved and rem oved from  the system  or translocated to regions w ith free
oxygen. H ere they precipitate as nodules, concretions, or various types of layers and coatings.

Solution
W ater com es as close as anything to a universal solvent. H ow ever, it is only capable of
dissolving large quantities of soluble salts that w ere precipitated from  solution at som e earlier
tim e. The calcium  carbonate in lim estone cam e from  the shells of sea creatures. It is an
exam ple of a salt that is slow ly soluble in pure w ater, but w ater enriched by carbonic acid, due
to biological activity, reacts w ith lim estone. This dissolution is evidenced by m assive caves
w here the rock w as dissolved by biologically acidified w ater that seeped dow n from  the soil.

Factors of Soil Form ation
Soil scientists think of soils as natural bodies that have length, breadth, and depth. Each soil
body occupies a portion of the landscape. This m eans that soils are m ore than sim ply the



product of rock w eathering; they are com ponents of the landscape (Fig. 2.5), just as are rivers,
forests, m arshes, and prairies. Thousands of years have been required to m ake our present-day
soils. Five factors of soil form ation have been identified (Fig. 2.6). They are (1) parent
m aterial, (2) clim ate, (3) living organism s, (4) topography, and (5) tim e.

Figure 2.5 Soils are natural features of the landscape.

Figure 2.6 Parent m aterial in a topographic location is acted on over tim e by organism s and
clim ate.

Soil Parent M aterial
Parent m aterial of m ineral soils is the w eathered rock that w as slow ly broken up at a site or
w as transported there by natural agents. It can be grouped into (1) crystalline rocks, such as
granite and gneiss, (2) sedim entary rocks, such as sandstone and lim estone, and (3)
geologically recent deposits, such as alluvium  and glacial till.

Soils that have form ed from  granite contain a full range of particle sizes, from  gravel and sand
to the finest clay. Since quartz grains (som ew hat like bits of glass) in granite are very resistant
to w eathering, they becom e the gritty sand in the soil. The less-resistant m inerals in rock‍ such
as feldspar (a w ord m eaning field crystal) and dark m inerals rich in iron and m agnesium
(ferrom agnesian m inerals), including black m ica‍ are altered by w eathering into fine clay



particles.

B lack and dark gray crystalline rocks include gabbro (coarse grained) and basalt (fine
grained). Because these rocks contain no quartz, soils form ed 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  lim estone
consist largely of insoluble shaley m aterials that w ere included as gray m ud in the otherw ise
m ore w eatherable rock m ass. Therefore, soils from  lim estone com m only are clayey.

R ecent deposits are blankets of geologically young sedim ents that overlie the types of bedrock
just discussed. They include (1) eolian (w indblow n) sand, (2) loess, (3) volcanic ash, (4)
glacial drift, (5) alluvium , (6) and colluvium  (Fig. 2.7).

Figure 2.7 Bedrock m ay be blanketed by sedim ent from  several sources.

E olian sands are m ost com m on in arid and subhum id areas. M ost w ere initially deposited by
w ater w hen m assive expanses of sandstone w ere being eroded over a long period. W ind action
m ay shift these cover sands into dune form ations, w hich are then referred to as eolian deposits.
The Sand H ills of w estern N ebraska are a good exam ple of eolian deposits. W hen view ed
from  an 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 a w ind-transported deposit that m ainly consists of silt that w as derived from  the flood
plains of rivers that drained the m eltw ater from  glaciers. These silts have a rich supply of plant
nutrient-bearing m inerals, and their size is such that they hold a significant quantity of w ater for
crops. Extensive areas of fertile agricultural soils can be found in loess deposits in such places



as C hina, the M ississippi-M issouri Valley, and the D anube Valley in Europe.

Volcanic ash is w idespread in H aw aii, O regon, and W ashington in the United States and in
C entral A m erica, Japan, Indonesia, and m any other m ountainous areas. The m ineralogy of
volcanic ash is variable, but m ost of it develops into high-quality soil for crop production.

G lacial deposits, often w ith a covering of loess, are parent m aterials of soils in m uch of the
corn belt in N orth A m erica and the w heat belt of Eurasia. They w ere left by glaciers (and their
m eltw aters) that advanced and retreated repeatedly betw een 1 m illion and 10,000 years ago.
G laciers carried a lot of rock debris collected by a grinding action on the terrain over w hich
they passed and thus w ere m ade of "dirty" ice. A n unsorted m ixture (till) of stones, sand, silt,
and clay w as deposited in broad blankets and ridges called m oraines. G lacial till is som etim es
stony enough to inhibit cultivation, but its fresh supply of m inerals provides an abundance of
m any plant nutrients. Rapidly flow ing m eltw aters left behind extensive sheets of sand and
gravel, called outw ash, that tend to be droughty for crops. W here huge ice blocks, w hich
m elted later, w ere surrounded by glacial drift (till and outw ash), large pits or potholes w ere
form ed. M any lakes once existed near the glaciers. Today, the ancient lake bottom s are alm ost
level farm lands w ith rich silty and clayey soils.

A lluvium  is sedim ent that w as deposited by rivers and stream s in valleys throughout the w orld.
C enturies of erosion have created fertile areas of alluvial soils: the B angkok Plain, the M ekong
D elta, the M ississippi D elta, and the vast alluvial plains of C hina. A bout one-third of the
hum an population is supported on these fertile flood plains that are rich in topsoil m aterials
brought dow n from  the uplands. A lthough flooding is a m ajor hazard to hum ans, buildings, and
crops, it is a m ajor agent in depositing soil m aterials. A lluvial soils are finely layered
(stratified) to great depths. Each layer m ay represent the deposit of a single flood. These soils
show  m arked changes horizontally, from  som ew hat sandy near riverbanks on natural levees
and alluvial fans to clayey and even peaty in rem ote sw am py areas. O lder soils w ith distinct
subsoil layers m ay be found on natural terraces, or "high bottom s," that now  stand above the
rest of the valley floor but w ere subject to flooding at one tim e (Fig. 2.8).

Figure 2.8 R epresentative land form s.



C olluvium , a gravity-transported deposit at the base of foothills or m ountains, m oved from
above to its present location. O ften, as in the case of m udflow s, it w as in a som ew hat fluid
state at the tim e of transport. These deposits are extrem ely variable in com position but are not
geographically extensive. C olluvium  includes talus, w hich consists of chunks of broken rock at
the foot of a m ountain.

C lim ate
Every place on earth has clim ate that can be described based on its m any com ponents. The tw o
com ponents that m ost strongly influence soil form ation are precipitation and tem perature.

Each of the soil-form ing factors interacts w ith the others, and this is evident w ith clim ate. It
strongly influences the rate at w hich rocks are w eathered into a loose regolith. It controls the
supply of w ater for physical w eathering and determ ines breakup by freezing and thaw ing.
C lim atic change led to the advancem ent and retreat of glaciers and the resulting glacial till.

It is the effect of clim ate on chem ical w eathering that has the greatest influence on the
w eathering of rocks. Precipitation provides the w ater necessary for chem ical w eathering
processes and m ay be sufficient to carry aw ay soluble products, thereby allow ing the reaction
to continue. W ithout w ater, there can be no hydrolysis or hydration. Even oxidation-reduction
m ay be dependent on the quantity of dissolved oxygen. The solution of m inerals in certain
rocks is dependent on rainfall unless they are adjacent to a body of w ater.

Tem perature has a m arked influence on the rate of soil form ation. Perhaps the m ost obvious
effect is that w hich occurs in the tem perate zone, w here essentially no chem ical w eathering
takes place w hile the ground is frozen. There is a w ell-established rule in chem istry that for
every 10®C  rise in tem perature, the rate of chem ical reactions increases by a factor of 2‌3. For
exam ple, the soils of the w arm er southern part of the U nited States are m ore highly w eathered
than those in the cooler northern states even w here glaciers w ere not a factor.

The com bined influence of precipitation and tem perature is probably as im portant as either one
of them  individually. If the tem perature is cool, w ater does not evaporate fast, so the
effectiveness of the precipitation is high. O n the other hand, som e w arm  areas receive quite a
lot of precipitation, but due to rapid evaporation, they have the properties of a m uch drier
clim ate. A s an exam ple, St. Paul, M innesota, and San A ntonio, Texas, each receive about 28
in. of precipitation annually, but because of the cool M innesota tem perature, the soil there is
norm ally m oist, w hereas in the San A ntonio area, the soil is usually dry. This effect is also
reflected in the native vegetation, w hich is hardw ood forest in the St. Paul area and drought-
tolerant vegetation in the prairies of South Texas.

Living O rganism s
The influence of all the organism s, plants, and anim als (both large and sm all) is the biotic
factor of soil form ation. C hapter 4 is devoted to soil biology, but in this section the w ays that
living organism s are involved in soil developm ent are discussed.

In any particular clim atic region, the am ount of hum us in the soil is a direct result of how  m uch



and w hat type of plant residue has been incorporated into it. Thus, if vegetation is sparse, the
soil w ill be low  in hum us and less fertile. G rasses have a fibrous root system  that quite
thoroughly invades the tiny pores of the soil so that as the roots live, die, and decay over
thousands of years, the soil becom es w ell supplied w ith hum us. Tree roots are m uch larger, but
because they do not invade the pores of the topsoil as com pletely as those of grasses, the
hum us content of soils under forests is usually low er.
M ost of the trees in the w orld's forests can be divided into tw o groups: the hardw oods w ith
broad leaves and the softw oods (conifers) w ith needles. C hem ical analyses of broad leaves
and needles show  that needles are usually m ore acid because they contain few er base-form ing
elem ents such as calcium  and m agnesium . G rasses contain even m ore bases than either broad
leaves or needles (Fig. 2.9). Therefore, soils form ed under conifer forests tend to be the m ost
acid and least w ell buffered (e.g., against acid rain).

Figure 2.9 G rass leaves are norm ally highest in bases, broad leaves of trees are interm ediate,
and conifer needles are the low est.

G rassland regions have the m ost fertile soil for agriculture, but m ost of them  are subject to
extended dry periods. Pioneers tended to select the hardw ood forests as places to settle
because the soils w ere quite good, and they needed the forest products for their livelihood.

Topography
The lay of the land‍ its levelness or hilliness‍ is called topography. Topography influences
the form ation of soil prim arily in tw o w ays: (1) Erosion carries topsoil from  the higher
positions, particularly the side slopes of hills, and deposits it in the valleys. This results in
relatively thicker, m ore fertile soils in the valleys. (2) W ater drains from  the uplands to the
valleys and if the excess is rem oved in a tim ely m anner, vegetation is m ore abundant there. The



abundant plant life, w hich does not decom pose as rapidly in m oist valleys as on the drier
uplands, also contributes to the form ation of deep, dark-colored, fertile soils. A s a result, m uch
of the w orld's population relies on crops grow n in valleys for their food.

C lim atic conditions m odify the effects of topography on soil developm ent. In the subhum id and
drier clim ates, the soils are w ell drained in all positions in the landscape, but they differ in
thickness by their long history of erosion or deposition. In the hum id regions w ith a rolling
landscape, soils m ay be thin and excessively drained on the hills and thick w ith poor drainage
in the valleys. Broad, nearly level topographic positions typically have deeply developed soils
even if they lie high above the drainagew ays. In the hum id regions, these areas w ill show  the
effects of excess m oisture unless the parent m aterial is coarse textured, so it w ill allow  rapid
internal drainage. In sem iarid regions, broad level uplands typically have deep, dark colored
soils form ed under grassland vegetation.

Topography is a strong indicator of soil characteristics w ithin a particular region. In 1935 an
English earth scientist nam ed M ilne, w orking in East A frica, noticed the sequential nature of
soils from  the top of one hill, dow n through the valley, up the next hill, and dow n again
repeatedly. Being a scholar in classic languages, M ilne knew  the G reek term  for the arc form ed
by a chain suspended betw een tw o posts. From  this, he derived the term  catena, m eaning a
sequence of soils differing from  each other due to their topographic position. In a tw o-
dim ensional sense, he saw  each soil as a link in the chain. A  catena is a toposequence of soils
that m ay differ from  each other in a variety of w ays, such as com position and drainage. The
drainage catena relationship of a hum id region illustrated in Figure 2.10 is horizontally
com pressed.

Figure 2.10 In a drainage catena, the soil reflects the effects of long-term  m oisture conditions.

Tim e
Tim e is typically discussed as the last of the five soil-form ing factors. It is a consideration of
how  long the other factors have been influencing soil form ation. The effects of tim e can best be
seen in equatorial regions, w here the extrem es in age are w ell expressed. G eologically young
areas typically have an irregular topography, and they are com paratively m ore fertile because
young parent m aterials usually contain an abundance of w eatherable m inerals that slow ly
release plant nutrients as they w eather. G eologically old surfaces, on the other hand, have long
since lost m ost of their w eatherable m inerals. Their fertility is found prim arily in the organic



m atter, w hich is subject to rapid depletion under cultivation. Since prehistoric tim es, farm ers
in the tropics have been attracted to rugged landscapes because of the success of grow ing
better crops there. Sim ilar com parisons of soil fertility could be m ade betw een geologically
young regions such as the northern Rocky M ountains and old, highly w eathered portions of the
Piedm ont Plateau in the southeastern United States.
In glaciated regions, w hich occur in m uch of the northern part of the U nited States, there is a
relationship betw een the tim e since the last glacial advance, the irregularity of the landscape,
and the degree of soil developm ent as evidenced by the concentration of clay in the subsoil.
R egions w ith m ore recent glacial till (<25,000 years) have m any undrained depressions that
m ay form  lakes. M oderate to steep slopes are com m on, and the leaching of clay to the subsoil
is m oderate. In regions w here the glacial till is m uch older (>50,000 years), m ore of the
depressions have been filled and a com plete drainage pattern has form ed. The slopes here are
m ore gentle, and there is usually a m uch greater concentration of clay leached into the subsoil
(Fig. 2.11).

Figure 2.11 Land surfaces tend to becom e sm oother over tim e as hills are w orn dow n and
valleys are filled.

Soil Horizon Developm ent
D uring soil form ation both parent m aterials and organic m aterials are altered and translocated
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 w hen a pit or roadside is
excavated. Tw o profiles are illustrated in Figure 2.12. O ne is typical of som e of the subhum id
grasslands and the other depicts the soil of hum id hardw ood forest regions.



Figure 2.12 The profile on the left illustrates a soil from  a subhum id grassland; the one on the
right show s a soils from  a hum id hardw ood forest region.

A lthough the num ber and properties of these horizons vary w idely, a rather typical soil profile
in a hum id region is discussed in this section. D ark hum ic m aterials com m only accum ulate in
the topsoil (the A  horizon), follow ed by a leached zone (E horizon‍ from  the w ord eluvial
m eaning w ashed out). The subsoil (B  horizon) com m only has an accum ulation of clay. The
depth to the bottom  of the B  horizon is typically the depth to w hich there are abundant plant
roots and biological activity. C ertainly som e roots m ay extend m uch deeper.

The portion of the soil profile that has been altered by the soil-form ing factors is called the
solum  and is m ade up of the A , E, and B  horizons. O n the surface of the A  horizon, there m ay
be a layer of plant residue called an O  horizon. Below  the B  horizon the underlying
unconsolidated m aterial is called the C  horizon. If bedrock is w ithin a few  feet of the surface,
it is called the R horizon. These sym bols m ay be subdivided w ith sm all letters and num bers
because of the diverse nature of soil. This system  provides sym bols used in m aking detailed
soil profile descriptions. The sym bols are a type of shorthand used by soil scientists, and they
reveal m uch about the soil properties. The principal soil horizons can be categorized into
diagnostic horizons, w hich w ill be discussed in C hapter 11.

Leaching of plant nutrients such as potassium  and calcium  takes place as w ater m oves through
the soil, but som e nutrients are retained by the finely divided hum us and clay m aterials. 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 helps to keep the soil from  becom ing infertile by frequent leaching (Fig. 2.13).



W eathering is an ongoing process in the soil and to a lesser extent in the substratum  below . A s
soil ages, it is likely to have a higher clay content because clay results from  the physical and
chem ical breakdow n of larger particles.

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

Let's Take a Trip
A s w e travel from  one clim atic region to another, there are distinct changes in the native
vegetation, and if the farm  fields have been plow ed, there are differences in the appearance of
the soil, even to the casual observer. If the soil is exposed to som e depth, there are even m ore
changes evident to those w ho exam ine the subsoil carefully.

If w e take a trip in the U nited States from  the deserts of the W est to the hum id w oodlands of the
East, a succession of soils could be seen (Fig. 2.14). In the arid regions, the tan-colored soil is
only a little darker on the surface than it is deeper dow n because m eager rainfall provides for
only sparse vegetation. Even here, how ever, there are differences. Salts m ay w hiten the soil
surface in low er areas if w ater containing large am ounts of salts evaporates off the surface. O n
very old geologic surfaces, carbonates m ay accum ulate in the subsoil to form  rocklike layers.
Pebbles scattered on these ancient surfaces are likely to have a dark reddish-brow n varnish
from  oxides of iron and m anganese.



Figure 2.14 A  trip through different clim atic vegetation regions of the U nited States w ould
reveal m any kinds of soil.

A s our trip takes us into the central m idw estern states, w e enter a region w here rain is m ore
com m on during the grow ing season, and w here the native prairie grasses w ith their abundant
fibrous roots have m ade the topsoil thick, dark, and rich in plant nutrients. These soils do not
have a leached E horizon. They are, in the m ain, the m ost productive soils in the U nited States.
W hen fields are plow ed, they appear alm ost black from  the abundant hum us, and if a road is
cut through them , they show  that the hum us com m only extends 2 or m ore feet (61 cm ) below  the
surface.

A s the average rainfall and hum idity increase tow ard the eastern one-half of the U nited States,
forests replace the grasslands, and the soils are m arkedly different. W hen they are tilled, these
soils have a grayish-brow n appearance, w hich reflects their low er content of hum us and the
presence of a leached E horizon beneath a thin A  horizon. The subsoil usually has a
concentration of clay that show s up as a reddish-brow n horizon in road cuts or other
exposures. M any of these soils are very productive, but they require m ore fertilizer and lim e



because leaching by greater rainfall has occurred.

If w e sw ing south across the O hio R iver, w e find soils that are geologically m uch older, and
soils in w hich the effects of w eathering have been greater. H ere the cultivated fields are quite
red in m ost places as a result of iron from  the m inerals that have becom e oxidized. In these
soils, the clay-enriched subsoil form s a m uch thicker zone, and their native fertility is low .

If you travel from  southern Texas to northern M innesota, you w ill find that soils in Texas w ill
generally have less organic m atter than those in the north. In northern M innesota the grow ing
season is m uch shorter due to the cold tem perature that slow s the breakdow n or the organic
m atter. Through tim e this results in slow er soil carbon cycling and an increase in soil organic
m atter as you m ove north in the N orthern H em isphere.

W henever you have the opportunity to travel, be alert to the change in the soils and landscapes.
If you look closely you w ill see that as the soil changes so do the w ays people build roads,
houses, and m anage the land through tillage and crop selection. You w ill find that som e soils
can support a lot people w hereas other soils cannot.



Chapter 3
Soil Physical Properties
Soil physical properties, those properties that can be seen or felt, are discussed in this chapter.
Chem ical properties cannot be seen or felt but can be detected w ith sophisticated scientific
instrum ents. Som e chem ical properties can be easily altered w ith soil am endm ents, but
physical properties are often m uch m ore difficult to change. Thus, physical properties should
receive greater consideration in land-use planning.

Soil Phases
From  a physical standpoint, soil is a three-phase system : solid, liquid, and gas. Each phase is
equally essential for grow th of plants. In a typical soil the solid phase is m ade up prim arily of
m ineral particles along w ith a sm all am ount of hum us (organic particles). O rganic soils
com m only found in w etlands m ay have a high am ount of hum us particles in addition to the
m ineral particles.

The solid phase is the source of nutrients and provides anchorage for plants and m akes up
approxim ately half of the soil volum e. The liquid and gas phases are in the pores betw een the
m ineral and organic particles and occupy the other half. The proportion of liquid and gas
varies as the soil gains or loses m oisture. Plants m ust be able to absorb w ater from  the soil,
and all except a few  aquatic plants depend upon the soil pores for the oxygen that is essential
for every cell in their roots. Figure 3.1 illustrates the approxim ate proportion of all three
phases in a m oist soil.

Figure 3.1 The approxim ate proportions of various phases by volum e in a m oist surface soil.



Soil Separates
The m ineral fraction of the soil consists of particles of various sizes. Soil separates are
m ineral particles that are classified on the basis of their size. Sand, silt, and clay m ake up the
soil separates, w hich are collectively referred to as the ―fine earth‖ fraction and are sm aller
than 2 m m  in diam eter. The ―coarse earth‖ fraction is larger than 2 m m  in diam eter and
consists of gravel, stones, and so forth. The ―fine earth‖ fraction plays a m ajor role in plant
grow th as w ell as influences land-use and m anagem ent decisions.

In the U SD A  classification system  sand particles range in size from  2 to 0.05 m m ; silt particles
are sm aller than sand and range in size from  0.05 to 0.002 m m ; and clay particles are sm aller
(less than 0.002 m m ) than silt particles. If the diam eter of m edium -sized particles of clay, silt,
and sand w ere expanded 1,000 tim es, the clay w ould have a diam eter about the thickness of
this page, the silt about 1 in. (2.5 cm ), and the sand about 40 in. (1 m ).

Sand
Sand form s the fram ew ork of soil and gives it stability w hen in a m ixture w ith finer particles.
Pure sand, how ever, does not cling together, so it is easily eroded by w ater and w ind. D uring
erosion, sand is not suspended in the w ater or air but bounces along the surface and piles up
w here the velocity of w ind or w ater decreases. In the case of w ind erosion, this causes sand to
form  into drifts like snow .

Q uartz is usually the dom inant m ineral in sand because it is the m ost resistant to w eathering of
the com m on m inerals in rocks; thus, its breakdow n is extrem ely slow . M any other m inerals are
found in sand, depending on the rocks fr-om  w hich the sand w as derived.

The shape of sand grains is m ore or less spherical. H ow ever, the angularity of sand grains is
variable due to the degree to w hich the specific deposit w as rolled around by flow ing w ater.

Sand contributes very little to plant nutrition. The quartz in sand contributes no plant nutrients
to the soil w hile the other m inerals, such as feldspars, release their nutrients very slow ly.
N evertheless, soils that have a lot of feldspar and other w eatherable m inerals in their sand
fraction develop a com paratively higher state of fertility over the thousands of years of soil
form ation.

Silt
In m any respects, silt is sim ilar to sand except that it is sm aller and is too sm all to be seen w ith
the naked eye. It is spherical and m ineralogically sim ilar to sand. Silt is too fine to be gritty to
the touch but im parts a sm ooth feel w ithout stickiness. It is fine enough to be suspended in
flow ing w ater, but it drops out w hen the flow  is reduced. This is the reason that harbors are
said to becom e ―silted in.‖ If silt is disturbed by drifting sand, it can be picked up and carried
great distances by strong w inds; thus, silt constitutes the m ain part of the w ind-deposited parent
m aterial, loess. This concept w ill be discussed further in Chapter 10.



C lay
This soil separate is for the m ost part m uch different, particularly in size and chem ical
com position, from  sand and silt. Sand and silt are progressively finer and finer pieces of the
original crystals in the parent rocks, w hile clay, on the other hand, is m ade up of secondary
m inerals that w ere form ed by the drastic alteration of the original form s or by the
recrystallization of the products of their w eathering. C lay is so pow dery fine that 1 g w ould
have a volum e about equal to that of a pencil eraser w hile the total surface area w ould equal
about one-fifth of a football field (Fig. 3.2). This trem endous surface area results from  the
platelike shape of the individual clay particles. The m axim um  diam eter of a clay particle is
0.002 m m . Finer clays in the range of 0.0001 m m  are called colloidal clays. They can only be
view ed clearly w ith an electron m icroscope.

Figure 3.2 The sam e m ass of m ineral has m uch greater surface area w hen pulverized.

To illustrate som e characteristics of clay, take a large ball of pie dough and roll it into a thin
sheet w ith a rolling pin (Fig. 3.3). Pieces cut from  the sheet could be stacked to m ake a m odel
of a clay particle. The pile of thin sheets w ould have a m uch larger surface area, inside and
out, than the original ball of dough. Sim ilarly, each clay particle is actually a stack of m any
very sm all sheets. There are m any kinds of clay, each w ith different internal arrangem ents of
chem ical elem ents that give them  individual characteristics. The m ajor groups of clays related
to their chem ical characteristics w ill be discussed in m ore detail in Chapter 5.



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

Soil Texture
Soil texture is the degree of fineness or coarseness of the soil. It is an expression of the
relative am ounts or percentages of sand, silt, and clay. Texture is a perm anent property of the
soil. In a general w ay, texture influences the w ater and nutrient supplying potential for plants;
the am ount of hum us; the volum e of pores; the bonding of particles to each other; the ability of
the soil to adsorb and hold certain chem icals; drainage of w ater; and the soil's ability to bear
w eight. A m ong the soil separates, clay is the m ost influential on these soil properties. M any
land-use decisions are based on texture of the soil.

A ll m ineral soils can be classified into 12 textural classes of the U SD A  classification system
as represented in the textural triangle (Fig. 3.4). Soils that are dom inated by sand are
considered ―coarse textured,‖ and those dom inated by clay are considered ―fine textured.‖
Soils that have properties strongly influenced by m ore than one soil separate are considered
―m edium  textured.‖ A dditions of organic m atter to a soil (not show n in the triangle) m odify
soil behavior; sandy soils seem  finer textured and clay soils seem  coarser textured than they
really are. Chem ical and biological properties are also changed w ith the addition of organic
m aterial.



Figure 3.4 A  textural triangle show s the lim its of sand, silt, and clay content of the various
texture classes.

D eterm ination of Texture
The proportion of sand, silt, and clay can be accurately determ ined in the laboratory by
m easuring the density of a suspension of soil particles in w ater w ith a hydrom eter. The
resulting data (sand, silt, and clay content) are placed on a textural triangle to determ ine the
textural class of a soil. W ith practice, texture can also be closely estim ated by the ―feel
m ethod,‖ w hich is com m only used in the field. The ―feel m ethod‖ of texture determ ination
requires rubbing a m oist soil betw een the thum b and the forefinger. Sand in a soil feels gritty. If
m oist soil feels sm ooth, but not really sticky, it is a silty soil. If it is very sticky and can be
rubbed into a cohesive ribbon that extends from  the fingers like a broad blade of grass, it is a
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 in the proper textural dom ain on the textural
triangle.

A soil w ith a significant am ount of sand, silt, and clay is called a loam . Various kinds of loam s
are classified by feel according to the degree of grittiness, sm oothness, and stickiness: sandy
loam , silt loam , and clay loam . A  sim ple loam  w ithout excessive am ounts of any soil separate
has about 20%  clay, 40%  silt, and 40%  sand (Fig. 3.4). Com pared to silt and sand, clay is so
sticky that not m uch is required to give the soil a special texture. Presence of organic m atter in



a soil (not show n in the triangle) can m odify the feel of a soil; sandy soils seem  finer textured
and clay soils seem  coarser textured than they really are.

The texture of a soil does not indicate how  it w as form ed. D id w ind, w ater, or glacial ice drop
the particles of sand, silt, and clay at a particular site? Such questions about how  the processes
of soil form ation resulted in sand, silt, or clay fractions w ere discussed in C hapter 2.

Soil Structure
Individual particles of sand, silt, and clay tend to becom e clustered into units of various
shapes. This clustered unit is referred to as soil structure, w hich is defined as the arrangem ent
of soil particles. The resulting structural units are called aggregates or peds. Soil structure
creates a range of different-sized pores. W ithout structure, fine-textured soils w ould be one
m assive chunk (w ith m ostly sm aller diam eter pores) or like loose beach sand (w ith m ostly
large diam eter pores). G ood soil structure m eans a large volum e of pores as w ell. G ood
structure allow s the soil to retain adequate w ater as w ell as drain excess w ater; prom otes ease
of seedling em ergence, root penetration, and tuber grow th; air m ovem ent; and erosion control.

Structural arrangem ents result from  biological, chem ical, and physical forces that cause the
soil particles to bond w ith each other. Clay and hum us because of their sm all size, high surface
area, and electrical charges serve as cem enting agents in the bonding of particles w ithin the
aggregates. M icroorganism s in the soil also play an im portant role in producing sticky
substances that help cem ent particles together. O xides of iron and several cations in salts help
the bonding process. Physical forces also play a significant role in bringing particles closer
together to form  aggregates; am ong these forces are shrinking and sw elling from  w etting and
drying, freezing and thaw ing, and the actions of expanding roots and of earthw orm s and other
soil organism s. A sandy-textured soil does not have enough cem enting agents to hold the soil
together as aggregates. A s a result these soils are like a sandy beach and are considered
―structureless‖ or ―single grained.‖

A s structure is form ed, pores are created w ithin and betw een aggregates. The spaces w ithin the
aggregate (betw een individual soil particles) are sm all pores or m icropores, and those
betw een the aggregates are large pores or m acropores. The larger pores allow  w ater and air
to m ove through the profile, w hile the sm all pores act as a sponge and retain w ater for use by
plants. Soil structural units are classified according to shape and size as granular, platy,
blocky, prism atic, and colum nar structures (Fig. 3.5).



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

G ranular structure is best recognized by farm ers and gardeners w ho strive for a m ellow  soil.
The m ore or less spherical clusters are called aggregates, and w hen soil is tilled it can be
determ ined if it is w ell aggregated by the ease of w orking it. Som e clay and a plentiful am ount
of organic m atter are the key to stable aggregates in the topsoil. The aggregates in coarse-
textured topsoil are usually rather porous, like breadcrum bs, and it is described as having a
crum b structure.

Platy structure has a long horizontal and a short vertical axis. W hen this occurs in the subsoil,
w ater penetration is restricted. For exam ple, on-site w aste disposal system s for rural hom es
are likely to fail if soil beneath the seepage bed has platy structure.

Blocky structure is the m ost com m on structure in the subsoil in hum id regions that had forest as
its native vegetation. The vertical and horizontal axes are about the sam e length. This gives a
som ew hat cubical form  that allow s good w ater percolation along the boundaries of the blocks.
If there is plentiful clay in the soil, the edges of the blocks are likely to be angular. Structure is
less w ell developed in coarse-textured soils and edges of the blocks are rounded. This is
know n as subangular blocky structure.

Prism atic structure is best developed in the subsoils w ith a plentiful am ount of clay in regions
w here the soil becom es periodically desiccated. These conditions are m ost com m on w here



prairie grasses w ere the native vegetation. The sides of the prism s act as an avenue for w ater
m ovem ent.

C olum nar structure is an undesirable variation of prism atic w herein the tops of the prism s are
rounded and usually covered w ith gray soil particles. If the topsoil is cleared aw ay, the tops of
the colum ns look like the tops of baking pow der biscuits. This happens w hen there is too m uch
sodium  in the soil. This condition is extrem ely restrictive to w ater percolation but, fortunately,
it is usually localized in sem iarid regions.

Soil structural units can also be classified based on the relative bonding strength or adherence
of individual particles to each other w ithin a ped. The bonding strength or stability of an
aggregate is its ability to resist breakdow n from  external forces such as raindrop im pact and
tillage activities. The bonding strength of soil aggregates is classified as w eak, m oderate, or
strong. The aggregate stability of the surface soil is particularly im portant for m inim izing soil
erosion.

Benefits of Aggregation
A w ell-aggregated soil is considered a high-quality soil. A  w ell-aggregated soil is considered
to have good tilth because its looseness allow s better w ater infiltration, seedling em ergence,
root grow th, and air and w ater m ovem ent in the root zone.

A ggregates at the surface of the soil are constantly subject to destructive forces (either physical
or chem ical) that m ay w eaken the bonding or shear the soil particles from  the aggregate.
A m ong the physical forces are raindrop im pact, rapid w etting, rapid freezing, intensive tillage,
com paction due to traffic and harvesting equipm ent, and so forth. O nce the aggregates fall
apart, it m ay take several years of good soil m anagem ent before the structure w ill revert to its
original state.

Soils under natural vegetation, or heavily m ulched soils, tend to have good structure because
they are protected from  the physical forces of raindrop im pact. These soils tend to have m ore
hum us than their tilled counterparts, and therefore they are likely to have a healthy population
of organism s, w hich helps protect the soil from  falling apart. W ithout hum us, soils w ith a
significant am ount of silt and clay becom e very dense and cloddy w hen they are tilled
repeatedly (Fig. 3.6).



Figure 3.6 Soil w ithout hum us becom es cloddy (left), w hereas hum us-rich soil is granular
(right).

W eakly bonded aggregates at the surface of a bare soil are particularly subject to breakdow n
by the im pact of raindrops. A s these aggregates fall apart, the finer particles m ove into the
pores at the soil surface, plugging them  and form ing a surface crust. In this situation, rainw ater
w ill have difficulty entering the soil; instead it begins to flow  across the soil surface, creating
a potential for accelerated erosion of surface soil particles. C rusted surfaces m ay also affect
seedling em ergence. Protecting the bare soil w ith m ulch, crop residue, or vegetation w ill
protect the aggregates from  breaking and m aintain good structure under the cover. The structure
of soils in undisturbed forests is w ell protected by the canopy as w ell as a litter layer on the
surface.

Excessive w eight due to tillage m achinery or harvesting equipm ent can squeeze the soil
particles together (m inim ize the large pores) and com pact the soil. The effects of com paction
on structure destruction becom e even m ore obvious if the m achinery is operated w hen the soil
is w et. The w ater betw een the particles serves as a lubricant allow ing the particles to com e
closer together due to external pressures. Com paction from  the w eight of m achinery im pacts
the subsoil's structure and w ill affect the air‌w ater relations in the subsoil.

Tillage practices that pulverize the soil in the plow  layer also destroy the structure. In addition,
the churning of the soil exposes hum us in the plow  layer to air, w hich increases the rate of
breakdow n of hum us. C onsequently m edium - and fine-textured soils becom e dense and cloddy
because repeated tillage m ay have depleted their hum us content. For this reason, undisturbed
soils such as forest or prairie land tend to have m ore hum us and better structure than their tilled
counterparts in the sam e region.

The goal of good farm ing, forestry practices, and urban soil m anagem ent should be to protect
soil structure, especially at the soil surface. A s part of this goal, m anagers should avoid soil
com paction by m inim izing tillage operations, and avoid any tillage activity if the soil m oisture
is likely to prom ote com paction. G ood m anagem ent practices m ust include a plan to increase
hum us content of the soil by periodically adding organic m atter; m aintain the hum us content at a
level that w ill sustain stable aggregates; plant closely spaced vegetation that has a fibrous root
system  to restore the hum us content and the soil structure; and protect the structure at the
surface by not having a bare soil exposed to raindrop im pact. If these practices are



im plem ented, natural cycles of freezing and thaw ing, or w etting and drying, could help restore
dam aged soil structure over tim e.

Porosity and Density
The volum e occupied by pores in soil is called porosity. A s the parent m aterial of soil
becom es w eathered, loosened, and m ixed by a variety of forces, pore space develops,
providing a place for air and w ater to be held. Soils that have good structure should have 50%
of their volum e consisting of pores. B oth the am ount of pore space and the size of the pores are
im portant. Sm all pores retain w ater very w ell w hile in large pores, w ater drains out and air
m oves in. Sand-textured soils have m ostly large pores, and therefore they tend to drain w ater
rapidly. The lack of sm all pores also m akes the sand-textured soils droughty. Clay-textured
soils m ay have a greater proportion of sm all pores and tend to retain w ater better and
som etim es m ay becom e w ater logged. Therefore, it is desirable to have a balance of both large
and sm all pores such as found in m edium -textured soils (silt loam s and loam s) that are in good
structure.

D ensity indicates the looseness or tightness of a soil. D ensity of soil, called bulk density,
includes both the solid particles and the pore spaces am ong them . If a soil is com pacted, the
am ount of pore space is reduced and the w eight of a given volum e of soil is increased. The
m easure of density is a com parison to w ater, w hich has a density of 1 g/cm 3. The m ineral
grains in the soil have a density of about 2.6 g/cm 3. The total volum e of the soil is around 40‌
60%  pore space, so by using a m ean value of 50%  for porosity, bulk density w ould be 1.3
g/cm 3. This is one-half the density of the m inerals in solid rock (Fig. 3.7). D ensity can be
expressed in the im perial system , such as pounds per cubic foot, but it is custom ary to express
density in m etric units.

Figure 3.7 W hen rocks w eather, they becom e loosened and less dense as soil is form ed.

Som e soils have naturally com pacted layers (pans) that m ay have a high bulk density. Such
densities restrict root penetration and w ater m ovem ent. In other cases, heavy tractors and
m achinery m ay cause serious com paction (Fig. 3.8), w hich lim its plant grow th. In recent years,
there has been a shift tow ard the use of tillage equipm ent that properly loosens the soil, leaves



som e protective crop residue on the surface, and allow s for few er trips to be m ade over the
field.

Figure 3.8 The zone of com paction has a higher bulk density and low er perm eability.

Com position of Soil Pores
Soil pores can be filled totally w ith air or w ater. If a m edium -textured soil is m oist but freely
drained, the air and w ater content of its pores are probably about equal. N orm ally, soils that
seem  dry still contain som e m oisture and the relative hum idity in the pores rem ains near 100% .
The w ater in the pores is actually a soil solution because it contains the ions of dissolved salts.
Som e are plant nutrients that m ay be absorbed by plant roots. The soil solution m ay also
contain organic com pounds, such as hum ic and fulvic acids. H um ic acid, for exam ple,
frequently gives the soil solution a brow nish tinge. A n abundance of dissolved hum us m ay give
alkali (sodic) soils a very dark brow n color, but this condition is not w idespread.

The Earth's atm osphere is about 78%  nitrogen (N 2), 20.9%  oxygen (O 2), and 0.03%  carbon
dioxide (C O 2), w ith trace am ounts of other gases. If the surface soil has free exchange, the soil
air and the atm osphere w ill have about the sam e com position. H ow ever, w hen the plant roots
and soil organism s are flourishing in the grow ing seasons, CO 2 is being respired by the living
cells as oxygen is being absorbed. N itrogen is essentially inert for all but a few  specialized
organism s, so its content rem ains unchanged. O 2 and C O 2 are the m ain variables. It is com m on
in the root zone for O 2 to drop to 10%  and the C O 2 to rise to 10%  w ithout ill effects to the
plants. Even 5%  O 2and 15%  C O 2 m ay not be harm ful, since crops vary in their tolerance to
C O 2. W hen soil pores fill w ith w ater, the life-sustaining O 2 is soon depleted. C orn is very
sensitive to this condition, but sorghum  can w ithstand several days of flooding w ithout
perm anent dam age.

Soil Consistence
A  description of soil consistence gives an indication of how  soil w ill react to m echanical
m anipulation at various m oisture contents. The field m easurem ents are m ade betw een the



fingers, w hich give a good indication of how  the soil w ill react to tillage, traffic, digging, or
sim ilar activity. W hen the soil is dry, it is described according to a fixed set of param eters as
to its degree of hardness or softness. In the m oist state, the degree of friability or firm ness is
used. W hen w et, it is ranked by its stickiness. The am ount and type of clay is the single m ost
im portant characteristic in determ ining soil consistence. For exam ple, a clayey soil is likely to
be very hard w hen dry, very firm  w hen m oist, and very sticky w hen w et.

For engineering purposes, m ore quantitative m easurem ents of soil consistence can be m ade in
a laboratory and expressed as a percentage of w ater by w eight rem aining in the soil w hen the
soil displays the follow ing characteristics:

Plastic lim it is the m oisture content w hen the soil crum bles as it is rolled into a ―w ire‖
betw een the palm  of the hand and a frosted glass plate.

Liquid lim it is the m oisture content at the point w hen the soil flow s in a curved-bottom  dish
after 25 im pacts in a sim ple m achine that lifts the dish a short distance and lets it drop on a
hard surface. A  specific tool has been designed for this m easurem ent.

Plasticity index is the difference betw een the values of plastic lim it and liquid lim it.

These values are used to predict the relative ease or difficulty of w orking w ith earthen
m aterials under differing degrees of w etness.

Soil Color
In C hapter 2, the difference in the appearance of the soil from  one region to another w as
considered. The color changes reflect, for the m ost part, differences in the quantity of hum us
and the chem ical form  of the iron present. It is true, how ever, that the pigm entation of a given
am ount of hum us is usually darker in grassland regions than in forested regions, particularly in
w arm  areas.

C olor of the subsoil gives a strong indication of soil hydrology and the m ineral com position of
the soil. In som e cases, color is an indicator of iron, hum us, carbonates, and/or sulfates.

Varying shades of red, yellow , and gray in soils are usually due to the concentration and form
of iron present. R ed m eans that the iron is oxidized and not hydrated. Yellow  indicates
hydration and som etim es less oxidation. G ray indicates chem ical reduction caused by w etness
and lack of oxygen. A n exception to this is the gray E horizon just below  the surface of som e
w ell-drained soils.

G ray colors in the subsoil or a com bination of gray and blotches of yellow  and red m ottles are
extrem ely im portant for interpreting the natural drainage condition of the soil. M ottles are
found at a depth to w hich excess w ater accum ulates due to lack of drainage or if the w ater
table rises periodically during the w arm  seasons. Even w hen the w ater table drops, telltale
signs of soil colors are left behind, and these are used as a basis for designing septic system s,
tile drainage, and the like.

The absorption of solar radiation is greater on dark surfaces than on light ones. This is



certainly true for bare soils. C olor differences have a com paratively m inor effect on the
tem perature of the soil below  the shallow  surface layer, but even this can be im portant for seed
germ ination. Solar radiation has a greater im pact on bare soils than on soils w ith plant cover
because w hen soils becom e vegetated, leaves 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 M unsell colors. They consider three properties of color‍ hue, value, and chrom a‍
in com bination to com e up w ith a large num ber of color chips to w hich soil scientists can
com pare the color of the soil being investigated. This system  is superior to using descriptive
term s alone, w hich m ay not m ean the sam e thing to everybody.



Chapter 4
Soil Biological Properties
Bacteria, fungi, w orm s, insects, sm all m am m als, and m any other organism s inhabit the soil.
They participate in and regulate m any physical and chem ical processes. Soil organism s create
favorable conditions for the grow th of plants and also decom pose plant and anim al rem ains.

A nim als in the soil m ake openings through it that influence the m ovem ent of w ater and air into
and through the soil. Term ites, for exam ple, air-condition their m ounds by channeling air
through them . Even the m ost desolate landscapes on earth have prim itive soils, show ing the
effects of w ater providing for life in the soil and the translocation of salts and other
com pounds. There is no soil w ithout life and no higher form s of terrestrial life w ithout soil.

Plant roots can extend dow n through the soil for several feet (m eters). A bove ground parts of
plants in som e forests extend m ore than 100‌200 ft. (30‌60 m ) high. Shade from  the vegetation
low ers the am ount of soil surface exposed to full sunlight. Roots absorb a large am ount of
w ater and this w ater is conducted through the stem s to the leaves w here it is either utilized by
the plant or it passes into the air as w ater vapor (see Fig. 6.12). The m any tons of plant tissue
per acre that die each year‍ including roots, leaves, fallen branches, and bark‍ becom e a part
of the soil again through decom position by soil organism s.

O n w ell-drained uplands, leaves that fall on the forest floor at the end of the grow ing season in
hum id tem perate regions are nearly all decom posed by the end of the next grow ing season. In
lakes and w etlands, decom position of plant rem ains is slow ed because the cover of w ater
excludes oxygen. Plant m aterial m ay accum ulate in w etlands as peat (w hich is m ade up of
identifiable plant parts) and m uck (w hich is a soil com posed of highly rotted, dark organic
m atter). In upland m ineral soils this dark m aterial is called hum us (Fig. 4.1).

Figure 4.1 A topographic sequence of soils in a hum id tem perate clim atic zone.

Soils are classified as m ineral soils and organic soils. The difference is in the am ount of
organic m atter present. A rbitrarily, about 25%  organic m atter by w eight is the dividing point



betw een m ineral and organic soils. Soils w ith m ore organic m atter are called organic soils
(peat or m uck). Soils w ith less organic m atter are called m ineral soils because they are
com posed m ostly of inorganic sand, silt, and clay that have been derived from  m inerals and
rocks. A given volum e of organic m atter is m uch lighter than an equal volum e of m ineral soil.
Thus, a soil w ith 5%  organic m atter by w eight has about 10%  organic m atter by volum e.

O rganic M atter and Hum us
O rganic m atter is a general term  that includes living and dead organism s, plant and anim al
residues in various stages of decay, and hum us. Soil organic m atter (SO M ) is usually
com posed of 50%  carbon, 5%  nitrogen, 0.5%  phosphorus, 0.5%  sulfur, 39%  oxygen, and 5%
hydrogen, but these values can vary from  soil to soil. U pland soils consist largely of m ineral
particles; how ever, the surface soil, or plow  layer, m ay contain considerable organic m atter,
w hich is the partially decom posed residue of plants and anim als that live in the soil. H um us
gives soil the dark color w idely associated w ith high fertility, although this assum ption is not
necessarily true for soils that have been heavily cropped or for naturally infertile soils. In m ost
surface soils of tem perate hum id regions, the hum us content is betw een 1 and 4%  by w eight (or
tw ice that by volum e); but this sm all quantity has a great influence on the physical, chem ical,
and biological processes that take place in the soil. Figure 4.2 show s patches of the hum us in
pores betw een roots and particles of m ineral soil. In arid regions, the surface soil typically has
less than 1%  hum us by w eight because tem peratures are favorable for organic m atter
decom position and vegetative grow th is lim ited by low  rainfall.

Figure 4.2 The surface soil contains m ineral particles and organic m atter.

H um us m akes up about 60‌80%  of SO M  and it is derived m ainly from  plants (flora), w ith a
significant portion com ing from  the roots (Fig. 4.3), and a very sm all fraction com es from  soil
anim als (fauna). It is form ed by degradation and synthesis processes. In alkaline and neutral
soils, the rapid decom position of plant residues by soil fauna and m icroorganism s results in the
organic fraction of the soil being dom inated by hum us. In acidic soils, decom position is slow



and plant fragm ents m ake a significant contribution to the organic fraction. Soils form ed under
prairie grasslands generally have greater am ounts of hum us than do those form ed under forest
vegetation because of the high density of grassland vegetation and the fibrous root system  of
grasses. In the forest the vegetation at ground level is not nearly so dense, and m ost of the
organic residue from  living plants accum ulates on the surface of the ground as leaves in the
autum n. M uch of the hum us in the surface, 5 or 6 in. (12 or 15 cm ), of forest soils results from
incorporation of this plant residue into the soil by insects, w orm s, and other soil fauna. In
agricultural use, the incorporation of plant residue and m anure contributes to the form ation of
hum us, but the decom position of plant roots has been found to be m ore im portant.

Figure 4.3 H um us, show n as a dark layer, can be derived from  leaf litter on the forest floor or
from  roots in surface soil.

H um us can be divided into non-hum ic and hum ic substances. N on-hum ic substances consist of
carbohydrates, proteins, am ino acids, fats, w axes, and low  m olecular w eight organic acids.
They are readily attacked by m icroorganism s and they are rapidly decom posed. H um ic
substances, on the other hand, are chem ically com plex organic com pounds w ith large
m olecular w eights and they are therefore relatively resistant to m icrobial attack. They are
m ostly responsible for cation exchange and interactions w ith soil-applied pesticides.

Based on solubility in acid and alkali, hum ic substances can be further subdivided into:

1. Fulvic acid, w hich is low  in m olecular w eight, light in color, soluble in both acid and
alkali, and m ost susceptible to m icrobial attack (15‌50 years)

2. H um ic acid, w hich is m edium  in m olecular w eight and color, soluble in alkali but
insoluble in acid, and interm ediate in susceptibility to degradation by m icrobes (100+
years)

3. H um in, w hich is high in m olecular w eight, dark in color, insoluble in both acid and
alkali, and m ost resistant to m icrobial attack.



The soil is teem ing w ith m any form s of life, each occupying a niche that is vital to the entire
schem e of life. For m icroorganism s and sm all anim als, the soil provides environm ents w here
conditions of feast or fam ine m ay occur side by side or follow  each other rapidly. A s a m oist
grow ing season is succeeded by a dry or cold season, vast num bers of organism s die. W ithin
the soil, sm all cham bers full of rich hum us and debris m ay be separated by volum es of soil
that, like underground deserts, are nearly devoid of decom posable organic m atter. To survive,
therefore, m ost soil organism s m ust find som ething to eat w ithin a few  m illim eters.
Earthw orm s, on the other hand, are strong enough to m ake channels and m ove several feet in
search of fallen leaves or other plant debris.

The Carbon Cycle
Life is essential to the existence of a true soil. O f the countless m icroorganism s that live in the
soil, all but a few  derive their energy from  the oxidation of carbon com pounds. Soil organic
m atter, m ost of w hich is hum us, serves as an energy source for these organism s. M any functions
in the release of nutrients to plants are carried out by soil m icroorganism s, but only the carbon
cycle w ill be discussed at this point.

D uring photosynthesis, plants take carbon dioxide (C O 2 from  the atm osphere and com bine it
w ith w ater to produce sugar and subsequently all plant tissue. The plants die or are eaten by
anim als and the residue is returned to the soil. Som e of this residue decom poses on the surface
w hile som e is incorporated into the soil. Ultim ately, m ost organic m aterial is decom posed by
soil organism s and returned to the atm osphere as C O 2, w here it can again be used by plants
(Fig. 4.4).

Figure 4.4 C arbon enters the biosphere through photosynthesis and is cycled back into the
atm osphere by decom posers and by burning.



H um us is continuously being decom posed and new  hum us is being form ed to replace the old,
except w here hum an m ism anagem ent interrupts the cycle of returning plant or anim al residues
to the soil, and thus altering (or reducing) the beneficial effects of organic m atter. The soil‍
w hich supports living plants, anim als, and hum ans‍ is ever ready to take into itself anything
that has died. A ny great tree is destined som eday to fall and be incorporated into the soil again.

Factors Affecting Soil O rganic M atter Levels
O rganic m atter levels of m ineral soils can vary from  less than 1%  in coarse-textured, sandy
soils to m ore than 5%  in fertile, prairie grassland soils. The am ount is influenced by the five
soil form ing factors, discussed in Chapter 2. These factors, arranged in the order of
im portance, are clim ate > vegetation > topography = parent m aterial > age.

The follow ing generalizations have been m ade regarding SO M  levels in virgin soils:

1. Soils form ed under grasslands generally have greater am ounts of hum us than soils
form ed under forest vegetation.

2. The am ount of SO M  increases w ith increasing precipitation and decreases w ith
increasing tem perature.

3. Fine-textured (clay) soils have higher SO M  levels than coarse-textured (sandy) soils.

4. Poorly drained soils have higher SO M  levels than w ell-drained soils.

5. Soils in low lands have higher SO M  contents than soils on upland topographic positions.

The Decom position Process
D uring decom position, com plex organic m olecules are broken dow n into sm aller and m ore
soluble inorganic m olecules such as am m onium  (N H 4

+) and nitrate (N O 3
℮), am ong others. The

process of transform ing organic form s of nutrients into inorganic form s is called
m ineralization. Soil anim als (fauna) perform  m uch of the initial m echanical breakdow n of plant
residues, after w hich soil m icroorganism s (m icroflora) secrete enzym es (extracellular
enzym es) onto the rem aining m aterials and carry out decom position. D epending on the carbon
to nitrogen ratio of the decom posing m aterial, these nutrients m ay be released into the soil (net
m ineralization) or they m ay be used by the soil organism s to build their ow n cell tissues
(im m obilization). Soil fauna and m icroflora also have relatively short life-spans and they are
decom posed by other m icrobes w hen they die. By breaking dow n carbon structures and
rebuilding new  ones, soil organism s play an essential role in nutrient cycling processes and,
thus, in the ability of a soil to provide plants w ith sufficient nutrients.

M ineralization is accom plished by both aerobic and anaerobic organism s using energy derived
from  carbon contained in the decom posing organic m atter. Under aerobic conditions, the m ain
products of decom position are carbon dioxide (CO 2), w ater, inorganic nutrients, m icrobial
biom ass and hum us. In environm ents w here oxygen is in lim ited supply, the m ain products of



decom position are m ethane, som e carbon dioxide, hydrogen sulfide, am m onium , organic acids
and alcohols. By converting the carbon in organic m aterials to CO 2, m icroorganism s com plete
the biological carbon cycle that w as initiated during photosynthesis. Successive decom position
of dead m aterial and m odified organic m atter results in the form ation of a m ore com plex
organic m atter called hum us.

Factors Affecting the Rate of Decom position
Since soil fauna and m icroflora are living organism s, they are greatly affected by physical and
chem ical environm ental factors such as m oisture, tem perature and soil pH . The ideal
conditions for decom position include: m oisture content near the soils' w ater-holding capacity,
tem perature of 90® to 100®F, soils w ith oxygen content above 5% , and soil pH  near 7.0. O ther
factors affecting the rate of decom position are the size of the residue, chem ical nature of the
organic m aterial as dictated by its nitrogen and lignin contents and C:N  ratio, and type and
am ount of clay m inerals present in the soil. G enerally, soluble organic m aterials w ith sim ple
m olecular structures, young legum inous plants, and residues w ith low  C:N  ratios tend to
decom pose m ost rapidly. Large am ounts of clay tend to low er the rate of decom position.

Im portance of Soil O rganic M atter
Soil organic m atter regulates several attributes that enhance plant productivity and
environm ental quality.

Soil organic m atter is a huge reserve of several nutrients. M ineralization of organic m atter by
m icroorganism s releases nutrients (N , P, S, and m any m inor nutrients) in inorganic form s that
can be taken up by plants. Soil organic m atter im parts a dark color on the soil, and this m ay
alter soil therm al properties as discussed in Chapter 7. Soil organic m atter has the ability to
absorb up to 20 tim es its m ass of w ater, thereby greatly increasing the capacity of soils to store
w ater. The activities of m icro and m acro organism s prom ote form ation of m acropores and
aggregates, resulting in im proved soil tilth, infiltration/drainage, and reduced erosion. O rganic
m atter com plexes w ith A l3+ and m etallic ions, particularly Fe3+, Cu2+, Zn2+, and M n2+, m aking
these m icronutrients m ore available for plant uptake w hile reducing potential toxicities as w ell
as enhancing the availability of phosphorus in low  pH  soils. The cation exchange capacity (see
discussion on CEC in Chapter 5) of soil hum us enhances the retention of cations (e.g., A l3+,
Fe3+, Ca2+, M g2+, N H 4

+), thereby preventing them  from  leaching to deeper soil layers. Soil
organic m atter also affects the efficacy of soil-applied herbicides. O ther benefits of soil
organic m atter include increased buffering of soil pH  and carbon sequestration.

Carbon Sequestration
O ne environm entally im portant function of soil is the sequestration of carbon through plant
grow th. Sequestration is the taking of gaseous C O 2 from  the atm osphere and storing it in stable



solid (organic com pounds and carbonates) form . It occurs through chem ical reactions that
convert C O 2 into inorganic carbonates and as plants photosynthesize atm ospheric CO 2 into
organic com pounds in grow ing plants. A  portion of the carbon in plant biom ass eventually
becom es soil organic carbon during the decom position process.

The organic m atter content of soil usually decreases by betw een 40 and 60%  w hen grasslands
and forests are converted to cropland. This results in the release of CO 2 into the atm osphere.
Em ission of CO 2 by the burning of fossil fuels and from  other sources has been a source of
CO 2 increase in the atm osphere. The net effect of increased atm ospheric CO 2 is not know n, but
it has been suggested that reduction of CO 2 in the atm osphere w ould be ―environm entally
friendly.‖

O n reasonably fertile soils w ith reliable w ater supply, yields in long-term  arable agricultural
system s have been m aintained at very high levels by applying substantial am ounts of fertilizer
and other soil am endm ents. In tropical low -input agricultural system s, yields generally decline
rapidly as nutrient and soils organic m atter levels decline.

The fact that clearing of virgin lands for agricultural use has resulted in losses of a large
proportion of soil organic carbon m eans that there is potential to build soil carbon to im prove
the productivity of soils. M ost SO M  is found in the zone of m axim um  biological activity, that is
the topsoil or plow  layer. Therefore, anything done to this layer w ill influence the long-term
buildup or depletion of SO M . Since SO M  levels are a balance betw een the rates at w hich
carbon is added and lost from  the soil, w e can increase SO M  levels by increasing carbon input
rates and/or decreasing loss rates resulting from  decom position and soil erosion.

A doption of w idespread soil conservation practices has been helpful. Trees are especially
beneficial because they sequester carbon in w ood for long periods.

M anagem ent practices suggested to increase soil organic m atter levels include:

1. conservation tillage,

2. proper m anagem ent of crop residue, such as m inim um  tillage and stubble m ulching,
m axim izing econom ic plant populations,

3. application of organic am endm ents such as m anures, com posts, biosolids, and Biochar,

4. rotations to include forage or high-residue crops (such as sorghum ),

5. precision agriculture, including variable rate application of fertilizer,

6. cover crops,

7. agroforestry in w hich crops or forage are grow n betw een the row s of trees,

8. pasture establishm ent using plants w ith a high proportion of below -ground biom ass,

9. irrigation, and

10. terracing.



In sum m ary, any practice is desirable if it decreases decom position rates and increases yields
and/or increases the am ount of carbon sequestered from  atm ospheric C O 2.

Plant Roots and the Rhizosphere
The rhizosphere is the volum e of soil, w ater, and air plus associated organism s im m ediately
around the root of a plant. Figure 4.5 show s that the surface of a root is com m only surrounded
by gelatinous m aterial in w hich clay, organic debris, and m icroorganism s are abundant. Plant
roots absorb w ater and nutrients from  the rhizosphere. The roots m ay release CO 2 and oxygen.
The CO 2 m akes the soil solution slightly acid so that plant nutrients m ay be m ore readily
available for uptake. The oxygen m ay favor precipitation of iron to form  a film  in the soil near
the root. O uter layers of the root m ay slough off, enriching the soil w ith organic m atter.

Figure 4.5 The rhizosphere is the volum e of the soil, w ater, and air im m ediately around the
plant root.

M icroorganism s
Soil m icroorganism s decom pose and dispose of plant and anim al rem ains. In the process, these
organism s form  hum us (Fig. 4.6), w hich is a m ore active com ponent of soil than m ineral clays.
M icroorganism s also perform  im portant steps in various nutrient cycles and in solid, liquid,
and gaseous phases of the soil‌plant root system . W ithout these organic processes the cycles



w ould lose life support. There is a biological rule stating that the sm aller the organism , the
greater its num ber and influence. Thus, the action of m icroorganism s in the soil is far m ore
w idespread and of greater im portance than that of insects and rodents.

Figure 4.6 M icroorganism s in the soil are instrum ental in decom posing plant m aterial,
resulting in the form ation of hum us.

Som e m em bers of each group of organism s perform  specialized functions in the soil. It is
beyond the scope of this book to discuss all of these, but som e are considered in the follow ing
paragraphs. Table 4.1 sum m arizes the essential functions perform ed by soil organism s.



Table 4.1 Essential functions perform ed by soil organism s

Functions O rganism s involved
M aintenance of soil
structure

Invertebrates and plant roots, m ycorrhizae and other
m icroorganism s that stir or m ix the soil

R egulation of w ater
m ovem ent in the soil

Plant roots and invertebrates that burrow  or bore into the soil

C arbon sequestration and
gas exchange

M ostly m icroorganism s and plant roots, som e carbon is protected
in large com pact aggregates produced by invertebrates

Soil detoxification M ostly m icroorganism s
N utrient cycling M ostly m icroorganism s and plant roots, som e soil- and litter-

feeding invertebrates
D ecom position of organic
m atter

Various saprophytic and litter-feeding invertebrates (detritivores),
fungi, bacteria, actinom ycetes and other m icroorganism s

Suppression of pests,
parasites and diseases

Plants, m ycorrhizae and other fungi, nem atodes, bacteria and
various other m icroorganism s, earthw orm s, various predators

Sources of food and
m edicines

Plant roots, various insects (crickets, beetle larvae, ants,
term ites), earthw orm s, vertebrates, m icroorganism s (m ostly
actinom ycetes) and their by-products

Sym biotic and asym biotic
relationships w ith plants
and their roots

R hizobia, m ycorrhizae, actinom ycetes, and various other
rhizosphere m icroorganism s, ants

Plant grow th control
(positive and negative)

Plant roots, rhizobia, m ycorrhizae, actinom ycetes, pathogens,
parasitic nem atodes, insects, plant-grow th prom oting rhizosphere
m icroorganism s, biocontrol agents

B iological
decom position/w eathering
of rocks

C yanobacteria, nitrogen- and carbon-fixing bacteria, fungi, and
lichens

Living organism s are separated into the prokaryotes, w hich are not clearly either plants or
anim als, and the eukaryotes, w hich include the plants and anim als. Bacteria and actinom ycetes
are in the form er group; m ost fungi and all the protozoans are in the latter.

Estim ates of the num bers of soil m icroorganism s in a gram  of soil (about the volum e of a lim a
bean) range from  several hundred m illion to a few  billion. M ost are beneficial to agriculture,
but all groups contain those that can cause crop diseases.

Types of M icroorganism s
B acteria are one-celled organism s that are the m ost abundant form s of life in m ost soils. They
can occur singly or join together in groups. In cropland they are prim arily responsible for the



decay of residue. They secrete extracellular enzym es that break dow n organic com pounds such
as sugars, starches, cellulose, and so on, into basic chem ical com ponents like carbon and
nitrogen, w hich the bacteria can use for energy and grow th. A ny nutrients not needed by the
bacteria (or other degrading organism s) are released into the soil and becom e available for
plant uptake. B acteria also perform  a m ultitude of other functions. Those involved w ith
nitrogen are covered in m ore detail in the discussion of nitrogen fixation.

A ctinom ycetes are m ycelial bacteria that have threadlike extensions that are all part of the
single cell. There m ay be several m illion actinom ycetes in a gram  of prairie soil. They prefer
w arm , m oist soil, and their num bers do not dim inish as rapidly w ith depth as those of other
bacteria. The earthy or m usty odor of soil com es from  the production of geosm in by the
actinom ycetes. A ctinom ycetes are im portant in the degradation of the larger lignin m olecules in
organic residues. O ne kind, the streptom ycetes, produces antibiotics that w e depend on so
heavily in m any m edicines.

A lgae are abundant in habitats w ith adequate m oisture and lighting. They can exist as single
cells or they can form  long chains. Like higher plants, algae contain chlorophyll and are able to
convert sunlight into ATP energy and com plex organic com pounds. A lgae frequently live
harm oniously or even sym biotically w ith cyanobacteria (form erly classified as blue-green
algae) to form  a m icrobial crust on barren soils. In the U nited States, these crusts are
particularly w ell developed on arid deserts of the Southw est. C yanobacteria can fix
atm ospheric nitrogen (w hich is discussed under the nitrogen cycle), protect the soil surface
from  erosion, and create a favorable environm ent for seed germ ination. They also fix nitrogen
in rice paddy soils and thereby fertilize the grow ing crops.

Fungi, w hich are of great im portance in decom posing organic residues in the soil, are
m ulticellular organism s ranging in size from  m icroscopic to the large m ushroom s norm ally
found only on m oist, untilled soil. Fungi com m on in the soil are m ade up of a m ass of fibers
called a m ycelium . O ne hundred thousand fungi m ay be found in m ycelial and spore form s in a
gram  of soil. They do best in acid soil (pH  4.5‌5.5), so they do not com pete w ith bacteria,
m ost of w hich flourish in nearly neutral soil. Fungi can decom pose a greater variety of organic
com pounds than bacteria. Som e catch nem atodes in a kind of noose and consum e them . Som e
soil fungi are also pathogenic and cause diseases. The m ycelium  also function as nets that
surround and bind prim ary soil particles and m icro-aggregates into m acroaggregates, thereby
contributing to soil structural stability.

M ycorrhizae, w hich m eans fungus root, is a sym biotic relationship betw een certain fungi w ith
roots in the surrounding soil. Threads (hyphae) of the m ycelia extend into the roots of perhaps
half the kinds of higher plants, w hich m eans that these plants have ―double roots‖ of high
efficiency. The hyphae grow  out into the soil and provide w ater and nutrients, especially
phosphorus, for the plants, w hich in return protect and in part nourish the fungus w ith sugars. In
this sym biotic relationship the fungus m ay even provide som e antibiotic protection to the roots.
M ycorrhizae form  a sheath around the plant root and either extend the hyphae into the spaces
betw een the root cells or extend the hyphae into the cells of the root w here they are finally
digested. W hen the hyphae penetrate the root cells, they form  highly branched structures called



arbuscules that are the site of nutrient exchange betw een the plant and fungus.

There are tw o types of m ycorrhizae: endom ycorrhizae (hyphae extend into spaces betw een root
cells, but do not enter into the cells) and ectom ycorrhizae (hyphae extend into the root cells).
The endo group is associated prim arily w ith field crops such as corn, rice, and alfalfa plus a
few  trees such as apple and citrus. The ecto group is associated m ostly w ith trees, a com m on
one being pine.

A nother sym biotic relationship develops betw een fungi and blue-green algae to form  lichens.
These prim itive plants can survive on bare rock because they fix atm ospheric nitrogen and can
extract a few  nutrients from  the m inerals of the rock.

Protozoa are one-celled anim als. There m ay be thousands of them  in a gram  of m oist, hum ic
soil. They live inside the film s of w ater that cover soil particles. If the film s dry up, the
protozoa change into a resting form  in w hich they survive until the next rain. Protozoa include
am oeboid, ciliate, and flagellate form s. They contribute to the breakdow n of organic m atter,
and som e feed on trem endous num bers of bacteria, thus helping to m aintain the balance of
nature. It is also thought that by feeding on other soil m icrobes, protozoa contribute greatly to
m ineralizing nitrogen in agricultural system s.

M yxom ycetes are slim e m olds, w hich are interm ediate betw een protozoa and fungi. In the
protozoan stage the cells are free-living. In the fungal stage they com e together to form  a
jellylike m ass that m ay be orange, purple, or som e other bright color. The fungal stage
produces reproductive spores.

The Nitrogen Cycle
M ost nutrients, such as phosphorus, calcium , m agnesium , and potassium , are derived from
m inerals. They are absorbed by plants and form  living tissue. The plants die and return to the
soil, w here they decom pose and release the nutrients, w hich can be taken up by plants again.
This is a com m on nutrient cycle.

N itrogen, how ever, com es from  the atm osphere, w hich consists of 78%  nitrogen in gaseous
form . In the nitrogen cycle, nitrogen is transform ed from  gaseous nitrogen into a form  that can
be used by plants. N itrogen undergoes several transform ations in the nitrogen cycle. U nder
certain conditions, the nitrogen returns to the atm osphere before it is utilized by plants. The
various steps of the nitrogen cycle are show n in Figure 4.7.



Figure 4.7 The nitrogen cycle.

N itrogen Fixation
N itrogen fixation is a process that occurs in the nitrogen cycle. It is the process w hereby
nitrogen from  the soil atm osphere is converted into protein in the plant. N itrogen fixation m ay
be sym biotic or nonsym biotic. In the case of sym biotic fixation, bacteria live in the root tissue
of plants to the m utual benefit (sym biosis) and convert the nitrogen to am m onium  (N H 4

+),
w hich can then be utilized by the host plant. The bacteria supply them selves and the host plant
w ith nitrogen, w hile the host plants supply the bacteria w ith nutrients and energy sources.
Sm all knots of tissue called nodules form  on the roots w hen these bacteria are present and
active. Legum es such as clover, alfalfa, peas, beans, and locust are prim ary hosts for sym biotic
nitrogen-fixing bacteria (rhizobia) (Fig. 4.8).



Figure 4.8 N odules on the roots of som e plants (legum es) contain bacteria that are capable of
taking nitrogen from  the air to the benefit of the plant.

A  vigorous alfalfa crop m ay fix 100‌200 lb of nitrogen per acre (110‌220 kg/ha) per year,
w hich is one reason for its inclusion in a crop rotation. M ost grasses, including grain crops,
are not natural hosts for nitrogen-fixing bacteria. Scientists are trying to find w ays of breeding
new  varieties that can fix nitrogen. If successful, the resultant varieties m ay reduce the use of
com m ercial nitrogen fertilizer for such crops as corn, w heat, oats, and barley.

Sym biotic nitrogen fixation is also brought about by actinom ycetes in association w ith several
w oody plants, particularly alder, R ussian olive, and sw eet fern.

Som e nitrogen is fixed nonsym biotically. A free-living soil bacterium  (Fig. 4.8) of the genus
Azotobacter fixes nitrogen that becom es available to plants w hen the bacterium  dies. The
am ount of nitrogen fixed in this m anner is seldom  m ore than 10 lb per acre (11 kg/ha) per year
but is a valuable part of the nitrogen cycle.

N itrogen fixation also takes place in the atm osphere, particularly by lightning. D uring storm s,
lightning w ill oxidize atm ospheric nitrogen to form  nitrous oxide (N 2O ). It is then carried into
the soil by the rain. This is 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 am ount of nitrogen fixed in this w ay m ay average 10 lb per acre (11 kg/ha) per



year.

Am m onification
A m m onification is the first step in m ineralization. It is a step in the m icrobiological
decom position of organic m aterial, such as plant residue, and it is brought about by the general
soil population of m icroorganism s. A m m onia (N H 3) is a product of this decom position and it
ionizes to form  the am m onium  ion (N H 4

+). A m m onium  ions can be held by the soil, fixed in the
structure of clay m inerals, converted to am m onia and lost to the air via volatilization, absorbed
by plants, but m ost w ill progress through the next tw o-part step, nitrification, if the soil is
w arm  and m oist. In the case of paddy rice, am m onium  ions are the m ain source of nitrogen.

Nitrification
N itrification is the reaction that results in the conversion of am m onium  ions to nitrate ions. If
the soil is w arm  (75‌85®F), has near neutral pH , and is w ell supplied w ith m oisture and
oxygen, the am m onium  ions are oxidized first to the nitrite (N O 2

℮) form  by the bacterium
N itrosom onas. The nitrite form  rarely accum ulates in the soil. The nitrate (N O 3

℮) form  is
brought about directly by the bacterium  Nitrobacter. These bacteria are able to m eet their
energy needs by oxidizing N H 4

+ to N O 3
℮ and obtain C  for building their cell structures from

carbon dioxide. N itrate is the highest oxidation state for nitrogen. Since nitrate is an anion, it is
not held on the exchanges sites on soil colloids. This, coupled w ith its high solubility in w ater
m akes nitrate subject to leaching, particularly in coarse textured soils, excessively irrigated
fields and in areas w ith high rainfall intensity. If w ater percolates through the soil, nitrate
m oves w ith it and m ay contam inate groundw ater. Excessive nitrate in drinking w ater interferes
w ith bloods' ability to carry oxygen resulting in a condition know n as B lue Baby Syndrom e in
infants under 6 m onths of age. For this reason, the U nited States Environm ental Protection
A gency has set 10 m illigram s of nitrate nitrogen per liter of w ater as the m axim um
concentration safe for drinking w ater. Surface runoff of nitrate causes eutrophication, or algal
bloom s, in lakes and estuaries. Eutrophication is the slow , natural nutrient enrichm ent of
stream s, lakes and reservoirs. A s the algae grow  and then decom pose, they deplete the w ater
off the dissolved oxygen, resulting in fish kills, offensive odors, and reduced attractiveness of
the w ater for recreation and other public uses.

D uring the process of nitrification, hydrogen ions are released. The am m onium  in fertilizers
also undergoes this sam e nitrification process. This explains w hy soil acidification occurs
w hen large am ounts of organic m aterials or am m onium  containing fertilizers are added to the
soil (see C hapter 5).

Im m obilization and M ineralization
Im m obilization is the conversion of inorganic, prim arily am m onium  and nitrate, nitrogen into
organic nitrogen (am ino acids and proteins in m icroorganism s and plants). M ineralization is



the reverse process of im m obilization, w herein organic form s of nutrients in organic m aterials
are converted to the inorganic form s by soil organism s during decom position.

The addition of a large am ount of residues w ith inadequate am ounts of nitrogen, such as w heat
straw , to the soil stim ulates the grow th of a large population of m icroorganism s. A fter
am m onification and nitrification, the am m onium  and nitrate ions m ay be taken up by the roots
of higher plants or by m icroorganism s decom posing organic residues in the soil.
Im m obilization is the process during w hich an overabundance of m icroorganism s, w hich also
need nitrogen to live, m ay outcom pete w ith crops for the available nitrate. A s inorganic
am m onium  and nitrate are incorporated into the cells of living m icroorganism s, the plant-
available N  levels in the soil are reduced. A s a result, crops m ay becom e nitrogen deficient
and develop a yellow  coloration. This situation can be prevented by com positing residues
before incorporation in the soil, blending low  C :N  ratio residues w ith high C :N  ratio residues
or by adding inorganic nitrogen fertilizers to the soil.

M ineralization and im m obilization can have a m ajor influence on the am ount of available N  in
the soil. A s has been discussed, soil m icroorganism s w ill break dow n plant m aterial (and
other organic m aterials) to obtain carbon and energy. D uring the initial stages of
decom position, N  can be released (m ineralized) from  the organic m aterial and it can be taken
up (im m obilized) by the biom ass. The net result of these N  transform ations w ill dictate
w hether available N  increases during the early stages of decom position or decreases.

The am ount of N  m ineralized is proportional to the quantity of total N  in the substrate being
decom posed. In general, 2%  N  is considered critical, w ith net m ineralization occurring w hen
the proportion of N  in the m aterial is >2% . The relative am ount of C  and N  (C :N  ratio) in the
decom posing m aterial also determ ines w hether m ineralization or im m obilization
predom inates. Since m ost plants are about 40%  C , the C:N  ratio is prim arily influenced by N
content. Plants w ith higher N  contents have low er C :N  ratios, and m ineralization (increase in
available N ) is favored w hen these plant m aterials decom pose. For exam ple, w hen alfalfa
decom poses, the relatively high am ount of N  (C:N  ratio = 25:1) favors m ineralization and
available N  w ill increase. If residues w ith low er N  contents, and w hich have higher C :N  ratio,
are added to the soil, the m icrobes w ill have to scavenge the soil for nitrogen to balance the
excess carbon in the residue and im m obilization (decrease in available N ) w ill usually occur
w hen these plant m aterials decom pose. For exam ple, w hen corn (C:N  ratio  57:1) or w heat
(C :N  ratio  80:1) residue are added to the soil, the relatively low  am ount of N  (high C :N
ratio) favors im m obilization and available N  decreases. This is because the additional N
required to balance the high C  in the straw  w ill have to com e from  the soil. For this reason, it
is advisable to add 15 lb of nitrogen for every ton of straw  up to 50 lb of N .

The processes of m ineralization and im m obilization occur sim ultaneously. A s organic m atter
decom poses, inorganic nitrogen is released into the soil and is utilized by both plants and
m icroorganism s. The N  in both the plants and the body m ass organism s eventually reverts into
plant-available N  w hen they die and decom pose to release inorganic nitrogen into the soil
through m ineralization.

In sum m ary, everything else being equal, m ineralization and im m obilization proceed at fairly



equal rates w hen the C:N  ratio of decom posing organic residues is betw een 24:1 and 30:1.
This im plies that m icroorganism s need 1 gram  of N  for every 24 g of C  in the substrate (food).
N et m ineralization occurs at C :N  ratios below  24:1 w hile net im m obilization occurs at C :N
ratios above 30:1.

C rop residues on the soil surface serve to protect the soil from  the destructive im pact of
raindrops, thereby protecting the soil from  erosion. The faster the rate of decom position, the
less the tim e those residues w ill be available to provide cover to the soil surface. Therefore,
w hile the decom position of crop residues is im portant for nutrient cycling, it is also essential
to m aintain a certain am ount of residue for soil cover. For these reasons, it is im portant to pay
attention to the C :N  ratio of crop residues, so as to m aintain soil cover w hen desired, yet allow
the residue to ultim ately break dow n and be recycled.

Denitrification
D enitrification is the process w hereby nitrate nitrogen (N O 3

-) undergoes chem ical reduction
into gaseous nitrogen form s including nitric oxide (N O ), nitrous oxide (N 2O ) and m olecular
nitrogen (N 2), and is volatilized into the atm osphere. This is a process w hereby
m icroorganism s that flourish, under anaerobic conditions, derive their oxygen from  the nitrate
ions or sim ilar oxides. Therefore, for denitrification to occur carbon and nitrate m ust be
available and oxygen availability m ust be restricted. M ost N O 3-N  m ay be lost in this m anner
from  low , w et areas of a field, especially during periods of w arm  w eather and heavy rainfall
w hen the soil stays saturated for prolonged periods of tim e. Even in aerated soils, sm all,
localized areas in the soil (m icrosites) can have inadequate supply of oxygen. The presence of
crop residues and other decom posable organic m atter increases the rate of denitrification. For
instance, the presence of surface m ulch and m oisture in no-till system s greatly increases the
potential for denitrification loss of surface-applied N  and a side dressing of N  fertilizer m ay
becom e necessary to ensure an adequate supply of N  during the early grow th phase. N itrate
losses due to denitrification can be reduced by applying slow  release fertilizers or fertilizers
that contain nitrification inhibitors. N itrification inhibitors slow  the processes of nitrification
until periods of greater plant uptake.

To a farm er, denitrification can be a costly loss of an expensive plant nutrient‍ nitrogen. This
is a m ajor reason for m aintaining adequate soil drainage and proper tim ing of nitrogen
fertilizer application. The N 2O  released into the atm osphere during denitrification is a
greenhouse gas that contributes to global w arm ing. N evertheless, denitrification is a crucial
part of the nitrogen cycle as it is the only point in the cycle at w hich fixed nitrogen re-enters the
atm osphere as gaseous nitrogen. W ithout it, atm ospheric nitrogen w ould eventually be depleted
by the nitrogen fixers.

Volatilization
This is the production of gaseous am m onia from  am m onium  and its loss to the atm osphere.



A m m onia volatilization increases w ith soil pH  because a high concentration of O H + ions
prom otes the conversion of nitrate to am m onium . A s discussed in C hapter 8, volatilization
losses are high for broadcast unincorporated urea fertilizer or m anure. Incorporation of m anure
and fertilizers can reduce am m onia losses by up to 75% . Evaporation prom otes volatilization.
Thus, volatilization is greatest as the soil dries after reaching field capacity. C rop residues that
are not incorporated into the soil m ay increase the rate of volatilization. Volatilization losses
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 m ust break dow n before urea is
released w hile urease inhibitors slow  the process of urea hydrolysis.

A m m onium  Fixation
This is the trapping of am m onium  ions betw een interlayer spacing of som e 2:1 layer silicate
clay m inerals such as verm iculite and illite. It occurs because the size of cavity left by oxygen
in clays is sufficiently large to hold potassium  and am m onium  ions, but too sm all for other
ions. W hether am m onium  w ill be fixed or not is determ ined by the source of charge on clays.
K aolinite does not fix am m onium . H ydrous oxides at low  soil pH  values do not fix am m onium
or potassium  because the A l(O H ) in the interlayer spaces satisfy the clays' charge and also
expands the interlayer space, thereby im peding fixation. M ontm orillonite does not fix
am m onium  under w et soil conditions.

The fixation of N H 4
+ ions leads to a tem porary im m obilization of fertilizer N  applied in a soil.

The actual am ount of am m onium  fixed depends on the am ount of K + in the fixed position. The
m ore the quantity of K  fixed, the less the quantity of am m onium  can be fixed. For this reason,
N H 4

+ fixation can be reduced by K  fertilization prior to N H 4
+ application.

Biological Decom position of Rocks
Three years after the island of K rakatoa w as largely blow n aw ay by a violent volcanic
eruption in 1883, scientists visited it only several years later and found that the surface of the
fresh bedrock w as already being invaded by cyanobacteria, one of the m ost self-supporting
form s of life on earth. It can both photosynthesize and fix nitrogen. G row ing along w ith the
cyanobacteria w ere nitrogen- and carbon-fixing bacteria as w ell as fungi and lichens. W eak
acids produced by these m icroorganism s w ere dissolving nutrients (phosphorus, calcium , and
other nutrients) from  the rocks and building up a hum ic m at capable of supporting m osses and
eventually higher plants. The w eak acids include carbonic acid form ed by solution of C O 2 gas
in w ater and lactic acid produced by fungi, and stronger acids (nitric and sulfuric) that w ere
form ed by bacteria. C ertain fungi and bacteria can release phosphorus from  m ineral particles.
It is evident that m icroorganism s are involved in rock w eathering from  the start.

M acroorganism s
M acroorganism s include w orm s, arthropods, and vertebrates. In an acre of soil there m ay be a



m illion nem atodes, a m illion ants, tw o hundred thousand m ites, and four thousand w orm s, to
nam e just a few . M ost w ild bees nest in the soil and in the process m ake the soil m ore porous
by excavating burrow s and cham bers. B efore settlem ent by European im m igrants, a squirrel
could cross the state of O hio w ithout touching the ground. M any of the trees in the native
forests w ere planted by squirrels. O bviously, anim al life has greatly influenced both plants and
soil.

W orm s include nem atodes and earthw orm s. N em atodes are eel-shaped, unsegm ented, colorless
w orm s and are generally the m ost abundant m ulticellular organism s in soils. (Fig. 4.9). M ost
are too sm all to be seen w ithout a m icroscope, but som e m ay grow  to a centim eter or m ore in
length. M any are saprophytic, w hich m eans that they feed on dead plant residue, but som e are
parasitic and live on the roots of plants. M any of the parasitic species cause im portant diseases
of plants, anim als, and hum ans. They cause great econom ic loss to m any crops, including
citrus, cotton, soybeans, alfalfa, corn, and vegetables such as potatoes and tom atoes.
N em atodes are involved in organic m atter decom position and nutrient cycling, biological
control of insect pests and certain plant parasitic nem atodes. They also serve as food for other
soil organism s.

Figure 4.9 N em atodes are usually m icroscopic. They can be destructive to crops.

Earthw orm s (Fig. 4.10) perform  an im portant function in m ixing organic m atter w ith m ineral
m atter. In a sense, they are soil factories. A m ong the m any kinds of earthw orm s, the
nightcraw ler, Lum bricus terrestris, w as brought to the U nited States from  Europe by settlers.



Figure 4.10 Earthw orm s are essential for m ixing organic m aterial w ith m inerals in the soil.

In general, w orm s perform  an im portant aeration and m ixing function by burrow ing/channeling
through the soil, consum ing organic m atter, and bringing the residue to the surface as castings,
w hich form  stable aggregates upon excretion. It is estim ated that w orm s bring 7‌18 tons of soil
per acre (16‌40 t/ha) annually to the surface in this w ay.

A rthropods include springtails, m ites, and ants. Springtails (Collem bola) are prim itive insects
that do not go through stages of m etam orphosis as do flies and butterflies (Fig. 4.11). They look
like ancient fossil creatures. They are num erous in decaying leaves, and in late w inter they
appear on snow banks (hence their nicknam e ―snow  fleas‖) w here they feed on scattered
pollen.

Figure 4.11 Springtails and m ites play an im portant role in the decom position of dead leaves
and stem s.

M ites (Acarina) (Fig. 4.11) perform  the sam e job as springtails, w hich is to consum e dead and
decom posing plant parts. M ites are found everyw here, even in ocean depths and on high
m ountains. They consum e organic residues and feed on nem atodes and springtails.

In both urban and rural environm ents, ants are active in tunneling and bringing up subsurface
soil to construct m ounds of various sizes as show n in the figure. B ecause ants can carry
particles no larger than allow ed by the gap betw een their open m andibles (m outhparts), the
m ounds contain no stones or gravel. Figure 4.12 show s a cross section through a m ound nearly



1 ft (30 cm ) high that w as built by the w estern m ound-building ant, Form ica cinera. These
insects w ere originally com m on in the grasslands of the A m erican prairie but are now  confined
by cultivation to undisturbed lands such as those along railroad tracks, cem etery edges, and
w etland borders. Their m ounds are built largely of subsoil and are rich in organic m aterials
that the ants bring to the colonies from  nearby vegetation.

Figure 4.12 A nts are active in tunneling in the soil and enriching it w ith organic m aterial.

Term ites are particularly active in soil and plant m aterials in subtropical and tropical regions.
They consum e large quantities of dead trees, shrubs and plant debris. Som e of these insects
tend to concentrate nutrients such as calcium  in their nests, w hich, w hen abandoned, are
cultivated by farm ers and eventually produce patches of high-quality crops. In sem iarid
regions, underground term ite nests m ay act as sinks (collectors) for irrigation w aters and
thereby becom e a nuisance. The long-term  soil-m ixing effects of term ites are beneficial, but the
im m ediate effects m ay be troublesom e. Som e m ounds m ay be higher than those show n in
Figure 4.13.



Figure 4.13 In tropical regions, term ites build huge m ounds in w hich they concentrate calcium
as w ell as organic m aterial in their nests.

Vertebrates include m oles, m ice, ground hogs, and m any others. M oles (Talpidae) plow  soil
by burrow ing just below  the surface to w here they can find earthw orm s, grubs, and plant roots
to eat. This activity occurs both in sod and in forest topsoil. It leaves the soil loosened and
contributes to the high porosity of noncultivated soils.

M ice (C ricetidae) and shrew s (Soricidae) are num erous enough to m ake an im pact on soils by
their burrow ing activities. W hen snow  m elts in the spring, netw orks of rodent runw ays are
plainly visible. G round squirrels (Sperm ophilus), G round hogs (M arm ota), prairie dogs
(C ynom ys), and other m am m als m ake elaborate burrow s, constructed to not fill w ith w ater
readily during rainy periods and to be aerated by convection and updraft air currents. These
rodents bring tons of subsoil m aterial to the surface. B ecause these anim als prefer dry sites, the
m aterials they excavate are com m only sandy and gravelly resulting in a soil profile that is
m ixed w ith various soil particles, but enriched w ith vegetative debris and rodent excreta in the
process (Fig. 4.14).



Figure 4.14 The burrow ing activities of anim als contribute to the porosity and enrichm ent of
soils.

Pesticide Use and Soil O rganism s
B efore the daw n of agriculture, all organism s w ere in balance and none w ere able to build up
in num bers beyond that of natural populations. This is not to say that prim itive hum ans w ere not
bothered by insects and the like, but they w ere natural populations. W hen hum ans began to
m anipulate plants and anim als to increase their food supply, the balance w as altered so that
certain organism s becam e detrim ental to agricultural production. Various form s of control have
been used, but in recent decades the em phasis has been upon organic com pounds that are
intended for the selective control of specific target organism s. Som e pesticides kill certain
kinds of pests such as fungi, nem atodes, insects, or rodents; som e regulate plant grow th by
speeding it up or retarding it; som e defoliate or desiccate plants; som e attract insects to deadly
traps or sterilize them ; and som e repel pests through protective coatings such as are found on
som e seeds.

W hen properly handled, pesticides cause little or no problem  in the environm ent. O ne reason



for this is the action of soil m icroorganism s. B acteria quickly break dow n m ost pesticides into
com ponents that are harm less w hen deactivated. C om ponents that are unlike any natural
m olecules, how ever, cannot be attacked by bacteria and they can build up in the environm ent,
such as D D T (dichlorodiphenyltrichloroethane).

There are other exam ples w here a com ponent form ed by m icrobial breakdow n of the original
insecticide is potentially very hazardous to hum an health. O ne of the aldicarbs derived from  a
com bination insecticide‌nem atocide used on potato fields is in this category. A ldicarb (or its
derivatives) has been found in the groundw ater beneath sandy soils in W isconsin, N ew  York,
and Florida. If the soil is not rapidly perm eable, the breakdow n of aldicarb into harm less
com ponents seem s to be com plete.

The m assive use of pesticides over large areas has, in som e cases, been self-defeating.
Som etim es natural enem ies of a pest have been elim inated, and pesticide-resistant varieties of
the pests have evolved. W ell-planned harm onizing of chem ical and natural control m ethods
(integrated pest m anagem ent) is a w iser approach.

Lim ited strategic use of pesticides m ay be com bined w ith ecological pest control. The latter
includes the encouragem ent of grow th of populations of natural enem ies of pests, release of
m any sterile individuals of a species, and rotation of crops in a w ay so as to interrupt
population expansion. The tobacco hornw orm  m oth, for exam ple, has been controlled by light
use of pesticides together w ith a vigorous encouragem ent of parasitic w asps (biological
control) and som e handpicking (scouting) of larvae. Integrated pest m anagem ent has been w ell
received because it is an econom ically sound approach as w ell as being good for the
environm ent.

The recent developm ent of hybrids that are resistant to specific insects and infections also
offers an opportunity to reduce the application of pesticides. Som e exam ples are corn that is
resistant to corn borers, potatoes that are resistant to potato beetles, and alfalfa that is resistant
to leaf hoppers. The application of insecticides to control these and other insects has been
extrem ely expensive and controversial.



Chapter 5
Soil Chem ical Properties
The chem ically active fractions of the soil are clay and hum us. Both clay and hum us have
electrically charged sites on their surfaces‍ both negative and positive. These sites attract ions
of the opposite charge. The types and relative am ounts of ions that are attached w ill influence
the plant nutrient level as w ell as the alkalinity or acidity of the soil.

Soil Colloidal System
The hum us and clay fractions are often called the colloidal system . A colloid, by definition, is
an extrem ely sm all particle. Clay and hum us fit the definition. Colloids are too sm all to be seen
w ith a light m icroscope, but clear im ages of them  can be m ade w ith electron m icroscopes. The
upper lim it of their diam eter is com m only given as 0.0001 m m , although particles som ew hat
larger m ay react sim ilarly but to a lesser extent. For com parison, it w ould take 254,000 of
these particles, side by side, to extend 1 in. (2.54 cm ). Thus, the colloidal system  is m ade up of
the finest clay particles and highly decom posed hum us. D ue to their sm all size, colloids have a
large specific surface area and carry an electrical charge on their surface. A s a result, colloids
are the m ost chem ically active fraction of the soil and are intim ately associated w ith m any
reactions involved in plant nutrition.

Since colloidal clay and hum us particles have negatively and positively charged sites, nutrient
ions that are essential for plant grow th are attracted to the colloidal surfaces of opposite
charge. The positively charged ions are cations and those w ith negative charge are anions.
They are held w eakly as a reserve supply for plants and m ay be released into the soil solution
w here they can be utilized by plants. W ithout the attraction betw een ions and colloids, the
leaching of certain ions deeper into the soil and beyond the reach of roots w ould be m uch
greater in hum id regions. Indeed, it is often observed that nitrate leaches readily in soils in
hum id regions. N itrate ions are negatively charged and are not attracted to the negatively
charged soil colloids; therefore, nitrate ions rem ain in the soil solution. Since the nitrate ions
are quite soluble and are not prone to other sorption reactions, nitrate w ill readily leach.

The nature of the colloidal system  is not only dependent on the colloids them selves but also on
the properties of the ions attracted to them . These attracted ions m ay be exchanged, partly in
accordance w ith the dom inance of specific ions in the soil solution. This process is called ion
exchange. In all soils, except som e in tropical regions, the negatively charged sites on
colloidal surfaces are m uch m ore num erous than are the positive sites, so the usual process is
cation exchange.

To understand how  colloids influence soil chem istry, it is necessary to know  som ething about
their com position. Clay m ineral colloids, prim arily silicate clays, oxide clays, and hum us
colloids, w ill be discussed separately.



Silicate Clays
M ineral particles such as com m on feldspar grains from  granite are m ade up m ostly of three
elem ents: silicon, oxygen, and alum inum . Therefore, they are called alum inosilicates. Sm all
feldspar particles slow ly change to clay m inerals by w eathering. These are also
alum inosilicates, but they are different from  feldspars in tw o principal w ays: The clay
m inerals have som e w ater m olecules in their structure so they are called hydrated
alum inosilicates, and they have a platy or layered structure.

Just as a plant leaf is m ade up of distinct layers of cells, the very sm all, flat clay crystals are
m ade up of definite layers of ions. M ost silicate clay particles are sandw ich-like, w ith an
alum ina layer (alum inum  plus oxygen) sandw iched betw een tw o silica layers (silicon plus
oxygen). They are called 2:1 clays because of this arrangem ent. Sm ectite and hydrous m ica are
clays of this type.

In clay m inerals w ith a 1:1 structure, there is a single silica layer adjacent to a single alum ina
layer. K aolinite is a com m on 1:1 clay. Plates of halloysite, a variety of kaolinite, tend to curl
(Fig. 5.1).

Figure 5.1 Clay particles are extrem ely sm all and in som e types the layers tend to curl.

These 2:1 and 1:1 types of clays are called layer lattice silicate clays. The ions in each layer
are arranged in lattice-like geom etric patterns (Fig. 5.2). The 2:1 lattice clays have variations
w ithin the geom etric pattern of ions that give rise to a negative charge on the surface. M ost 2:1
clays are also expanding lattice clays so they absorb w ater betw een, but not w ithin, the sets of
2:1 lattices.

Figure 5.2 Ions in silicate clays form  a geom etric pattern such as in this kaolinite.

A s an analogy, clay particles resem ble a stack of sandw iches and the expansion takes place



betw een the sandw iches. Expanding lattice clays have a trem endous surface area because the
internal surfaces are available to react w ith the soil solution. C lays w ith a 1:1 lattice do not
expand because hydrogen bonding betw een the sets of lattices holds them  together.

A nother kind of clay is the oxide clay that has little or no regularity in its structure. In this
respect, oxide clays are gel-like.

Source of N egative C harge on Silicate C lay M inerals
The negative charge on silicate clays in soils com es from  tw o sources. A typical silicate clay
of the 2:1 type illustrates this principle. First, the silica layer develops a negative charge from
the oxygen ions along the edge of the crystal. O nly one of the oxygen's tw o negative charges is
com bined w ith a silicon ion, so at the plane w here the crystal ends, there are oxygen ions w ith
one negative charge unsatisfied. Figure 5.3 depicts this charge distribution in tw o dim ensions,
w ith an unsatisfied charge at each end of the lattice. The oxygen ions are not show n in this
schem atic diagram , but their location is sim ilar to the ionic arrangem ent in the silica layer
show n in Figure 5.2. This source of negative charge is called edge charge and although it is
low , it is the m ain charge on kaolinite clay, w hich is a silicate clay m ineral. This charge
fluctuates w ith soil pH , hence it is called pH -dependent charge.

Figure 5.3 D evelopm ent of a negative charge on a silicate clay lattice.

The second source of a negative charge arises w hen one ion is substituted for another during
the form ation of the silicate clay crystal, w ithout any change in its form . D uring substitution,
som e atom s in the crystal are replaced by other atom s of sim ilar size but different valence.
This is called isom orphous (Iso = sim ilar, m orphous = size and shape) substitution, and it can
occur in different w ays. In som e clays an alum inum  ion (A l3+) substitutes for a silicon ion
(Si4+) in the outer (silica) layers, w hereas in other clays a m agnesium  ion (M g2+) m ay
substitute for A l3+ in the alum ina layer. Either w ay, one negative charge results in the crystal
and the charge is perm anent since it does not vary w ith 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.

G roups of Silicate C lays



Several groups of layer silicate clay m inerals have been identified and w ithin each group there
are m any specific clay m inerals. In this book, only three of these groups are discussed to
illustrate the nature and im portance of clay.

Sm ectite G roup
M ontm orillonite is a com m on m em ber of the sm ectite group. It is a 2:1-type clay w ith a high
capacity to hold plant nutrients and to sw ell and shrink on w etting and drying (Fig. 5.4).
Variations w ithin this group are due m ainly to the am ount of substitution of m agnesium  and
ferrous iron for alum inum  in the alum ina layer. Soils that have high am ounts of m ontm orillonite
clay can be very troublesom e, particularly w hen w et. They are expanding lattice clays w herein
their strong affinity for w ater causes the clay particles to spread apart and readily slip past one
another. This results in w hat is called low  bearing strength, w hich m eans that foundations of
buildings and roads built on these clays are likely to fail (slip) and cause cracking in the
superstructure, particularly on sloping ground. W hen m ontm orillonitic soils dry, cracks of
nearly 2 in. (5 cm ) or m ore m ay open. D ebris m ay fall into these cracks and cause the soil to
buckle w hen it is w etted.

Figure 5.4 Layer lattice crystals of m ontm orillonite clay have a high capacity to hold plant
nutrients, absorb w ater, and sw ell.

M ontm orillonitic soils becom e very sticky and difficult to till w hen w et and very hard w hen
dry. A s a result, farm ers can w ork them  only at just the right m oisture content. U nim proved
roads on m ontm orillonitic soils becom e im passable in rainy seasons.

The inner (alum ina) layer of the m ontm orillonite clay lattice is m ade up of alum inum ,
hydrogen, and oxygen ions. A ll the negative and positive charges balance and neutralize each
other w ithin this layer only if the three nam ed ions are present. In m ontm orillonite clay, about
one-fourth of the alum inum  ions (A l3+) have been replaced by ions of m agnesium  (M g2+) or
iron (Fe2+); ions w ith tw o positive charges have been substituted for ions w ith three positive
charges. This produces a deficiency in positive charges, w hich results in an excess of negative
charges at the surface of the crystal lattice. These are perm anent negative charges that
developed w hen the crystals w ere form ed.



Sm ectite clays tend to be associated w ith the subhum id to arid clim atic regions that have
produced grasslands in the U nited States. W hen found in the m ore hum id regions, they are
generally in soil form ed from  shale or in the residue from  basic rocks.

Hydrous M ica G roup
H ydrous m ica (Fig. 5.5) has a slight structural difference from  the prim ary m ineral (m ica) that
is found in granite. H ydrous m ica is probably derived by w eathering of m ica. It is associated
w ith regions w here w eathering has not been severe and w here the soil is neither very acid nor
very basic. A m em ber of this group is called illite after a location in Illinois w here it w as first
identified. H ydrous m ica is like m ontm orillonite in that it has a 2:1 lattice structure, but the
lattice layers are held together by a m utual bond w ith potassium  ions betw een them . This
bonding m inim izes the sw elling and shrinking and results in good bearing strength for this clay
and in reduced stickiness w hen w et. Illite has a low er capacity than does m ontm orillonite to
hold plant nutrients.

Figure 5.5 Layer lattice crystals of hydrous m ica clays have a low er capacity to hold plant
nutrients and to absorb w ater.

The presence of hydrous m ica in a soil does not m ake the soil unstable in the w ay that
m ontm orillonite does. A predom inance of hydrous m ica clay in a soil indicates a lack of
severe w eathering. Such clays are likely to be found in the cool clim atic zones w here
precipitation is high enough to rem ove soluble salts from  the soil.

W hen the interlayer potassium  is com pletely rem oved by w eathering, an expanding lattice 2:1
clay called verm iculite is form ed. It does not shrink and sw ell as m uch as m ontm orillonite
does. In verm iculite the negative charge is derived from  the isom orphous substitution of A l3+
for Si4+ in the outer layer. A s a result, verm iculite has a higher negative charge than does
m ontm orillonite.

Kaolinite G roup
The lattice of kaolinite clays is a 1:1 type m ade up of one silica and one alum ina layer (Fig.
5.6). It can be seen that kaolinite has the least silica of any of the silicate clays. This is the
result of the intense w eathering that is characteristic of w arm  regions of the w orld.



Figure 5.6 Layer lattice crystals of kaolinite clay have a very low  capacity to hold plant
nutrients and to absorb w ater.

O ne im portant property of kaolinite is the fixed spacing betw een the lattice layers. This is due
to the attraction of hydrogen of the hydroxyl ions in an alum ina layer for the oxygen in the
adjacent silica layer. The bond betw een these lattice layers is called a hydrogen bond, and it is
of great im portance because it renders kaolinite less sticky and gives the soil a greater bearing
strength than w ith other types of silicate clays. K aolinite has a very low  capacity to hold plant
nutrients, and it absorbs less w ater than 2:1 clays.

K aolinite, a favorite clay am ong potters, is m ost abundant in tropical and subtropical regions.
N early pure deposits of kaolinite are valuable as sources for industrial m aterials. Large
am ounts are m ined for use in the m anufacture of bathroom  fixtures.

A m m onium  Fixation by C lays
Som e 2:1 layer silicate clay m inerals such as verm iculite and illite trap N H 4

+ and K + ions
betw een interlayer spaces, resulting in a tem porary im m obilization of fertilizer N  applied in a
soil. Fixation occurs because the size of cavity left by oxygen in clays is sufficiently large to
hold potassium  and am m onium  ions, but too sm all for other ions.

Identification of Layer Silicate C lay M inerals
D ifferent clay m inerals have contrasting properties; hence, it is im portant to identify them  so
that a soil's capabilities and lim itations can be accurately predicted. The m ost com m on
laboratory instrum ent used to identify silicate clays is the X -ray m achine (Fig. 5.7).

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

N oncrystalline (A m orphous) Silicate C lays



W hen volcanic ash w eathers in a relatively short tim e, som e nearly am orphous (w ithout
structure) silicate clays form . Tw o of the clay m inerals are allophane, w hich is spherical, and
im ogolite, w hich is threadlike. Except for their sm all size, they share few  of the properties of
the layer silicate clays listed previously. Their presence is germ ane to the classification of
soils of volcanic origin.

O xide Clays
To this point, consideration has been given to only silicate clays, but oxide and hydrated oxide
clay m inerals are also present in soils (Fig. 5.8). N orm ally, these are oxides of iron and
alum inum , are am orphous, and are found m ost abundantly in soils form ed from  parent m aterials
rich in iron and alum inum  in tropical and subtropical regions w here w eathering has rem oved
m uch of the silica from  the clay fraction. O xide 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 is im portant
in the classification of som e volcanic region soils.

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

Cation Exchange
The characteristic of clay and hum us to attract, hold, and release cations is called cation
exchange.

A lthough m ost soil colloids have a net negative charge, no electrical charge in the soil goes
unbalanced for very long. Electrical neutrality is m aintained.

A soil colloidal system  (prim arily very fine clay and hum us particles) has a double layer of
charges. The inner layer is very closely associated w ith the surface of the colloidal particle
discussed previously. The outer layer is form ed by cations in the soil solution, w hich are
attracted to the colloidal surfaces in proportion to the negative charges available. This m eans
that a divalent cation such as calcium  (C a2+) or m agnesium  (M g2+) can neutralize tw o negative
charges of the colloidal particle, w hereas m onovalent ions such as potassium  (K +), sodium
(N a+), or hydrogen (H +) can neutralize one negative charge each (Fig. 5.9).



Figure 5.9 Soil colloidal particles attract ions w ith the opposite electron charge.

In acid soils, alum inum  ions (A l3+), w hich m ay be com bined w ith one or tw o hydroxyls (O H ℮),
can be attracted to colloidal surfaces. There m ay be m any other cations attracted to the
colloids in sm all am ounts. Som e of these are trace elem ents that are of great significance to
grow ing plants.

Cations in the outer layer are som etim es called ―sw arm  ions‖ because they resem ble a sw arm
of bees around a hive, w ith the greatest concentration of bees close to the hive (Fig. 5.10). In a
soil colloidal system , these cations becom e hydrated so their effective radius includes the
w ater m olecules.

Figure 5.10 A ―sw arm ‖ of positively charged ions around a negatively charged soil particle
resem bles bees around a hive.



The force of attraction of cations to the negatively charged colloidal surface differs am ong
cations, depending on the num ber of positive charges and the effective diam eters of the cations.
The greater the num ber of positive charges (valence), the greater the force of attraction. For
instance, C a2+ has tw o positive charges and is attracted closer to the colloid than N a+, w hich
has one positive charge and tends to m igrate farther from  the surface of the colloid. The force
of attraction increases in the order: N a+ < M g2+ = C a2+ < A l3+. For cations w ith the sam e
num ber of charges, the force of attraction is dictated by the effective diam eter of the cation.
C ations w ith sm aller effective diam eters are attracted m ore strongly and they are held closer to
the colloid than those w ith larger effective diam eters. The force of attraction increases in the
order: Li+ < N a+ < K +. A ll the attracted cations are in constant m otion, but attraction holds
them  tightly enough so they are not readily lost to w ater that is m oving through the soil. They
are adsorbed ions because they are held to the surfaces of the colloids. This action is very
im portant to plant life because it keeps m any nutrients w ithin the root zone of the crops.
A ddition of cations to the soil, through acidification, lim ing, or fertilization, enhances the
release of adsorbed cations into the soil solution as the new  cations sw ap places on the
exchange sites.

W hen there is sufficient m oisture in the soil, cations in the soil solution can be lost from  the
soil profile by leaching. The nutrients that are easily leached are those that are less strongly
held by soil particles. For instance, nitrate (an anion) w ill leach m uch m ore readily than
calcium  (a cation). In addition, m onovalent cations, such as potassium , w ill leach m ore readily
than divalent cations, such as calcium , since divalent cations are held closer to the exchange
sites than m onovalent cations.

In sum m ary, cations are electrostatically attracted to the surface of the negatively charged
colloids, but w ill diffuse aw ay from  the surface and tow ard the bulk soil solution based on
concentration gradients. A nions, on the other hand, w ill be electrostatically repelled from  the
negatively charged colloid surface, but w ill diffuse tow ard the surface and aw ay from  the bulk
solution based on concentration gradients. The exact nature of these processes is beyond the
scope of this book, but they are very im portant in explaining m any im portant soil properties.

C ations (e.g., Ca2+) in a m ineral fragm ent are released by w eathering into the soil solution
w here they are attracted to particles of clay, around w hich they ―sw arm .‖ B y exchange w ith
hydrogen ions com ing from  around roots, the nutrient ions finally reach the roots. There is an
area called the oscillation zone in w hich ions are m oving around roots and clay particles. This
is the place of exchange, w here one cation is replaced by another w ith an equivalent am ount of
charge (Fig. 5.11). For exam ple, one divalent ion (such as C a2+) m ay replace another divalent
ion (such as M g2+), or it m ay replace tw o m onovalent ions (K + and K +). W hen a plant takes
cations from  the soil solution (Fig. 5.12), it releases hydrogen ions (H +) in exchange. For
exam ple, w hen one calcium  ion is taken into the plant, tw o hydrogen ions are given off into the
soil solution. Thus, electrical neutrality is m aintained.



Figure 5.11 A  calcium  ion (C a2+) (left) m igrates in solution tow ard a negatively charged soil
particle to w hich tw o potassium  ions (K +) have been previously attracted. The C a2+ ion (right)
changes places w ith the tw o K + ions, w hich m ove on into the soil solution. A n instance of
cation exchange has occurred.

Figure 5.12 C ations m ove from  a m ineral, into solution, to the colloid surface, and on into the
rootlet by ion exchange.

C ation Exchange C apacity
C ation exchange capacity (CEC) is defined as the sum  total of exchangeable cations that a soil
can adsorb. To quantify the negative charges on the soil colloids and therefore also the am ount
of cations attracted to those charges, it is essential to express the am ount in standard units. The
units are centim oles of charge per kilogram  of soil m aterial (cm olc/kg). The ―c‖ subscript
before the slash indicates ―charge.‖ The quantities determ ined are designated as the cation
exchange capacity (C EC ). Typically, this m easurem ent is determ ined on soil sam ples, but it



m ay be m ade on other earthy deposits such as lake bottom  sedim ents.

There are m any variations in the laboratory determ ination of C EC , but the basic principles
behind the m ethods are sim ilar: (1) A  know n w eight of soil is placed in a beaker and reacted
w ith a solution containing only one type of cation, such as am m onium  (N H 4

+). (2) W hen it has
been established that all the negative sites on the colloids are satisfied w ith am m onium  ions,
the am m onium  ions are replaced w ith another ion, and the am m onium  ions replaced are
m easured. (3) The cm olc/kg of N H 4

+ determ ined represents the C EC  of the soil sam ple.

Frequently the kinds of cations held on the colloidal system  need to be determ ined. This can be
done in a sim ilar m anner w herein the exchangeable cations in the soil sam ple are replaced
w ith another cation and those rem oved are analyzed individually. The kinds of cations found on
the colloidal system  of m ost soils are quite predictable. They are calcium  (C a2+), m agnesium
(M g2+), potassium  (K +), sodium  (N a+), and hydrogen (H +). In som e soils, alum inum  (A l3+) m ay
also be very significant. W hen nitrogen is added to the soil in the form  of am m onia (N H 3) or
the am m onium  ion (N H 4

+), the adsorption of N H 4
+ becom es im portant. The ranges in the CEC

for pure sam ples of the clays discussed in this chapter are show n in Table 5.1.

Table 5.1 The range in cation exchange capacity of som e com m on clay m inerals

Type of clay C EC  in cm olc/kg

K aolinite 3‌15
Illite 10‌40
M ontm orillonite 80‌100
Verm iculite 100‌150

For m ost agricultural soils, the C EC  ranges betw een 3 and 20 cm olc/kg. The very sandy soils
are at the low  end of the scale, and very clayey soils or organic soils m ay have a C EC  m uch
higher than 20 cm olc/kg. Soil C EC  is influenced by the am ount of clay in the soil (texture), the
type of clay present (m ineralogy), the am ount of organic m atter present, and the soil pH . The
C EC  of the soil gives a strong indication of the ability of a soil to retain and release nutrients,
but it does not replace a soil test for plant nutrients that are discussed later.

A  high C EC  signifies a greater capacity to retain cations such as K +, C a2+, M g2+, and N H 4
+

am ong others. This m eans that m ore nutrients are held on the soil colloids and the
concentration of nutrients in the soil solution is low . This im plies that w hile there are plenty of
nutrients in the soil, the plants m ay not be able to take advantage of them , especially under
conditions of low  soil m oisture, since nutrients held on the soil colloids have decreased
m obility. These cations are also less likely to leach. A  low  C EC  im plies that few er nutrients
can be held by the soil and indicates a need for m ore frequent nutrient applications.

H um us as a C olloidal Substance



H um us is also part of the soil's colloidal system , and it releases valuable plant nutrients as it
decom poses. Like clay, these m icroscopic particles carry negative charges to w hich cations
are attracted. H um us has various chem ical 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 hum us particles can develop in several w ays. O ne is from  the m igration of hydrogen
ions (H +) aw ay from  carboxyl groups that consist of carbon (C ), oxygen (O ), and hydroxyl (O H
℮). They exist along the sides of the hum us colloids (Fig. 5.13). The abundance of hydrogen
ions in soils w ith a low  pH  restricts the m igration of H + from  the surface of hum us colloids and
reduces their C EC . For this reason hum us has a pH -dependent charge rather than a perm anent
charge.

Figure 5.13 D evelopm ent of a negative charge on a hum us colloid particle.

The CEC of hum us ( 300 cm olc/kg) is at least tw ice or m ore tim es as high as that of silicate
clays, so its value to the soil for crop production is enorm ous. Further, organic m atter additions
to sandy C oastal Plain soils w hose clay fraction is dom inated by kaolinite or hydrous oxides
can greatly increase the C EC  of these soils. This higher C EC  m ay have an im pact on how  soil-
test results for K , M g, C a, and other cations are interpreted. For instance, m any state soil
testing program s recognize this effect by separating state soils into groups for interpretation
based on their C EC .

Anion Exchange
U p to this point, only those colloids that have a net negative charge have been discussed. The
negative charge is the dom inant condition. H ow ever, the w ord net in net negative charge
im plies that positively charged sites m ay also be present, though in lesser num bers, and this is
indeed the case. In fact, certain acid tropical soils contain colloids w ith a net positive charge,
and these colloids attract and exchange soluble anions just as negatively charged colloids
attract and exchange soluble cations. Thus, these soils exhibit anion exchange capacity (A EC)



instead of C EC . Soluble anions such as nitrate (N O 3
℮), chloride (C l℮), and sulfate (SO 4

℮) are
held and exchanged on the positively charged surfaces, w hereas the cations are repelled and
rem ain in solution. Phosphate (H 2PO 4

℮) is also attracted to these surfaces but is held m uch
m ore tightly on surfaces of iron-, alum inum -, and calcium -bearing m inerals by a specific
adsorption m echanism  that operates in either positively or negatively charged soils.

Surface charge becom es m ore positive (or less negative) as the soil acidity increases. Soils
that show  positive surface charges, therefore, are characteristically acid, and their colloid
com ponent is high in kaolinite, iron and alum inum  oxides, and hydroxides but low  in hum us
and expanding-layer silicate (sm ectite) clay.

In general, w eathering rem oves the 2:1 clays and leaves 1:1 clays, such as kaolinite as w ell as
iron and alum inum  oxides. U nder these conditions, the very acidic soils can develop positive
charges. They are usually undesirable for crop production, not so m uch because of their
charge, but because they often contain enough active alum inum  and/or m anganese to be toxic to
plants. M any of these soils also have a very high capacity for fixing applied phosphorus in a
form  that is relatively unavailable to plants. Soils high in hum us and sm ectite clay never go
positive, but som e tropical soils low  in these com ponents can be positive at pH  6 and below .

The usual problem s w ith alum inum  and m anganese toxicity and phosphorus fixation in these
soils m ake them  generally undesirable. A lso, these soils are so highly w eathered that very few
nutrients are released by further w eathering. The A EC  of m ost agricultural soils is sm all
com pared to their CEC. Therefore, anions such as N O 3

℮, SO 4
℮, and C l℮ are repelled by the net

negative charge on soil colloids and they rem ain m obile in the soil solution. They are
susceptible to leaching.

Soil Reaction (pH)
Soil reaction refers to the concentration of hydrogen ions (H +) and hydroxyl ions (O H ℮) in the
soil solution, w hich are expressed in m oles per liter. The term  pH  is a m easure of the
concentration and activity of hydrogen ions (H +) in a system . It is defined as the negative log of
the hydrogen ion concentration, or ‌log ([H +]) = log 1/H +. The m ore H + there is, the low er the
pH  and the greater the acidity. A  pH  7.0 = ℮log 0.0000001 = log 1/10℮7, pH  8.0 = ℮log
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 decrease in pH  results in a 10-fold increase in
hydrogen ions, and a com parable decrease in hydroxyl ions. Thus, a pH  of 6.0 is 10 tim es as
acidic as a pH  of 7.0 and 100 tim es as acidic as a pH  of 8.0 (see Fig. 5.14).



Figure 5.14 H ydrogen ion concentration is expressed as pH .

Soil acidity can be in the soil solution (active acidity) and it can also be associated w ith the
solid phases (reserve acidity) of the soil (iron and alum inum  oxides, C EC , etc.). R eserve
acidity is the m ain source of active acidity. A ctive acidity determ ines w hether soil pH  needs to
be raised w hile reserve acidity determ ines how  m uch lim e m ust be applied to raise it. Soils
w ith high clay and/or organic m atter contents generally require m ore lim e for a sim ilar pH
change as they tend to have higher reserve acidity than sandy soils w ith low  organic m atter.

The pH  scale extends from  1 to 14, w ith pH  7 being precisely neutral. This m eans that at pH  7,
the concentration of hydrogen and hydroxyl ions is equal. A s hydrogen ions increase in
concentration and hydroxyl ions decrease, the pH  drops below  7 and vice versa. The pH
ranges that m ight be encountered under natural soil conditions are illustrated in Figure 5.15.
Soils are considered acidic below  a pH  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 a pH  of 8. It is rare to
find soils close to either of the extrem e ends of the pH  scale unless they have been
contam inated by hum an activity.

Figure 5.15 Soil reaction is usually less than tw o pH  units on either side of neutral.

Soil pH  is an im portant chem ical property that is m ost indicative of the general chem ical status
of a soil. For this reason, soil pH  is the m ost com m only m easured soil chem ical property by
farm ers and urban hom eow ners alike. Its m easurem ent can help in determ ination of: the am ount
of lim e or sulfur to add to the soil, w hich fertilizers to use (som e fertilizers w ill acidify the
soil and others m ay raise the pH ), and w hether a particular pesticide can be tank-m ixed w ith a
particular fertilizer.

A s discussed in C hapter 8, the use of m anure and am m onium  based nitrogen fertilizers, such as



anhydrous am m onia, am m onium  sulfate and urea, w ill gradually low er the soil pH . For this
reason, it is useful to com pare current soil test pH  values to previous values to determ ine if
there is a trend of soil pH  change. R egular (every 2‌3 years) m onitoring of pH  values in a field
can help one consider if action is needed to rem ediate the pH .

In the laboratory, soil pH  values are typically m easured by m ixing 10 g of air-dry soil w ith 20
m l of double-distilled w ater or 20 m l of 0.01 M  CaC l2 solution, and m easuring the pH  using an
appropriate electrode connected to a pH  m eter. Soil pH  m easurem ent is a regular part of m ost,
if not all soil test protocols.

The grow th of crops is influenced by soil pH . M ost field crops such as corn, sm all grains,
cotton, and pasture grasses w ill grow  satisfactorily over a relatively w ide pH  range‍ from  5.5
to 8.3‍ but the preferred range for best production is from  pH  6.5 to 7.8. A t this pH  range,
m ost plant nutrients are optim ally available to plants. Furtherm ore, this range of pH  is
generally very com patible to plant root grow th. C ranberries and blueberries, how ever, grow
best in acid soils w ith pH  4.0‌5.0, w hile alfalfa and sw eet clover require a pH  of 6.5 or above
for best grow th.

Plants are usually not directly affected by soils that range in pH  below  5.0 or above 9.0;
how ever, the indirect effect m ay be drastic. It is som ew hat like having a fever that does not
harm  the body unless it goes to an extrem e, but it certainly indicates that there is som e sort of
an infection that is at least tem porarily harm ful. Such soils are likely to produce poor crops for
one or m ore of several possible reasons such as:

1. A  lack of one or m ore plant nutrients.

2. Presence of plant nutrients in form s unavailable to plants. Low  pH  reduces the
availability of phosphorus, calcium , m agnesium , and M o. H igh pH  reduces the availability
phosphorus and m ost m icronutrients (Fe, C u, M n, Zn).

3. D im inished activity of beneficial soil m icrobes. For instance, the optim um  soil pH  for
nitrification (the biological transform ation of am m onium  (N H 4

+) to nitrate (N O 3
℮) is 6.6‌

8.0, and is m arkedly reduced at pH  below  6.0. Rhizobia, the bacteria responsible for
nitrogen (N ) fixation in legum es, do not nodulate and fix N  effectively under pH  values less
than 5.5. Since soil pH  influences the activity of pathogenic m icrobes as w ell, farm ers can
adjust soil pH  to m anage som e plant diseases. In general, the m ost abundant and diverse
populations of soil organism s are found in near-neutral pH .

4. A bundance of ions toxic to plants. Low  pH  greatly increases the solubility of A l, M n,
Zn, and Fe, w hich are toxic to plants in excess. A  high concentration of soluble A l also
affects plant grow th negatively through inhibition of Ca uptake and precipitation of P. In
very acidic soils, the high concentration of H + ions causes irreversible dam age to the
uptake m echanism s of plant roots. M olybdenum  is available at high pH  and can be toxic to
plants.

A n unfavorable soil reaction can be rem ediated (see C hapter 9). The pH  of alkaline soils can
be low ered by adding elem ental sulfur or sulfur-containing m aterials to alkaline soils. A cidic



soils m ay be neutralized over tim e w ith the application of lim ing m aterials such as agricultural
lim e (CaC O 3) or dolom itic lim estone (C aM g(C O 3)2) am ong others.

W hen lim e is applied to the soil, it dissolves to form  carbonic acid and calcium  hydroxide.
Since carbonic acid is w eak/unstable, it dissociates to carbon dioxide gas and w ater. The
rem aining calcium  hydroxide dissociates into calcium  and hydroxide ions. The calcium  ions
replace tw o hydrogen ions on the exchange sites, w hile the hydroxide ion reacts w ith the
displaced hydrogen ions to form  w ater, thereby resulting in an increase in soil pH .

The am ount of lim e required to adjust the pH  of a soil to a desired value is term ed ―lim e
requirem ent.‖ This am ount is dependent upon the buffering capacity of the soil and how  m uch
the pH  needs to be adjusted. The higher the am ount of clay and organic m atter, the higher the
buffering capacity and m ore lim e needed.

R em ediation of soil pH  has several benefits including prevention of the toxic effects of
alum inum  and m icronutrients, provision of nutrients such as Ca and M g, increased availability
of essential nutrients, im provem ent in soil conditions for m icrobes, and im proved soil
structure.

B ase Saturation
B ase saturation refers to the percentage of base-form ing ions (C a2+, M g2+, K +, N a+) that
occupy the colloidal surfaces, or the CEC. M ost cations in the soil are associated w ith the
cation exchange com plex of colloidal clay and hum us discussed earlier. U nder acidic
conditions, com paratively few  basic ions (calcium , m agnesium , potassium ) are present on the
colloidal system , but there are m any hydrogen ions. A lum inum  ions on the colloidal system
also give an acid reaction. For instance, in highly w eathered soils of the Southeastern U SA  and
the tropics, high rainfall in these areas leaches m onovalent and divalent cations, leaving an
abundance of A l3+ ions on the soil colloid. This results in low  base saturation. In contrast,
m oderately w eathered soils that form ed from  basic igneous rocks, such as the basalts, have
relatively high base saturation.

In a laboratory, w hen the naturally occurring cations in a soil sam ple are replaced w ith another
kind, the original cations can be collected and identified. The am ount of basic exchangeable
cations found m ay then be com pared to the total am ount of exchangeable cations. This is the
m eans for calculating the percent base saturation. For exam ple, on the colloidal clay particle in
Figure 5.16 there are 25 cations, 15 of w hich are basic. Therefore, the percent base saturation
is (15/25) Õ 100 = 60% . A high percentage base saturation is usually desirable for crops.



Figure 5.16 A  colloidal clay particle has exchangeable cations around it. Each ‛ (acid) or ╞
(base) represents billions of ions.

K eep in m ind that num bers given here and in Figure 5.16 are for illustration only. The actual
num bers are beyond com prehension. O ne m ole of charge corresponds to Avogadro's num ber
(6.02 Õ 1023) so, for exam ple, 1 cm olc/kg of H + w ould be 1/100 of Avogadro's num ber (6.02 Õ
1021). Figure 5.17 gives a com parison of this quantity to a spoonful of soil.

Figure 5.17 A  spoonful of soil w eighing 10 g (dry) contains about 1.2 quintillion (1.2 Õ 1021
exchange sites to w hich plant nutrients (C a, K , etc.) can be held available for plant roots.

B uffering C apacity
In chem istry, buffering refers to a resistance to change in pH ; consequently, a soil that is w ell
buffered is one w hose pH  is not easily altered significantly. The cation exchange capacity of
soils gives them  m ost of their buffering capacity, as the vast m ajority of the basic and acidic
ions are held to the surface of the clay and hum us colloids are exchangeable. Thus, w hen basic
ions are dissolved in the solution of a colloid-rich soil, there is very little increase in pH
because hydrogen ions are released from  the colloidal surfaces to neutralize the base that w as
added, that is the hydrogen and hydroxide ions react to form  w ater (H + + O H ℮ ₵  H 2O ). W ell-
buffered soils need m ore lim e to raise their pH  than those that lack an abundance of colloids.
The situation is analogous to the strength of an arm y‍ it is not so m uch related to the num ber of
troops it has on the front line as it is to the forces it holds in reserve.

R easons for B asic or A cidic Soil
N ative soil pH  is influenced by soil m inerals and am ount of precipitation. In arid and sem iarid
regions of the w orld, m ost soils are basic (alkaline) or nearly neutral for tw o reasons: The
ions derived from  w eathering of m inerals are predom inantly base-form ing ions, and there is
not enough precipitation to leach them  from  the soil.

In hum id regions of the w orld, leaching by precipitation causes the bases to be translocated
deeper into the soil, and ultim ately they return to the sea (Fig. 5.18). The effect of this process



over the long span of geologic tim e is evident in deposits of lim estone and other basic
sedim entary rocks laid dow n on the sea bottom . The lim estone deposits, w hich m ay be several
hundred feet thick, have resulted from  the concentration of calcium  and m agnesium  carbonates
by living organism s or by chem ical precipitation in ancient seas. O ther basic ions have been
concentrated as salt beds w hen seas dried up. In m any places, basic sedim entary deposits are
covered w ith thick sandstone form ations that m ay be som ew hat acid or neutral in reaction.
O ther 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 ultim ately returns bases to the sea.

A lthough soil acidification is a natural process, som e agricultural practices prom ote the
acidification of soils. These practices include harvesting of crops, w hich rem oves cations such
as C a and M g, the addition of m anures, com posts, and other organic residues, w hich release
hydrogen ions during m ineralization, and the generation of acid (H +) from  the nitrification of
urea and am m onium -based fertilizers. A  sim plified equation show ing how  the conversion of
am m onium  to nitrate (nitrification) increases soil acidity is show n here:

A gricultural practices, such as tillage, also enhance soil acidification because they accelerate
m ineralization of organic m atter as w ell as leaching. These effects, how ever, are not serious if
steps are taken to counteract them  by the addition of lim e.

Soil Aggregation
The colloidal system  of the soil not only is the center of chem ical reactions but also has m uch
to do w ith the physical structure of the soil. M ost of the com m on soil cations (particularly C a2+



and M g2+) attracted to colloids cause them  to cluster into w hat is called a flocculated
condition. The opposite of flocculation is dispersion, w hich m eans that the soil particles do not
tend to cluster together w hen w et. Sodium  ions (N a+ disperse soil very effectively and cause
the soil to flow  together so that it becom es alm ost im perm eable to w ater (Fig. 5.19). The
reason is that the adsorbed N a+ m igrates far enough aw ay from  the colloids to leave the
negative charges of the colloids unsaturated. Like charges repel, so the negative (℮) particles
disperse. The soil loses stability as a result. Entrance of sodium -rich w ater into earthen dam s
m ay cause them  to fail.

Figure 5.19 Soil is w ell aggregated by action of colloids rich in calcium  ions (left). Soil runs
together in a dense m ass by action of colloids containing abundant sodium  ions (right).

The dispersed soil condition caused by sodium  is very adverse to crop production. It is m ost
com m only associated w ith slight depressions in otherw ise level grasslands of sem iarid regions
as w ell as w ith cropland irrigated w ith w ater high in sodium . Sodium  also brings about a
strong alkali condition that can dissolve hum us, producing a dark crust on the soil surface w hen
the w ater evaporates. Farm ers call these ―black alkali spots‖ and they are relatively
unproductive (Fig. 5.20).

Figure 5.20 C orn grow th is poorer on sodium -rich soil than on calcium -rich soil.



Chapter 6
Soil W ater
M any ancient civilizations left evidence that it w as w ell understood how  vital w ater w as to the
survival of their cultures. N om adic tribes follow ed the seasonal rainfall patterns that affected
the grow th of forages for their grazing anim als and of edible plants for their ow n consum ption.
Som e of the earliest public w orks projects involved drainage and irrigation of lands to
enhance crop production. The eventual collapse of som e of these ancient civilizations has been
attributed to poor m anagem ent of w ater resources. H um an reliance on a sufficient and tim ely
supply of w ater for food and fiber production is no less critical today.

W ater stored in the soil does several things. First, it is essential to plant grow th. N utrients
m ove w ithin the soil solution and are absorbed (taken up) from  it by plants through the roots
(see C hapter 8). Second, it is essential to the m icroorganism s that live in the soil and
decom pose organic m atter and recycle plant nutrients (see Chapter 4). Third, it is im portant in
the w eathering process and soil form ation by accelerating the breakdow n of rocks and
m inerals to form  soil and release plant nutrients (see Chapter 2). Fourth, w ater also plays a
role in m oderation of soil tem peratures (Chapter 7). Fifth, w ater serves as an active factor in
soil form ation by translocating fine particles dow nw ard and dissolved substances both
dow nw ard and upw ard.

W ater in the soil influences the tim ing of m any farm ing operations, such as w hen to till, w hen to
plant, and w hen and how  to apply herbicides and/or fertilizers. Soil w ater influences the
choice of crops to be grow n. In areas w here rainfall and soil w ater are sufficient, corn m ay be
grow n. In areas w ith less rainfall and/or m ore evaporation, there is less soil w ater available,
and a cereal crop or grain sorghum  (m ilo) is m ore likely to be selected by farm ers. To
effectively m anage available w ater resources, it is im portant to understand the processes of
w ater m ovem ent in soils and uptake by plants.

Hydrologic Cycle
H ydrology is the study of the m ovem ent of w ater on the earth. The hydrologic cycle (Fig. 6.1)
is used to sum m arize all the processes involving w ater in the environm ent. W hen the
hydrologic cycle is considered on a global scale, it is com m on to begin w ith evaporation of
w ater from  the oceans. Evaporation also occurs from  the land, and a sm all am ount of w ater
vapor com es directly from  snow  and ice in alpine and Polar Regions through sublim ation
(transform ation of ice directly to w ater vapor). W ater vapor in the atm osphere form s clouds
and the w ater falls to earth in precipitation (rain, snow , sleet, and hail). Precipitation that falls
on the ocean can be evaporated again. Snow  that falls in polar or m ountainous regions m ay be
stored for decades or centuries before it m elts.



Figure 6.1 The hydrologic cycle describes the flow  of w ater in the environm ent.

Som e of the precipitation that falls on land is intercepted by vegetation and evaporates back to
the atm osphere but m ost of it reaches the soil surface.

Precipitation that reaches the soil can either enter the soil or run off the land to a surface w ater
body (stream , m arsh, or lake). Surface w ater eventually evaporates, seeps farther into the
earth, or flow s back to the oceans, w here it can evaporate and start the cycle again. W ater that
enters the soil is of m ost im portance to plant grow th. This w ater 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 becom e part of the groundw ater.

The global hydrologic cycle is very com plex and involves processes that occur on large scales
(precipitation) and over long periods of tim e (m elting of glaciers). N onetheless, parts of the
hydrologic cycle have strong im plications for food and fiber production. For instance, in
several areas of the w orld, w ater from  m elting snow  and ice is captured in reservoirs and used
to irrigate crops som etim es hundreds of m iles (kilom eters) aw ay.

Soil W ater B udget
A lthough soil w ater is just one com ponent of the hydrologic cycle, it represents the crucial
reservoir of w ater for the grow th of m ost plants. A n easy w ay to m onitor w ater in soils is to



consider the soil's w ater budget. Just as a person m ay have a financial budget w ith inputs
(incom e, investm ents, etc.) and outputs (food, clothing, shelter, etc.), the soil has a w ater
budget. In agricultural settings there are tw o inputs: precipitation and irrigation. W ater from
precipitation and/or irrigation can either m ove into the soil (infiltration), or it can run across
the soil surface to a stream , m arsh, or lake (runoff).
W hat happens to w ater after it enters the soil? It can be stored in the root zone for future use by
plants or m ove through the soil and out of the root zone (percolation) and eventually to
groundw ater. It m ay also evaporate, either directly from  the soil or from  plant leaves
(transpiration) after being absorbed by roots. Thus, the soil's stored w ater is the difference
betw een the sum  of all inputs and the sum  of all outputs. The w ater budget has tw o inputs
(precipitation and irrigation) and three outputs (runoff, evaporation, and percolation) (Fig.
6.2).

Figure 6.2 W ater that enters the soil m ay percolate or evaporate or it m ay be transpired or
stored.

The w ater budget can be put in equation form :

w here S is the am ount of stored w ater, P is precipitation, I is irrigation, R is runoff, E is
evaporation and transpiration, and D  is percolation. Each term  in the w ater budget equation
w ould have linear units of m easurem ent such as inches (m illim eters). Typically, w ater budget
analyses are com pleted for m onths or years so m anagers can analyze trends in each term  and
consider options to optim ize w ater use.

The am ount of w ater that ends up in each term  is partly determ ined by clim ate and partly by
properties of the soil and the requirem ents of the plants grow ing in the soil. O f course, hum ans
also have the opportunity to m anage the m ovem ent of w ater by choosing w hich crops to plant,
w hen and how  m uch to irrigate, types of tillage and residue m anagem ent practices to follow , or
to provide drainage of excess w ater.

Infiltration and R unoff
Precipitation or irrigation that reaches the soil surface is partitioned betw een infiltration and



runoff. The rate of infiltration varies w ith 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 w ith its sm aller pore size (Fig. 6.3). If the physical condition of
the soil is poor, the infiltration rate is reduced. A  sandy soil m ay have an infiltration rate
greater than 1 in. (2.5 cm ) per h, w hereas som e clayey soils require m ore than 12 h for 1 in.
(2.5 cm ) of w ater to infiltrate.

Figure 6.3 Soils w ith large pore spaces, such as sandy soils and w ell-granulated types, usually
have high infiltration and percolation rates, w hereas those that have sm all pore spaces or are
in poor physical condition have low  infiltration and percolation rates. R unoff occurs if the rate
of rainfall exceeds the w ater infiltration rate.

Figure 6.4 gives an indication of the rates of runoff and infiltration for a hypothetical rainstorm .
The rate of infiltration needs to be know n w hen designing a drainage or irrigation system . O ne
w ay to estim ate infiltration w ould be to observe how  long it takes before w ater starts to run off
(if it ever does) during a rainstorm . If the rate of w ater infiltration into soil is less than the rate
at w hich rain falls, w ater accum ulates on the soil surface. If enough w ater accum ulates to fill
the sm all depressions at the soil surface, runoff begins. If the am ount of rainfall and the
duration of the storm  are know n, then the infiltration rate can be estim ated.



Figure 6.4 R unoff and infiltration for a 1.5-in. (38-m m ) rainfall in 1 h. The infiltration rate
decreases as the soil w ets until runoff begins after 10 m in. Late in the storm , the runoff and
infiltration rates are steady. Runoff w ould have begun later and been less if the soil had a
higher infiltration rate.

A s runoff w ater flow s dow nslope across the land surface, it gathers m om entum  and picks up
soil particles, w hich results in soil erosion. It is generally desirable to hold as m uch of the rain
as possible w here it falls to provide w ater for crops and to protect the soil from  erosion. O n
som e soils in hum id regions, how ever, it is necessary to encourage runoff through a surface
drainage system  that prevents the soil from  becom ing w aterlogged. It is im possible to avoid all
erosion, but it is im portant for it to be m inim ized. Soil erosion w ill be discussed further in
Chapter 10.

A farm er can influence the infiltration rate of a soil by keeping a protective vegetative cover on
the surface and by m aintaining good soil structure, both of w hich help conserve w ater and soil.
By keeping the soil in good physical condition, the topsoil becom es full of ―crum bs,‖ w hich
are stable, spongy aggregates. W ith this condition of the soil, w ater m oves easily into and
through the soil. Such aggregates form  w hen adequate organic m atter is present and excessive
tillage is avoided. The farm er w ho depletes the soil of organic m atter by rem oving crops
w ithout returning plant residues or m anure is likely to decrease the infiltration rate. W hen
raindrops strike exposed soil, especially w ithout the spongy aggregates, the soil is beaten to a
paste and a seal form s on the surface. The soil surface then tends to shed w ater like a roof.

W hen a sealed-off surface becom es dry, it form s a brittle crust that can inhibit em ergence of
seedlings. Seedlings such as those of beans and potatoes are strong enough to break through,
lifting pieces of the crust like so m any trapdoors opened from  below . B ut seedlings of sm all-
seed crops such as oats and even the larger seedlings such as corn m ay perish w ithout ever



em erging (Fig. 6.5). Som etim es farm ers have to break this crust w ith light tillage after planting
the crop, but this m ay be only partially successful.

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

Evaporation
Evaporation is the transform ation of w ater from  liquid to vapor regulated by solar energy,
w ind m ovem ent, and hum idity. Soil w ater can evaporate directly from  the soil or it can be
absorbed by roots and evaporate from  stom ates on the leaves of plants. The process of
evaporation from  stom ates is called transpiration. Evaporation from  soil and transpiration by
plants m ay be com bined and called evapotranspiration (Fig. 6.6).

Figure 6.6 Soil w ater returns to the atm osphere by evaporation from  the soil surface and by
transpiration from  plant leaves.

In m any tem perate and drier regions, at least half the w ater lost from  farm land is by
evaporation. Therefore, farm ing practices are often designed to reduce this loss and conserve



m oisture. O ne effective practice is to leave the plant residue from  the previous crop on the soil
surface. These crop residues reduce evaporation by shading the soil and blocking w ater vapor
m ovem ent.

In sm all plots of high-value crops, m ulches are often used to hold the soil w ater for plants and
thus reduce evaporation (Fig. 6.7). M any kinds of m ulches have been used: straw , corncobs,
gravel, and plastic. A ll can be quite effective. The selection of one type of m ulch over another
depends on the specific use and availability of the m aterial. O rganic m aterials such as straw
are preferable in situations w here the m ulch can be incorporated into the soil after each crop.
Sand and gravel have the advantage of allow ing a higher percentage of sm all rains to infiltrate
into the soil rather than being absorbed by the m ulch. This can be an advantage around fruit
trees and ornam ental plantings.

Figure 6.7 A  m ulch helps prevent evaporation of w ater from  the soil.

The use of black plastic as a m ulch is popular in vegetable production because it effectively
controls both w eeds and evaporation. A variation in this practice is to form  plastic or tar paper
into a shallow  cone around the base of a tree or shrub and cover it w ith a few  inches of gravel.
This allow s rainw ater to enter the soil near the trunk and leaves no place for w eeds or grass to
grow  in hard-to-m ow  places (Fig. 6.8).

Figure 6.8 B lack plastic or tar paper controls w eeds and evaporation.



Farm ers in dry areas w here w heat is a leading crop utilize the principle of m ulching by leaving
m uch of the plant residue on the soil surface w hen tilling after harvest. C reating a dust m ulch
by frequent tillage of fallow  land is now  often discouraged because it has been found that little
w ater is conserved by this practice and that soil m ay be left susceptible to severe w ind
erosion.

Percolation
In 1856, an engineer nam ed H enry D arcy w as the first to describe how  w ater m oves through a
saturated soil (all pores filled w ith w ater). H e developed his theory by observing the flow
through a sand filter used to purify w ater in the French city of D ijon, fam ous for the production
of m ustard.

The force of gravity causes w ater to m ove dow nw ard through the soil, particularly in larger
pores. G ravitational w ater percolates until it is adsorbed by drier soil below  or it reaches the
w ater table. The w ater table is the level in porous subsurface m aterials below  w hich all
pores are filled w ith w ater. This m ay be w ithin the surface soil, in buried sedim ents, or in the
deep bedrock. G roundw ater is the w ater below  the w ater table. The am ount of w ater that
percolates through the root zone to groundw ater is referred to as groundw ater recharge. The
w ater table surface has a slight slope (m uch less undulating com pared to land slopes) allow ing
the w ater to flow  laterally below  ground. Porous soil or rock layers that are saturated can be
im portant sources of w ell w ater. Such layers are called aquifers.

A s w ater m oves dow nw ard through the soil to reach the w ater table and the ground w ater, it
m ay encounter a soil layer that restricts dow nw ard m ovem ent causing w ater to build up and
form  a perched w ater table. If the perched w ater table is w ithin the root zone, plant roots
grow ing in this zone m ay be deprived of oxygen, thus im pacting plant grow th.

In a flat area, w ater flow  in a uniform  soil w ill be prim arily dow nw ard. O n steep slopes or
w hen there is a gentle slope w ith a restricting or m ore conductive layer in the soil (like a layer
of clay or gravel), w ater m ovem ent m ay still be dow nw ard but som e w ater m ay also m ove
dow nslope or laterally. Lateral w ater flow  in m ountainous areas m ay com e to the surface again
as discharge from  flow ing springs. In all cases, plant uptake draw s w ater out of the soil,
altering w ater m ovem ent in the soil near the roots.

W etlands, lakes, and stream s in hum id regions are often places w here the w ater table com es to
the surface and groundw ater discharge takes place. W etlands in drier regions, how ever, are
often groundw ater recharge areas, w here surface runoff collects and infiltration occurs. Thus,
w etlands in these areas serve an im portant role in replenishing aquifers.

Soil W ater Storage and M ovem ent
Tw o forces im pact soil w ater storage and m ovem ent. They are; (1) gravity and (2) attraction of
soil particles for w ater. W hen soil is saturated w ith m oisture, gravity is the dom inant force in
m oving w ater in large pores deeper into the soil. A t the sam e tim e that gravity is pulling w ater
dow nw ard, the soil particles are attracting w ater in all directions by the forces of adhesion and



cohesion. A dhesion is the attraction of a surface for w ater (e.g., the surface of the soil
particle), and this force is quite strong. C ohesion is the attraction of one w ater m olecule for
another. The tw o forces com bine so that w ater is held w ithin sm all pores betw een soil
particles. B ecause one of the forces is the attraction a soil particle surface has for w ater, it
follow s that a soil w ith very sm all particles and m ore surface area such as a clay attracts and
holds m ore w ater than a soil w ith large particles and less surface area such as sand.

W hen a soil dries, adhesive forces begin to dom inate, and the w ater rem aining in film s is held
very close to the soil particles w ith greater force due to the surface attraction for w ater.
C onsequently, w ater m ovem ent is very slow . W ater m ovem ent in unsaturated soils involves a
com plex com bination of gravity, relative am ount of w ater, and adhesive/cohesive forces. It
w as not until 1907 that an A m erican, Edgar Buckingham , w as able to accurately describe
w ater flow  in unsaturated soils.

A s a plant root absorbs w ater, it takes som e from  the film  surrounding the adjacent soil
particle. D ue to cohesion and adhesion, w ater m oves from  particles w ith thicker film s to
particles w ith thinner film s that are next to the roots. This is called capillary m ovem ent (Fig.
6.9). C apillary w ater m ay m ove to the roots from  any direction‍ up, dow n, or laterally. A n
im portant fact is that w ater m oves in the soil tow ard roots to provide plants w ith w ater. Som e
essential nutrients can also m ove w ith the w ater. C apillary m ovem ent, how ever, is norm ally
very slow  in soil, so plants m ust continually extend their roots into m oist pores to absorb
w ater. The soil thus has a critical role in agriculture as it acts as a storehouse of w ater for
plants to use until the next rain or irrigation.

Figure 6.9 W ater m oves from  soil particles w ith the thickest w ater film s to soil w ith the
thinnest. A s the plant root absorbs m oisture, w ater tends to m ove tow ard it (capillary
m ovem ent). Plant roots also grow  and extend into zones w ith m ore m oisture.

W ater Use by Plants
W ater is essential to all form s of life‍ both plants and anim als. Som e plants have low  w ater
requirem ents and are called xerophytes (xero m eans little or none and ―phytes‖ from  the w ord
phyto, w hich m eans plant). Som e have high w ater requirem ents and are called hydrophytes
(hydro m eans w ater). Plants w ith m oderate w ater needs are called m esophytes (m eso m eans



interm ediate).

Plants need w ater to form  certain com pounds. For exam ple, six parts of w ater are required for
each sim ple sugar produced. The process of form ing sim ple sugars, called photosynthesis,
involves the splitting of w ater (H 2O ) into hydrogen and oxygen. The hydrogen com bines w ith
carbon dioxide (C O 2) to form  sugars, and the oxygen is discharged into the atm osphere through
openings called stom ates in the leaves of plants.

M uch of the w ater stored in the soil is used by a plant. The am ount of w ater stored in the soil
and the am ount available to plants vary w ith the texture and structure of the soil. W hen soil
w ater content is near saturation and gravitational forces are dom inant, m ost w ater in the soil is
readily available to the plant.

The m axim um  am ount of w ater in a soil held against the force of gravity is called the field
capacity. A s w ater is used by plants or evaporates, the w ater film  around soil particles
becom es thinner, is m ore tightly held by the particles, and is m ore difficult for the plant to
absorb. Eventually, the attraction betw een the soil and the w ater is greater than the plant's
ability to absorb it. This am ount of w ater in a soil is called the w ilting point because the plant
can no longer absorb enough w ater to m aintain transpiration and sustain life (Fig. 6.10).

Figure 6.10 The w ater film s in A  are thickest and the soil is nearly saturated; at B  it is about at
field capacity; and the thin film s in C represent the w ilting point.

B etw een these tw o points, the field capacity and the w ilting point, w ater is available to the
plant (Fig. 6.11). The am ount that is available varies w ith soil texture (and physical condition).
For exam ple, a sandy soil (w hich has large particles and low  surface area) m ay store about 1
in. of w ater per foot of soil depth (83 m m /m ) and m ost of the w ater w ould be available to
plants. A  clay soil (w hich has sm all particles and high surface area) m ay hold 4 in. of w ater
per foot of soil depth (333 m m /m ), but because of the strong attraction of clay particles for
w ater, only 1 in. of these 4 in. m ay be available for plant use. Soils w ith the greatest am ount of
available w ater are usually those w ith a loam y texture and good structure.



Figure 6.11 Soil w ater betw een field capacity and the w ilting point is available to the plant.

O nly a very sm all percentage of the w ater absorbed and utilized by a plant is for
photosynthesis. W ater's principal function is to transport nutrients and plant com pounds in
solution, either upw ard from  the plant roots to the upper leaves or dow nw ard into low er
leaves or the root system . M ost of the w ater taken up by a plant eventually evaporates at the
stom ates (Fig. 6.12). W ater lost from  the plant due to evaporation from  the stom ates is called
transpiration and, especially in hot w eather, transpiration helps cool a plant. Less than 1%  of
the w ater absorbed by a plant is used in form ing plant com pounds; the rest is lost via
transpiration.



Figure 6.12 W ater m oves into the roots and through the plant prim arily by capillary action.

A  plant's w ater use efficiency is determ ined by m easuring the am ount of w ater required to
produce a certain w eight of dry plant tissue. It takes approxim ately 500 lb (225 kg) of w ater to
produce 1 lb (0.45 kg) of w heat (foliage plus grain). O nly 5 lb (2.25 kg), or 1%  of this am ount
actually becom es part of the plant. A lfalfa uses m ore w ater, requiring about 850 lb (385 kg) of
w ater per pound (0.45 kg) of dry m atter; w hile grain sorghum , an efficient w ater user, m ay
require less than 300 lb (135 kg) of w ater per pound (0.45 kg) of dry m atter.

Drainage
It is a com m on occurrence in m any regions of the w orld for the soil to contain too m uch w ater
during rainy seasons of the year or during w inter w hen evaporation is low . If the soil is
w aterlogged too long during the grow ing season, roots die from  lack of oxygen or from
accum ulation of toxic com pounds. To rid the soil of excess w ater, drainage system s have been
installed on m illions of acres (hectares) of land. D rainage system s can involve subsurface or
surface practices or a com bination of both. Rem arkable increases in crop yields can occur
w hen naturally w et soils are drained.

Subsurface drainage is the practice of burying a netw ork of perforated pipes horizontally in the
soil. The pipes intercept percolating w ater, or capture the w ater in a perched or true w ater
table. The w ater entering the pipes m oves laterally to a surface outlet such as a drainage ditch.
D rain pipes or tiles w ere originally m ade of short sections of concrete or clay, but long lengths
of flexible plastic tubing are now  m ore popular. The tubing is installed at a depth of 2‌6 ft.
(0.6‌1.8 m ) and has a slight dow nw ard gradient to the surface outlet. Subsurface drainage



functions only w hen the soil is saturated, so that w ater can flow  from  the large pores in the soil
into the gaps betw een sections of clay or concrete tile or through holes in the plastic tubing and
on along the tile or tubing to the outlet (Fig. 6.13).

Figure 6.13 The w ater table can be low ered to the level of the subsurface drainage netw ork.

In som e cases, a vertical tube is installed from  the subsurface drain to the soil surface to allow
w ater ponded on the soil to enter the drain w ithout percolating through the soil. These surface
inlets or intakes are com m only found in areas w ith sm all depressions that fill w ith w ater
during heavy rains or spring snow m elt.

Subsurface drainage can be installed in different patterns, depths, and spacing depending on
land slope and location of the outlet (Fig. 6.14A ‌D ). The random  design (Fig. 6.14A ) is used
w here there are isolated w et areas. D rain lines are run under each area w ith perhaps a surface
inlet in the larger depressions. Pattern (Fig. 6.14B ) and herringbone (Fig. 6.14C) drainage
patterns involve uniform  distances betw een m ultiple drain lines. The pattern used depends on
slope of the land and desired depth of unsaturated soil. A n interceptor drain (Fig. 6.14D ) is
used to intercept lateral flow  dow n a slope that m ay be creating a w et spot.



Figure 6.14 D ifferent types of subsurface drainage system s.

Surface drainage involves digging channels in the soil and som etim es also shaping the land
surface so w ater w ill run over the surface into the channels. Surface drainage is used on soils
that have layers w ith low  perm eability or in very flat areas like the R ed R iver Valley of N orth
D akota and M innesota. In these areas, w ater either cannot m ove through the soil fast enough or
the slope of the land is nearly flat for subsurface drains to flow  effectively. C om bination
surface/subsurface drainage system s involve subsurface drains using surface drainage channels
for their outlets.

To have an outlet for subsurface drains, som e natural stream  channels have been straightened
and/or deepened (Fig. 6.15). This practice is called channelization, and is often criticized for
im pacting w ater quality and w ildlife conservation. D raining w etlands that should be preserved
for w ildlife habitat or for w ater quality protection is often undesirable. In these cases,
channelization is usually undesirable. H ow ever, on agricultural land that is in crops and
pasture, channels can be beneficial to both agriculture and w ildlife. W hen interm ittent
w aterw ays are deepened, a perm anent stream  m ay be form ed. A s a result, fish thrive, and
birds, m am m als, and reptiles find an im proved environm ent along the channel banks. C rops
also flourish, and they too provide food and shelter for w ildlife.



Figure 6.15 Channelization is needed to carry w ater from  subsurface drains.

To help offset the loss of w etlands due to farm land drainage and channelization, artificial
w etlands can be created. Shallow  depressions are m ade in the soil in low -lying areas and
w etland plant species are seeded or transplanted into the depression. W ater from  runoff or
subsurface drains is directed into the w etland. The w etland m ay be designed to be flooded the
entire year or only after spring snow m elt and large rainstorm s. These constructed w etlands; (1)
provide w ildlife habitat, (2) m ay help reduce chem ical and sedim ent transport to stream s, and
(3) increase groundw ater recharge.

Irrigation
Since ancient tim es, various civilizations have utilized w ater from  rivers and w ells to ensure
m ore reliable crop production. Today, about 17%  of the W orld's cropland is irrigated. Because
yields on irrigated land are usually high, irrigated cropland accounts for a disproportionately
large part of crop production. In countries w here rice is the staple diet, the people rely on
irrigated agriculture for m ost of their food. M any of these countries have a m onsoon clim ate
w here the annual rainfall is high but m ost rain falls during a few  m onths and is follow ed by an
extended period of lim ited rainfall. Even in the tem perate regions, tim ely rains can be quite
unpredictable from  year to year so irrigation agriculture is com m on.

D ifferent irrigation system s are used based on the crops being grow n, the source and quality of
w ater, and the level of technology available. Flood irrigation involves flooding the entire field
w ith w ater from  canals or pipes (see Fig. 6.16). Paddy rice production is an exam ple of flood
irrigation. A  berm  around the field contains the w ater and som etim es the plants are grow n in
row s on ridges w ith the w ater flow ing betw een the row s. W ith sprinkler irrigation w ater is
sprayed onto the crop from  nozzles suspended above the canopy. O ften the w ater source is a
w ell and electricity or an engine is needed to pum p the w ater and/or m ove the sprinklers. Sub-
irrigation can be accom plished w ith sm all tubes buried in the soil through w hich w ater is
pum ped. W ater seeps into the soil through em itters spaced along the tubing. A nother type of
sub-irrigation involves putting w ater back into subsurface drain tubes to re-w et soil in the root



zone. D rip irrigation utilizes sm all tubes on the soil surface w ith drippers or m icro-sprinklers
placed near the plants. W ater is pum ped through the tubes and the am ount of w ater applied
depends on the length of tim e and the num ber and size of the drippers or m icro-sprinklers. D rip
irrigation is m ost often used w ith high value crops and w here there is a very lim ited
availability of w ater for irrigation (see Fig. 6.16).

Figure 6.16 Exam ples of types of irrigation system s: (A ) surface or flood, (B ) sprinkler, (C )
sub-irrigation, and (D ) drip. Photos courtesy of U SD A  N R C S.

The first tw o conditions to consider for irrigation feasibility are a source of w ater and
adequate soil drainage. The quality of irrigation w ater is im portant because it m ay have long-
term  im pacts on soil properties. The tw o com m on qualities of irrigation w ater that are of
concern are high total salt content and a high-concentration of sodium . In som e cases, other
ions such as boron, lithium , and selenium  m ay be present at toxic levels in the proposed w ater



source. Som etim es special w ater-utilization techniques can be em ployed to enable the use of
w ater of m arginal quality. In som e instances, irrigation w ater m ay contain beneficial ions.
N itrate nitrogen (N O 3

℮) m ight be present in irrigation w ater at high concentrations, such as in
the Platte R iver valley of N ebraska. In these instances, a credit should be given for the am ount
of nitrogen applied during irrigation.

A ll irrigation w ater contains salt, and w hen irrigation w ater evaporates, the salts tend to
accum ulate and m ight negatively im pact plant grow th. This is w hen the internal drainage of the
soil becom es im portant. If salts accum ulate, the only w ay to rem ove them  is by applying m ore
w ater. W hen this w ater m oves dow nw ard, the salts dissolve and m ove w ith the w ater. This is
called leaching. W ater used for leaching can be either from  rainfall or irrigation. The rem oval
of salt from  irrigated soil m ay create other problem s. If internal drainage of the soil is good,
salts can be leached dow n through the root zone and either accum ulate there or continue to
m ove dow nw ard. If soil drainage is poor, salts can m ove off the soil surface as w ater m oves
across it (as in rice production). In som e soils w ith poor internal drainage, subsurface drainage
system s m ay be installed. A s w ater m oves through the soil into the drainage system , salts m ove
w ith it (such as in the Im perial Valley of C alifornia). R egardless, the salt concentration in the
w ater increases as it m oves across or through the soil. The w ater com ing out m ay contain three
to four tim es the salt content com pared to the w ater going into the field.

D ischarging w ater w ith high salt content into the drainage system  of an area can create
problem s for those dow nstream  from  the point of discharge. If salt concentration is too high, it
can be detrim ental to hum an and livestock consum ption or for reuse as irrigation w ater for
crop production.

If sodium  concentration is high in the irrigation w ater, the soil w ill develop a high
exchangeable sodium  level. Sodium  is attracted to a lesser extent to colloidal surfaces than is
C a2+, but it takes only about 15%  N a+ on the exchange com plex to cause a dispersal of clay
particles. Soils w ith high exchangeable sodium  w ill norm ally develop surface crusts and soil
aggregates w ill disperse. These conditions decrease the rate at w hich w ater m oves through the
soil, w hich interferes w ith drainage and salinity control. Scientists at the U .S. Salinity
Laboratory developed the sodium  adsorption ratio (SA R ) to characterize the sodium  status of
irrigation w ater and soil solutions:

w here the concentrations of N a+, C a2+, and M g2+ are expressed as m oles of charge/L. SA R
values are not used alone but rather w ith other m easures of salinity or sodicity. A  SA R  below
13‌15 for a soil extract is generally considered acceptable.

A bout three-quarters of the irrigation w ater in the U nited States com es from  surface w aters
such as rivers and reservoirs w here rainw ater and/or snow m elt have been im pounded. The
rem aining quarter com es from  underground aquifers. Som e w ells tap shallow  aquifers that are
replenished by precipitation annually, such as in the Central Sands of W isconsin, but others
―m ine‖ deep w ater that w as trapped in aquifers thousands of years ago and is not being



replenished to an appreciable degree. This situation, referred to as overdraft, is occurring in
parts of the H igh Plains of Texas, w here the w ater table is dropping. This potential problem
exists w here the O gallala aquifer, w hich reaches from  South D akota to Texas, has been
supplying irrigation w ater since the 1930s. The solution for extending the life of the O gallala
aquifer, w hile m aintaining agricultural production, is im proved efficiency in the use of
irrigation w ater.

W ater Conservation
The recognition of high-quality w ater as a valuable resource has led to extensive research on
im proving irrigation efficiency. Flood irrigation has a low er w ater use efficiency as significant
w ater can be lost to evaporation, seepage below  the root zone, and as tailw ater (w ater that
flow s out of the field). Sprinkler irrigation typically has a higher w ater use efficiency although
there can still be large evaporation losses. Sub-irrigation and drip irrigation are the m ost
efficient types of irrigation. W ith these system s the w ater is applied slow ly w here roots can
reach it so very little w ater is w asted. H ow ever, the cost of these system s is high and their
installation and operation require greater m anagem ent skill.

O ther, general w ater-conserving techniques now  in com m on use include:

1. im proved tim ing of w ater application based on m easured soil m oisture in the root zone
(often continuously m onitored w ith sensors buried in the soil),

2. plastic lining of supply ditches,

3. selection of crops and varieties w ith higher w ater use efficiency,

4. optim ized plant population density, and

5. attention to plant nutrition and health m aintenance.

To m inim ize w ater loss by evaporation, plant residues or m ulch can be especially effective.



Chapter 7
Soil Tem perature
A ll plants need sunlight to grow . Light from  the sun supplies the energy needed for
photosynthesis and also w arm s the soil and air in w hich crops grow . Soil tem perature affects
alm ost every physical, chem ical, and biological activity that occurs in the soil. M anagem ent
decisions, such as w hen to plant, are often based on soil tem perature. K now ledge of the flow
of energy in the soil‌plant‌atm osphere system  helps to understand how  plants respond to
clim ate conditions.

Im portance of Soil Tem perature
Plants
Soil tem perature is a greater influencing factor in plant grow th rates than above ground air
tem peratures. Soil tem perature influences date of planting, tim e to germ ination, and num ber of
days for a crop to m ature. Ideal soil tem peratures for germ ination vary depending on the crop
and the seed characteristics. M ost seeds (provided other conditions are ideal, such as adequate
soil m oisture) require m inim um  soil tem peratures of 40‌60®F (4.5‌15.5®C) to germ inate. In
som e cases extrem e soil tem perature m ay restrict germ ination and plant grow th and extrem ely
high tem perature can cause severe heat stress to young seedlings. Cooler soil tem peratures m ay
dim inish the ability of the roots to absorb w ater and nutrients. In norm al situations, w ith
increased tem peratures, germ ination and grow th of seedlings are enhanced, and root
developm ent is faster.

O ptim um  soil tem peratures for plant grow th are generally higher for plants that have evolved
in w arm  clim ates than those evolved in cooler clim ates. Crops like cotton grow  w ell in w arm
soil conditions w hile potatoes, rye, and oats prefer cooler soil conditions. Sim ilarly, different
trees have preferences for cooler or w arm er soil conditions. In forested areas of the
M idw estern United States, a dense oak‌hickory‌m aple forest is found grow ing in the cooler
soils of the north-facing slope, w hile south-facing slopes (w arm er soils) often have a sparse
stand of red cedar and burr oak w ith grass betw een the trees.

M icroorganism s
M icroorganism s are vital to the breakdow n of plant and anim al residues (organic m atter) w ith
the resultant release of essential plant nutrients including nitrogen, phosphorus, and sulfur. Soil
tem perature influences the grow th and activity of m icroorganism s in the soil. Each organism
has an optim um  tem perature at w hich its m etabolic activity is at its highest level (m ost rapid
breakdow n of organic m atter). N orm al soil tem peratures are generally cooler than the optim um
for m ost organism s. A s a result any increases in tem perature (approaching the optim um
tem perature) could result in increased m icrobial activity and faster release of plant nutrients.



W hile w arm er soil tem peratures can help the beneficial soil organism s, the sam e is true for the
soil organism s responsible for plant diseases. M icrobes are also responsible for breakdow n of
m any of the organic w astes and pesticides. W arm er tem peratures could help the m icrobes
detoxify a soil faster. Extrem es in soil tem perature can have a slow ing effect on m icroorganism
and plant grow th. Extrem ely high tem peratures can destroy pathogenic organism s and w eed
seeds as is done in com posting operations.

Solubility of M inerals
Soil tem perature has an influence on the dissolving of m inerals by w ater. W arm  w ater hastens
the dissolution of m inerals, m aking nutrients from  these m inerals available for plant use. H igh
soil tem perature and adequate soil m oisture m ean, in m ost cases, m ore nutrients in solution.
Soils in clim ates w here rainfall is excessive and soil tem peratures are high generally have low
nutrient levels because the nutrients from  dissolved m inerals m ay have leached out of the root
zone.

Soil M oisture
Soil tem perature im pacts the physical form  of w ater in the soil (ice, liquid, or vapor). The
behavior of liquid w ater is also affected by soil tem perature. Tem perature has an im pact on the
density and viscosity of the w ater, both of w hich are im portant in determ ining the rate of w ater
m ovem ent in soil. W arm er tem peratures allow  faster w ater m ovem ent in a soil.

Extrem e soil tem peratures could result in frozen w ater or excessive evaporation losses. A soil
w ith a frozen layer of ice could im pede dow nw ard m ovem ent of w ater, resulting in ponding of
w ater above the ice layer. W ater from  spring rains on frozen ground could result in flooding of
surrounding low  lands due to decreased infiltration and increased surface runoff. In this
situation, the surface soil is likely to erode as w ell.

W ater expands upon freezing. Soils containing a (significant) am ount of fine particles that can
retain w ater w ill expand m ore than coarse textured soils. This expansion could result in
internal pressures causing the soil particles to m ove aw ay from  the ice lenses form ed during
freezing of the soil w ater. In som e areas w here perennial crops are planted, pressure caused by
freezing could push or lift the plant out of the soil, a phenom enon called frost heave. A s a
result the plant is pushed upw ard w hile the roots rem ain anchored, causing the roots to break
aw ay from  the plant, and if the action is severe enough could result in econom ic losses to a
farm er. Sim ilarly, frozen soil conditions can push rocks buried in the soil upw ard to the soil
surface.

Frozen w ater pockets can put uneven pressures on structures such as roads and shallow
foundations, causing the structure to shift/settle in an uneven m anner. This is one of the reasons
footings that support foundations of buildings are placed at a depth below  the frost zone in cold
clim ates. In the higher latitudes, soils m ay be frozen for longer periods of the year. In far
northern regions, the subsoil is alw ays frozen. This condition, w hich is called perm afrost,
exists in m uch of northern Canada, A laska, and Siberia. In recent years the perm afrost has
show n rapid m elting of the ice layer w ith serious im plications to plants and potentially



increased decom position rates of organic m aterial.

W arm er soil conditions can prom ote evaporation. A s the w ater vapor escapes the soil surface
(drier soil), the heat stored in the w ater is lost from  the soil and therefore it has a cooling
effect on the soil. H ow ever, inputs of energy could quickly m ake up the energy lost via vapor
w ith an increase in the tem perature of the drier soil. Loss of w ater due to transpiration can also
have the sam e im pact of drying the soil and heating the soil m uch faster.

Fires
Som etim es extrem ely high soil tem peratures are created by fires. The duration and intensity of
the fire w ill determ ine soil tem peratures and the depth to w hich the extrem e heat is conducted.
Extrem ely high tem perature has the ability to burn the organic m atter in the soil, resulting in an
instant release of plant nutrients. W hile nutrient release m ay be a tem porary benefit, the loss of
organic m atter and the destruction of m icroorganism  in the soil m ay have long-term
consequences. H igh tem perature from  occasional burning can also result in destruction of w eed
seeds and pathogenic organism s. H ow ever, som e seeds that have hard coatings only germ inate
after being exposed to high tem peratures. Som etim es soil tem peratures are intentionally raised
by the addition of certain chem icals that produce a heat-generating reaction in order to clean up
lands contam inated w ith organic pollutants. The high tem perature m ay cause the organic
pollutant to vaporize.

Soil Form ation/C lassification
Tem perature and w ater play an im portant role as active soil-form ing factors. Solubility of
m inerals, decom position of organic m atter, m oisture conditions, and com petitive nature of
dom inant plants are related to soil tem perature. The translocation of soluble m aterials and their
subsequent accum ulation in the profile leads to soil horizon differentiation. Soils on south-
facing slopes in the N orthern H em isphere w ill tend to be shallow er and contain less organic
m atter due to the m ore extrem e (w arm  and dry) clim ate.

M ean annual soil tem perature is generally used to group soils into various therm al regim es.
The therm al regim e is used for soil classification purposes. The therm al regim e of a soil
characterizes the type of vegetation that can adapt to the tem perature conditions. For exam ple,
soils in/on w etlands com pared to dry lands and of north-facing slopes versus south-facing
slopes could have distinctly different therm al regim es, resulting in distinctly different
vegetation and soil properties.

Factors Affecting Energy Inputs
Inputs of energy have a w arm ing effect on soils. The m ost significant source of therm al energy
gain is from  solar radiation. The surface of the sun w ith a tem perature of about 10,300®F
(5,704®C ) radiates energy to the earth. Incidental and sporadic inputs of energy m ay com e from
fires, w arm  rains, w arm  air m asses blow ing across the land surface, condensation of dew ,
biological activity, and sim ilar events.



A tm ospheric C onditions
The am ount of solar energy reaching the earth's surface w ill depend on the relative position on
earth, season of the year, atm ospheric conditions, soil cover (vegetation, snow , or m ulch), and
other aspects. A s energy from  the sun radiates tow ard the earth, it m ust pass through the earth's
atm osphere. O n its journey through the atm osphere, solar radiation m ay not reach the earth's
surface because it m ay be intercepted, absorbed, or reflected by the clouds, various gases, or
particulate m atter in the atm osphere. N ot all of the solar radiation from  the sun that reaches the
top of the earth's atm osphere reaches the soil surface.

Land C over
A  portion of the solar energy that passes through the earth's atm osphere could be intercepted,
absorbed, or reflected by land cover such as vegetation, snow , or m ulch. The portion of the
solar energy that filters through the land cover and m akes it through to the soil surface
w arm s the soil. But only a sm all portion of the solar radiation actually reaches the land surface
and helps to w arm  the soil.

The type and density of vegetative cover influences how  m uch solar energy reaches the soil
surface. A  thick crop/forest canopy/turfgrass or layer of snow /m ulch shades the soil surface
from  incom ing solar radiation and keeps the soil tem peratures cool. In the spring, soils w ith
large am ounts of crop residue on the surface w arm  m ore slow ly than bare soils. B are soils
w arm  and cool faster than soils that are covered w ith vegetation or snow . C rop residues or
other types of m ulch also reduce evaporation. Thus, not only do residues shade the soil, but by
lim iting evaporation, they also keep the soil m oist. A m oist soil w arm s m ore slow ly because it
takes m ore energy to w arm  w ater as com pared to air in the soil pore spaces. These effects
should be considered w hen m odifying m anagem ent practices after the adoption of m inim um
tillage practices.

C olor of Surface Soil
Solar radiation that reaches the soil surface is either absorbed by the soil or reflected back to
the atm osphere depending on soil surface conditions. The term  albedo is used to describe the
am ount of incom ing solar radiation that is reflected by a surface. M ost soils reflect from  10 to
30%  (albedo = 0.1‌0.3) of the incom ing solar radiation that reaches the soil surface. A light-
colored surface w ill reflect m uch of this radiation (higher albedo), allow ing lesser am ounts of
energy to be absorbed by the soil. Therefore, dark-colored soil surfaces gain a lot m ore energy
than light-colored surfaces. The sam e soil w ill have a higher albedo w hen it is dry than w hen it
is w et. B y com parison, m ost vegetation reflects m ore solar radiation back to the atm osphere
than soils (albedo = 0.2‌0.3).

Slope A spect
W hen the sun is directly overhead, its rays strike the soil surface at right angles and m ore heat
is absorbed than w hen the sun is at a low er angle. The sun is m ore nearly overhead in the



sum m er, resulting in a high level of energy (heat) absorption. In the fall, w inter, and spring
m onths, the sun appears low er in the sky and its rays strike the soil surface at a low er angle,
resulting in less heat absorption. These differences are actually due to the absolute surface area
over w hich a given am ount of solar radiation is distributed. O bviously, soils that slope tow ard
the sun can intercept m ore energy and thus be w arm er than soils sloping aw ay from  the sun. A
soil sloping to the south (in the N orthern H em isphere) w arm s m ore rapidly in the spring than
one sloping to the north. Som e specialty crops m ay be planted on the south side of an east‌w est
row  because of the exposure to m ore direct sunlight. The south side heats relatively rapidly,
w hich speeds germ ination of seeds by as m uch as 3‌5 days.

Incidental Sources of Energy
H eated air m asses m ay be blow n in from  one area to another. W hen the w arm  air m ass is
blow ing over a cooler soil, there w ill be energy gains to the soil. Rain or irrigation w ater that
is w arm er than the soil can also w arm  the soil. B iological activity in the upper layers of the
soil adds sm all am ounts of heat to the soil. C hanges in tem perature due to the incidental
sources are often not as significant com pared to direct solar radiation or fire.

Energy Inputs and Tem perature Change
The tem perature increase follow ing an input of energy is dependent on the net am ount of energy
input, the heat capacity of the soil, the am ount of heat transferred to the subsoil, and the am ount
of heat lost to the atm osphere. Energy inputs w ere discussed earlier in this chapter.

H eat C apacity
H eat capacity is the am ount of energy it takes to change the tem perature of a m aterial by 1®C .
Thus, a m aterial that has a high heat capacity exhibits a sm aller change in tem perature for the
sam e am ount of energy input or energy lost. Each com ponent of the soil (air, w ater, solids)
reacts differently (resultant tem perature change) to energy inputs. A m ong soil com ponents,
w ater has a higher heat capacity than soil solids, and soil solids have a higher heat capacity
than soil air. It takes about 3,000 tim es m ore energy to w arm  an equal volum e of w ater as
com pared to air.

A soil w hen w et w ill have a m uch higher heat capacity than the sam e soil w hen dry. Thus, it
takes m ore energy to heat a w et soil than a dry soil. Likew ise, w et soils com pared to dry soils
w ill show  a slow er decrease in tem perature due to heat loss going from  sum m er to fall to
w inter seasons. For this reason, w et soils are considered cold soils and they take longer to
w arm  in the spring than dry soils. Thus, planting seeds in a w et soil m ust be delayed during the
spring until the soil w arm s. G erm ination is delayed in cold/w et soils as w ell.

H eat capacities of soils vary depending on the relative proportion of solids, w ater, and air
present. The air and w ater content of a soil are constantly changing, resulting in a dynam ic heat
capacity of the soil. Since w ater has an overw helm ing effect on the heat capacity, evaporation,
transpiration, irrigation, precipitation events, and drainage can bring about significant changes



in the heat capacity of a soil. Therefore, soil m oisture is a m ajor factor in controlling the rate
of tem perature change. W ith a constant change in the soil m oisture content, it m akes studying
the am ount and rate of heat m ovem ent com plex and difficult to predict.

The bulk density of a soil plays a m inor role in altering the heat capacity of a soil. Com pacted
soils (high density) w ill have few er large pores than noncom pacted soils (low er density). D ry
com pacted soils w ill have a higher heat capacity than noncom pacted soils (note: Fig. 7.1 is for
soil therm al conductivity). H ow ever, for a w et soil, density and porosity play a m inor role in
altering the heat capacity of the soil.

Figure 7.1 The therm al conductivity of a soil depends on its porosity and w etness.

Heat Transfer in Soils
Therm al energy is transferred as a result of a tem perature difference w ithin or betw een
objects. H eat alw ays flow s from  a w arm  object to a cooler one. O nly the soil surface is
subject to inputs of solar energy. O nce the energy is absorbed by the soil at the surface, the
surface soil is attem pting to reach equilibrium  w ith the atm osphere above as w ell as the
subsoil below . A s a result, energy in the form  of heat is constantly m oving at all tim es in the
soil. Subsoil tem perature changes are a function of heat transfer in tw o directions: from  the
surface soil to the subsoil, and from  the subsoil to the atm osphere via the surface soil. H eat can
be transferred by radiation, conduction, or convection. A ll three types of heat transfer take
place in the soil‌plant‌atm osphere system .

R adiation
A ll objects around us radiate energy in the form  of invisible electrom agnetic w aves (short,
interm ediate, and long w ave lengths). Solar radiation w as discussed previously as the prim ary
source of energy input into the soil. The soil surface if w arm er than the air above w ill radiate
energy to the air.

C onduction
H eat conduction occurs w hen energy is transferred from  one m olecule to an adjacent, cooler
m olecule. The ability of a m aterial to conduct heat is called its therm al conductivity. M etals
such as copper and iron have high therm al conductivities w hereas m aterials such as w ood and
plastic have low  therm al conductivities. The latter are called insulators. The therm al
conductivity of a soil depends on the proportion of the soil volum e occupied by the solid,
liquid, and gaseous phases. W hile therm al conductance is a m easure of the rate of energy



m ovem ent, the resultant change in tem perature is m ore a function of the heat capacity of the
soil.

M ost soil m inerals have a therm al conductivity about 5 tim es greater than w ater, 10 tim es
greater than organic m atter, and over 100 tim es greater than air. A  solid rock is able to conduct
heat faster than a soil because it has neither air nor w ater w ithin it. Sim ilarly, a com pacted soil
or a soil w ith few  pores can conduct heat faster than a noncom pacted soil because the
com pacted soil has m ore contact betw een soil particles (Fig. 7.1). W hen a soil is w et, it has a
m uch higher therm al conductivity than w hen it is dry because the air in the pore spaces is a
poor conductor of heat and thus acts as an insulator. For exam ple, w hen com paring a w et soil
to a dry soil, it takes a lot m ore heat to raise the tem perature of w ater in a w et soil, although a
w et soil is able to rapidly conduct heat.

C onvection
H eat is transferred by convection w hen the m ovem ent of a heated fluid such as air or w ater is
involved. Furnaces that heat buildings by blow ing w arm  air through a system  of ducts are
som etim es called convection furnaces. Because heat alw ays flow s from  w arm er to cooler
objects, heat is transferred from  a w arm  soil to air m olecules in a cool w ind. W arm  air is
lighter than cold air, and heat can also be transferred by convection w hen w arm  air rises. O n
spring m ornings, sunshine on a dark, bare soil heats the soil surface and the air above it,
causing the w arm  air to rise into the atm osphere by convection (Fig. 7.2).

Figure 7.2 H eat can be transferred from  w arm  soil to cool air by forced or free convection.

W arm  spring rains on cold soils could carry enough heat to instantly increase the tem perature
of a cold soil, but the new ly gained soil w ater has a tendency to slow  the increase of soil
tem perature from  future energy inputs. Sum m er rains can also cool a w arm  soil. A s w ater is
drained out of the shallow er parts of the soil profile, the heat stored in the w ater m oves w ith
the w ater to deeper parts of the subsoil. This kind of subsoil drainage w here excess w ater from
the root zone is rem oved (low er heat capacity) helps the soil w arm  up faster w ith renew ed
solar energy inputs.

Sensible and Latent H eat



Sensible heat is heat energy that is transported by a body that has a tem perature higher than its
surroundings via conduction, convection, or both. H eat stored in the soil m ay be transferred to
the air just above the soil surface and this heat loss from  the soil is considered sensible heat.
This situation is typically noticed w hen going from  sum m er into the fall season as w ell as after
sunset.

Latent heat describes the am ount of energy in the form  of heat that is required for a m aterial
to undergo a change of phase (also know n as ―change of state‖). In the soil, energy used to
change ice to w ater is the latent heat of fusion, and the energy used to convert liquid w ater to
vapor is called the latent heat of vaporization (Fig. 7.3). The energy in the form  of heat is
utilized w hen going from  solid to liquid to gas, but heat is released w hen going in the opposite
direction.

Figure 7.3 The surface energy budget sum m arizes heat flow  in the soil‌plant‌atm osphere
system . Incom ing solar radiation evaporates w ater, w arm s the air, and w arm s the soil that
em its long-w ave radiation.

Latent heat is sim ply a shift of energy from  one phase of w ater to another. For exam ple,
converting liquid w ater to vapor involves the transfer of energy from  the liquid to vapor phase,



resulting in m ore stored energy in the vapor phase. The stored energy is lost from  the soil only
w hen the w ater vapor is physically rem oved from  the soil by evaporation. The losses of w ater
vapor (drier soil) results in a loss of energy, as a result one w ould expect cooling of the soil.
Instead, a drier soil because of its low er heat capacity can rapidly increase in tem perature w ith
any gain in solar radiation.

C ondensation of w ater vapor in the form  of dew  on the soil surface w ill release energy stored
in the vapor back into the soil as the vapor converts to w ater. D uring cool nights, w hen the leaf
surfaces have cooled enough to have w ater vapor in the air condense on leaf surfaces, the
condensed w ater releases heat to the plant's m icroenvironm ent. Prolonged presence of dew  on
leaf surfaces causes plant pathogens to proliferate.

In tem perate regions, the change of seasons from  fall to w inter could result in freezing of the
soil m oisture, the freezing process releases heat stored in the w ater. This heat is lost to the
atm osphere, resulting in further cooling of the soil. This concept is utilized by m anagers of
citrus orchards w here they spray their trees w ith w ater before an anticipated freeze; the
subsequent release of heat keeps the leaves and fruit from  freezing.

There is an interaction betw een the latent and sensible heat transfer. W hen a soil is m oist, the
latent heat dom inates energy transfer from  incom ing solar radiation (keeping the air above the
soil cool). But w hen the soil dries, the am ount of energy used as latent heat decreases and m ore
energy is used to w arm  the soil solids w ith a resultant increase in sensible heat, thereby
w arm ing the air. If no rain falls for a long period, the crops grow ing on these dry soils m ay
suffer not only from  a lack of m oisture but also from  excessive heat due to increased sensible
heat. U nderstanding sensible heat flow  is im portant because m any crops have an air
tem perature at w hich they grow  best.

Soil Tem perature Fluctuations
The tem perature of a soil at a given tim e is a function of the com bined effect of therm al
properties of soils, atm ospheric conditions, heat transfer, and net stored energy (gains and
losses). The dynam ic nature of energy fluctuations are reflected in daily and seasonal
variations of soil tem perature.

D uring the day due to incom ing solar radiation, the surface soil w arm s and begins to cool off
as the sun sets. The tem perature of the soil at the surface is generally slightly w arm er than the
air above it. A t m idsum m er a soil w ithout vegetative cover m ay exhibit tem perature
fluctuations at the surface as m uch as 40®F (22.2®C) in the course of a day. A s the energy m ust
be conducted to the subsoil, the fluctuation in daily tem perature is progressively less in deeper
sections of the profile. For exam ple, at a depth of 6 in. in the sam e soil, the variation in
tem perature in a day m ay be only 10®F (5.6®C ), and at a depth of 24 in. (60 cm ) the change in
one day w ould be alm ost negligible (Fig. 7.4).



Figure 7.4 Variations of surface and subsoil tem peratures throughout the day‍ w arm ing during
the day, cooling at night.

D epth is also a factor in the variation of soil tem perature over a year. O n an annual basis, the
highest tem peratures in the upper 1 ft (30 cm ) of soil are norm ally reached in late sum m er,
w hereas the low est tem peratures com e in late w inter. A t low er depths of 2‌4 ft (0.6‌1.2 m ),
high and low  tem peratures lag behind the surface tem peratures by 2‌3 m onths.

D epth-related soil tem peratures can range w idely during the year depending on w hich part of
the w orld they are located. M any soils in the tem perate region show  a range of as m uch as
60®F (33.3®C). In the spring, m ore heat goes into the soil during the daytim e than goes out at
nighttim e, and the soil slow ly w arm s from  day to day. In the fall, the opposite happens and less
heat is conducted into the soil as the days grow  shorter and cooler w hereas a greater
proportion of heat radiates to the atm osphere during the long nights.



M anaging Soil Tem perature
Since tem perature has such a profound effect on the rate of biological processes in the upper
few  inches of a soil, considerable effort has been put into developing w ays to m odify the
surface energy balance in horticultural and agricultural production. In m anaging soils for
tem perature, attem pts should be m ade to create nearly optim um  conditions for enhancing plant
grow th and productivity. Since energy is lost or gained at the soil surface, a m ajority of the
tem perature control m ethods focus on m odifying conditions at the soil surface in hopes of
restricting or enhancing m ovem ent of heat in the desired direction. A nother w ay to m anage soil
tem perature is through the alteration of soil m oisture conditions.

Surface C onditions
Tilling the soil and creating a rough surface is likely to low er the albedo and im prove heat
gain, resulting in increased daytim e high tem peratures. Because of increased m acropores in
freshly tilled soils, transm ission of heat to the subsoil is slow er, and as a result loose, tilled
soils w ill lose m uch of the heat gained during the day to the atm osphere at night.

M anipulation of the surface albedo has been used to increase and decrease soil tem perature.
A s discussed earlier, planting of vegetation has an ability to shade the soil w ith foliage
increasing the surface albedo and therefore providing a cooling effect on the surface soil. In
hot and arid regions, increasing the surface albedo by w hitening the surface w ith a w hite
pow der can have a cooling effect on the soil. C onversely, in subarctic regions, soil
tem peratures have been increased by blackening crop residue to low er the surface albedo.
These types of practices are only tem porary and relatively expensive so they are only feasible
in extrem e cases or w ith high-value crops.

Surface slope aspect can also be m odified on a sm all scale to increase soil tem perature (Fig.
7.5). This is especially im portant at planting tim e at higher latitudes w hen cold, w et soils delay
em ergence and early seedling grow th. Tillage operations can be used to create a ridge and
furrow  geom etry in east‌w est row s. Soil in the ridge w ill w arm  faster because it dries m ore
quickly and it absorbs m ore sunlight on its south-facing slope (in the N orthern H em isphere).
Seeds planted into the ridge w ill germ inate and grow  faster than if they are planted in flat soil.



Figure 7.5 In the N orthern H em isphere, solar radiation at m idday produces the highest
tem perature on dark soil, but soil tem perature is also influenced by several other factors show n
here.

M ulches
M ulches applied to the soil surface w ith the intent of enhancing or restricting heat flow  include
plastic or paper sheeting; organic by-products (crop residues, leaf litter, w ood chips, etc.), and
gravel. A ll these m ulches create a w ater and/or heat barrier at the soil surface. Porous m ulches
like crop residues and w ood chips reduce evaporation by providing a barrier to w ater vapor.
M ulches m ade of crop residue also have a higher albedo than the underlying soil. Soils under a
porous m ulch cover w ill be cooler and m oister than bare soils during the grow ing season.
O rganic m ulches w ith large particles tend to have a large volum e of air betw een the particles.
Since air is a poor conductor of heat, it serves as an insulator and keeps the heat from  flow ing
into or out of the soil.

C lear plastic film  m ulches not only reduce evaporation, but also increase soil tem perature by
trapping long-w ave radiation under the plastic and/or by decreasing the surface albedo. A dark
plastic m ulch w ill absorb m ore heat from  the sun. Plastic m ulches are com m on in horticultural
applications w here young plants require a w arm , m oist environm ent.

Soil M oisture C ontrol
W ater regulation m ay be the m ost significant tem perature control m ethod for soils. Presence of
excess w ater can result in low er than optim um  soil tem perature. Excess w ater is com m on in
low -lying areas or poorly drained soils. Since a drier soil w ill heat faster, attem pts to avoid or
decrease excess w ater content of the soil could be helpful in regulating soil tem perature. To
control excess w ater in a soil, w e can avoid the entry of excess w ater into the soil (surface
drainage) or rem ove the excess w ater that has already infiltrated into the soil profile by
draining it (subsurface drainage).



Surface drainage involves the m odification of land surface slopes so as to create a balance
betw een overland flow  (excess w ater) and the am ount of w ater infiltrating the soil surface.
Subsoil drainage requires the placem ent of drainage tiles/perforated tubing in the subsoil or
ditches that w ill allow  the excess w ater in the soil pores to freely flow  into the tile/tubing or
ditch. The tubing or ditch is sloped so as to carry aw ay the excess w ater into a larger receiving
body such as a stream . The ideal condition for soil w arm ing is to have enough w ater to
provide rapid heat m ovem ent to the subsoil, but not so m uch w ater as to slow  the increase in
soil tem perature (due to the high heat capacity of w ater).

In nature, soil tem peratures are influenced by the constantly changing m eteorological
conditions at the soil‌atm osphere interface. External influences such as day or night, sum m er
or w inter, cloudy or sunny days, rain events, w arm  or cold w ave events are constantly affecting
the tem perature of a soil. W hen factors such as geographic location, vegetative cover, and m ost
im portantly soil m oisture conditions are added, predicting soil tem perature becom es even
m ore com plicated and difficult.



Chapter 8
Soil Fertility and Plant Nutrition
W ater, carbon dioxide, and certain chem ical elem ents called plant nutrients are essential for
plant grow th. W ater is supplied by either rainfall or irrigation, carbon dioxide from  the
atm osphere, and the essential plant nutrients from  the soil, fertilizers, or other soil
am endm ents.

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 a high level of
essential nutrients available for use by plants is usually a productive soil if it also has
sufficient soil w ater and if the crops are w ell m anaged. Plant nutrients exist in the soil in
several different form s. They include the follow ing:

M inerals. Exam ples include the feldspar group, w hich is the m ost abundant group of
m inerals in the rocks of the earth. Som e are high in potassium  and others in calcium .
N utrients are released from  the m inerals by w eathering.

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

Chem ical com pounds. There are m any chem ical com pounds that form  in the soil. A n
exam ple w ould be the form ation of phosphorus com plexes on the surface of calcium
carbonate.

Soluble ions. N um erous ions exist in the soil solution. Plants absorb a large portion of
their essential nutrients from  this source. This pool of nutrients is sm all, but can be readily
replenished through cation exchange reactions and other buffering m echanism s.

O rganic m atter. Plant residues and organic m atter contain the elem ents that plants require
for grow th. A s decom position (m ineralization) occurs, these nutrients are released and can
be used by plants.

The availability of nutrients to be absorbed by plants varies according to the form  in w hich
they exist (see Table 8.1). A s an illustration (Fig. 8.1), phosphorous is readily available to
plants as inorganic orthophosphate ions (H PO 42℮ and H 2PO 4

2℮). The bulk of the soil
phosphorous exists as low  solubility organic and inorganic phosphorous com pounds that are
not readily available for plant uptake. N utrients in soil solution are quite readily available for
use by plants. Those on the exchange com plex are generally available for absorption by plants
but not quite as readily available as those in the soil solution.



Table 8.1 Elem ents required for plant grow th and principal form s in w hich they are taken up
by plants (Eash, N eal S., C ary J. G reen, A ga R azvi, and W illiam  F. B ennett, eds. Soil Science
Sim plified. 5th ed. A m es, Iow a: W iley-Blackw ell, 2008. Copyright ̈  2008, John W iley &
Sons, Inc.)

N utrient Chem ical
sym bol

Form (s) absorbed

M acronutrients
C arbon C CO 2

H ydrogen H H 2O

O xygen O H 2O , O 2

N itrogen N A m m onium  (N H 4
+), nitrate (N O 3

℮)

Phosphorus P O rthophosphate ions (H PO 4
2℮), (H 2PO 4

℮)

Potassium K Potassium  ion (K +)
C alcium Ca Calcium  ion (Ca2+)
M agnesium M g M agnesium  ion (M g2+)
Sulfur S H ydrogen sulfate (H SO 4

℮), sulfate (SO 4
2℮)

M icronutrients
B oron B H 3BO 3 (boric acid), H 2B O 3

℮ H B O 3
℮2, BO 3

℮3, B 4O 7
℮2

C opper Cu Copper (cupric) ion (C u2+), copper hydroxide ion
(C u(O H )+)

C hlorine Cl Chloride ion (Cl℮)
Iron Fe Ferrous iron (Fe2+), Fe(O H )2+, Fe(O H )2+, ferric iron

(Fe3+)
M anganese M n M anganese ion (M n2+)
M olybdenum M o M oO 4

2℮, H M oO 4
℮

Zinc Zn Zinc ion (Zn2+)
C o Cobalt Cobalt ion (C o2+)
N ickel N i N ickel ion (N i2+)



Figure 8.1 Phosphorus exists originally as a com plex m ineral w ith very low  solubility.
W eathering breaks it dow n into less com plex form s, som e of w hich can be used by plants.

N utrients present as com plex chem ical com pounds, or as precipitated salts as w ell as those in
organic m atter are norm ally only m oderately available depending to a great extent on soil
w ater content, soil tem perature, and soil pH . Those present as m inerals are slow ly available.
They are released only as the m ineral breaks dow n during the process of w eathering (see
Chapter 2 for details on w eathering).

M ost nutrients can be classified as readily available, m oderately available, or slow ly
available. It is desirable to have an adequate supply of nutrients in a readily available form .

Conditions Affecting Level and Availability of Plant
Nutrients
Certain soil characteristics influence the availability of nutrients. O ne is soil texture, the
relative am ount of sand, silt, and clay. B ecause clay particles provide a part of the exchange
com plex, the percentage of clay in the soil influences the capability of a soil to hold nutrients.
The percentage of clay determ ines the size of the ―nutrient w arehouse.‖

The type of clay is also im portant. A s explained in Chapter 5, three of the types of clay in soils
in the U nited States are kaolinite, illite, and sm ectite (m ontm orillonite). Each type has a
different capacity to hold nutrients (cation exchange capacity, CEC). In general, soils w ith a
high C EC  w ill be m ore fertile because m ore nutrient cations can be held on the soil com plex.

The C EC  is relatively low  for kaolinite (3‌15 cm olc/kg), m oderate for illite (10‌40 cm olc/kg),
and high for sm ectite (80‌100 cm olc/kg). It follow s that a soil w ith 20%  clay as sm ectite
w ould have a m uch greater capacity to hold nutrients than a soil w ith 20%  clay as kaolinite.
The clay content and the type of clay are both im portant in soil fertility.

Soil texture can also influence w ater retention and drainage. Sandier soils tend to drain m ore
quickly and retain less w ater than do soils w ith higher clay contents. Sandy soils also have
large pore spaces, allow ing for m ore leaching of nutrients. The effects of soil w ater on nutrient
availability are discussed in the follow ing.

Structure is defined as the arrangem ent of soil particles into aggregates. A  good soil structure
is essential for w ater and nutrient m ovem ent and retention, as w ell as root grow th. Large
spaces betw een aggregates allow  soil w ater (and the nutrients dissolved therein) to flow  m ore



freely, resulting in leaching losses. Sm all or no spaces betw een aggregates, especially due to
com paction, prevent w ater from  m oving through the soil profile, resulting in runoff.

O rganic m atter is another im portant soil characteristic that, if high enough in content, can
favorably im pact the availability of nutrients. It has a threefold effect on fertility. First, the
fraction of organic m atter that is hum us (the colloidal fraction) is sim ilar to clay particles in
that it has an exchange capacity ranging from  50 to 200 cm olc/kg (depending on the pH  of the
soil) and attracts and holds nutrients for plant uptake. Second, as organic m atter decom poses
(m ineralizes), the essential plant nutrients it contains are released and organic acids are
form ed that increase the availability of m ost nutrients. Third, an adequate level of organic
m atter in a soil is generally desirable not only from  a plant nutrient standpoint but also because
of its favorable effect on soil characteristics such as physical condition, w ater-holding
capacity, and infiltration rate as explained in C hapter 6.

Soil w ater content also influences nutrient availability. M ost nutrients utilized by plants are
absorbed from  the soil solution. A  higher level of soil w ater norm ally m eans a higher level of
m ost nutrients in solution, leading to im proved nutrient uptake by diffusion and root
interception. A dequate m oisture also increases the rate of organic m atter decom position (see
C hapter 5), w hich releases N , P, and S. Soluble and m obile nutrients such as N  in the nitrate
form  m ay be lost in a process know n as leaching as w ater percolates below  the root zone.
Poorly drained or very w et soils increase the solubility of m inerals such as iron and
m anganese. Furtherm ore, nitrate m ay be lost due to denitrification (see C hapter 4) in flooded
soils. Low  m oisture can result in reduced nutrient uptake due to form ation of insoluble
com pounds. H igher soil tem perature usually leads to greater availability of m ost plant
nutrients, as explained in C hapter 7.

Soil pH , w hich is a m easure of the degree of soil acidity or alkalinity, also influences the
availability of nutrients through its effects on root grow th and nutrient form  (see C hapter 5).
M ost nutrients are at their highest level of availability w hen the pH  is slightly acid to neutral
(pH  6.0‌7.0). A cidic soils reduce root grow th, w hich is critical to P uptake. The pH  is also
im portant in N  transform ations, such as m ineralization, nitrification, and N  fixation, as the
bacteria involved are sensitive to pH . The different form s of N  have different availabilities as
they have different leaching capabilities. A s a soil becom es m ore acid, certain nutrients
becom e less available; if a soil becom es alkaline, the availability of certain nutrients
decreases (see Fig. 8.2).



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

Nutrient M obility in Soils
N utrient m obility in the soil affects the ease of its uptake by plants, and the likelihood of its
leaching through the soil. M obility of nutrients w ithin the soil is influenced by soil physical
properties such as soil texture and structure, soil chem ical properties such as CEC and A EC
and pH , as w ell as soil conditions such as m oisture. C alcium , potassium , and m agnesium  are
positively charged ions (cations). M ost soil colloids have a net negative charge (see Chapter
5). Since opposite charges attract, these cations are attracted and held onto the cation exchange
sites and are released only w hen excess cations are added to replace their place on the
exchange sites. For this reason, these cations are considered less m obile and are slow ly
available to plants. Their m ovem ent and enrichm ent in w aters is rarely an environm ental issue,
particularly w here erosion is controlled.

Sulfur occurs as the anion sulfate form  (SO 4
℮), w hich does not bind to cation exchange sites

and is thus m obile in m ost soils. N itrogen usually exists in the soil as am m onium  (N H 4
+) and

nitrate (N O 3
℮) form s, hence its m obility depends on the form  it is in. The N H 4

+-N  can be held
on cation exchange sites and is therefore relatively im m obile, and is not susceptible to
leaching. O n the contrary, the negatively charged N O 3

℮ ion is not held on the exchange sites,



hence it is very m obile in soil w ater. In addition, nitrates are highly soluble in w ater and are
subject to losses to ground w ater by leaching, and to surface w aters by runoff (see Chapter 4).

Phosphorus norm ally exists in soils w ith pH  values betw een 5 and 7 as the ortho-phosphate ion
(H 2PO 4

℮, H PO 4
2℮). U nlike the nitrate anion, the ortho-phosphate ion form s very tight bonds to

soil particles. A s a consequence, phosphorus is typically im m obile in soil, and it does not
readily leach out of the root zone. The potential for P-loss is m ainly associated w ith erosion
and runoff. The lack of P m obility also reduces the availability of P-fertilizer to plants. B oth
nitrates and phosphorus w hen transported to surface w aters stim ulate algal grow th to the point
of crow ding out other m ore desirable species through a process called eutrophication (see
Chapter 4).

For nutrients to be utilized by plants, they m ust m ove to the surface of the plant roots, w here
absorption takes place. There are three processes by w hich nutrients m ove to the root surface.
These are root interception, m ass flow , and diffusion.

R oot interception: Root interception, also know n as contact exchange, occurs w hen the root
com es into direct physical contact w ith nutrients associated w ith soil colloids as it grow s
through the soil. R oot interception generally increases as the surface area and m ass of the root
increases, thereby enabling the plant to explore a greater volum e of soil. M ycorrhizae also
increase the surface area explored by roots thereby enhancing root interception. R oot
interception is an im portant m ode of transport for calcium  and m agnesium . H ow ever, since the
volum e of soil occupied by roots is usually less than 1% , root interception is a m inor pathw ay
for nutrient transfer.

M ass flow : M ass flow  occurs w hen dissolved nutrients in the soil solution are transported to
the surface of roots as plants take up w ater for transpiration. M ass flow  decreases as soil
w ater content decreases. N itrate, sulfate, calcium , and m agnesium  are largely supplied by m ass
flow .

D iffusion: D iffusion is the m ovem ent of nutrients to the root surface in response 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 gradient
from  the bulk soil to the root surface that causes nutrients to m ove to the root surface, w here
they can be taken up. D iffusion is largely responsible for supply of phosphorus and potassium .

M ethods to Increase the Availability of Added Nutrients
There are a num ber of w ays to increase the availability of nutrients. For exam ple, potassium
fertilization prior to application of am m onium  fertilizers can be used to reduce N H 4

+ fixation
in soils w ith verm iculite 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. In this w ay, phosphate ions are taken up by the roots before they react w ith cations
dom inating under acidic (e.g., A l3+ or Fe3+) or alkaline (e.g., Ca2+ or M g2+) soil conditions.
Under alkaline soil conditions, the phosphate fertilizer can be applied in bands w ith a fertilizer



that generates am m onium  (N H 4
+) ions. This allow s slight acidification of the soil adjacent to

the fertilizer band. A lternatively, com pound nutrient fertilizer granules that contain nitrogen
(N ), phosphorus (P), and/or elem ental sulfur can be applied to alkaline soils. In this case, the
soil adjacent to the granule w ill be acidified and P uptake w ill be enhanced. A ddition of lim e
to acidic soils can also enhance availability of som e nutrients.

In high pH  soils, soil applied iron (Fe) fertilizers often do not successfully correct Fe
deficiencies. This is because the Fe3+ ions from  the Fe fertilizer react so fast w ith 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 iron fertilizer com pounds. B y avoiding the soil
and applying the Fe directly to the leaves, the sm all am ount of Fe required by plants is
successfully introduced into the crop.

Plant Nutrition
Essential Elem ents
A t least 17 elem ents, called plant nutrients, are essential for plant grow th (Table 8.1). The first
group includes three elem ents‍ carbon, hydrogen, and oxygen‍ that are the basic building
blocks of all plant com pounds. These three are needed in m uch larger quantities than all others
com bined. The initial product of photosynthesis is the sim ple sugar C 6H 12O 6. The carbon and
oxygen com e from  carbon dioxide, and the hydrogen com es from  w ater. The oxygen in the
w ater is given off by plants and goes back into the atm osphere. This process assures us of a
continuing source of oxygen.

The second group of essential elem ents, called m acronutrients, consists of nitrogen,
phosphorus, potassium , sulfur, calcium , and m agnesium . They are classified as m acronutrients
because they are used in relatively large quantities by plants.

A nother group of eight elem ents is called m icronutrients because they are norm ally used in
sm aller quantities. This group includes iron, zinc, m anganese, copper, boron, m olybdenum ,
nickel, and chlorine.

Som e scientists contend that som e other elem ents m ay also be essential for plant grow th.
Included in this group are silicon and sodium . These tw o elem ents plus vanadium , cobalt, and
iodine are often called beneficial elem ents because they can be used by plants as substitutes
for nutrients that are essential.

A pproxim ately 90%  of the dry w eight of a plant is m ade up of carbon, hydrogen, and oxygen;
the balance consists of the other essential elem ents. M ost of this rem ainder consists of the
elem ents classified as m acronutrients, w hereas less than approxim ately one-tenth of this 10%
is in the m icronutrient group. Several elem ents not know n to be essential m ay also be included


