
C

CAKING

Changing of a powder into a solid mass by heat, pressure,
or water.
CALICHE (LIME-PAN)

(I)A zone near the surface, more or less cemented by sec-
ondary carbonates of Ca or Mg precipitated from the soil
solution. It may occur as a soft thin soil horizon, as
a hard thick bad, or as a surface layer exposed by erosion.
(II) Alluvium cemented with NaNO3, NaCl and/or other
soluble salts in the nitrate deposits of Chile and Peru.
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CANOPY STRUCTURE

Plant canopy structure is the spatial arrangement of the
above-ground organs of plants in a plant community.
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CAPILLARITY

The tendency of a liquid to enter into the narrow pores
within a porous body, due to the combination of the cohe-
sive forces within the liquid (expressed in its surface ten-
sion) and the adhesive forces between the liquid and the
solid (expressed in their contact angle).
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CAPILLARY FRINGE

The thin zone just above the water table that is still satu-
rated, though under sub-atmospheric pressure (tension).
The thickness of this zone (typically a few centimeters or
decimeters) represents the suction of air entry for the par-
ticular soil.
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Definition
CO2 emissions are mainly produced by inadequate soil
tillage combined with intensive cropping systems and
climatic conditions.

Introduction
Losses of soil organic carbon (SOC) are associated with
reductions in soil productivity and with increases in CO2
emissions from soil to the atmosphere (Lal et al., 1989;
Bauer et al., 2006; Ventera et al., 2006; Conant et al.,
2007). Gas exchange between soils and the atmosphere
may be an important contributing factor to global change
due to release of greenhouse gases (Ball et al., 1999).
Intensive agriculture frequently causes important losses
of soil carbon. Conservation tillage (CT) agriculture
(reduced tillage) has been promoted since approximately
1960 as a means to counteract all these constraints (Gajri
et al., 2002). Moreover, CT improves soil quality and crop
performance, especially under semiarid conditions
(Moreno et al., 1997; Franzluebbers, 2004; Muñoz et al.,
2007).

Tillage effects on carbon losses
Degradative effects of tillage on soil include rapid decline
of soil organic carbon due to mineralization rate increase
(Lal, 1993). This is particularly important under semiarid
conditions using conventional tillage in which moldboard
plowing with soil inversion is the main operation (López-
Garrido et al., 2009). Moldboard plowing is one of the
most important factors increasing CO2 emissions by soil
microbial activity stimulation due to greater soil aeration
and breakdown of soil macroaggregates that conduces to
a greater release of labile organic matter previously micro-
bial protected. There are studies that suggest that the
greenhouse gases contribution of agriculture, such as
CO2, can be mitigated by widespread adoption of conser-
vation tillage (Lal, 1997; Lal, 2000).

Conservation tillage (CT) is any tillage and planting
system that maintains at least 30% of the soil surface
covered by residue after planting to reduce soil erosion
by water.Where soil erosion by wind is a primary concern,
the system must maintain at least 1.1 Mg ha�1 flat small
grain residue equivalent on the surface during the critical
wind erosion period (Gajri et al., 2002). This system
reduces the number of operations and trips across the field,
and of course, avoids the soil inversion that buries most
crop residues into the soil.

The effectiveness of CT in mitigating the greenhouse
gas impact of individual agroecosystems could vary
substantially. Studies under different conditions are
required to assess the broader of the greenhouse gas
impacts of CT (Ventera et al., 2006). Tillage often
increases short-term CO2 flux from the soil due to
a rapid physical release of CO2 trapped in the soil air
spaces (Bauer et al., 2006; Álvaro-Fuentes et al., 2008;
Reicosky and Archer, 2007; López-Garrido et al., 2009).
This rapid flux of CO2 is influenced by the tillage system
and the amount of soil disturbance (Reicosky and Archer,
2007).

Root and microbial activity together constitute soil res-
piration. Root and rhizosphere respiration can account for
as little as 10% to greater than 90% of total “in situ” soil
respiration depending on vegetation type and season of
the year (Hanson et al., 2000). Nevertheless, only soil
organic matter (SOM)-derived CO2 contributes to
changes in atmospheric CO2 concentration. Long resi-
dence time of soil organic matter (SOM) results in very
slow turnover rates relative to other less-recalcitrant
respiratory substrates. This implies that SOM is the only
C pool that can be a real, long-term sink for C in soils.
Despite long residence times in steady state, if decompo-
sition exceeds humification, the pool of C in SOM
becomes a very large potential source of CO2 (Kuzyakov,
2006).

Long-term adoption of conservation tillage (reduced
and no tillage) in Mediterranean Spanish areas has proven
to be an effective way to increase soil organic matter and,
especially, to improve biochemical quality at the soil sur-
face (Madejón et al., 2009). However, as the climatic con-
ditions of the semiarid areas are an important limiting
factor for the accumulation of organic carbon in the top
soil layers, the simple determination of total organic car-
bon (TOC) is not always the best indicator of the improve-
ment caused by conservation tillage. Under these
conditions, it may be more interesting to study the stratifi-
cation ratio of TOC calculated by the division of TOC
content at surface between TOC content at deeper layers
(Franzluebbers, 2002). This approach could also be
applied to other variables related to soil biology, such as
MBC (microbial biomass carbon) and enzymatic activities
(Madejón et al., 2009), which are normally significantly
correlated with TOC. Changes in soil biochemical proper-
ties with conservation tillage and in their stratification
ratios should provide practical tools to complement phys-
ical and chemical test and, thus, evaluate the effect of con-
servation tillage in dryland conditions. Despite some
studies have reported similar or even greater TOC accu-
mulation in the total profile (1 m and more) under conven-
tional tillage than under CT (Baker et al., 2007), the
improvements made by CT surface are very important
for the soil functions.

These processes are very influenced by the local condi-
tions andmanagement. Franzluebbers (2004) reported that
low benefit of no tillage on TOC storage could be
expected in dry, cold regions, in which low precipitation
would limit C fixation by plants and decomposition, even
when crop residues are mixed with soil by tillage.
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However, for most soils, the potential of carbon (C)
sequestration upon conversion of plow tillage to no-tillage
farming with the use of crop residue mulch and other
recommended practices is 0.6–1.2 Pg C year�1 (Lal,
2004). The important ecological and agronomic benefits
that can derive from these practices could be limited not
only by plowing but also by using crop residues for other
purposes. Numerous competing uses of crop residues
under arid and semiarid conditions (Bationo et al., 2007)
can be a constraint for CT establishment (e.g., grazing
and feed livestock). Biofuel production may be another
destination (Lal and Pimentel, 2007). There is at present
an imperious necessity of using cellulosic biomass instead
of crop grain for producing biofuel (mainly ethanol) and,
currently, few sources are supposed to be available in suf-
ficient quantity and quality to support development of an
economically sized processing facility, except crop resi-
dues (Wilhelm et al., 2004).

Despite the suitability of CT to avoid C losses, this sys-
tem may also has some drawbacks, such as the greater
dependence of herbicides, higher level of residue manage-
ment than conventional tillage, and it could not be
adequate to all soils, climates, or crops. Moreover, the
no-till system may lead to soil compaction. All these
issues require experimentation in each particular scenario.
However as a rule, CT does not cause yield losses when
adequately established. Particularly, under arid and semi-
arid conditions in dry years, yields may be greater than
under traditional tillage due to water savings resulting
from conservation tillage.
Conclusions
Several studies have shown that the potential reduction for
CO2 emission from the adoption of conservation tillage
under dryland conditions could be substantial. However,
further investigation should be necessary to validate,
under different scenarios, the potential effect of soil to
sequester carbon in these conditions.

In any case, the adoption of conservation tillage, if ade-
quately established, has a potential effect to increase
organic carbon, and thus, soil quality especially at soil sur-
face, essential for the soil functions.
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See Nanomaterials in Soil and Food Analysis
CATCHMENT (CATCHMENT BASIN)

See Water Reservoirs, Effects on Soil and Groundwater
CATION EXCHANGE CAPACITY

See Surface Properties and Related Phenomena in Soils
and Plants
CEMENTATION

The process by which calcareous, siliceous, or ferruginous
compounds tend to dissolve and then re-precipitate in cer-
tain horizons within the soil profile, thus binding the par-
ticles into a hardened mass.
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Definition
Utility values of cereals – feature or features of grains that
characterize the properties of kernels in the aspect of
specific utilization. In the most cases, the utility value of
cereals concerns using of grains to food production.

Introduction
The assessment of cereal utility value is made from the
beginning of the food processing. The utility value of
cereal grain depends mainly on species and cultivar prop-
erties, climatic conditions, and agricultural treatments.
Moreover, the storage conditions of the cereals, the pre-
paring conditions for processing, and the manufacturing
process, all have an influence on the utility values of
cereals.

The utility values of cereal is widely more significant
than the technological value. The cereal utility value does
not indicate only the utility of cereal grain to foodstuff pro-
duction, but also takes into consideration other uses of
cereals (e.g., seed production, and utilization in pharma-
ceutical or chemical industry) However, the technological
value of the cereal grains for food production is the most
often determined.

Methods of evaluation of cereal grains utility
values
The methods of evaluation of the utility values of cereals
can be divided into two groups: indirect and direct
methods. The most commonly used indirect methods are
selected physical and chemical properties of grain, spe-
cialist technological indices (such as falling number or
sedimentation value), and rheological properties of dough.
The results obtained from these tests indirectly provide
information about the utility value of cereal grains.

Direct methods, on the other hand, are more suitable for
examining the full characteristic of utility values of
cereals; however, they are often time consuming and
require more expensive equipment. These methods
depend on processing grain or flour and imitated industry
conditions. Subsequently, the quality of the product is
evaluated. Examples of the direct methods are laboratory
milling tests and laboratory baking tests.

Indirect methods
The basic assessment of the cereal grain includes such
properties as appearance, smell, color, amount and the
kind of impurities, the broken grains, and the presence of
pests. A more detailed assessment includes the following
physical properties of grains: density, test weight, 1,000
kernel weight, shape and size of grain, vitreousness (espe-
cially for wheat, rice, barley, and corn), mechanical prop-
erties (hardness, shear strength, rapture force and rapture
energy, crushing strength, etc.) The research conducted
on the endosperm structure (electron microscopy and
X-ray methods) can also be used for the evaluation of
the quality of cereals. Test weight (grain weight in
a given volume) is the oldest and the most commonly used
quality index of cereal grain. As a general rule, the higher
the test weight, the better grain quality. Test weight is
influenced by various factors, including fungal infection,
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insect damage, kernel shape and density, foreign mate-
rials, broken and shriveled kernels, agronomic practice,
and the climatic and weather conditions (Czarnecki and
Evans, 1986). Tkachuk et al. (1990) have shown
a positive correlation between wheat test weight and
wheat flour yield and bread-baking usefulness. The test
weight shows positive correlation with the grain density.
The research of wheat grain density has revealed that the
type of grain significantly affects the mean density;
healthy kernels averaged 1,280 kg m�3, sprout-damaged
kernels averaged 1,190 kg m�3, and scab-damaged
kernels averaged 1,080 kg m�3 (Martin et al., 1998).

Thousand kernel weight (TKW) is used by wheat
breeders and flour millers as a complement to test weight
to better describe cereal kernel composition and potential
flour extraction. Generally, grain with a higher TKW can
be expected to have a greater potential flour yield.

The parameter that is commonly used for the evaluation
of utility values of wheat, barley, rice, and corn is
vitreousness. Vitreousness indicates natural kernel trans-
lucence, which is a means of description of kernel appear-
ance. Vitreous kernels have a translucent, glassy
appearance, as opposed to mealy kernels, which have
a light, opaque appearance. Vitreous grains are usually
harder and denser, and have higher protein content than
mealy grains. Vitreousness is usually described by
a visual assessment of grain cross section. This parameter
has a significant influence on the milling process (grain
cleaning and tempering, passage and total flour extraction,
and semolina yield).

The size and shape of grains are often useful parame-
ters to evaluate the cereal utility value. The larger and
more spherical grains are characterized by higher yield
and endosperm. Small grain screenings are often sepa-
rated to form sound grains and can be used as a feed com-
ponent. Also, small grains have a higher level of
microbiological contamination. Gaines et al. (1997) eval-
uated the influence of kernel size on soft wheat quality. It
was found that besides kernel size, kernel shriveling
should also be taken into consideration. Shriveling
greatly reduced the test weight and decreased the amount
of flour produced during milling. Compared to sound ker-
nels, shriveled kernels had greater flour protein content,
and increased flour ash and kernel softness. Small, non-
shriveled kernels had slightly better baking quality than
large non-shriveled kernels. In addition to the above men-
tioned parameters, the kernel size uniformity is very
important to the wheat milling industry, especially in such
processing as cleaning, conditioning, debranning, or
grinding. Kernel size and shape can be precisely
described using Digital Image Analysis (DIA). This
method can be used for the evaluation of milling proper-
ties of cereals (flour or semolina yield) (Berman et al.,
1996; Novaro et al., 2001).

The mechanical properties of cereals play a significant
role in the evaluation of quality of cereals, especially the
grain hardness, which is often evaluated. This parameter
is one of the most important indices in the evaluation of
the utility value of wheat. The hardest wheat varieties are
commonly used for semolina, cuscus, or bulgur produc-
tion. Varieties having medium hardness are used as
a main source for bread flour production, while soft wheat
varieties are the good raw material for cookies or cakes
flour production (Seibel, 1996).

Grain hardness has the greatest influence on the milling
process. Particularly for wheat, this parameter should be
taken into consideration both during wheat cleaning and
conditioning and during flour milling. The denser struc-
ture of hard wheat endosperm does not allow tempering
water to be absorbed by hard wheat at a rate faster than that
for soft wheat, and therefore, the time of tempering is lon-
ger for hard wheat. In general, hard wheat cultivars are
tempered to about 16–16.5%moisture whereas soft wheat
cultivars are tempered to 15–15.5% (wet basis) (Fang and
Campbell, 2003).

The endosperm of hard wheat during grinding tends to
grind down to the coarser particles referred to as semolina
whereas soft varieties give more flour particles directly.
The bran layer of hard wheat is usually more susceptible
to grinding than the bran layer of soft wheat. It is found
that hard wheat kernels grind better during the reduction
stage than soft kernels, and bran includes little endosperm
(Gąsiorowski et al., 1999).

The flour particle size distribution also depends on the
wheat grain hardness. Testing of the total percentage of
flour with particle size of less than 50 mm shows consider-
able differences between soft wheat and hard wheat.
Approximately 50% of total flour produced from soft
wheat is smaller than 50 mmwhereas it is only 25% in hard
wheat. In fact, hard wheat cultivars display single-mode
particle size distribution whereas soft wheat cultivars have
bimodal distribution with the first mode at about 25 mm
(Haddad et al., 1999). Moreover, the flour obtained from
hard wheat is easy to sieve whereas soft wheat flour
particles tend to stick to other surfaces and to other
flour particles, causing sifting problems.

Several tests are available for the determination of
cereal grain hardness. These methods often rely on the
classic method commonly used for constructional mate-
rials (e.g., the Vickers or Brinnel hardness test). However,
the most practical application for the evaluation of the util-
ity value of cereals includes tests that indirectly express
grain hardness. Especially for wheat, several methods of
grain hardness determination have been proposed, such
as wheat hardness index (WHI), particle size index
(PSI), pearling resistance index (PRI), and a modern
method called single kernel characterization system
(SKCS). This system is especially useful for a rapid anal-
ysis of cereal grain physical properties (Grundas, 2004).
The SKCS instrument analyzes 300 kernels individually
and determines kernel weight by load cell, kernel diameter
and moisture content by electrical current, and kernel
hardness (HI) by pressure force. A number of researchers
have shown the usefulness of SKCS for the evaluation of
wheat utility value, especially milling value. This instru-
ment can be used to evaluate the time of tempering wheat



112 CEREALS, EVALUATION OF UTILITY VALUES
grain before milling. The SKCS instrument can also be
used to determine the physical properties of other cereal
species.

Grain hardness is also related to important baking prop-
erties of flour. The flour obtained from hard wheat is char-
acterized by higher content on starch damaged. As
a result, this flour has higher water absorption and higher
gas generation ability and thus bread yield is usually
increased.

The chemical properties of cereal grain are also com-
monly used for the evaluation of cereal utility value. For
example, the wheat protein content is one of the most
important parameters taken into consideration for wheat
grain technological value assessment.

Several tests are available for characterizing the utility
value of cereals. For example, the sedimentation test is
the basis parameter used for evaluating the baking value
of ground wheat or flour sample. The sedimentation test
provides information on the protein quantity and the qual-
ity. This test is conducted by holding the ground wheat or
flour sample in an acid solution. During the sedimentation
test, gluten proteins swell and precipitate as a sediment.
The sedimentation values can be in the range of 7 for
low-protein wheat with weak gluten to as high as 75 or
more for high-protein wheat with strong gluten. Positive
correlation is observed between sedimentation volume
and gluten strength or loaf volume attributes. The sedi-
mentation value depends, among other things, on the flour
extraction during milling and the wheat variety (Kruger
and Hatcher, 1995).

Another very important parameter is the falling num-
ber. This test informs about the enzyme activity (mainly
a-amylase) of ground wheat or flour sample. The falling
number instrument analyzes the viscosity of flour-and-
water paste by measuring the time of mixing and falling
stirrer. If the falling number is too high, enzymes can be
added to the flour in various ways to compensate. How-
ever, on the other hand, if the falling number is too low,
enzymes cannot be removed from the flour or wheat,
which results in a serious problem that often makes the
flour unusable for baking. High a-amylase activity could
be caused by immature grain or low resistance to
sprouting (Abdel-Aal et al., 1997).

Some methods characterize the cereal utility value on
the basis of dough rheological properties. Apparatuses
such as alevograph, faringraph, extensigraph, mixograph,
and rapid visco analyzer are the most commonly used in
the industry practice. Parameters obtained on the basis of
these methods are very useful for evaluating the baking
value of flour.
Direct methods
The two direct methods most often used to evaluate the
cereal utility value are the laboratory flour milling tests
and the laboratory baking tests. These methods indicate
the milling and baking properties of small cereals and
flour samples.
The laboratory flour milling test is used to evaluate the
milling performance of wheat and other cereals and to pro-
duce flour for other laboratory tests. Various kinds of lab-
oratory automated or semi-automated mills are used to
determine the cereal milling value. The most common lab-
oratory mills are the Brabender Quadramat Flour Mills,
the Buhler Laboratory Flour Mill, and the Chopin CD1
and CD2 mills. Information obtained on the basis of labo-
ratory flour milling is useful to adjust the mill settings of
commercial mils.

The laboratory flour mill results are expressed as flour
extraction and flour ash content. Also, parameters such
as bran and shorts yield are determined (Posner, 1991).
For example, the effectiveness of wheat flour milling can
be expressed by the following equation, called Brabender
index:

WB ¼ 0:5w
82z

(1)

where, w represents flour extraction (%); z, is the flour ash
content (%); 0.5, is the average ash content in wheat endo-
sperm, and 82 represents the average endosperm content
in wheat. The higher the value of this index, the better is
the cereal utility value (Jurga, 2006).

The laboratory baking test is the best method to evalu-
ate the baking value of cereals and flour. The baking tests
can be divided as standard and optimum. The standard
baking tests depend on the constant conditions of dough
kneading and baking parameters, whereas the optimum
methods recommend adjusting the baking recipe and bak-
ing parameters to the properties of the flour. Thus, this
method allows for the optimum use of flour.

The laboratory baking tests can be realized in twoways:

� By the direct method (the dough is produced from all
the ingredients)

� By the indirect method (at the beginning the leaven is
prepared and after fermentation dough is produced)

It should be noted that on the basis of the baking tests
the sensory assessment of brad is made. Also, the bread’s
physical and chemical properties are determined. The
parameters of texture are commonly evaluated.

Summary
The methods of evaluation of cereal utility value are con-
sequently improved for many years and allow to quickly
evaluate the quality of grain. The full characteristics of
cereal includes evaluation of many parameters, which
decide about utility. The described physical properties of
grain are the basis in cereal utility evaluation. However,
the fully characteristic of cereal must include other
parameters.
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Synonyms
Chemical mapping; Hyperspectral imaging; Microspec-
troscopy imaging; Multispectral imaging; Spectral
analysis; Spectral imaging; Spectroscopic imaging;
Visualizing chemistry
Definition
Chemical imaging in agriculture is a discipline at the
intersection of statistics and biophysical chemistry
(chemometrics), applied in agriculture, food science, and
in agrobiotechnology. It is a discipline whose analytical
capability consists in creating visual images (spectral
images) of the composition, structure or dynamics of
chemical samples (qualitative or quantitative – mapping)
from simultaneous measurement of spatial and valid
time-dependent spectroscopy variables, and quantitative
interpretation of the images also provides answers to the
questions “when”, “where”, “what” and “how much”.

Chemical imaging methods (without dyeing) can be
used for gaining information about agriculture systems
of all sizes, from the single molecule to the cellular level
and to the ecosystem in agriculture. Diverse instrumenta-
tion, ultra-sensitive and selective techniques of interaction
radiation with the sample are employed for making obser-
vations on such widely different systems. However, what
is the most important in the discipline is the fact that sev-
eral different physical phenomena and types of signal
acquisition can be used in similar, but highly advanced
chemometrics algorithms, and that created huge data sets
will be processed by one software and computer, permit-
ting multiple potentialities of field application for
diagnosis.
Introduction
Many applications of chemical imaging touch our daily
lives, for example in subjective (sensory) tests, in the
human recognition of nutrient and pigment content in
foods; it works as a non-invasive method of diagnosing,
understanding and control of plant growth, harvest and
post-harvest or simple preservation processes. In such
aspects of human perception, the imaging is limited to
the life experience, the power of human brain, and simple
eye detectors of red, green and blue light data, and that set
of human attributes combined permits the recognition of a
sample as the chemical fingerprint method (Francis,
1995). In such applications, the present wide range of
bio-spectroscopy techniques permits more quantitative
analysis of bioactive ingredients, but it will not provide
full and complete information on the spatial distribution
of chemical components.

The idea that drives the analytical power of chemical
imaging is that data scanning draws information from such
a large portion of the spectrum of absorption, emission,
mass, energy, power etc. that any given object should have
a unique spectral signature – a “fingerprint” in at least a
few of the many bands that can be scanned and exactly
statistically processed.
Image processing
In a standard mapping experiment, i.e., univariate data
analysis, an image of the sample will be made based on
single value variation as is from data values (intensity at
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point, signal to baseline, signal to axis), from the parame-
ters of a curve model fitted to the data (peak area, position,
width, intensity), or others (Chi-squared, percent Gauss-
ian). For example, an anthocyanins map could be made
from a strawberry sample, in which one band of anthocy-
anins absorbance is used for the intensity greyscale of the
image. Dark areas in the image would indicate non-antho-
cyanins-bearing compounds. This mapping could poten-
tially give misleading results with more interactive
surroundings or color reactant.

By spectral mapping almost the entire spectrum at each
mapping point is acquired, and a quantitative analysis can
be performed by computer post-processing of the data.
The main and increasingly important role of
chemometrics is the analysis of multivariate data for many
different application areas. Multivariate methods can ana-
lyze the whole data set simultaneously and directly related
to chemical properties. It allows the potential qualification
and quantification of very complex systems such as bio-
logical materials.

Packages of software designed for the visualization and
analysis of large 3 or 4-dimensional hyperspectral image
cubes offer extensive spectral and spatial pre-processing
capabilities and support statistical pattern recognition,
multivariate classification and quantitative analysis algo-
rithms as well as standard image analysis. Software devel-
oped for laboratory imaging and mapping experiments
identifies materials using reference spectra (direct classi-
cal least squares (DCLS) and partial least squares (PLS),
principal component regression (PCAR), multilinear
regression) or identifies materials even when no reference
data is available (principal component analysis (PCA),
multivariate curves resolution (MCR-ALS) or factor anal-
ysis). The standard image analysis and visualization post-
processing tools, such as particle size and distribution
analysis, transform qualitative information contained
within an image into quantitative metrics that deliver
objective answers.

Multivariate algorithms are constantly being devel-
oped, like a life experience, so there is a continuous supply
of new and improved methods. The order follows a typical
workflow consisting of loading or importing a data set,
visualizing and pre-processing the data, analyzing to
obtain qualitative or quantitative results, and finally visu-
alizing. The true value of all data registration techniques
of chemical imaging are exploited only with access to very
advanced statistics and image analysis capabilities.
Techniques of chemical imaging
Many imaging techniques are used, and often used simulta-
neously in combination for exacting applications. They are
significantly differing in their ability to capture lateral
dimensions, ranges of penetration depths, or time scales.
The bio-spectroscopy techniques, this umbrella term inte-
grates both– are divided into the threemain groups (Jackson
et al., 2006).
1. Optical imaging and magnetic resonance
The techniques interact with samples using reso-

nance of low-energy (electronic, vibrational, or
nuclear). They are non-destructive and can be
performed in the body (in vivo). Examples include:
� Vibrational imaging – identifies specific molecules

by their chemical bonds and use vibrational spec-
trum like a “fingerprint” of matter (Himmelsbach
et al., 2001; Thygesen et al., 2003; Gierlinger and
Schwanninger, 2007).

� Fluorescence techniques – rely on fluorescent pro-
teins that are genetically expressed in biological sys-
tems or can bind to targets as spectroscopic markers
(Xiao et al., 1999; Roos, 2000; Lai et al., 2007).

� Ultrafast spectroscopy – uses ultrafast pulsed light
sources that provide peak power needed to measure
excited states useful in dynamics reaction
(Lichtenthaler and Babani, 2000).

� Nuclear Magnetic Resonance and Magnetic Reso-
nance – technologies that use magnetic fields to pro-
vide spatial information on molecules (Glidewell,
2006; Lambert et al., 2006).

2. Electron, x-ray, ion and neutron spectroscopy
The techniques interact with samples using high-

energy radiation which provides high-resolution
chemical and structural information below surfaces of
materials. Examples include:
� Electron microscopy – takes advantage of the fact

that an electron provides a much higher-resolution
of probing than optical and can penetrate deep
below the surfaces of materials.

� X-ray spectroscopy – uses high-energy photons to
penetrate more deeply than electrons.

� Mass spectrometry – moving a point of ionization
over a sample surface and is used for mapping bio-
logical samples (Mangabeira et al., 2006; Burrell
et al., 2007; Sangwon Cha et al., 2008).

3. Proximal probe
The techniques use small probes very close to the

sample. There is a wide variety of tips used in tunnel-
ing, force and near-field optical microscopes. For the
purposes of recording images, that is an optical-fibre,
a semiconducting, or a metallic probe positioned in
close proximity to a sample. These methods are espe-
cially useful for understanding the chemistry of sur-
faces (Ding et al., 2008).

The challenge in agriculture
Chemical imaging in agriculture includes the biochemis-
try which is important in the processing effects on
postharvest products, on the composition and safety
of foods, feeds, beverages, and other products from agri-
culture, including wood, fiber and bio-based materials,
by-products, and wastes. It covers the chemistry of
pesticides, herbicides (Hake et al., 2007; Perkinsa
et al., 2008), veterinary drugs, plant growth regulators,
phytonutrients, flavours and aromas, fertilizers, together
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with their metabolism, toxicology, and environmental
monitoring and remediation. These spectral analyses in
agriculture emphasize the relationships between plants,
animals and bacteria, and their environment and must be
considered within the context of the soil, water, air –
within the agro-ecosystem in which living and nonliving
components interact in complicated cycles that are critical
to a wide variety of organisms.

Chemical imaging in Agriculture can perform qualita-
tive and quantitative analysis of the ingredient distribution
(Figure 1), use the science of sampling, set error limits,
validate and verify results through calibration and stan-
dardization, create new ways to make measurements
based on differential spectroscopy properties, and inter-
pret data in proper context and communicate results
(Salzer et al., 2000). Finally, the goal for chemical imaging
in agro-environment is to recognize and understand chem-
ical structures and processes, and to use that knowledge to
control, classify, or eventually create biological structures
on demand. Our ability to domesticate crops and eliminate
the need for hunting and gathering that allowed for the
establishment of permanent settlements and the develop-
ment of technologically advanced societies has led to
a greater overall availability of food, both animal and plant.

Chemical imaging together with biotechnology
(Schmidt et al., 2009) is a source of great promise for inno-
vations ranging from improving the diagnosis and treat-
ment of hereditary diseases, to safer drugs, to more
environmentally friendly herbicides and pesticides to
microbial processes to clean up the environment (Gowen
et al., 2007). Making these promises a reality requires
rethinking some fundamental assumptions.

Conclusions
In general, all chemical imaging in Agriculture could ben-
efit from the development of higher data acquisition
speeds, better data storage andmanagement, new chemical
probes and markers, ultrafast optical detectors, possibility
of measuring multiple dimensions in parallel and further
miniaturisation of instrumentation. As chemical imaging
involves the use of a relatively new analytical technique
and high cost of instrumentation, the full potential of
chemical imaging in Agriculture cannot yet be fully real-
ized, and that potential, should such analytical techniques
be implemented on a large scale for the control of intensive
agricultural and food production, may bring enormous
benefits for health and prophylactic interventions.
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Definition
Chemical time bomb (CTB), originally formulated by
Stigliani in the late 1980s is defined as

an unforeseen chain of events resulting in the delayed and
sudden occurrence of harmful effects due to the mobilization
or chemical transformation of chemicals stored in soils and
sediments in response to saturation or alteration in certain
environmental conditions. (Stigliani, 2002, 99)

The CTB concept refers to the following: (1) soil/sedi-
ment ability to store and immobilize toxic chemicals
(e.g., heavy metals such as Cd, Cu, Pb, and Ni; persistent
organic compounds such as PCBs - polychlorinated
biphenyls widely used in the past in many products
mainly in electrical equipment, and some pesticides like
DDT- dichloro-diphenyl-trichloroethane) in “chemical
sinks” having limited capacity, (2) that harmful effects
of pollution may not be observed directly but long after
(e.g., decades) loading of the chemical to the environment
(hence, CTB term). CTB may emerge when a retained,
inert chemical is mobilized and released because the
capacity of the sink is either exceeded by an excess of
the chemical input, or diminished due to changes in
“capacity-controlling properties” (CCPs), that determine
the sink storage capacity. In the long term, CCPs are not
constant and vary as affected by environmental changes
(e.g., in land use and climate, hydrology). When any of
CCPs passes a threshold, the system may reverse the role
from a sink into a source of the chemical, for example, in



CLAY MINERALS AND ORGANO-MINERAL ASSOCIATES 117
crops and vegetation, ground and surface waters. Such
a reversal is usually unpredictable, unexpected and sud-
den (the “explosion”) – on a timescale that is relatively
short in comparison with the time between the initial
accumulation and the manifestation of detrimental
effects.

With respect to heavy metals, particularly important
soil CCPs are the following: cation exchange capacity
(CEC), pH, redox potential (Eh), organic matter content,
salinity, and microbial activity. They are interdependent
and directly or indirectly related to the soil physical
conditions; in case of CEC and Eh to the following:

CEC – soils with a low value have low capacities to retain
heavy metals by sorption. It depends on clay minerals
and organic matter content (decreasing reduces CEC)
and is reflected in soil texture (clay fraction content).

Eh – decreasing (more reducing conditions) dissolves iron
and manganese oxides, which mobilizes oxide-sorbed
toxic chemicals. Its increasing (more oxidizing condi-
tions) mobilizes heavy metals by dissolving insoluble
metal sulfides. Eh is directly influenced by soil moisture
and may be changed by flooding (Eh decreasing) or
drainage (Eh increasing) of lands.

In CTB phenomena, also important are soil physical proper-
ties influencing leaching and transport of chemicals – water
retention and water flow, erosion.

Water flow – depends on soil hydraulic properties.
Among them, a hydraulic conductivity, which is a mea-
sure of the ability of a soil to transmit water and
dissolved solutes and is strongly related to soil texture,
structure, and water content.

Soil erodibility – erosion increases the risk of runoff and
concentrations of toxic substances at locations where
transported material is deposited. It reflects among
other properties, soil texture, structure, moisture, and
organic matter content. It is related to farming activities
that influence these properties and to changes in land
use (e.g., it increases with deforestation).

CTBs example – draining of wetlands in a coastal area of
Sweden in the 1900s and in the 1940s, resulting in oxi-
dation of sulfides to H2SO4 and strong acidification of
nearby lakes; the Minamata (Japan) catastrophe (for
details and more examples see Stigliani, 2002).
Bibliography
Salomons,W., and Stigliani, W.M. (eds.), 1995. Biogeodynamics of

pollutants in soil and sediments, risk assessment of delayed and
non-linear responses. Springer: Berlin Heidelberg. 352 pp.

Stigliani, W. M., 1988. Changes in valued capacities of soils and
sediments as indicators of nonlinear and time-delayed environ-
mental effects. Environmental Monitoring and Assessment, 10,
245–307.

Stigliani, W. M., 2002. Contaminated lands and sediments: chemi-
cal time bombs? In Douglas, I. (ed.), Causes and Consequences
of Global Environmental Change, Vol. 3. In Munn, T. (ed-
in-chief ), Encyclopedia of Global Environmental Change.
Chichester/New York: Wiley, pp. 98–115.
CHISEL

An edge tool with a flat steel blade with a cutting edge
used in soil chiselling (loosening by chisel implements).
CLAY MINERALS AND ORGANO-MINERAL
ASSOCIATES

Tatiana Victorovna Alekseeva
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Science, Russian Academy of Sciences, Pushchino,
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Synonyms
Phyllosilicates

Definition
Clay minerals belong to the family of hydrous aluminum
phyllosilicates. They make up the fine-grained fraction
of rocks, sediments, and soils.

Introduction
Clay minerals are the most important constituents of
so-called clay-size fraction (particles are less than 2micro-
meters [mm] in equivalent spherical diameter) of soils.
Commonly referred to as “fine-grained,” “submicron,” or
“ultrafine” particles, recently the term “soil nanoparticles”
is coming into usage. The clay size fraction in soils is sel-
dom composed of a single mineral. Typically, it includes
mixtures of phyllosilicates, oxides, and hydroxides of Fe,
Al, and Mn, occasionally quartz and feldspars and organic
materials – humic substances, enzymes, viruses, etc.
(Theng and Yuan, 2008) (see Nanomaterials in Soil and
Food Analysis). Soils’ clay fractions are typically enriched
in organic C and P, total N, S, and P, inorganic P, Al, Fe, Ca,
Mg; they have higher cation exchange capacity (CEC)
in a comparisonwith bulk soils and coarser fractions.Many
soils’ basic physical and chemical characteristics: buffer
capacity, bulk density, cracking and creeping, flocculation
and dispersion phenomena, hydrophobicity, infiltration,
shrinkage and swelling phenomena, soil aggregation (see
Soil Aggregates, Structure, and Stability), soil structure
and compaction limits, and surface properties (see Adsorp-
tion Energy and Surface Heterogeneity in Soils, Specific
Surface Area of Soils and Plants) (see, e.g., Alekseeva
et al., 1999) are influenced by molecular-scale differences
in soil clay minerals and/or their concentrations.

Phyllosilicate minerals in soils
The structures of phyllosilicates basically consist of sheets of
SiO4 tetrahedra and sheets of Al or Mg octahedra (as in
gibbsite and brucite). Common tetrahedral cations are Si4+,
Al3+, and Fe3+. Octahedral cations are usually Al3+, Fe3+,
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Mg2+, and Fe2+. Octahedra show two different topologies
related to OH-groups position, i.e., the cis- and the trans-
orientation. The 1:1 layer structure consists of the repetition
of one tetrahedral and one octahedral sheet, and examples
would be kaolinite and serpentine (Figure 1).

A 2:1 layer structure consists of an octahedral sheet
sandwiched between two tetrahedral sheets, and examples
are micas, smectites, vermiculites, and chlorites. In the 1:1
layer structure, the unit cell includes six octahedral sites
(i.e., four cis- and two trans-oriented octahedral) and
four tetrahedral sites. Six octahedral sites and eight tetra-
hedral sites characterize the 2:1 layer unit cell. Structures
with all the six octahedral sites occupied are known
as trioctahedral. If only four of the six octahedra are
occupied, the structure is referred to as dioctahedral.
Depending on the composition of the tetrahedral and octa-
hedral sheets, the layer will have no charge or will have
a net negative charge. If the layers are charged, this charge
is balanced by interlayer cations (Na+, K+, or others). In
each case, the interlayer can also contain water. The crys-
tal structure is formed from a stack of layers interspaced
with the interlayers. The periodicity along the c-axis varies
from 0.91 to 0.95 nm in talc and pyrophyllite to 1.40–
1.45 nm in chlorite. In talc, the interlayer space is empty,
whereas in mica and illite it is occupied by anhydrous
alkaline and alkaline-earth cations (layer periodicity about
1 nm). The interlayer space of smectite and vermiculite
contains alkaline or alkaline-earth cations together with
water molecules (layer periodicity is about 1.2 nm when
the interlayer position is occupied by cations with low-
field strength and water molecules, about 1.5 nm when
the interlayer is occupied by high-field strength cations
and water molecules, and more than 1.5 nm when water
molecules are exchanged by different polar molecules)
(Brigatti et al., 2006, p. 21). Table 1 gives the classifica-
tion scheme for phyllosilicates with typical layer
Clay Minerals and Organo-Mineral Associates, Table 1 Classifica
and their major properties. (Modified after Thorez, 1976.)

Layer type Interlayer
Net layer charge per
formula unit (x)

CEC
100 g

1:1 Without x � 0 3–15

2:1 Without x � 0 Up to

Exchangeable cations,
anions, molecules, etc.

x � 0.2–0.6 80–1

Dry or hydrates cations x � 0.6–0.9 100–

x � 0.6–2 10–4

Hydroxide layers x variable 10–4
structures and some basic properties (for detail reading
see also Dixon and Weed, 1989).

Additionally to these main groups, chain minerals –
palygorskite (attapulgite) and sepiolite are considered 2:1
phyllosilicates and these are important constituents in soils
of arid and semiarid climates. They contain a continuous
two-dimensional tetrahedral sheet; however, they differ
from other layer silicates in that they lack continuous octa-
hedral sheets. Thus, the structures consist of ribbons of
2:1 sheets 4 or 6 SiO4 tetrahedra (in palygorskite and sepio-
lite, respectively) wide connected in a “net” structure with
holes, which contain a variable amount of zeolitic water.
Sepiolite is trioctahedral,whereas palygorskite is intermedi-
ate between di- and trioctahedral. Chain phyllosilicates
have a fibrous habit with channels running parallel to the
fiber length. Fiber sizes vary widely but generally range
from about 10 to about 30 nm in width, and from about
5 to about 10 nm in thickness. The CEC of these minerals
is low – 3–20 meq 100 g�1. At the same time, anion
exchange capacity exceeds 70 meq 100 g�1 which together
with large external surface (up to 200 m2 g�1) and
even larger internal pore surface (up to 600 m2 g�1) pro-
vides high adsorption capacity for cations, anions, and
neutral molecules, and good suspending or gelling
characteristics (Mackenzie, 1975; Raussell-Colom and
Serratosa, 1987; Brigatti et al., 2006).

Besides monomineralic clay samples and mixtures of
discreet clay minerals, one more type of mixtures exists –
interstratified or mixed layer minerals or structures. Mixed
layers are usually built up by layers of two mineral types
but may be the combination of more different components.
Interstratified clay minerals can have ordered or regular
mixed-layer structures if different layers alternate along
the c-direction in a periodic pattern (e.g., the stacking of
A and type B layers can be ABABAB or AABAAB etc.)
or disordered (irregular) mixed-layer structures, if the
tion scheme for phyllosilicates with typical layer structures

(meq
�1)

SSA
(m2 g�1) Group names

Subgroups names
(octahedral layer)

5–40 Kaolinite-serpentine
(Kandites)

Di: Kaolinites
Tri: Serpentines

5 Up to 5 Pyrophyllite-talc Di: Pyrophillites
Tri: Talcs

20 40–800 Smectites Di:
Montmorillonites

Tri: Saponites
150 100–400 Vermiculites Di: Vermiculites

Tri: Vermiculites
0 10–100 Micas and illites Di: Muscovites

Tri: Biotites
0 10–55 Chlorites Di: Sudoites

Di-Tri: Donbassite
Tri: Chlorites
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stacking along the c-direction of type A and B layers is ran-
dom (e.g., ABBABAA or AAABABBAAAAABABA
etc.). Regular sequences are identified by special names.
For example, the name “rectorite” is attributed to a regular
interstratification of dioctahedral mica and dioctahedral
smectite; “tosudite” is a regular interstratification of
dioctahedral chlorite and dioctahedral smectite.
Interstratifiedminerals have beenmostly recognized in soils
but also in sediments and as the hydrothermal and
weathering products (MacEwan and Ruiz-Amil, 1975;
Thorez, 1976; Brigatti et al., 2006, p. 25).

Three models of origin of soil clay minerals are:
(1) inheritance directly from parent materials, (2) transfor-
mation when the original structure is usually retained
but the interlayer region is visibly altered, and
(3) neoformation by the synthesis from the dissolved and
amorphous products of weathering; here, the structures
may have no relationship to those of the parent material.
The soil clay mineral predominance is correlated with cli-
mate factors (temperature and water availability in the
soil), because these factors strongly affect the chemical
weathering in the soil profile. The correlation of soil clay
mineralogy with climate conditions has been reviewed
extensively. It was suggested that clay mineralogy follows
a weathering pattern, from hot and humid to cool and dry,
in the order kaolinite!smectite!vermiculite!chlorite
and mixed-layer phyllosilicates!Illite and mica (for
details see Dixon and Weed, 1989; Wilson, 1999).

Previously neoformation of clays regarded mostly as
abiotic processes. Recent findings show that different clay
minerals can be synthesized with the participation of
microorganisms (Tazaki, 2006). Konhauser and Urrutia
(1999) concluded that bacterial clay authigenesis is
a common biogeochemical process. Like a biomineraliza-
tion process, biochemical weathering of clays also meets
more interest (Robert and Berthelin, 1986).

Clay minerals are ultrafine particles and their character-
ization requires special analytical techniques. Standard set
includes x-ray diffraction, various spectroscopic methods
such as Mossbauer spectroscopy, infrared spectroscopy,
NMR spectroscopy, thermal analysis, and electron
microscopy (for detail reading see Thorez, 1976; Bergaya
et al., 2006).
Organo-mineral associates in soils
In temperate cultivated soils 50–75% of soil organic mat-
ter (OM) exists within clay-sized organo-mineral particles
(Kleber et al., 2007). The interactions of clay minerals and
OM play the important role in the formation and stabiliza-
tion of soil aggregates and the behavior of nutrients and
pollutants (Six et al., 2002; Alekseeva et al., 2006;
Besse-Hoggan et al., 2009).

The ability of minerals to preserve OM results from the
combined influence of reactive surface sites and a large
specific surface area (SSA). These properties result from
heterogeneity and imperfection of the natural mineral
surfaces and small size of clays and soil oxides (Kogel-
Knabner et al., 2008).

The interactions of humic substances with soil clay
minerals may have a variety of mechanisms which mainly
depends upon the nature and properties of the organic spe-
cies, the properties of the clay mineral and the kind of
exchangeable cation at the clay surface, the water content
of the system, and the pH of the surrounding medium. The
type of clay becomes increasingly important when the soil
OM content is low (Cornejo and Harmosin, 1996).

The interactions of OM with mineral surfaces
(phyllosilicates and Fe-, Al-, Mn-oxides) and metal ions
is one of the mechanisms of OM stabilization. Evidence
comes from the fact that soil OM in fine silt and clay frac-
tions is older or has a longer turnover time than OM in
other soil OM fractions. Adsorption of OM to mineral sur-
faces effects the OM decomposition mechanisms and
rates. Main chemical mechanisms of interactions are:
(1) ligand exchange, (2) polyvalent cation bridges,
(3) weak interactions such as hydrophobic interactions,
van der Waals forces, and H-bonding (Mineral Organic
Microbial Interactions) (Luetzow et al., 2006).

OM bound to minerals mainly by ligand exchange is
more resistant against mineralization than OM held by
van der Waals forces. Ca-bridges enhanced the stability
of sorbed OM but less than by the binding via ligand
exchange (Kogel-Knabner et al., 2008).

For each mechanism, only certain amount of OM can
be protected and each soil has its own protective capacity.
The mineralogy of soil particles controls the protection of
OM via the effect of the type and density of active sites
capable of adsorbing organic materials. The presence of
Fe-Al oxides – hydroxides increases the surface charge
density which increases the reactivity of mineral surfaces.
Kleber et al. (2007) showed that singly coordinated, reac-
tive OH groups on Fe and Al oxides and at edge sites of
phyllosilicates, which are able to form strong bonds by
ligand exchange, are a measure of the amount of OM sta-
bilized in soils in organo-mineral associations.

Preferential binding at reactive sorption sites favors
typically discontinuous surface accumulation of OM
rather than in a continuous coating. Thus, OM is not dis-
tributed over the available mineral surfaces but clustered
(Clusters in Soils) in small patches with some vertical
extension (Kaiser and Guggenberger, 2003; Kleber et al.,
2007). Recently, Kleber et al. (2007) came to the conclu-
sion that adsorbed OM creates the zonal organo-mineral
architecture with regular features: contact zone, hydro-
phobic zone, and kinetic zone. The molecules of the inner
zone are the most stable, and molecules of the outer zone
have the faster exchange with soil solution. It is suggested
that proteins (N-containing materials) play a prominent
role in the formation of organo-mineral complexes due
to both the relatively high abundances of these compounds
in soils and the ability of these materials to adsorb irrevers-
ibly to mineral surfaces. Proteins can bind particularly
strongly and create a basal layer with further opportunities
for more numerous interactions. The affinity of proteins
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for all types of interfaces found in soils originates in the
flexibility of the polypeptide chain and in the diversity
of the 2-amino acids that can be classified as positively,
neutrally, or negatively charged and on a hydrophobic
scale from polar (hydrophilic) to non-polar (Quiquampoix
and Burns, 2007).

Additionally to chemical stabilization of OM in soils,
its physical protection in soil microaggregates influences
OM accumulation (Physical Protection of Organic Carbon
in Soil Aggregates).

Summary
Interactions of clay minerals with OM (soil natural organic
polymers) modify properties of both partners and have the
large-scale effect on the physical, chemical, and biological
properties of soils. Fractionation of soil organic sub-
stances due to the properties of a mineral matrix is the
other aspect of these interactions. Up to now limited infor-
mation is available on the relationships between mineral-
ogy and the chemistry of bound OM. Solid state NMR
spectroscopy (13C, 15N, 31P, 1H, etc.) is a promising tool
for solving this problem. Kogel-Knabner et al. (2008)
showed that mineral-bound OM is depleted in lignin and
phenolic components. Clay fractions generally show
a higher content alkyl-C groups than whole soils and
higher proportions of carboxyl-C than plant residues,
indicative of the more oxidized stage of the stabilized
OM. Laird et al. (2001) postulated that existing relation-
ships between clay mineralogy and the chemical nature
of the associated humic substances indicate that either soil
clay mineralogy strongly influences the humification pro-
cess or that humic substances with different properties are
selectively adsorbed on different clay mineral species.
Further investigations of the OM associated with different
clay minerals are needed before the role of clay–organic
interactions on OM constitution, stabilization and turn-
over times, diagenetic transformations, and other aspects
will be clear.
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Stephen H. Anderson
Department of Soil, Environmental, and Atmospheric
Sciences, University of Missouri, Columbia, MO, USA

Synonyms
Argillic horizon; Pseudogley; Stagnic properties

Definition
Claypan refers to a subsoil layer, having a much higher
clay content than the surface horizons. This layer is slowly
permeable and is separated by a sharply defined boundary
from overlying horizons. Claypans are dense and hard
when dry but plastic and sticky when wet. (Soil Science
Society of America, 2008). These soils often have
a perched water table present above the claypan during
a portion of the year.

Pan. A pan can be genetic or induced. A genetic pan is
a natural subsurface soil layer with low or very low
hydraulic conductivity. The layer differs in physical and
chemical properties from the soil layers immediately
above and below the pan. Some genetic pans include clay-
pans, fragipans, and hardpans. An induced pan is
a subsurface layer having a higher bulk density and lower
total porosity than the soil layers immediately above and
below the pan and is a result of pressure that has been
applied by normal tillage operations or other artificial
means. Synonyms for these induced pans include
plowpans, plowsoles, pressure pans, or traffic pans (Soil
Science Society of America, 2008).

Introduction
Soils with claypans include significant areas throughout
the world. In the Midwestern USA, these soils are
included in Major Land Resource Area (MLRA) 113 Cen-
tral Claypan Area (2.9 million hectares), with most soils
classified as Aqualfs and some Udalfs. The United
Nations FAO system classifies these soils as Eutric Plano-
sols (Food and Agriculture Organization of the United
Nations, 2001). Eutric Planosols have a global extent of
47.53 million hectares. Planosols include 130 million
hectares and are extensive in southern Brazil, northern
Argentina, Paraguay, eastern Africa, South Africa, eastern
Australia, eastern United States, and in southeast Asia
fromBangladesh to Thailand (Food and Agriculture Orga-
nization of the United Nations, 2001).
The US Soil Classification System of 1938 used the
name Planosols for claypan soils. The subsequent US clas-
sification system, USDA Soil Taxonomy, includes Plano-
sols in the Great Groups Albaqualfs, Albaquults, and
Arialbolls. Claypan soils are in the Great Group
Albaqualfs.

Claypan soils include a significant amount of area
within the Midwestern USA (Blanco-Canqui et al.,
2002). Soils in this area are characterized by a subsoil
horizon with an abrupt and significant increase in clay
content within a short vertical distance in the soil profile
(Soil Science Society of America, 2008). The Midwestern
US claypan region and similar soils encompass an area of
about 4 million hectares within Missouri, Illinois, and
Kansas (Anderson et al., 1990). The depth to the claypan
varies from 0.10 to 0.50 m with clay content ranging from
350 to 600 g/kg (35–60%; Blanco-Canqui et al., 2002).
Dominant clay minerals include smectites with high
shrink swell potential.

Throughout the year, these clays swell during the win-
ter and spring periods and often shrink during the late
summer and early autumn periods. When the clays are
swollen, their low saturated hydraulic conductivity
impedes infiltration and perches water above the claypan,
causing a high probability of runoff (Blanco-Canqui et al.,
2002). When the clays shrink, preferential flow through
these cracks is significant (Baer and Anderson, 1997).

Most claypan soils are classified in high runoff hydro-
logic groups (Lerch et al., 2008). Soils primarily on
hillslopes in dissected till have a slow infiltration rate and
moderate runoff potential due to argillic horizons or
paleosols that impede downward movement of water. Soils
occurring at summit landscape positions have a very slow
infiltration rate and high runoff potential due to claypans.
Hydrology
Soil texture and structure have strong effects on saturated
hydraulic conductivity, Ksat (Blanco-Canqui et al., 2002).
Clay-textured soils typically have low to very low Ksat
values. Due to their low subsoil permeability, claypan
soils perch water and create lateral flow and surface run-
off. Field work on claypan hydrology suggests that runoff
rates may be equal to rainfall under saturated conditions
(Saxton and Whitaker, 1970). Long-term studies of runoff
and rainfall with the McCredie rainfall-erosion plots at
Kingdom City, Missouri, USA indicate that lateral flow
known as interflow is a significant component of the total
runoff during springtime when precipitation is usually the
most intense and erosion rates are highest (Minshall and
Jamison, 1965; Ghidey and Alberts, 1998). Claypan soils
have enhanced runoff during winter and spring periods
due to very low infiltration rates.

In situ lateral Ksat has been estimated for claypan soils
in monoliths 0.25-m wide by 0.50-m long by 0.23-m deep
(Blanco-Canqui et al., 2002). Field measurements of lat-
eral Ksat provided a value of 72 mm h�1. This value corre-
sponds well to soil core (76-mm diameter by 76-mm
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length) estimates of 71 mm h�1 through the silt loam sur-
face horizon (Figure 1). The field estimate of Ksat for the
claypan was 0.9 mm h�1. The lowest Ksat of the profile
measured with soil cores was 2 mm h�1, which occurred
within the 0.50–0.75-m depth (Figure 1), just below the
claypan (depth of maximum clay concentration; Blanco-
Canqui et al., 2002). The physical nature of this layer
was weakly developed, compact, with a firm structure.

A high probability of interflow occurs within these soils
(Jamison et al., 1968; Wilkinson and Blevins, 1999).
Information on in situ lateral Ksat through the horizons
above the claypan is important for determining their abil-
ity to conduct water laterally and assessing runoff and ero-
sion. Because of their hydrologic attributes, claypan soils
have quite different effective Ksat values with depth from
other Alfisols. Information on Ksat depth distribution is
valuable in explaining claypan hydrology and for the
characterization of variability in horizons of low and
high permeability required for accurate flow studies
(Blanco-Canqui et al., 2002).
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Claypan and its Environmental Effects, Figure 1 Comparison
of saturated hydraulic conductivity (Ksat) data for claypan soils
(Blanco-Canqui et al., 2002). Error bars represent 95% confidence
intervals of mean Ksat values (n = 9). Data obtained with
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Science Society of America.)
Claypan soils under native vegetation have signifi-
cantly different hydraulic properties compared to soils
under long-term grain crop management (Udawatta
et al., 2008). Differences can be attributed to better struc-
ture as well as preserved pore networks. Soils under native
vegetation have enhanced macropore flow, permanent
roots, and higher organic matter content. Native perma-
nent vegetation prevents water erosion, which increases
the thickness of surface horizons; eroded soils have about
0.25 m thinner silt loam surface horizons than soils with
native vegetation. Thicker surface horizons with coarser
soil textures have higher hydraulic conductivity values.
Under long-term grain crop management, soil hydraulic
properties for claypan soils can significantly change due
to a reduction in surface layer thickness above the clay
layer through erosion as well as from the traffic by agricul-
tural equipment. Improvements in these properties have
been observed when using permanent vegetative buffers
such as cool season grass buffers and agroforestry tree
buffers (Seobi et al., 2005). Although the claypan horizon
dominates the surface hydrology for these soils, buffers
often provide benefits by slightly reducing runoff from
soils under row crop management.

Conservation Reserve Program (CRP) and hay man-
agement systems increased field-measured infiltration
rates in a summit landscape position compared to grain
crop systems (Jung et al., 2007). Hydraulic conductivity
measured in a backslope position for CRP and hay
cropping systems was 16 and 10 times higher, respec-
tively, than for a mulch-tilled grain cropping system (Jiang
et al., 2007a). This was attributed in part to perennial
grasses improving aggregate stability and soil organic car-
bon. Backslope landscape positions are more vulnerable
to soil degradation with grain cropping systems compared
to other landscape positions.
Soil erosion and agrichemical runoff
Due to enhanced runoff on claypan soils, soil erosion and
sediment transport can be a concern. Minimum tillage as
well as no-till systems are recommended to reduce this
problem. Some studies have shown that no-till manage-
ment can slightly enhance runoff on claypan soils relative
to conventional tillage systems (Ghidey and Alberts,
1998; Ghidey et al., 2005); however, other studies have
shown no differences in runoff among tillage systems
(Lerch et al., 2008). No-till systems with corn (Zea mays)
and soybean (Glycine max) cropping systems have signif-
icantly reduced sediment transport. Most annual soil loss
(80% of annual loss) occurs during the rough fallow and
seedbed preparation periods, with soil loss under no-till
management five to seven times lower compared to other
tillage systems (Ghidey and Alberts, 1998).

Vegetative filter strips have been used on claypan soils
to mitigate surface runoff, sediment, and nutrient losses
(Blanco-Canqui et al., 2004). Narrow, 1-m-long native
switchgrass (Panicum virgatum) barriers in combination
with 8-m-long fescue (Festuca arundinacea) filter strips
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significantly reduced sediment transport as well as organic
N, nitrate, ammonium, particulate P, and phosphate runoff
compared to traditional fescue filter strips.

These vegetative filter systems have also been shown
to reduce dissolved and sediment-bound herbicide losses
in runoff (Lerch et al., 2008). Studies evaluated the
transport of glyphosate [N-(phosphonomethyl)glycine],
atrazine [6-chloro-N2-ethyl-N4-isopropyl-1,3,5-triazine-
2,4-diamine], and metolachlor [2-chloro-N-(6-ethyl-o-
tolyl)-N-[(1RS)-2-methoxy-1-methylethyl]acetamide]. Four
meters of native vegetation buffers (mostly eastern
gamagrass [Tripsacum dactyloides] and switchgrass)
reduced herbicides about 75–80% in runoff. Four meters
of native species resulted in greater reductions in herbicide
transport compared to 8 m of fescue. Buffers enhance plant
transpiration which enhances infiltration to reduce surface
runoff in these high runoff potential claypan soils. As
a general pattern, herbicide concentration or mass loss was
greatest for the first runoff event and decreased rapidly as
the season progressed.

Contour buffer strips have been demonstrated to reduce
runoff, sediment, and nutrient losses in cropped water-
sheds (Udawatta et al., 2002). Paired watersheds were
used to make an assessment of the degree of benefit from
these contour buffers. Agroforestry buffers (trees and
grasses) and contour grass buffers were found to reduce
runoff (1% and 10%), sediment (0% and 19%), total phos-
phorus (17% and 8%), and nitrate (37% and 24%) losses.
Most runoff reductions occurred during the second and
third years after treatment establishment.

Management of runoff and associated effects on surface
sediment, nutrient, and herbicide transport is an important
challenge when using claypan soils for grain crop produc-
tion. No-till management has been shown to enhance her-
bicide runoff relative to conventional tillage systems due
to lack of herbicide incorporation and slightly increased
runoff with no-till systems (Ghidey et al., 2005).
Agrichemical leaching
The claypan soils of the Midwestern USA contain silt
loam surface textures and silty clay subsoils (Blanco-
Canqui et al., 2002). The subsoil contains a high propor-
tion of montmorillonitic clay, which results in
a relatively impermeable soil horizon when wet. Since
the claypan is highly impermeable, the assumption is often
made that water and solutes cannot move through the clay-
pan to reach groundwater. However, cracks often occur in
these soils when they are cropped and their water content
is low (Baer and Anderson, 1997). These cracks can allow
preferential flow of water and chemicals. In addition, soils
have natural features such as interpedal planar voids and
biologically induced, highly conductive macropores,
which may act as channels for water and chemical trans-
port. In one study, claypans were hypothesized to restrict
the movement of agrichemicals to groundwater; however,
N fertilizer moved rapidly through preferential flow paths
in the soil into the underlying glacial till aquifer (Blevins
et al., 1996; Wilkinson and Blevins, 1999). About one
third of the N fertilizer migrated to the groundwater, while
another one third was lost due to denitrification which can
be a challenge for these soils since they have high soil
water content in the spring.

Although enhanced annual runoff occurs from claypan
soils, vertical transport can occur after periods of
infrequent precipitation. Kazemi et al. (2008) found
enhanced herbicide leaching in soils which had antecedent
water content near the permanent wilting point (dry
treatment). Atrazine, alachlor [2-chloro-20,60-diethyl-N-
methoxymethylacetanilide], and the bromide tracer were
detected significantly deeper (0.15–0.30 m) when applied
to a dry treatment compared to the wet treatment (water
content near field capacity). Herbicide retardation
coefficients estimated using soil properties were substan-
tially higher compared to estimates from herbicide and
bromide profile concentrations, suggesting evidence of
nonequilibrium adsorption of atrazine and alachlor proba-
bly due to less surface area available for adsorption when
transport occurs in shrinkage cracks. Preferential flow of
atrazine and alachlor herbicides was found when applica-
tions occurred on initially dry claypan soils. The deeper
movement of herbicides in initially dry plots was attrib-
uted to the presence of shrinkage cracks resulting from
low soil water content.

Herbicide degradation has been found to decrease with
dry soil water conditions (Kazemi et al., 2008). Degrada-
tion was found to be lower for initially dry conditions
compared to initially wet conditions. This was attributed
to better microbial growth in soils under initially moist
conditions. Thus, dry claypan soils enhance preferential
transport of herbicides and also decrease their rate of
degradation.

Plant productivity
Variable claypan properties across the landscape affect
grain yield due to soil property effects on root growth
(Myers et al., 2007). Soybean roots were inhibited in
E horizons above the claypan; however, roots were stimu-
lated 20–40 cm below the initial claypan depth. Depth to
claypan can be used to predict soybean root distributions
in claypan landscapes. The depth to the claypan can be
rapidly assessed using the apparent bulk electrical conduc-
tivity measured using electromagnetic induction (Kitchen
et al., 1999). The topsoil thickness above the claypan layer
is highly related to the plant available water capacity
(Jiang et al., 2007b) and the crop yield (Kitchen et al.,
1999). Apparent bulk electrical conductivity from these
sensors can be correlated with crop yield due to the effect
of the depth to the high charge claypan layer affecting the
sensor signal (Kitchen et al., 1999).

Summary
Crop productivity is highly sensitive to topsoil thickness
in claypan soils. Prevention of soil erosion is critical in
maintaining grain production as well as enhancing water
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infiltration in these soils. Conservation best management
practices (BMPs) are important to reduce and prevent soil
erosion. In some cases, selection of a BMP for one desired
outcome may be opposite to another desired outcome
(e.g., no-till may be good for erosion control but can
increase herbicide loss). When this is the case, priorities
will need to be established in order to select the appropri-
ate BMP (Lerch et al., 2008).
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Definition
Climate is defined as the statistical evaluation of meteoro-
logical data. They are air temperature, humidity, rainfall,
wind, and eventually other observed elements in a given
region over a long time period; the World Meteorological
Organisation recommends 30 years, but longer periods
may be used depending upon the purpose. The obtained
results are applied in climate classification; the oldest
and well known is the Köppen classification. Several other
classifications are used, too, again according to the pur-
pose. Climate should not be confused with weather, which
is the set of meteorological data valid at time of observa-
tion, usually on scale of days.

Recent climate change
Introduction
The recent climate change started about 1850. Actually
the estimation of the year is a matter of general agreement
and it is not strictly equal to local or regional observations.
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The climate change is usually characterized by the global
temperature in recent studies; other climate characteristics
are only sometimes mentioned, too. The temperature
increase in the twentieth century was estimated as
0.74�C and the rate of its rise is increasing. Eleven of the
last 12 years (1995–2006) rank among the 12 warmest
years in the instrumental record of global surface temper-
ature (since 1850). The warmest years in the instrumental
record of global surface temperatures are 1998 and 2005
(Trenberth et al., 2007), with 1998 frequently considered
as the first one in the rank. Measured temperature of the
global ocean has increased to depths of at least 3,000 m
in the last 40 years. The energy balance shows that the
ocean absorbs more than 80% of the heat added to the cli-
mate system. The global warming caused the rate of rise of
seawater level by 1.8� 0.3 mm/year in the second half of
the twentieth century (White et al., 2005) (Figure 1).

The reported rise of the global temperature by 0.74�C
does not mean that the temperature rose uniformly over
the Earth. This same value would not have been obtained
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everywhere that the temperature was measured locally
during the past 100 years. The observed warming has been
greater over land than that over the oceans, owing to the
smaller thermal capacity of the land. Since the continents
occupy larger area on the northern hemisphere, there was
a tendency for a higher temperature rise in the northern
than in the southern hemisphere (Trenberth et al., 2007).
Values of average temperature rise also differ according
to differences in climate of various regions. The rise is
very small in the equatorial regions and increases with
the latitudes, both north and south. The latitude depen-
dence is only one of the many factors that play a role
and the local average temperature rise depends upon its
particular geographical position on a continent. Values
differ for inland climates compared with lands close to
the ocean. In Central Europe, the average temperature
increased between 1.1�C and 1.3�C in 100 years (Czech
Meteorological Institution, 2007), while in Northern
Ireland at Armagh Observatory the increase was only
1.2�C in 200 years, that is, from 1796 to 2002. Within
the Arctic Circle at latitudes between 70� and 90�, the
average temperature rise was 2.1�C in the period 1880–
2004 (Trenberth et al., 2007, Figure 3.7). During the first
60 years of that 124-year period, the average temperature
increased, then decreased for the next 20 years, and again
increased for the following 44 years. In that 124-year
period, the average temperature rises were there higher
in the period 1920–1940 than they are today.

Warming is strongest over the continental interiors of Asia
and northwestern North America and over some mid-latitude
ocean regions of the southern hemisphere as well as south-
eastern Brazil. In the recent period, some regions have
warmed substantially while a few have cooled slightly on
an annual basis. (Trenberth et al., 2007, p. 250)

These few examples enable us to imagine how difficult
it is to estimate the global temperature and its rise merely
from the data obtained from any number or all meteoro-
logical stations. “No single location follows the global
average, and the only way to monitor the globe with any
confidence is to include observations from as many
diverse places as possible (Trenberth et al., 2007, p.
250).” The estimation of the global temperature from the
surface meteorological stations was therefore a difficult
task. During the last 28 years, the instrumentation in satel-
lites was applied to measure the Earth’s global surface
temperature. These methods of measurement are consid-
ered by meteorologists to be the most objective proof of
global warming. It was just by these methods that the
temperature was found as no more rising in the last
decade (Solomon et al., 2007; Easterling and Wehner,
2009).
Measuring methods
In 1653, organized measurements of air temperature
began in northern Italy with the first meteorological net-
work initiated in Tuscany, however, without standardized
thermometers. In 1714, the mercury thermometer was
provided with a reliable, physically based scale named
after its German inventor Gabriel Daniel Fahrenheit
(1686–1736). In 1742, another scale established by the
Swedish astronomer and physicist Anders Celsius
(1701–1744) was proposed and gradually accepted as
the standard in meteorology. Then the international mete-
orological network could start and first networks were
realized in the second half of the eighteenth century. Even
now with the dense internationally interconnected obser-
vation nets, the estimation of the global temperature
requires application of sophisticated statistical methods
and the results obtained by various institutions and authors
may differ. Starting in 1978, the use of satellites to mea-
sure the temperature in the troposphere simplified the
assessment of the global temperature. The measurements
are not performed by classical thermometers. Values of
temperature, derived from an analysis of the wavelengths
of radiation data, are evaluated and checked by two inde-
pendent procedures. The most frequently, but not univer-
sally used procedures are the remote sensing system,
RSS, and that developed by the University of Alabama,
Huntsville, UAH. The UAH procedure indicates
a slightly smaller global warming than RSS. Because
directly measured temperatures during the last 2 and even-
tually 3 centuries cover very short period, other methods
must be used when we study ancient climates. The temper-
ature is ascertained from other measured data, and since
temperature is indirectly and approximately estimated,
we use the word proxy from the Latin propis, proprior,
proximus – near, nearer, nearest, or very similar. Follow-
ing proxies are applied: (1) The analysis of concentration
changes of isotopes of oxygen and hydrogen in glacier
deep core drilling provides estimates of temperature.
(2) The concentration change of the isotope beryllium 10
(10Be) in either sediments or ice indicates temperature as
well as solar activity. (3) Pollen analysis (palynology)
offers information on the dominant plants, which infer
past climatic conditions. (4) Tree-ring width and density
records (dendrochronology) estimate temperature change
and age. (5) Isotopic ratios and chemical composition of
corals estimate surface sea temperature. (6) Change found
in annual lake sediments called varves provides informa-
tion on temperature and age. (7) Change in growth of sta-
lagmites in karst caverns and isotopic ratios indicate
climatic change. (8) The size of lichens offers information
on age and climate. (9) The pedogenesis of fossil and bur-
ied soils reflects the climate at the time of their origin.
Factors influencing climate change
Climate change is caused by the action of several factors,
which may mutually influence each other. Their forcing
varies with geologic time, too, and generally their variabil-
ity is one of the greatest problems in modeling their role
upon the climate change. Another important problem in
estimation of the influence of the factors upon the studied
meteorological element – the temperature – is the
nonlinearity of the relationships.



128 CLIMATE CHANGE: ENVIRONMENTAL EFFECTS
Astronomic factors: Milankovich cycles
The change of the solar radiation reaching the planet Earth
is due to the regular periodic repetition of the change of the
Earth’s orbital geometry. There are three orbital parame-
ters that change in cycles named Milankovich cycles
(Milankovitch, 1920, 1941):

1. The eccentricity of the Earth’s orbit around the Sun
changes from nearly circular (eccentricity of 0.005) to
elliptical (eccentricity 0.058). One complete cycle lasts
almost exactly 100,000 years. The combined gravita-
tional field of Jupiter and Saturn is the primary cause
of eccentricity change. Earth’s orbital eccentricity is
now close to its minimal value indicative of a nearly
circular path.

2. Axial tilt (obliquity) is the inclination of the Earth’s
axis in relation to its plane of orbit around the Sun.
Oscillations of Earth’s axial tilt ranging from 21.5� to
24.5� occurs during a periodicity of 41,000 years.
At present, the axial tilt is roughly in the middle of
its range.

3. Precession is the Earth’s slow wobble as it spins on its
axis. It has a periodicity of 21,000 years, while some
authors assume it to be closer to 23,000 years. It is pri-
marily caused by the gravitational forces of the Sun and
the moon with Saturn and Jupiter also secondarily
involved. These cycles and variations of incoming
solar radiation are important because the Earth has an
asymmetric distribution of continents. They are mainly
located in the northern hemisphere. When northern
hemisphere summers are coolest since they are farthest
from the Sun (aphelion position) due to precession and
greater orbital eccentricity and when winters are rela-
tively mild with minimum tilt, snow does not melt in
summer and accumulates. In thousands of years, it is
transformed into ice and glaciation occurs. A high
albedo (reflection of solar radiation) of snow and ice
contributes to the cooling during glacial period.

Astronomic factors: solar activity
Solar activity is not constant; it manifests cycles of various
lengths and fluctuates periodically around a value of
1,365W/m2 (Eichler et al., 2009). Solar activity is accom-
panied by the existence of the sunspots. When sunspots
are abundant during the cycle, it is called the solar maxi-
mum and when there are only a few sunspots, it is consid-
ered to be the solar minimum. Solar activity is more or less
correlated to climatic oscillations with higher solar activ-
ity being accompanied by globally warm climate (Lane
et al., 1994). The high solar activity and a strong solar
wind including the rise of the Sun’s magnetic field cause
a weakening of the galactic cosmic ray flux – commonly
referred to as the shadowing of cosmic rays. The stronger
the galactic cosmic ray flux, the greater is the ionized part
of the atmosphere having a greater density of nuclei on
which water vapor will condense, forming clouds primar-
ily in the lower part of the troposphere (Svensmark, 1998;
Marsh and Svensmark, 2000). The clouds reduce the solar
radiation penetrating to the Earth surface and thus cause
a relative cooling of the Earth. A 2% decrease in low cloud
cover during the solar activity cycle is equivalent to the
Earth accepting radiation increased by 1.2 W m�2

(Svensmark, 2007). The solar activity had a peak in the
time interval 1985–1987 and now it is slightly decreasing,
but it is still high above the average of the last 150 years.

Continental drift
Continental drift is a shift of plate carrying the continents
and bottom of oceans as a result of plate tectonics. The
plates slide very slowly with a speed of 1 to about
15 cm/year on the asthenosphere that is visco-elastic solid.
They are associated with geological events such as earth-
quake, volcanoes, uplift of mountains, mid-ocean rift,
and oceanic trench. Where the oceanic plates are moving
away from each other, the magma from the asthenosphere
fills in the gap and a new oceanic crust is formed (the sea-
floor spreading). When two continental plates collide,
mountain ranges are created as the colliding crust is
compressed and pushed upward. Such collisions may be
accompanied with the rise of magma to form volcanoes.
Due to the collisions, new supercontinents were formed
several times in the geologic history (Rodinia, Pangea,
Gondwana). When a thin oceanic plate collides with
a thick continental plate and is forced under the continen-
tal plate, this process is called subduction. It is responsible
for transporting mainly sedimentary rocks rich in CaCO3.
Hence, great amounts of carbon are conserved below the
lithosphere. This gigantic dynamic process influences
the entire topography and climate of the “floating” conti-
nents. At the same time, continents are shifted from the
polar to the equatorial regions and vice versa. An addi-
tional consequence of this relocation and of the disruption
and fusion of continents is the change of the sea streams
and of the direction and strength of blowing winds. All
these continually contributed to substantial climate
changes during the geologic history of the Earth. Conti-
nental drift was discovered by Alfred Wegener (1912,
1920), who related it to climate changes, too.

Greenhouse gases
Radiation from the sun is the source of energy that warms
planet Earth. The solar radiation has a value of about 1,366
watts per square meter (W/m2) on the outer surface of the
Earth’s atmosphere (solar constant). It oscillates by about
6.9%, owing to Earth’s elliptical path around the Sun.
Because the Earth rotates daily, only one-half of our planet
receives solar radiation at any one moment. And, taking
into account the varying angles at which the radiation is
received by the spherical surface of the planet, the average
incoming solar irradiance on the Earth’s surface is about
342 W/m2 – approximately four times less than the value
of the solar constant. The seasonal and latitudinal distribu-
tion and intensity of solar radiation received at the Earth’s
surface varies substantially. For example, at latitudes of
65� the change in solar energy between summer and
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winter can vary by more than 25%. The ratio of incoming
and reflected electromagnetic radiation is called albedo.
The range of possible values is from 0 (complete absorp-
tion and no radiation reflected) to 1 (no absorption at all,
the entire incoming radiation is reflected without change).
The average albedo is 0.37; therefore, 63% of incoming
solar energy contributes not only to the warmth of our
planet but also is used in many processes as, for example,
the production of green matter, in climatologic processes,
etc. The heated surface emanates long-wave infrared
radiation (IR). The Earth’s atmospheric envelope contains
gases that absorb IR from the heated Earth’s surface. They
are called greenhouse gases. Water vapor, methane (CH4),
carbon dioxide (CO2), nitrous oxide (N2O) and ozone (O3)
are the primary greenhouse gases. Without the atmosphere
and greenhouse effect, the Earth temperature would
be �18�C. Some man-made gases belong to greenhouse
gases, too, like fire fighting materials, aerosol spray pro-
pellants or solvents, some of the other greenhouse gases
are human made, like chlorofluorocarbons (CFC) known
under the trade name freon, hydrofluorocarbons (HFC),
hydrochlorofluorocarbons (HCFC), sulfur hexafluoride
(SF6), but their use is restricted or they are prohibited
due to their very strong greenhouse effect. Earth tempera-
ture due to the greenhouse effect is mainly caused by water
vapor in the atmosphere; it is 80–90% of the total green-
house effect. It means that without water vapor the Earth
would be cooler by about 29–30�C. The cooling effect
of clouds is roughly equivalent to 30 W/m2, while the
greenhouse effect of CO2 is about 1.5 W/m2, contributing
to warming. The concentration of CO2 in the atmosphere
has been fluctuating in ranges from 180 to 300 ppm (parts
per million) during the last 2 million years. Only in the
industrial era during the last 150 years has there been an
increase from 280 ppm to today’s CO2 concentration of
about 387 ppm. The authors of Assessments of the Inter-
governmental Panel on Climate Change (IPCC) assume
that this increase of atmospheric CO2 concentration is
mainly responsible for the recent global warming. Con-
sidering Earth’s climate system as a balance between
incoming short-wave (solar) radiation and outgoing
long-wave (thermal infrared) radiation and the increas-
ing greenhouse effect, they made the prognosis on the
temperature rise by 3 � 1.5�C as the range of uncer-
tainties provided that the CO2 is doubled to 560 ppm.
However, Schwartz (2007) used a detailed balance
model to estimate climate sensitivity and obtained the
increase of temperature by 1.1� 0.3�C for 560 ppm
CO2 concentration. In addition, he derived a much
shorter time constant characterizing the climate
response to the atmospheric change of CO2 when com-
pared to some predictions on the extension of global
warming by decades or centuries after CO2 concentra-
tion is lowered. Predictive procedures are not fully
acceptable with the simplified assumptions on the sole
or dominant greenhouse effect as acting agent in the
climate change and if the feedbacks are not fully appre-
ciated in the models.
Thermohaline circulation
Oceanic waters are great regulators of Earth temperature.
The heat capacity of water is 4.18 J/g-K, of air it is
1 J/g-K, and of soil and rocks around 0.8 J/g-K. The heat
uptake of the world ocean constitutes 84% of the total heat
uptake by the climate system. Other major components are
heating of continental landmasses, 5%; melting of conti-
nental glaciers, 5%, and heating of the atmosphere, 4%
(Levitus et al., 2005). When ocean waters flow, they trans-
port huge amounts of energy from the equatorial to the
polar regions. With this, transport of energy influencing
not only the weather but also the climate, oceanic streams
are one of the important factors influencing the climate.
There are two main causes of oceanic streams – tempera-
ture gradients and differences in seawater density. Due to
the temperature gradient, the water flows from the equator
to cool poles, as a stream at the ocean surface with the
depth about 8001,200 m, and the width of the current is
80–150 km. The discharge is between 20 and 150 Sv
(Sverdrups, 1 Sv = 106 m3/s). Just for comparing, the
Amazon River has an annual average discharge of
0.2 Sv. When the salt waters of the ocean stream reach
the cool regions of high latitudes, they cool also and mix
with fresh water of melting ice. Their density increases
and the oceanic surface water flows downward. The
surface stream changes to the deep ocean stream and flows
in opposite direction to the equator. Due to the Earth
rotation, the ocean streams direction is deviated by the
Coriolis force from the straight path (normal to equator)
and the surface and deep streams have not identical paths.
For the inhabitants of the northern hemisphere, the Gulf
Stream is the best-known ocean current. It is a connected
part of all other ocean streams. The whole Earth is
encircled by them and since the main cause of their exis-
tence is the differences in temperature and in salt content,
the term thermohaline circulation is used. Its existence
depends upon the configuration of continents. Generally
speaking, the form of one supercontinent is less favorable
for the thermohaline circulation and the more continents
mutually separated exist the better conditions for circula-
tion. It was an important factor of climate change in the
geologic past due to the continental drift.
Aerosols volcanoes, asteroids
The term aerosol denotes generally a suspension of fine
solid particles or small liquid droplets in a gas. Although
their dimensions range from 0.01 to 10 mm, their maxi-
mum occurrence is from 0.6 to 1 mm. Particles greater than
0.2 mm can be detected with an ordinary optical micro-
scope. Particles with diameters less than 0.05 mm disap-
pear quickly because they are caught by other particles
and lost by aggregation. Particles greater than 15 mm are
relatively quickly deposited by gravitation. Particles
between 0.1 and 2 mm remain suspended from 1 to 2weeks
or even more, depending on the winds, keeping them in
the atmosphere. Although aerosols can be transported for
thousands of kilometers, occurrences of their global
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Conifer forest 0.08–0.15
Deciduous forest 0.15–0.19
Bare soil 0.17
Grass 0.25
Sand of desert 0.40
Ice 0.6–0.7
Snow 0.8–0.9
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transport is extraordinary, for example, by eruption of
large volcanoes. Water vapor condenses on the surface
solid particles, which are called condensation nuclei and
clouds are formed. The majority of solid aerosol particles
occur naturally, originating from volcanoes, dust storms,
forest fires, living vegetation, and sea, where water evap-
orates from droplets leaving salt particles suspended in
the air. Human activities, such as burning of fossil fuels
and alteration of natural vegetation, also generate aerosols
but it accounts for only about 10% of all solid particles.
Aerosol particles act mainly as an obstacle to the solar irra-
diation of the Earth. Their reflection of solar radiation
depends primarily upon their size distribution. Incoming
solar radiation with the maximum energy at wavelengths
between 0.4 and 1 mm is reflected to the outer space by
particles in the size range of 0.1–2 mm. The effect is
increased if the solid particles are covered with a liquid
water film. Since the Earth surface is deprived of its source
of heating in this way, an increase of aerosol concentration
causes cooling of the Earth, and the opposite, its decrease
leads to relative warming. Aerosols greenhouse effect
exists, too, but it has low importance in the heat balance.
When we deal with the influence of aerosols upon the cli-
mate, we purposely measure the concentration (number of
aerosol particles) and not the mass (weight) of particles in
a volumetric unit of air. The radiometric measurement of
solar radiation transmission through an aerosol layer is
expressed as the aerosol optical thickness AOT. These
types of data have only been available during the last
30 years. The quantitative evaluation of the aerosol influ-
ence on the energy balance of the Earth is one of the most
difficult parts of climate modeling. For example, models
and direct measurements indicate that the cooling effect
caused by aerosol scattering could be two times larger than
that modeled by IPCC – on the order of 1.5 W/m2. Gener-
ally, the aerosol effect belongs to the worst quantified parts
of models. Regionally, it could even be much larger than
the warming effects of greenhouse gases. An intensive
increase of aerosol concentration occurred several times
in the geological past of the Earth after the impact of an
asteroid. The abrupt climate change led to the partial
extinction of living organisms. The impact of volcanic
eruptions had year’s duration because the emitted ashes
spread over the entire Earth in an atmospheric aerosol enve-
lope layer. There are many examples on it in Holocene.
Vegetation cover
The incoming solar radiation is absorbed and partially
reflected in different ways as the vegetation changes natu-
rally or due to human action. Examples of albedo of vari-
ous kinds of soil cover are shown in Table 1. They indicate
that the entire radiation balance is changing when the
vegetation is changed. The most drastic change in the radi-
ation balance occurs when the original forest is lumbered
and the soil surface is left without vegetation. In addition
to the heating effect due to radiation balance, there is a
loss of soil water due to the evaporation. Since there is
a difference between simple evaporation and evapotrans-
piration from the soil covered by vegetation, the cooling
effect differs, too. Deforestation causes changes in the
carbon cycle. A forest together with the soil stores more
carbon in organic compounds for a much longer time than
does an arable soil cultivated for annual crop production.
Deforestation results in an abrupt and rapid release of
CO2 from the soil into the atmosphere. Large forested
areas differ in clouds regime from the agricultural soil.
All these indirectly acting factors contribute to the change
of the climate after deforestation of large regions.

Earth’s magnetic field
Earth’s magnetic field is generated by the so-called
geodynamo. The iron in its outer core is a conductor and
the geomagnetic field induces electric current in the
slowly flowing material surrounding the solid inner core.
The Earth rotation plays an important role in it. The feed-
back process is the generation of a magnetic field by the
electrical current and convective flow. The reversal of
magnetic poles occurred several times in the geologic
history and it has a high probability when the field is very
weak. Recent average values in Holocene remain high
compared to earlier values. Its last reversal was some
780,000 years ago. Moreover, the magnetic pole position
is also not constant – it moves up to 15 km/year. The geo-
magnetic intensity, measured in Tesla, varies from slightly
less than 30,000 nanotesla (nT) to about 60,000 nT at the
Earth’s surface. Another unit of geomagnetic intensity is
1 Gauss equivalent to 100,000 nT. As the Earth’s magnetic
field changes, instabilities in the ozone layer occur in both
vertical and horizontal directions. They lead to modified
temperature gradients and atmospheric circulation. These
changes influence the solar wind in the atmosphere and
modulate cosmic ray particles. When the geomagnetic
field changes its shape and intensity, distinct changes of
the climate are expected (Knudsen and Riisager, 2009).
The general increase in precipitation observed over the
past 1,500 years correlates with the rapid decrease in
dipole moment observed during this period.

Climate change in geologic history
All imaginable forms of climate existed in the past: there
were several glacial periods even with Earth existing as
a huge snowball, there were also humid tropical periods
on all continents without a trace of ice even on the poles,
and there were periods when the majority of continents
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were occupied by deserts (Kutílek, 2008). In the Precam-
brian period strong glaciation occurred (Snowball Earth).
The supercontinent existed at that time shifted to the
southern polar region, the great albedo of snow and ice
reduced the absorption of the solar radiation, and the ther-
mohaline circulation was very week, if even existing. Due
to plate tectonic, breaking of the supercontinent, and vol-
canic activities, greenhouse gases escaped into the atmo-
sphere at the end of Neoproterozoic Era and increased
the temperature. Then the climate of the Cambrian Period
(540–488 million years before present [Myr BP]) is typi-
cally mild without polar ice caps and without substantial
climate differences between individual climatic zones.
The environmental conditions were completely favorable
for the Cambrian life explosion in seawaters. At the end
of the Cambrian, the first extinction of life organisms in
the Paleozoic Era occurred probably due to the depletion
of oxygen by excessive number of various organisms
and due to their decay in seawaters. With this extinction,
the Ordovician Period (488–445Myr BP) started. The cli-
mate of the Ordovician up to its middle epoch was mild
and conditions for life development were favorable. The
abrupt cooling in the middle of the period cannot be
caused by the change of atmospheric CO2 concentration
since it was 10–15 times higher than that occurring today.
One important cause of the glaciation was the shift of
a new supercontinent Gondwana to the South Pole. Addi-
tive influence had a combination of some not yet well-
defined terrestrial, atmospheric, and astronomic factors.
The Silurian period (445–410 Myr BP) started as a
relative stable greenhouse climate following the Ordovi-
cian glaciation. The sea level rising and flooding large,
flat, continental coastal belts was a significant impulse
for further life evolution and adaptation of life outside of
the waters. Climate was diversified according to latitude
positions. During the second part of the Silurian period
distinct climate oscillations existed. At the Devonian
period (410–362 Myr BP), Gondwana shifted from its
southern position to the north and the formation of
Euramerica, another supercontinent, was completed. With
the shifting of great continents, oceanic streams changed
their patterns, and the circulation of air modified by strong
volcanic activity and plate tectonics changed the distri-
bution of rainfall. Arid regions of rain shadows started
to exist while other regions received extremely large
amounts of precipitation. Cooling started during the sec-
ond part of the Devonian, and it was not caused by CO2
since its atmospheric concentration had risen to about
4,000 ppm. Main factors contributing to cooling were
the changes of ocean streams and prevailing major winds.
The Carboniferous period (362–299 Myr BP) started with
a warming of climate. Collision and subduction of the con-
tinents on a great scale led to the gradual, yet strong
decrease in atmospheric CO2 concentration. The second
factor playing an important role for CO2 consumption
was a rich abundance of plant life, described frequently
as an explosion of terrestrial life. The eastern part of
Gondwana began to drift toward the South Pole during
the second half of the period and the development of
southern polar ice cap started with subsequent icing of
the part of the continent. The very low level of atmo-
spheric CO2 concentration of the Late Carboniferous con-
tinued together with relatively high O2 concentration
during the early Permian (299–251 Myr BP). The climate
was influenced by Carboniferous glaciation at the start.
Warming gradually followed and glaciers receded. As
the majority of land in the large supercontinent was away
from the sea and in the rain shadow, its interior was hot
and dry. Volcanic activity together with the release of
greenhouse gases during large lava eruptions contributed
to general warming. In the late Permian and during the
transition to the Triassic, a massive extinction dominated
(P-Tr extinction), and with about 95% of all-marine taxa
and 70% of terrestrial vertebrate disappearing, it was the
most severe extinction in the whole geologic history of
the Earth. Several mechanisms are discussed in the litera-
ture. It probably proceeded in several steps starting with
a gradual change of the environment as the sea level
changed, increased aridity, and ended owing to cata-
strophic events of one or multiple impacts of bolides
events accompanied by an increased volcanism and the
release of methane hydrate from the ocean floor. The first
period in the next Mesozoic Era was the Triassic (251–
200 Myr BP). Following the catastrophic events of the
Permian, a hot and dry climate dominated the majority
of the supercontinent Pangea with no evidence of glacia-
tion at or near poles. The Triassic period ended with
extinction being restricted primarily to sea life caused by
huge volcanic activity accompanying the breaking of
Pangea. Bolide impact also contributed to climate change,
but with a substantially smaller force than that compared
to the Carboniferous, and all changes caused strong cli-
mate oscillations. In the Jurassic period (200–146 Myr
BP), the breaking up of the supercontinent continued.
Today’s Greenland was separated and North America
divided from Europe and Africa to open the new Atlantic
Ocean. India started separating from Antarctica. Before
the separation process became intensive, a warm humid
climate dominated even in those zones where a mild cli-
mate would have been expected, and strong ocean streams
contributed to the distribution of warmth far to the high
latitudes. Even the poles had mild climates without ice
caps. The consequence was the rise of atmospheric CO2
content up to 2,000 ppm. The climate changed to form dis-
tinct climatic zones, some of themwith regularly changing
wet and dry seasons. All of these conditions are assumed
to be the key moment in the evolution of big dinosaurs.
The last period of the Mesozoic era was the Cretaceous
(146–65.5 Myr). The favorite conditions for a warm and
balanced climate continued from the preceding period.
The atmospheric CO2 concentration decreased substan-
tially probably due to the continuing subduction and
plants extension while the temperature first remained con-
stant and then even increased. On the boundary with the
next time period, the Tertiary, the asteroid impact caused
a catastrophic event (the K/T event). The climate change
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due to multiple effects ending with aerosols over the entire
Earth led to the extinction of dinosaurs. The Paleogene
period started with the Paleocene epoch (65.5–55.8
Myr). New fauna together with the evolution of mammals
started to develop after the extinction of dinosaurs. The
climate was first renewed as it was before the K/T event
with only a slight cooling. Even the high latitude kept
a mild climate favorable for subtropical vegetation. Later
on, close to the transition to the Eocene, the temperature
suddenly rose to form the Paleocene/Eocene Thermal
Maximum (PETM) lasting for about 100,000 years. The
global average temperature rose by 5–8�C within about
10,000 years. It was hypothetically due to the greenhouse
effect when closed methane hydrate clusters below the
ocean floor were released after the first temperature pulse.
Volcanic activity could contribute to it, too. The Eocene
epoch (55.8–33.9 Myr BP) was characterized by mild
warm climate on all continents – tropical and subtropical
vegetation reached up to high latitudes. The warm regime
was probably the consequence of the Paleocene/Eocene
Thermal Maximum and the very active function of ocean
currents carrying warmth from the equator to the Polar
Regions. Mammals started to be dominant among the
fauna. CO2 values were distinctly decreasing without
causing a decrease of temperature. The bolide impact at
the end (“Grande Coupure”) caused the climate change
and a limited extinction of some flora and fauna. Oligo-
cene (33.9–23.1 Myr BP) was the end of the Paleogene
period (Figure 2). The increased plate dynamics character-
ized by collision of India with Asia, the separation of
Australia fromAntarctica, and the increased volcanic activ-
ity changed the ocean currents, intensity of monsoons, and
resulted in the climate cooling with the initiation of
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Antarctic glaciation. The consequence of this climate
was that the grassland occupied large areas, and that trop-
ical forests receded from the mild zones of Europe and
North America and was restricted to the equatorial belt.
At the end of Oligocene, a mild warming caused Antarctic
thawing without the influence of CO2 change. Slight
increases of temperature continued into the start of Neo-
gene’s first epoch, the Miocene (23.1–5.3). The increase
was monotonic up to the Miocene Climate Optimum
(MCO). The continents reached their greatest separation
from each other during the entire history of the Earth. This
maximum separation brought intensive ocean streaming
from the equatorial region to the poles, transporting energy
from the warmed belt to originally cool regions. In this
geologically most recent warming event, the temperature
raised by 3–5�C higher than today, but with atmospheric
CO2 only about half or eventually equal to its present
value. The forest cover was large and extended far toward
the Polar Regions. At about 14Myr BP, a strong change of
the climate occurred – an initial rapid cooling started
a long-time lasting cool climate with significant tempera-
ture oscillations. The cool climate brought fluctuating
glacial conditions and the beginning of large, continu-
ous continental ice sheets. The global albedo increased,
allowing ice sheets to exist at higher CO2 atmospheric
concentrations than that required for glaciation. The start
of the event was caused by complex relationships between
orbital forcing, carbon burial in ocean and sediments,
a major reorganization of ocean circulation patterns and
the change in sun activity. The global cooling resulted in
the increased aridity. One of the consequences of the
decrease of atmospheric CO2 concentration and of the
aridity was the expansion of C4 plants and grassland
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ecosystems became gradually more important. The next
epoch, the Pliocene (5.3–1.8 Myr BP), is the second and
last one during Neogene period. The climate became
cooler and drier with great zonal differences. Antarctica
started to be covered with ice sheet and Arctic icing
appeared as a constant ice cap from the mid-Pliocene.
The cooling was caused primarily by continental drift.
For example, the formation of the narrow strip of Panama
completely changed the system of ocean currents in both
the Atlantic and Pacific Oceans. The next Pleistocene
epoch (1.8–0.0115 Myr BP) is characterized by the exis-
tence of long-lasting (about 100,000 years) glacials and
short (12,000 years) interglacials. The principle change
of climate in the Pleistocene was predominantly caused
by Milankovitch cycles, while the relatively short-term
warm episodes during glacials were influenced by other
factors such as solar activity, thermohaline circulation,
aerosols, and volcanoes, with possible role of the change
of the Earth’s magnetic field. The concentration of atmo-
spheric CO2 was changing as the consequence of glacials
and interglacials. It rose by 80–100 ppm with the total
value not exceeding 300 ppm. The change had a time delay
up to 600� 300 years during the last four interglacials.
A similar delay was in the decrease of CO2 concentration
after the start of the glacials. The maximum average tem-
perature lasting for 1,000 years in the last four interglacials
was by 2–4�C higher than the recent average. If the whole
Pleistocene is characterized by large and intensive glacia-
tions interrupted only by short interglacials, we have to
assume that our recent epoch Holocene starting
11,500 years ago is also an interglacial. The warming of
the last glacial started already about 16,000 BP but it was
twice interrupted by Older and Younger Dryas. The rate
of each next warming was roughly the same as the recent
one. The retreat of glaciers was slow up to 9 kyr BP, then
increasing for 3,000 years. Their melting caused the sea-
water level to rise with the average rate about 1.2 m/
100 years. It was seven times faster than the recent seawa-
ter level rise. During the Würm glaciation (115–11.5 kyr
BP), the Sahara desert was larger than it is today and its
southern boundary reached several hundred kilometers
further south than at the early Holocene (Roberts, 2004).
From about 10 kyr BP up to 6 or 5.5 kyr BP, it was basi-
cally transformed into a savanna since the whole region
was under the influence of the pluvial with frequent and
abundant strong rains. The time period between 9,000–
5,500 years BP, denoted as the Global Thermal Optimum,
is explained by the special position of the Earth axis in the
Milankovitch cycle precession, causing a shift of the Inter-
tropical Zone of Convergence (ITZC). The accompanying
growth of vegetation changed the albedo resulting in gen-
eral warming with increased humidity. ITZC moved sev-
eral times to the north and back and brought differences
in rains to the region known as climatic oscillations.
A similar situation developed in Mesopotamia and in the
Indian subcontinent. The climate in Holocene was never
monotoneous. The first short but very intensive cooling
arrived at 8,200 BP and lasted only about 400 years. The
main cause was the abrupt drainage of the North American
large sea Agassiz, which originated due to melting of the
continental glacier. The freshwater drained into the Atlan-
tic Ocean and interrupted the thermohaline circulation.
The proxies in Europe indicate a thermal maximum about
6 kyr BP with the temperature by roughly 2�C higher than
we have now. Just after the Holocene Thermal Optimum,
a global cooling occurred at about 5.5 kyr BP. The vegeta-
tion zones shifted to the south of Europe and their compo-
sition gradually changed. Global cooling was revealed by
a rapid aridization and extension of vast deserts of the
Sahara, Arabia, India, and Pakistan. Another strong cli-
mate change (about 4.3 to 4.2 kyr BP) accompanied by
the reduction of precipitation and by aridity caused strong
social and political crises, leading even to the decline of
some civilization and cultural centers. Two further rapid
climate changes occurred in the BC time period
(Mayewski et al., 2004). The Roman Warm Period was
detected in the time range between 200 BC and AD 300,
where the end is locally shifted in some regions to about
AD 100. After that, the Dark Ages Period had the mini-
mum temperature around AD 600. Then the Medieval
Warm Period started about AD 850, even though its start
could be shifted to a later time in some regions. It lasted
as a stabile climate up to about AD 1200with temperatures
higher than the recent ones by 1–3�C. In some regions, it
ended later about AD 1350. The stabile climate of the
Medieval Warm Period ended after AD 1350 and the era
of unpredictable weather changes began. The first frosty
attack came in the first third of the fifteenth century and
between 1630 and 1730 the extreme frosty cycle of the Lit-
tle Ice Period arrived. The main factor causing the oscilla-
tion named Little Ice Age was the solar minimum activity
detected in three separated waves. The best known Maun-
der minimum is known, too, by minimal to zero number of
sunspots (AD 1645–1715). The lowering of the thermal
gradient was another acting factor causing the reduction
of the thermohaline circulation. The negligibly small
change of CO2 concentration in the atmosphere, if any,
could not have caused such Holocene climate oscillation.
Summarizing remarks
The atmospheric CO2 concentration is only one of the
many factors influencing climate change on the geologic
time scale. In some instances it was the dominant agent
of warming or cooling. However, there were other geo-
logic periods when the climate changed, but CO2 concen-
tration remained either constant or the increase of
temperature was accompanied by the decrease of CO2
concentration. This conclusion is valid even for short time
climate oscillations detected starting from the Miocene up
to Pleistocene. In Holocene, the climate oscillations are
typical with the existence of warm and cool periods even
on the century scale in the second half of the epoch. The
main factors of their occurrence are solar activity, thermo-
haline circulation, aerosol concentration, and volcanic
activity with changes in vegetative cover being less
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important. Changes of atmospheric CO2 concentration
were so small that their influence was negligible up to
and including the Little Ice Age. Considering earlier inter-
glacials and Holocene climate oscillations, the recent
increase of CO2 atmospheric concentration contributes
only to the action of two factors, the solar activity and
the change of vegetation cover. The quantification of the
role of the acting factors and forces has not yet been esti-
mated by testing the models on the oscillation events in
Holocene. The prediction of global warming cannot be
therefore based upon the results of models where the
greenhouse effect plays a dominant role (IPCC Fourth
Assessment, 2007). The environmental effect of the
observed global warming can be deduced from the envi-
ronmental change documented on proxies of the Medieval
Warm Period (MWD). A lower intensity of recent
warming compared to MWD has to be considered. The
mountain glaciers are receding; the polar Arctic glacier
shrinks, while the Antarctic glacier does not change sub-
stantially. The biota shows the tendency of shifting to the
north in the northern hemisphere, but there are no notes
of extinction of numerous taxa. Even the further warming
will not cause global aridization, desertification, or exten-
sion of area of deserts and catastrophic events for the life
on the planet (Kutílek, 2008 and the detailed literature
quotations there). Quite opposite, the warming if it lasts
enough long could bring stronger monsoon in Sahelian
part of Africa (Zhang and Delworth, 2006). The increase
of CO2 concentration up to doubling the 1,850-year data
does not have catastrophic consequences, the yields will
have a rising tendency, and famine is not expected due to
the climate change (Kirkham, 2007). On the other hand,
the human disturbances may not produce a whole ecosys-
tem breakdown as a single acting force. However,
this type of weakening of the resistance of the whole eco-
system can have some not expected consequences, if
another impact like global warming acts at the same time
(Roberts, 2004).
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CLIMATE RISK

See Tillage, Impacts on Soil and Environment
CLIMATE STRESS MITIGATION TILLAGE

See Tillage, Impacts on Soil and Environment
CLOD

A compact, coherent mass of soil varying in size, usually
produced by plowing, digging, etc., especially when these
operations are performed on soils that are either too wet or
too dry and usually formed by compression, or breaking
off from a larger unit, as opposed to a building-up action
as in aggregation
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CLUSTERS IN SOILS
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Synonyms
Adsorptive cluster; Aggregation; Cluster structure; Fluc-
tuating associations

Definition
Cluster is an association of a limited number of interacted
uniform elements (atoms, molecules, ions, superdispersed
particles), which generate a new property or a sum of
properties.

Introduction
The term “cluster” is widely used in the modern science
and technique, however, the precise time of its entry in
the science is impossible to define, because it has an espe-
cially wide everyday use. Depending on the field of appli-
cation it attaches different meanings. Kipnis (1981)
considers that the term “cluster” for the first time appeared
in the manuscript of G. E.Meyer on the statistical mechan-
ics of nonideal gases in 1937. Booming development of
studies on the cluster formation is timed to the second half
of the twentieth century and is connected to the synthesis
of artificial clusters widely applied in the industry. By
the 1980s, a new approach – cluster chemistry – arose
as a cross-disciplinary science based on chemistry, phys-
ics, and material science. The processes of cluster forma-
tion in soils and agrosystems are practically unstudied.
There are scarce publications, where the process of cluster
formation is mentioned. Yet it is evident that in soils, these
processes are important due to the presence of large num-
ber of components and heterogeneous phases interacted
and permanent changes of the state under external factors.

Cluster formation is possible in different soil phases:
solid, liquid, gaseous, and alive, and on the boundaries
of their interfaces. Minimal number of cluster elements
equals two (Cotton and Walton, 1993). Maximal number
corresponds to a value when addition of the next one
already does not change the properties of the cluster.
Approximate estimates carried out by the chemists for
molecular clusters are 103 elements (Kipnis, 1981).

Cluster groups form superstructure or supramolecular
structures where clusters stand as individual elements.
Formation of cluster structure in soils
Apparently the first studies are that by Bleam and
McBride (1985) and Bleam and Bridge (1986), where they
describe cluster formation during adsorption of Cu(II) and
Mn(II), Mn(II) and Mg(II) cations on titanium dioxides,
boehmite, and goethite. The formation of adsorptive clus-
ters (H3SiO)3SiR (R=OH, Cl) is a simultaneous process at
interactions of nucleophilic reagent on silica surface
(Chuiko et al., 2007). Numerous studies indirectly con-
firm the formation of cluster structures at interactions of
organic and mineral (mainly clay minerals) soil compo-
nents. It was demonstrated that the distribution of organic
material on mineral surfaces of soil particles has fragmen-
tary (discrete) mode (Mayer and Xing, 2001; Kahle et al.,
2002; Kurochkina and Pinskii, 2002; Kaiser and
Guggenberger, 2003). Aluminum silicate sediments with
low and moderate loadings of organic matter (<3 mg
organic C m�2) generally have less than 15% of their sur-
face coated, with organic materials existing in discrete
spots on the mineral surface (Arnarson and Keil, 2001).
This indicates that the organic material must instead be
clustered in small patches with some vertical extension
(Kleber et al., 2007).

The formation of solid soil phases passes through the
clustering step as well. In particular, it was shown that
the formation of new phases from supersaturated water
solutions of silica acids is accompanied by clustering
of basic (starting, initial) elements (“fluctuating associa-
tion”). Heterophase fluctuations of the material character-
izing pre-transitional state of the system are also probable
(Chuiko et al., 2007). On the whole, the formation of
a new phase occurs within a common scheme: (1) nucle-
ation, (2) clusterization, (3) formation of grain structure,
and (4) formation of crystallites. Evidently, similar pro-
cesses occur within the formation of other new phases in
soil, including the formation of clay mineral during the
weathering of parent rocks.
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Application of new instrumental methods (EAXFS,
HRAF) for studying of soils in situ made it possible to find
out the phenomenon of surface precipitation with partici-
pation of heavy metal cations. One of the mechanisms of
this phenomenon supposes a range of sequential stages
distributed over the time: (1) adsorption, (2) nucleation,
(3) precipitation, (4) nucleation, and (5) re-precipitation
(Scheidegger et al., 1997; Borda and Sparks, 2007).
Another mechanism of the formation of surface-
precipitated structures may be connected with micro-
heterogeneity of the pH in the vicinity of clay minerals
or soil particles. In this case in the solution volume in the
close vicinity to the protonated part of the surface, the
increase of OH� ion concentration takes place. It is
resulted from H2O dissociation and binding of H+ during
the surface protonation. The pH values within this part
of solution become essentially higher compared to those
of the whole solution volume. Therefore, in the close
vicinity of the protonated surface the conditions for pre-
cipitation of hydroxides or metal carbonates arise, in con-
trast to the lack of such conditions in the whole volume
(Pinskiy and Kurochkina, 2006).

Cluster structures are formed in a result of partial hydra-
tion of the surface of non-hydrated sparingly soluble salts
and minerals as well. The hydration process involves sev-
eral steps: (1) adsorption and capillary condensation of
water in the pore space, (2) dissolving of a part of spar-
ingly soluble salt in the capillary moisture, (3) formation
of hydrated structures in solution volume (through cluster-
ing of dissolved hydrated elements), and (4) formation of
films of hydrated compounds on the surface of unhydrated
salt (Kurochkina and Sokolov, 1997).

In general, the processes of cluster formation may be
combined by terms of aggregation and disaggregation. In
doing so, the mechanisms of their formation differ and
are determined by the character of cluster elements, the
formation conditions, and the environment. The processes
of aggregation take place at the formation of cluster from
single elements, distributed within the space or at the for-
mation of larger clusters from the ones of less size. In soils,
this group covers the compounds, which are formed in the
soil air, during the solvatation process and association of
ions and molecules in soil solution, including clustering
of the solvent – the water (Kipnis, 1981). The existence
of such clusters does not result in the new phase formation.
They exist in dynamic equilibrium with the environment
and, hence, their composition is inconstant. An example
of the formation of cluster structures due to disaggregation
is generation of secondary minerals from the components
of weathering of the parent rocks.
Life time, properties, and functions of clusters
One of the important properties of clusters is their lifetime.
It is determined by the properties of the elements forming
the cluster, the type of cluster compounds, and the envi-
ronment, where the formation takes place. We should dis-
tinguish free and stabilized by certain factor clusters. Free
clusters more often occur in uncondensed phases – in the
soil air, more seldom – in the condensed ones (associates
in solutions). Their minimal lifetime evidently is close to
the duration of the collision of particles in the gaseous
phase – 10�12 –10�13 s.

Stabilized clusters have more complex structure and
composition. The “body” of cluster (the group of
interacting elements of a certain type) and stabilizing ele-
ments (the ligand cover, central particle, around which the
cluster is formed (Kipnis, 1981; Chenu and Plante, 2006),
or the matrix may be discriminated. The lifetime of stabi-
lized clusters is comparable with the duration of the exis-
tence of molecules or their compounds. For soil science
and agrophysics, the most important are the clusters with
a lifetime long enough to participate in various physical,
chemical, and physicochemical soil processes. A typical
example of stabilized clusters is adsorptive clusters and
surface precipitates. The existence of matrix, which is
parts of the surface of soil particle, is the most vigorous
stabilizing factor.

The most important common features of clusters are the
following: (1) limited number of interacting elements;
(2) transitional (intermediate) form of organization of the
matter with elevated (maximal) specific activity compared
to that of the elements and providing the transition of the
system from one state to another; (3) solid-bodied clusters,
which are somewhat intermediate state of the material – in
between amorphous and crystalline, when the material
exists neither as atoms and molecules, nor in the crystal-
line frame (Kipnis, 1981).

The formation of clusters requires the overcoming of
a certain activation barrier by cluster-forming particles
(Suzdalev and Suzdalev, 2001).
Cluster organization of soil matrixes
Soil matrix is an active part of surface layer of solid parti-
cles, which induces certain properties of the surface, com-
position of cations, thickness of water film, organic humus
and organo-mineral matrixes, and by that creates rela-
tively constant properties of soils (Zubkova and
Karpachevskii, 2001). The basis for soil matrix is the min-
eral matrix, which comprise mainly clay minerals, amor-
phous compounds, metal oxides, and talus. In contrast to
cluster, the matrix has no limitations by maximal size.

The terms “matrix” and “cluster” are tightly bound. The
matrix is one the strongest factors, which stabilizes cluster
in soils, and a basement for generation of surface cluster
structures. In the information transfer of structure from
mineral base to interacting compounds, the key role
belongs to active sites and electric heterogeneity of surface
elements rather than the geometrical structure of the sur-
face (Distler, 1972).

Studies of adsorption of organic matter on mineral
soils, oxides, gibbsite, ferrihidrite, goethite, hematite, kao-
lin, and illite have demonstrated that the interaction occurs
mainly with active (“reactive”) sites on the surface of solid
particles (Kaiser and Guggenberger, 2003). The existence
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of different types of surface of soil particles with different
functional peculiarities was mentioned by Pinskii (1997)
and Kleber et al. (2007). Carboxyl-containing organic
molecules form firm organo-mineral compounds on posi-
tively charged sites of amorphous aluminum silicates via
the mechanism of activated chemosorption (Kurochkina
and Pinskii, 2002). The distribution of such sites has frag-
mentary insular character and includes not only tops of
angles, edges, or defects of the crystal surface but also
the mouths of micropores (Kaiser and Guggenberger,
2003). Uncompensated defects within the volume of the
solid body also induce special groups of atoms on the pla-
nar crystal surface, which should be considered as peculiar
surface clusters (Kipnis, 1981). Thereby, in soils cluster–
matrix structures are formed, and they may be designated
as active matrixes.

The formation of cluster–matrix structures on the sur-
face of soil particles conditions its heterogeneity by
composition and properties, affects adsorption energy,
structure and stability of aggregates, soil hydrophobic-
hydrophilic properties, sorptivity, buffer capacity of soils,
and other properties and functions. In particular, the
formation of organo-mineral compounds in soils makes
organic matter much more persistent to biodegradation.
Methods of study of cluster–matrix structures
in soils
Current progress in the experimental studies of cluster and
matrix structures was provided by application of high-
resolution transmission electron and atomic-force micros-
copy (HRTEM and HRAFM), extended X-ray absorption
fine structure spectroscopy (EXAFS), and Furier transfer
infrared (FTIR) spectroscopy. EXAFS has provided the
studies of bonding environments of adsorbed and struc-
tural species to ascertain the geometry of complexes at
mineral surfaces as well as the structure of three-
dimensional phases such as precipitates. The recent push
to investigate reactivity of critical zone illustrates the need
for scientists working in the Earth and environmental sci-
ences to adopt techniques that allow them to gain insight
about reactivity, and the changes in the reactivity, on very
small scales.
Summary
The term of cluster is defined. The formation of clusters
occurs during the adsorption of heavy metals by soils
and their further transformation in layered double hydrox-
ides and more persistent compounds. The adsorption of
organic matter by the surface of soil mineral particles is
accompanied by the formation of cluster compounds as
well. As a result, the distribution of organo-mineral com-
pounds within the surface of solid phases has fragmentary
character. The processes of clusterizing are followed by
the formation of solid phases from the products of parent
rock weathering and are accompanied by the formation
of hydrated films on the surface of non-hydrated salts
and minerals. Common properties of cluster structures
are described. The cluster character of active soil matrixes
and their role in the formation of soil properties is
demonstrated.
Bibliography
Arnarson, T. S., and Keil, R. G., 2001. Organic-mineral interactions

in marine sediments studied using density fractionation and
X-ray photoelectron spectroscopy. Organic Geochemistry, 32,
1401–1415.

Bleam, W. F., and McBride, M. B., 1985. Cluster formation versus
isolated-site adsorption. A study of Mn(II) and Mg(II) adsorp-
tion on boehmite and goethite. Journal of Colloid and Interface
Science, 103, 124–132.

Bleam,W. F., andMcBride, M. B., 1986. The chemistry of adsorbed
Cu(II) and Mg(II) in aqueous titanium dioxide suspensions.
Journal of Colloid and Interface Science, 110, 335–346.

Borda, M. J., and Sparks, D. L., 2007. Kinetics and mechanisms of
sorption-desorption in soils: a multiscale assessment. In
Violante, A., Huang, P. M., and Gadd, G. M. (eds.),
Biophysico-Chemical Processes of HeavyMetals andMetalloids
in Soil Environment. New York: Wiley, pp. 97–124.

Chenu, C., and Plante, A. F., 2006. Clay-sized organo-mineral com-
plexes in a cultivation chronosequence: revisiting the concept of
the “primary organo-mineral complex”. European Journal of
Soil Science, 57, 596–607.

Chuiko, A. A., Gorlov, Yu I, and Lobanov, V. V., 2007. Structure
and Chemistry of Silica Surface. Kiev: Naukova Dumka.

Cotton, F. A., and Walton, R. A., 1993. Multiple Bonds Between
Metal Atoms. Oxford: Oxford.

Distler, G. I., 1972. Information Properties of Solid and Liquid
Layers. Surface Forces in Thin Films and Dispersed Systems.
Moscow: Nauka.

Kahle, M., Kleber, M., and Jahn, R., 2002. Carbon storage in loess
derived surface soils from Central Germany: influence of min-
eral phase variables. Journal Plant Nutrition Soil Science, 165,
141–149.

Kaiser, K., and Guggenberger, G., 2003. Mineral surface and soil
organic matter. European Journal of Soil Science, 54, 219–236.

Kipnis, A. Ya, 1981. Clusters in Chemistry. Moscow: Nauka.
Kleber, M., Sollins, P., and Sutton, R., 2007. A conceptual model of

organo-mineral interaction in soils: self-assembly of organic
molecular fragments into zonal structure on mineral surfaces.
Biogeochemistry, 85, 9–24.

Kurochkina, G. N., and Pinskii, D. L., 2002. Mechanism of adsorp-
tion of high-molecular surfactants on synthetic analogues of soil
aluminosilicates. Eurasian Soil Science, 35(10), 1046–1051.

Kurochkina, G. N., and Sokolov, O. A., 1997. On the possibility of
application of water vapor sorption method for studying the
mechanism of chemical hydration of mineral components in
soils. Eurasian Soil Science, 1, 49–56.

Mayer, L. M., and Xing, B., 2001. Organic matter – surface area
relationship in acid soils. Soil Science Society of America Jour-
nal, 65, 250–258.

Pinskii, D. L., 1997. Ion-Exchange Processes in Soils. Pushchino:
ONTI.

Pinskiy, D. L., and Kurochkina, G. N., 2006. Evolution of studies on
the physico-chemical adsorbing capacity of soils. In Kudeyarov,
V. N. (ed.), Soil Processes and Spatio-Temporal Organization of
Soils. Moscow: Nauka, pp. 295–311.

Scheidegger, A. M., Lamble, G. M., and Sparks, D. L., 1997. The
kinetics of nickel sorption on pyrophyllite as monitored by
x-ray absorption fine structure (XAFS) spectroscopy. Journal
of Physics, IV (France), 7, C2-773–C2-775.



138 COAGULATION
Suzdalev, I. P., and Suzdalev, P. I., 2001. Nanoclusters and
nanocluster systems. Assembling, interactions, properties.
Uspekhi Khimii (Russian Chemical Reviews), 70, 203–240.

Zubkova, T. A., and Karpachevskii, L. O., 2001. Matrix Organiza-
tion of Soils. Moscow: Rusaky.

Cross-references
Adsorption Energy and Surface Heterogeneity in Soils
Organic Matter, Effects on Soil Physical Properties and Processes
Parent Material and Soil Physical Properties
Physical (Mechanical) Weathering of Soil Parent Material
Physical Protection of Organic Carbon in Soil Aggregates
Soil Aggregates, Structure, and Stability
Soil Functions
Soil Hydrophobicity and Hydraulic Fluxes
Soil Phases
Sorptivity of Soils
Specific Surface Area of Soils and Plants
Surface Properties and Related Phenomena in Soils and Plants
COAGULATION

See Flocculation and Dispersion Phenomena in Soils
COHESION

The internal mutual bonding of like molecules or particles
of a particular substance, imparting strength to a body
composed of that substance.

Bibliography
Introduction to Environmental Soil Physics. (First Edition). 2003.

Elsevier Inc. Daniel Hillel (ed.) http://www.sciencedirect.com/
science/book/9780123486554

Cross-references
Friction Phenomena in Soils
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See Biocolloids: Transport and Retention in Soils;
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COLOR COMPOSITE (MULTIBAND PHOTOGRAPHY)

A color picture produced by assigning a color to a partic-
ular spectral band. Ordinarily blue is assigned to band
1 or 4 (~ 500 to 600 nm), green to band 2 or 5 (~ 600
to 700 nm), and red to band 3 (~ 700 nm to 1 µm) or
7 (~ 800 nm to 1.1 µm), to form a picture closely approx-
imating a color-infrared photograph.
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Synonyms
Food color measurement
Definition
Color ordering system. A series of standardized color
boards or cards used in colorimetric and photometric
calibration.
Color space. A color system that consists of color compo-
nents represents the image values of a color image as
numbers.
Color temperature.A characteristic of a visible light that is
determined by comparing the chromaticity of a light
source with that of an ideal black-body radiator.
Segmentation. A process of partitioning a digital image
into multiple segments in order to detect the region of
interest.
Introduction
Color has been one of the important factors in food quality
measurement. The quality of some food is estimated by its
external or internal color. For example, ripeness of fruits
could be judged by the external color. This kind of color
evaluation could be performed by human visual percep-
tion. The color measurement by human perception could
vary by persons and the environment-like lighting condi-
tion at the place. Thus, color measurement for food evalu-
ation must be carried out by taking into account the color
to be measured and the instruments used. There are two
important points to consider for color measurement in
food evaluation. First, the proper color spacemust be cho-
sen for the specific purpose of the measurement. Second,
the equipment setup is also important, because color mea-
surement could be easily affected by any environment
change such as lighting devices and color sensors.

http://www.sciencedirect.com/science/book/9780123486554
http://www.sciencedirect.com/science/book/9780123486554
http://https://www.soils.org/publications/soils-glossary


White

Green

Blue

Black

Red
S

H

I

Color in Food Evaluation, Figure 1 Representation of the HSI
color space.

Yellow
Green

Cyan

Blue

V = 1
Red

Magenta

S

H
Black
V = 0

White

V

Color in Food Evaluation, Figure 2 Representation of the HSV
color space.

COLOR IN FOOD EVALUATION 139
Color spaces in food evaluation
There are various color spaces for various purposes, and
four of them are mainly used in food evaluation. The most
common color space in digital image processing is RGB.
The RGB color space is based on the international stan-
dardized wavelengths of the primary colors that are red,
green, and blue. This color space is intended to provide
description of the standardized primary colors, like long
(red), middle (green), and short (blue) wavelengths of
the visible light. Image data of CCD (Charge-Coupled
Device) sensors of digital cameras are based on this
RGB color space. It is easy to use for analysis without
color conversion process. However, the wavelength range
of each component of the RGB color space is not clearly
separated from other components – the ranges overlap
with one another. Thus, when a long-medium color (yel-
low or orange) is represented using the RGB color space,
not only the red and green components are used but also
the blue component is used because the green component
overlaps with the blue. This property of the RGB makes
difficult to reproduce real colors. It means that visible
colors in real world cannot be equivalent to the combina-
tion of the wavelengths of the RGB color space. Many
of the research projects in food analysis, like Gökmen
et al. (2008), Kiliç et al. (2007), Sun and Brosnan
(2003), and so on, employed RGB color space for food
color analysis.

HSV (hue, saturation, and value) and HSI (hue, satura-
tion, and intensity) color spaces are used in many food
research papers in Du and Sun (2005) and Riquelme
et al. (2008). Both color spaces are based on human color
perception and generally used in the fields of computer
vision and computer graphics (Koschan and Abidi,
2008). These color spaces are based on the RGB color
space. In the HSI color space, the three color components
are used as coordinate axes as shown Figure 1. The hue
H describes the color itself as a value between 0� (at the
centre) and 360� (at the edge). The saturation S is
a measurement of color purity that represents how much
the color is affected by white color. The range of the satu-
ration component is between 0 (black) and 1 (white). The
intensity I represents the brightness, having a value
between 0 and 1. Thus, all of the three components are cal-
culated from the RGB color components. In the HSV
color space, the hue H has a value between 0� and 360�,
but the plane represented by H is like a hexagon with dif-
ferent color at each vertex as shown in Figure 2. The value
V represents the brightness of the color. V is 0 at the apex
in Figure 2.

The common color space in food research has been
L*a*b* (CIELab). The CIELab color space is the interna-
tional standard color space, recommended by the Com-
mission Internationale d’Eclairae (CIE) in 1979 (León
et al., 2006). CIELab is a uniform color space that same-
size changes in the color coordinates correspond to the
changes in the visible space (Koschan and Abidi, 2008).
Thus, the color measurement using CIELab could be
absolute measurement that detects the color changes and
differences between objects. The CIELab space could be
expressed as shown in Figure 3.

� L* represents the lightness, having a value in the range
of 0–100, where 0 is black and 100 is white.
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� a* represents variation from green to red in the range
of �100 to +100.

� b* represents variation from blue to yellow in the range
of �100 to +100.

An example of using this uniform color space CIELab
is in that the maturity of some fruit could be evaluated
without destroying the fruit. If the color changes were
modeled and the fruit color is changed as it ripes, the matu-
rity of the food could be estimated. Jha et al. (2007) carried
out such experiment and modeled the maturity of mango
based on its external color. If the color of the fruit is
changed from green to yellow as it ripes, the value of a*
will be changed from negative value to positive or nearly
zero, and the value of b* will be increased. In addition,
the values of a* and b* components are not affected by
the lightness on the curved surface of the objects as
reported by Mendoza et al. (2006). Thus, the color
changes could be plotted in two-dimensional (2D) plane
(a* vs. b*). Then the trend of the color variation will be
clearly shown on the plots. For such applications, hue
and chroma could be useful, and these are computed from
CIELab as below in Equation 1:

Hue ¼ tan�1 b�

a�

� �
;

Chroma ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�2 þ b�2

p
:

(1)

There is an example of this kind of experiment using

mango carried out by Kang et al. (2008). The green sur-
face color of a fresh mango gradually changed to yellow
as it ripened by in a certain storage condition. Then the
hue of the green region is gradually decreased as the color
turns into yellow. There is another example using this
property of the CIELab color space. Kang and Sabarez
(2009) developed a very simple color segmentation that
obtains a polynomial equation from plots of a* and b*
on 2D plane and found points close to the equation. Thus,
the property of the CIELab color space as a uniform color
space could be useful if the food to be examined is affected
by the lighting, and the color on the surface must be mea-
sured regardless of illumination effect.

The hue components of the HSI and the HSV color
spaces are also not affected by lightness of curved sur-
faces, and other components are reliable only if the object
is flat. All the components of the RGB color space are
affected by lightness on curved surfaces. The results are
presented in Mendoza et al. (2006). If the external surface
of the food is not flat, the color values at different height
but same color would have different color values. Thus,
these color spaces are nonuniform color spaces. The
changes of the color components do not correspond to
the changes of the visible color. If the color measurement
system is based on computer vision system (CVS) and the
area to be measured is not flat, the result could not be
accurate.

Color values in other color spaces like RGB, HSI, and
HSV can be converted into CIELab, and the procedures
were explained in Mendoza et al. (2006), Kang et al.
(2008), and Koschan and Abidi (2008). Other color con-
versions are explained in Koschan and Abidi (2008).
Vision system setup in color measurement
In color measurement, the consistency of the measurement
is extremely important. If any condition like sensor setting
or lighting condition is changed since the previous mea-
surement, the new color measurement cannot be com-
pared with the previous one. Thus, the conditions of the
measurement setup such as illumination and sensor cali-
bration must be consistent.

The most common illumination is D65 (i.e., known as
“daylight,” corresponding to the color temperature at
6,500 K). There is another standard illumination called
as illuminant C used as “daylight” likewise 6,500 K. How-
ever, the property of the illuminant C is lack of UV radia-
tion if compared to the real daylight, thus D65 is
commonly used at present (Koschan and Abidi, 2008).
In food evaluation, using the illuminant C can cause
wrong color measurement result if the used material has
the property affected by UV radiation. On the other hand,
D65 has a disadvantage in that it is difficult to manufac-
ture. Thus, fluorescence tube lamps (TL-D Delux,
18 W/965, 6,500 K, Philips) are used as the D65 standard
lighting sauce by Mendoza et al. (2006) and Kang et al.
(2008).

Moreover, the color measurement sensors must be
selected with consideration of the purpose of the measure-
ment. Colorimeters and digital cameras are generally used
as the color measurement sensors. Both sensors could be
used to measure absolute colors of food. The advantage
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of the colorimeter is easy to use and reliable, but this
device has a disadvantage that the sensing area is very
small. This device only gives the average value of the
small area. Thus, the demand of CVS using digital cam-
eras is rising because of the wide sensing area upto 10�
observation angle. However, digital camera–based sys-
tems are not simple to use like colorimeters. The digital
camera–based systems require analysis software and
color calibration under the circumstance to be measured.
The digital camera calibration process is explained in
Mendoza et al. (2006) and Kang et al. (2008). The brief
process is as follows: First, the color measurement system
must be decided. Then, images of a set of color ordering
system must be taken. The actual color values of the color
ordering system must be known. The color values in the
images should be compared and repeated until the closest
camera setting, such as aperture, shutter speed, ISO, and
so on, to the color ordering system is found.
Summary
Color spaces and equipment used in food evaluation have
been discussed. There are various color spaces, and the
right color space must be chosen for the purpose of the
evaluation. The CIELab color space has widely been used
for color measurement and analysis in food engineering
because this is a uniform color space. On the other hand,
two color measurement sensors (i.e., colorimeter and
CVS) have been discussed. The demand of CVS has been
increasing because of wide sensing area. However, when
using CVS, the vision system must be designed by taking
into consideration about the consistency while the mea-
surement is carried out.
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Synonyms
Color indicators, descriptors or parameters
Definition
Soil. Unconsolidated material at the earth surface that
serves as a medium for plant growth (see Agrophysical
Objects (Soils, Plants, Agricultural Products, and
Foods)).
Color. Perceptive attributes of a light emitted by a source
of visible radiation and diffused by an object such as the
soil.
Index. Something that reveals or indicates; a sign;
a number used to characterize a set of data.
Soil-color index. Quantitative expression of soil color and
indirect indicator of characteristics for the soil.

Introduction
Color has hardly any direct influence on the soil behavior,
except for the albedo and the amount of heat absorbed (see
Adsorption Energy and Surface Heterogeneity in Soils).
Most soil processes, however, have color consequences,
which can be used as traces of the quality and soil condi-
tions. Early soil scientists such as Dokuchaiev, Sibirtsev,
and Hilgard considered the soil color to be a straight-line
function of the amount of humus and ferric oxides, and
they discussed the significance of black, red, and white
colors to soil productivity, age, and drainage (Bigham
and Ciolkosz, 1993). Since the 1940s, the visual color
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determination by standard Munsell soil-color charts has
been widely employed worldwide for soil description.
Some workers in the 1960s used the Munsell notation as
index for several soil characteristics, but it was chiefly
after 1980 when the color indices were supported by
instrumental measurements and quantification in uniform
color-space models. The present article focuses on the
merit of color indices as sources of soil information. It
describes (1) the soil-coloring process, (2) the numerical
expression of soil color, and (3) the relationship of soil
color with soil characteristics. For simplicity, no index of
remote sensing is described here (see Remote Sensing of
Soils and Plants Imagery).
Soil-coloring process
The soil has multiple solid particles surrounded by water
and/or air. When light strikes a soil, some light is always
directly reflected as if from a mirror (specular reflection).
Light may be also partly transmitted through the particles,
undergoing refraction, being partly absorbed as heat, and
ultimately scattered. Scattering means that light is
reemitted traveling in many different directions (Berns,
2000). Most soil particles are opaque or translucent and
cause enough scattering so that light is diffusely reflected
by them. The color of soil depends on the diffuse reflec-
tion of light after interacting with all particles in its way.
The final soil color is an additive function of the color of
particles weighted in accordance with their proportions
(Sánchez-Marañón et al., 2004). A yellowish soil, for
example, is due to a majority presence of yellowish parti-
cles; they selectively absorb more amount of blue (380–
480 nm) and green (480–560 nm) light, while diffusely
reflect the remainder light spectrum (yellow, 560–590
nm; orange, 590–630 nm; and red, 630–780 nm).

Silicates, carbonates, sulfates, and other salts are
gray, white, or colorless. Soil pigmentation comes
from Fe (hydr)oxides such as goethite (a-FeOOH),
hematite (a-Fe2O3), maghemite (g-Fe2O3), ferrihydrite
(Fe5HO8·4H2O), and lepidocrocite (g-FeOOH). Their
yellowish, brown, or reddish colors result from selec-
tive absorptions by electronic transitions in the metal,
between the metal and ligands, or between adjacent
metal ions in different oxidation states. Organic matter
is also a usual colorant, causing strong absorption in all
wavelengths of the visible range and darkening the
soil. Less common are the Fe (II, III) hydroxy salts
such as jarosite (KFe3(SO4)2(OH)6) and vivianite
(Fe3(PO4)2·8H2O) having yellow, green, or blue tints
of limited saturation, and black monosulfides, pyrite,
and Mn oxides (Bigham and Ciolkosz, 1993). Particle
size and arrangement as well as water content also
influence soil color. The smaller soil particles (clay
fraction) often exert greater influence because they
(1) exhibit more surface area for altering the light,
(2) contain the majority of pigmenting compounds,
and (3) favor physicochemical interactions with color-
ants due to their charge and surface area. In addition,
scattering decreases as the soil particles become
coarser. On the other hand, aggregation involves
(1) particle arrangement and the consequent aniso-
tropic distribution of compounds, occluding some and
exposing others to the light; (2) increased size of soil
units; and (3) generation of pores, trapping light.
Finally, upon wetting, the refractive index of pores
filled with water increases and a large amount of light
is absorbed (Sánchez-Marañón et al., 2007).

Quantifying the soil color
Color can be measured with our own visual system, spec-
trometers, and colorimeters, following numerical specifi-
cations in a color system. The visual determination needs
standard soil-color charts made with artificially colored
papers and organized in the Munsell system. An observer
seeks the closest match between a soil sample and one of
the standard colors, for which the notation is: hueH, value
V, and chromaC. Spectrometers record the amount of light
reflected (Rl) by the soil with respect to that of a perfectly
reflecting diffuser (reference white) about each wave-
length (l). Color specification also requires the spectral
distribution of a standard illuminant (Sl) and three stan-
dard spectral curves (�xl�yl�zl) created by the Commission
Internationale de l’Éclairage such as the Standard
Observer for converting a reflectance spectrum to three
perceptive stimuli (Berns, 2000). Tristimulus values rep-
resent the amount of red (X ), green (Y ), and blue (Z ) of
any color and are given by the following equations:

X ¼

R780
380

SlRl�xldl

R780
380

Sl�yldl
Y ¼

R780
380

SlRl�yldl

R780
380

Sl�yldl
Z ¼

R780
380

SlRl�zldl

R780
380

Sl�yldl

Colorimeters directly measure tristimulus values using

filtered detectors combined to have responsive matching
as closely as possible to �xl�yl�zl. Several color-space
models have been derived from tristimulus values, with
the aim of more closely correlating color parameters with
the visual perception and having more uniform steps and
spacing. The CIE and CIELAB systems are two outstand-
ing examples. CIE system uses chromaticity coordinates
x, y, and tristimulus Y, drawing a horseshoe-shaped spec-
trum locus by connecting the chromaticity points of the
spectrum colors, which define the dominant wavelength
(ld) and excitation purity (Pc) of the Helmholtz coordi-
nates. CIELAB system considers a three-dimensional
space defined by rectangular coordinates a* b* L* or
cylindrical polar coordinates L* C*ab hab. Munsell
H V C, by far the most familiar to soil scientists, may also
be inferred from tristimulus values. Calculations and con-
versions CIE $ CIELAB $ Munsell are available in the
modern measurement equipment and their formulation
has been summarized by Viscarra Rossel et al. (2006).

Munsell H has long been used as soil-redness index.
Because redness increases as the hue goes from
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Y (yellow) to YR (brown) and R (red) and the range of
Y and YR decreases from 10 to 0 (e.g., 3.7Y, 0.9Y, 9YR,
5YR, 2.5YR, 10R), it is usual to assign a single number
to each hue (e.g., 23.7, 20.9, 19, 15, 12.5, 10). The
CIELAB coordinates a* and b*, respectively, scalar quan-
tities of red and yellow, are increasingly common in soil
studies. CIELAB hue angle hab, an angular expression of
the value of b* respect to a*, more accurately indicates
the redness degree, which intensifies toward the lower
values (usually in soils from 90� to 40�). In the CIE chro-
maticity diagram, the relative increase of x with respect to
y signifies redder ld. Munsell V (0–10), CIELAB L*
(0–100), and CIE Y (luminance) provide accurate light-
ness values serving as soil-darkness indices; the lower
the values are, the darker is the soil. Finally, Munsell C
or the degree of departure (0–8) of the color from a gray
of the same lightness, as well as CIELAB C*ab and Helm-
holtz Pc, both measured as the length of the line from the
neutral point to the sample point, are used as soil-
chromaticity indices. Besides these general indices, many
other specific ones have been designed by researchers to
incorporate various data into one value (Table 1).
Quantitative relationships between color indices
and soil characteristics
Redness indices correlate with free Fe forms. There is
a progressive increase of soil redness with an increased
amount of free Fe (Figure 1a). The correlation, positive
or negative, depending on each index, usually has
a significant coefficient r not exceeding 0.7 (P < 0.05).
The relationship is complicated not only by the combined
presence of different pedogenic Fe minerals overlapping
colors or by the size, arrangement, isomorphous substitu-
tions, and crystallinity of these minerals, causing variation
in their colors, but also by organic matter and Mn oxides,
Color Indices, Relationship with Soil Characteristics, Table 1
Some specific color indices for assessing soil characteristics

Index System Characteristic Author

H · C Munsell Development Buntley and
Westin (1965)

10(DH + DC )dry +
10(DH + DC )moist

Munsell Development Harden (1982)

ð10� HÞ3C103
V 6

Munsell Hematite Barrón and
Torrent
(1986)

ðx� 0:34Þ2104
ðy � 0:34ÞY 2

CIE Hematite Barrón and
Torrent
(1986)

a�ða�2 � b�2Þ121010
b�L�6

CIELAB Hematite Barrón and
Torrent
(1986)X A thickness

ðV � CÞ þ 1
Munsell Organic C Thompson and

Bell (1996)
Redox depletions Munsell Water

saturation
He et al. (2003)
which mask the color of Fe-oxides. Redness indices spe-
cifically devised for predicting hematite content (Table 1)
consider that dry ground soil samples gain redness as well
as chromaticity and darkening with increasing hematite
until reaching 15%, the threshold for color saturation.
The regression equations fit linear models reaching R2

coefficients 0.9, especially for the index designed from
CIELAB parameters. The regression, however, varies for
different sets of soils and is consistent only for soils with
very low amounts of organic matter and amorphous Fe
forms. Other specific indices related with hematite and
goethite are based on the height of selected peaks in the
second derivative of the reflectance spectrum, and coeffi-
cient Kl (absorption) and Sl (scattering) of the Kubelka–
Munk theory, but they have been rarely used.

Aerobic weathering generates oxidized (often
hydrated) free Fe forms for the soil; as a result, the soil
development also correlates with soil redness. Redder
hues signify increased weathering and development,
which also explains the relation between redness indices,
the content in clay and neoformed kaolinite, and soil
age. To avoid the influence of the geological substrate on
the redness indices, some authors (e.g., Harden, Table 1)
subtract the color of parent material from that of the soil
horizon. The redness-development relationships are usu-
ally fitted to curvilinear models because redness pro-
gresses slowly in the first steps of soil development and
faster when Fe forms become matured by dehydration
and recrystallization. High soil temperatures and dry sea-
sons favor the maturity of Fe forms, and therefore redness
indices are also related to climatic factors. Even under the
same climatic conditions, somewhat warmer and drier
soils are redder because the first weathering product
(poorly crystalline Fe hydroxides) rapidly changes to
hematite, while appears goethite in colder and damper
soils (Singer et al., 1998). Other soil characteristics
influenced by the type and amount of Fe oxides such as
aggregate stability, porosity, drainage, and phosphate
sorption are also connected to the redness indices. The Soil
Physical Quality (qv) often improves with soil redness,
while the yellowness component b* was found to be pos-
itively related to P sorption (Scheinost and Schwertmann,
1995).

Although all color parameters can change depending on
organic matter and soil wetness, stepwise multiple-
regression analyses usually select Munsell V or CIELAB
L* as more informative (greater explained variability) of
both soil characteristics (negative relationship). Strong
relations, however, depend on a homogeneous soil land-
scape if soil textures and parent materials do not vary
widely. This guarantees that the quality of organic matter,
the way of epitaxial covering, and the lithogenic color
baseline do not confuse the relationships. Soils with high
organic C content consisting of aliphatic humus can dis-
play a similar darkness index as those having compara-
tively low amounts of organic matter but high
aromaticity. Fine particles are better supports for humic
pigments, encouraged by their superficial activity, and
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the same soil color can be achieved with different organic
C contents if the geological substrate also varies. Curvilin-
ear relationships could point to variations in some of these
factors in the datasets. The decrease of L* with increased
soil-water content and potential is also similar for soils
with the same forming factors and characteristics. The cal-
ibration curve in a soil is frequently stepped (ladder
shaped) with changes pronounced at certain potentials
(�100 and �10 kPa in Figure 1b). There is weak correla-
tion at intermediate potentials, and above �10 kPa, the
water effect on L* is hardly noted or the relation becomes
positive. Therefore, a regression model applied to soils
with the same color and origin predicts from L* if the soils
are dry, contain plant-available water, or move closer to
Field Water Capacity (qv). Many other soil-fertility char-
acteristics that depend on organic matter and soil wetness
may be related to darkness indices, and some specific
index combining thickness of A-horizons and Munsell
V C (Table 1) was proved useful to differentiate soil condi-
tions in Mollisols.

Soils in which water saturation occurs in normal years
are said to have aquic conditions, and chroma indices usu-
ally describe their significance, duration, and water-table
fluctuation. Soil-water saturation causes oxygen depletion
and chemical reduction of polyvalent metallic elements.
This process, called gleization, implies the presence of
redoximorphic color features, including bluish- to green-
ish-gray matrix colors and colored mottles (sometimes,
nodules and concretions). The Fe(II) is removed during
the reduction time, causing low chromaticity to the soil
(Munsell C 	 2), while Fe(III) re-precipitates as hydrox-
ides (often lepidocrocite) in mottles of higher chroma
when the saturation event disappears. Low chroma indi-
cates soil areas with redox depletion, while high chromas
are redox concentrations. Low chroma colors increase in
abundance, the longer a soil is saturated and chemically
reduced. Authors that work in this field usually combine
the chroma values and abundance of redox depletions into
one index.
Conclusions
Soil color can be described by scalar quantities, called color
indices, that are related to soil components and, by exten-
sion, properties depending on them or conditions for their
formation. Accordingly, such color indices provide an inte-
grative way of comparing soils, including evolution,
pedoclimate, and fertility. Several circumstances involved
in the color of soil materials and their interaction, however,
alter the quantitative relationships. For predictive purposes,
the relationships should be calibrated in a homogeneous
soilscape, using the index and sample type best adapted to
the soils and characteristics under study.
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See Soil Compactibility and Compressibility
COMPACTION OF SOIL

Densification of an unsaturated soil by the reduction of
fractional air volume. Compaction can take place either
under a static load or transient vibration or trampling by
animals and machines.
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Definition and introduction
The search for new effective means of improving the physi-
cal, physical-chemical, and chemical properties of soils,
which enhance soil fertility, used to and still does arouse
interest inmany regions of theworld for a number of reasons:

1. Classic methods of improving soil fertility require
prolonged periods of use and are work-, cost-, and
energy-intensive.

2. In contemporary agriculture, there is a lack of sufficient
amounts of organic fertilizers, which could eliminate
the deficit of humic compounds and prevent the phys-
ical degradation of soils.

3. Discovered synthetic structure-forming agents can also
be used for such a utilization of some industrial and
agricultural waste materials, so that they can be more
effectively used for soil fertility enhancement.

Improving the physical properties of soils is directly
related to the soil structure (see Soil Aggregates, Structure,
and Stability). Thus, investigating the phenomena that
accompany the creation and sustaining of the soil crumbs
allowed to formulate the following hypothesis: The activ-
ity of natural binding agents occurring in the soil can be
strengthened by introducing synthetic substances, which
are more effective and more resistant to microbiological
decomposition, and which, during their transition from
the soluble into the non-soluble state, will create durable
soil aggregates. It has been stated that, beside the mineral
colloids (clay minerals, among others), the high molecular
organic substances of the linear polymer character, lignin,
proteins, nucleic acids, and other substances play a pri-
mary role in such processes in soils. Together, these sub-
stances create the compounds that are not water-soluble
in the soil. All these compounds contain a sufficient num-
ber of polar groups to ensure their adsorption on the colloi-
dal soil particles. The cross-bindings and van der Waals’
forces between the chains ensure good cohesion of the soil
particles (Dechnik and Dębicki, 1977).

http://www.sciencedirect.com/science/book/9780123486554
http://www.sciencedirect.com/science/book/9780123486554
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Research on the utilization of synthetic, structure-
forming agents began as early as in the 1950s (Martin,
1953; Wallace and Terry, 1998). However, despite the
investigation of numerous compounds of various chemi-
cal characters and of different origin, to date, no agent
has been found whose use would be economically justi-
fied in broad agricultural practice and environmental pro-
tection. Based on extensive studies, it has been concluded
that effective structure-forming agents should have good
binding properties, be easy to use, durable in the soil envi-
ronment, nontoxic, and inexpensive. Although an agent
that would satisfy all of the above conditions has not
yet been found, some of the investigated compounds have
been widely used in several measures. For instance, they
have been used in the moderate climates; in plant
cultivation – to improve the sprouting conditions and ger-
mination of industrial or highly marketable plants
(Dechnik and Dębicki, 1977); in amelioration – to combat
water and wind erosion on terrains susceptible to such
phenomena (Fullen et al., 1993; Bjornberg and Aase,
2000) (see Water Erosion: Environmental and Economi-
cal Hazard); in engineering – to secure road shoulders
and road edges, canals and rivers; in the dry climate – to
prevent the soil from water evaporating from the bared
surfaces or to prepare the ground for tree and bush cultiva-
tion in sandy terrain (De Boodt, 1972). Moreover, many of
synthetic soil conditioners (e.g., polyelectrolytes) are used
for transforming some waste products from various
branches of economy (agriculture, forestry, food
processing industry, wastewater treatment plants, etc.) or
for manufacturing of polymer-coated urea in order to con-
trol the release of nitrogen, e.g., polyurethane (Golden
et al., 2009). Today, according to Sojka et al. (2005), all
synthetic and natural agents, including fertilizers in all
stages of modification or unmodified, which are intro-
duced into the soil for the purpose of improving its natural,
agronomic, technological, preventive, and other proper-
ties, are considered among soil conditioners. In this paper,
special consideration is given to the synthetic agents of
soil enhancement and to natural wastes transformed
through addition of synthetic agents.
Classification, characteristics, and the influence
mechanism of synthetic agents used to enhance
the physical properties of soils
Numerous patented synthetic and natural soil improve-
ment agents exist. Known are several of their classifica-
tions in which the main criterion is either the chemical
composition or mode of action, technology, method and
area of use, their origin, etc. One characteristic feature of
all the soil improvement agents is their ability to create or
stabilize the aggregates or the ability to alter other physical
and chemical soil properties (such as the size and durability
of the soil aggregates, ability to retain water and mineral
nutrients, wettability and sorptivity, rate of filtration, cation
exchange capacity, and others). The dominant and most
widely investigated groups are the organic, water-soluble,
high molecular linear polymers (polyelectrolytes).
They were the first synthetic, structure-forming agents
introduced in the market by the Monsanto Chemical Co.
(USA) under the commercial name “Krilium” (Martin,
1953).

To date, the described synthetic agents are classified by
researchers in a variety of ways. Schamp (1976) distin-
guished between the following groups: polyelectrolytes;
emulsions of homopolymers and copolymers of polyvinyl
and polybutadien esters; cellulose derivatives; crude oil
derivatives; resin substances of various origin; substances
derived from fermentation and processing of various
wastes (saw dust, industrial plants, municipal wastes,
paper wastes, agricultural wastes, etc.).

De Boodt (1972) classified the synthetic agents of soil
improvement according to the mode of influence on
various soil properties: agents stimulating the hydrophilic
phenomena (polyelectrolytes); agents causing hydropho-
bization of the soil (selected bitumic emulsions); agents
increasing the surface horizon temperature of the soil
(some bitumic emulsions); agents sustaining only the ara-
ble soil structure which loosens the soil and does not
impede the development of the plant root system; agents
aimed at increasing the cation exchange capacity of the
soil (e.g., emulsions of strong acidic character, Al and
Mg silica solutions, ion exchange resins, etc.).

Kullman (1972) divided the synthetic agents of soil
enhancement into three groups: (1) agents of indirect
influence on soil enhancement, i.e., substances, which
when introduced in the soil, sustain its looser structure,
improve its structural state, increase its resistance to ther-
mal and mechanical factors, but do not directly impact
the water and air content in the soil (e.g., flocculants,
surface-active substances, some detergents, fat alcohols);
(2) direct influence agents, whose introduction in the soil
is directly related to the improvement of the water–air
relations due to their specific composition (synthetic sub-
stances which can fix and store water and nutrients, have
the ability to transfer them to plants, create a nonuniform
mixture with the soil, improve the structural character of
the soils, loosen the soils, and simultaneously increase
their water capacity) (Styromull, Hygromull, Pianizol,
among others); and (3) agents of indirect and direct influ-
ence (all bitumic emulsions, nonorganic gels, ion
exchange resins, and others). Using emulsions enables
the surface stabilization of the soil, increases the tempera-
ture, decreases evaporation, and thus increases the water
content in the soil.
The impact of synthetic agents on the physical
properties of soils
The wide interest in the possibility of using synthetic and
waste-related agents to enhance the soil properties resulted
in the fact that today the literature on this topic is extensive.
Themajority of the researchwas concernedwith investigat-
ing the direct impact of the synthetic agents on the soil
structure (its aggregation and durability, both in water and
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mechanical) (Kullman, 1972; Dechnik and Dębicki, 1977;
Wallace and Terry, 1998; Sojka et al., 2005).

Among the presented groups of enhancing agents, the
most recognized is the influence of polyelectrolytes and
polymer emulsions. Research points to a clear improve-
ment of both the aggregation and the water resistance of
various soils with the use of these agents in amounts as
small as 0.05–0.1% of the soil mass. Observed is also
a significant change in the distribution of the size of the
aggregates. Along with the increased content of higher
diameter crumbs, the soil loosens, which is indicated by
the results of porosity, strength, and micromorphology
tests. The scale of these changes depends on the kind
and dose of the substance, means of use, state of soil
matrix and texture, and level of the soil moisture during
the procedure. Optimum structure-forming results were
obtained at the level of soil moisture of 60% FWC (field
water capacity).

Using the agents with different chemical composition
also results in changes of other soil features, for example,
the conductivity abilities, which occur not only due to the
loosening of the soil, but also because of the changes in its
wettability. The presence of the hydrophilic and hydro-
phobic substances leads to the change in the contact angle
between soil particles and the soil solution. This results in
the increase or decrease in the rate of water filtration in the
soil, its retention, and the rate of evaporation (De Boodt
and Dębicki, 1988). Lately again, polyacrylamide was
used to reduce saturated water hydraulic conductivity in
sandy soils (Young et al., 2009). Research showed that
water-soluble polymers had hydrophilic characteristics,
while polymer and bitumic emulsions had hydrophobic
features. Still others, for example, the foamy substances
of the Hygromull, Pianizol, and Polystyrene type, were
neutral. They did, however, significantly increase the
sorptive capacity of the soil in relation to water and nutri-
ents. Included in this group are urea-formaldehyde resins,
zeoliths, and others.

Discovery of the properties of a specific agent and the
mechanisms of its influence in the soil allowed steering the
physical processes in the soil. It has been shown that due
to the use of hydrophobic substances, one could limit the
evaporation-related water loss by 40–90%, depending on
the procedure used (for instance,mulch or inserting the agent
up to the depth of 10 cm or at a specified depth in the soil
profile). The use of surface mulch from the hydrophobic
substance increases the reserve of plant-available water
within the season of germination and sprouting by 5 days.

Introducing the structure-forming agents into the soil
results also in significant changes in the physical-chemical
and chemical properties of the environment. The use of
polyelectrolytes or polymer emulsions leads to the
changes in the sorptive capacities of the soil. The kinetics
of the ion sorption, the size and energy of the sorption, and
the exchange capacity of the soil also change. The agents
also influence the soil reaction, mobilization, and the
uptake of nutrients, which is related to the biological life
of the soil.
Summary
Literature data indicate that the doses of the investigated
synthetic agents had a wide range from 0.001% to 1% in
relation to the soil mass, depending on the type of the agent,
purpose, and the procedure used. These amounts are signif-
icant, which led to the idea of using the most effective syn-
thetic agents for such preparation of selected organic and
mineral wastes from the industry and agriculture, that they
can be further used in the process of improving the soil fer-
tility on a much wider scale than has been used to date. Lit-
erature points to the great importance of such research not
only in the aspect of reclaiming the soil fertility, but also
for the purposes of environmental protection. During the
utilization of the wastes with the use of synthetic, struc-
ture-forming agents, the doses of these agents substantially
decrease and the created substances can be used asmeans of
increasing the fertility of the soil. From the agricultural and
economic point of view, it is desirable that synthetic, struc-
ture-forming agents and the agents derived from waste
processing are characterized by high resistance to microbi-
ological decomposition in the soils. However, from the
environmental protection point of view, it is essential that
these agents are biodegradable and the products of their
decomposition are not toxic to the soil flora and fauna.
Therefore, the knowledge of the speed of decomposition
of these products and their impact on the microbiological
processes in the soils is critical for the wider utilization of
these agents in agriculture and environmental protection.
The literature on biodegradation of the synthetic, struc-
ture-forming agents is scarce. However, research has shown
that both the high molecular linear polymers and other
agents (used in doses up to 0.1% of the soil mass) have
not negatively influenced the biological activity of the soil
and were not toxic to the soil microflora.
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Soil Aggregates, Structure, and Stability
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CONDUCTIVITY

The ability of matter to conduct or transmit water, heat,
electricity, or sound.
CONE INDEX

See Soil Penetrometers and Penetrability
CONFINED COMPRESSION TEST

See Soil Compactibility and Compressibility
CONSISTENCY

The manifestations of the forces of cohesion and adhesion
acting within the soil at various water contents, as
expressed by the relative ease with which a soil can be
deformed or ruptured. Engineering descriptions include:
(i) the designation of five categories (soft, firm or medium,
stiff, very stiff, and hard) as assessed by thumb and thumb-
nail penetrability and indentability; and (ii) characteriza-
tion by the Atterberg limits (i.e., liquid limit, plastic
limit, and plasticity number). See also Atterberg Limits;
Liquid Limit (Upper Plastic Limit, Atterberg Limit); Plas-
tic Limit and Plasticity Number.
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CONSOLIDATION

The action of producing a solid or compact mass, in the
case of soil by compaction. It involves a decrease in the
volume of void space.
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Soil Structure and Mechanical Strength
Subsoil Compaction
CONTACT AREA OF AGRICULTURAL TYRES,
ESTIMATION
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Synonyms
Interface soil-tyre

Definition
Contact area. Surface of the soil which is closely connected
with the wheels or tracks of the agricultural engine.

Introduction
The main dangers threatening agricultural land in the
industrialized world in recent decades are erosion, loss
of organic material, and compaction (Jones, 2002). Field
driving and field tilling with heavy machines contribute
to soil compaction and soil shearing and reduce the stor-
age, and hence availability of oxygen, water nutrients,
and heat to the soil with a resulting crop yield decrease
(Coehlo et al., 2000; Heinonen et al., 2002; Gregory
et al., 2007). This affects the environment by increasing
N2O, CH4 and CO2 emission from soils (Horn et al.,
1995). It is therefore essential to estimate the contact area
A of agricultural tyres, since this parameter appears in:
(1) the calculation of surface pressures (Keller, 2005;
SchjØnning et al., 2008), (2) the models of strain stress
propagation in soil (Söhne, 1953; Smith, 1985; Bastgen
and Diserens, 2009), and (3) the prediction of severe risks
of compaction (van den Akker, 1998; O’Sullivan et al.,
1999; Defossez and Richard, 2002; Diserens et al.,
2010). Moreover, on farmland or on the road, A is also
related to the forces acting on the wheel (traction force,
rolling resistance, braking force), determining vehicle
grip, wear on tread, and road safety (Eichhorn, 1999). As
A increases due to the use of broad tyre or twin tyre and
the correct setting of the inflation pressure, not just the soil
loading but also the rolling resistance is reduced, and this
saves fuel consumption too (Döll, 1999). The contact area

http://https://www.soils.org/publications/soils-glossary
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also depends on the rolling resistance. Rempfer (1998)
differentiated between internal and external rolling resis-
tance. The internal resistance relates here to the dissipated
energy within the tyre that is mainly dependant on the hys-
teresis of the material used and therefore the tyre deforma-
tion. The external rolling resistance, however, results on
the one hand from the soil compaction caused by the tyre
and on the other from the so-called “bulldozing effect.”
Here, it should be said that the internal rolling resistance
of trailer is lower than that of traction tyres. Due to the
stronger carcass, in particular at the flanks, the implement
can be operated at higher inflation pressures to carry
higher loads. The higher net-to-gross of the implement
tyre tread pattern is designed for a free-rolling application.

The most common relationships between tyre size TS
(width W 
 outer diameter D), wheel load F, inflation
pressure Pi, and contact area A of traction and trailer tyres
will be presented here. Influences of loading and of soil
resistance on contact area Awill be also discussed.

Measurement of the contact area A of tyres
The measurement of A is carried out using the photometry
method (two-dimensional projection of the actual static
surface area when the tyre is stationary). On meadow,
the plant cover is first cut using a mower, followed if
necessary by a second cut with a grass mowing machine.
The print circumference of the tyre on the ground is first
sprinkled with calcium oxide powder. For reference,
a rule is placed on the edge of the print area once the load
has been removed (Figure 1a and b). The contours are
photographed with a digital camera. Print area or contact
area A is analyzed by photometry (Diserens and
Steinmann, 2002).

Coefficients of variation lower than 5% were found by
examining the repeatability of the measurements by the
sprinkling method.

To consider also the soil hardness on the surface, the
penetration resistance of topsoil is measured with the aid
of a Pesol penetrometer (20 daN or 33 MPa, a screwdriver
head, bar width 6 ∙ 10�3 m, bar thickness 1 ∙ 10�3 m, stem
Contact Area of Agricultural Tyres, Estimation, Figure 1 Trailer ty
(b) Digital recording with reference rule for picture analysis.
length 20 ∙ 10�2 m, stem diameter 4 ∙ 10�3 m) (Diserens,
2009).

Contact area for traction tyres
There are numerous algorithms for estimating A of traction
tyres on agricultural ground. Previous studies have
described A strictly on the basis of the measured contact
dimensions and the unladen tyre radius (Schwieger,
1996), or the depth of the rut (Bolling, 1987).

The equations developed for a wide range of tyres are
characterized by the small number of variables. For high
and low bearing capacity, simple formulae are used that
take into account the diameter (D) and the width (W ) of
the tyre (McKyes, 1985). These equations are used to
compare different tyre sizes. Similar formulae on soft soils
considering the ratio q between tyre height and section
width for normal profile (q � 0.8) and for low size profile
(0.8 < q < 0.6) are also given (Diserens, 2002).

For hard surface, Steiner (1979) developed two algo-
rithms for cross ply and radial tyres, both for normal pro-
file with inflation pressure ranging between 80 and 220
kPa and wheel load between 5 and 25 kN, taking into
account the wheel load, tyre diameter, and inflation pres-
sure. In their Compsoil model, O’Sullivan et al. (1999)
used the same independent variables (overall width and
diameter of tyre, static wheel load and inflation pressure).
In addition, they introduced a proportionality factor
according to the soil hardness, which requires information
on the soil bulk density of the soil surface. Comparing the
shape of A to an ellipse, Grecenko (1995) suggested mul-
tiplying the product of the length and the section width of
A by a coefficient c varying between 0.8 and 0.9 (1 for
a rectangle). From measurements of rather soft ground,
Keller (2005) considered A as a super ellipse described
by the width of the tyre and the length of the ellipse. The
length is correlated with the diameter of the tyre and the
pressure ratio (measured tyre pressure divided by
recommended pressure for a given load and speed).

The most common relationships given A for traction
tyres on soft and hard soils are reported in the Appendix.
re 800/40-26.5. (a) Marking on the field by means of a bellow,
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Based on field measurements on soft and semi-firm ara-
ble soils (penetration resistance PR < 13 MPa) for a wide
range of radial traction tyres (15 tyre types, rim diameter
24–42), relationships between contact area A (m2) and
easily accessible variables such as tyre size TS (in m2),
wheel load F (kN), and inflation pressure Pi (kPa) are
given by means of regression analyses after selecting the
tyres in three classes:

For small traction tyres (TS < 0.6 m2, F 	 25 kN) on soft
soils (Equation 1):

A ¼ 0:247 TS½ � þ 5:821 � 10�3 F½ �
� 1:933 � 10�4 Pi½ � R2 ¼ 0:949

(1)

For medium tyres (0.6 m2 	 TS < 1.2 m2, F 	 65 kN) on

soft soils (Equation 2):

A ¼ 0:327 TS½ � þ 3:333 � 10�3 F½ �
� 5:386 � 10�4 Pi½ � R2 ¼ 0:970

(2)

For large tyres (TS � 1.2 m2, F � 35 kN) on soft soils

(Equation 3):

A ¼ 0:230 TS½ � þ 6:014 � 10�3 F½ �
� 11:604 � 10�4 Pi½ � R2 ¼ 0:985

(3)
Reliable results can be obtained on soft soils after set-
ting also the limit of the wheel load within each class
(Equations 1–3). For traction tyres, the dynamic contact
area can be deduced by taking into account, respectively,
the dynamic load.

Contact area for trailer tyres
Because of the various functions of the farming trailer
tyre, taking into account raised load-bearing, adherence
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For traction tyres:
A (m2) = 0.084+0.127 TS (m2)+5.

Contact Area of Agricultural Tyres, Estimation, Figure 2 Calculate
for contact area of trailer tyres with a line 1:1 on comparable soil co
at high speed, lateral stability on wet roads, increased con-
tact area, self-cleaning profile with respect to the traction
tyre with raised traction force, raised working speed, the
farming trailer tyre has a different composition. Its carcass
(heavier cable) on the side transmitting the braking forces
and change of direction forces of the wheel on the ground
is reinforced. A belt with thicker textile layers and steel
layers on the tread exerts a further stabilizing effect when
the tyre is subject to heavy loads.

Figure 2 gives a comparison of A values, measured on
the ground for farming trailer tyres with the corresponding
values calculated from an equation derived from a data
sheet of traction tyres with the same soil condition (PR
> 8 MPa). Most of the points are below the line 1:1
(Figure 2). At similar loading, the diameters are generally
smaller and the maximal loads lower (comparing the full
loads from self-propelled harvester), thus the values for
the trailer tyres will be underestimated after introducing
the data in the equation calibrated for traction tyres with
higher loads (Figure 2).

Based on field measurements on semi-firm and firm
soils, representative conditions in fodder farming (PR >
8 MPa) for a wide range of trailer tyres (24 tyre types, rim
diameter 15.3–30.5), relationships between A (m2), tyre
size TS (in m2), wheel load F (kN), and inflation pressure
Pi (kPa) are presented bymeans of regression analyses after
representing the tyres by four classes (Diserens, 2009):

For cross-ply trailer tyres (W< 0.5 m, F	 25 kN) on hard
soils (Equation 4):

A ¼ 0:208 TS½ � þ 3:176 � 10�3 F½ �
� 0:679 � 10�4 Pi½ � R2 ¼ 0:988

(4)

For cross-ply trailer tyres (W� 0.5 m, F	 90 kN) on hard

soils (Equation 5):
0.4 0.5 0.6 0.7 0.8

s for trailer tyres (m2)

199·10−5F (daN) −6.540·10−4Pi (kPa)  

d values for contact area A of traction tyres and measured values
nditions according to Diserens (2009).
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A ¼ 0:132 TS½ � þ 7:034 � 10�3 F½ �
� 3:725 � 10�4 Pi½ � R2 ¼ 0:985

(5)

r radial low size (0.8 < q < 0.6) trailer tyres (F 	 70
Fo
kN) on hard soils (Equation 6):

A ¼ 0:069 TS½ � þ 3:140 � 10�3 F½ �
� 1:935 � 10�4 Pi½ � þ 0:092 R2 ¼ 0:859

(6)

For radial terra (q	 0.6) trailer tyres (F	 70 kN) on hard

soils (Equation 7):

A ¼ 0:178 TS½ � þ 4:169 � 10�3 F½ �
� 4:240 � 10�4 Pi½ � þ 0:063 R2 ¼ 0:830

(7)
Reliable results can be obtained on semi-firm and firm
soils after setting also the limit of the tyre width W and
the wheel load within cross-ply classes (Equations 4 and
5), respectively, within each class (Equations 4–7).
Influences of the loading and the inflation
pressure on the contact area A
Several authors note an increase in Awhen inflation pres-
sure falls for traction tyres (Steiner, 1979; O’Sullivan
et al., 1999; Keller, 2005). However, a variation in infla-
tion pressure alone is in fact not always enough to deter-
mine whether A increases or decreases (Diserens, 2009).
Tyre loading could also play an important role (Table 1).
When the tyre is under a light load, the volume of the tyre
subject to increased inflation pressure increases (balloon
effect) or, in a other way, when the distortion of the tyre
decreases after increasing the inflation pressure, the con-
tact pressure increases causing additional deformation of
the soil. A could increase in both cases. Above
a particular load threshold, the inflation pressure is insuf-
ficient to counter the load, so the tyre distorts under the
weight and A increases.
ntact Area of Agricultural Tyres, Estimation,
ble 1 Influence of loading on farming trailer contact area
essment. Two examples

ading
]

Wheel load
[kN]

Inflation
pressure [kPa]

Contact area
[m2]

L-26
9.8 150 0.179
9.8 180 0.194
32.4 150 0.308
32.4 180 0.277

0 45.1 190 –
0/65R18

6.9 450 0.060
6.9 500 0.067
22.1 460 0.102
22.1 510 0.098

0 22.6 540 –
The influence of the load on the inflation pressure
depends on the initial inflation pressure and on the volume
of the tyre too. The greater the tyre volume and initial
inflation pressure, the smaller the inflation pressure varia-
tion for loads will be. In comparison with the variations of
A or of the mean contact pressure, the variation of the
inflation pressure following the loads remains negligible
(Diserens, 2009).

Influence of the soil resistance on the contact
area A
Several authors note an increase in Awhen PR of the top-
soil decreases (Söhne, 1953; Mc Kyes, 1985; O’Sullivan
et al., 1999). However, the opposite can occur (Diserens,
2009). At the same loads and inflation pressures, A values
of the farming trailer tyres and traction tyres were mea-
sured for two different soils: one on natural grassland
(PR = 15.5 MPa) and one on winter barley stubble (PR =
11.7 MPa) (Figure 3).

On harder, natural grassland, higher Avalues were mea-
sured. Comparing distortion of the internal contour of
a traction tyre 520/70R34 on concrete and on a sandy silt
soil, using a laser device placed inside the tyre, Schlotter
and Kutzbach (2001) note greater flattening of the tyre
on concrete; on a flexible soil, tyre distortion is less
marked. On a hard soil, Amainly depends on tyre stiffness,
while in the open field, the plasticity and elasticity of the
soil combine with that of the tyre, and as the two elements
adapt to each other, the distortion of the tyre is reduced.
Results on the field and in laboratory show that there is
no necessarily linear relationship between soil hardness
and contact area.

Summary
� All the measurements for the contact area A occurred

are carried out for stationary tyres. For an estimation
of the dynamic contact area, it is recommended that
the dynamic load for traction tyres be taken into
account.

� The connection between the wheel load and the tyre
size of a traction tyre and of a trailer tyre is not similar.
Consequently it is necessary to develop and use distinct
relationships to evaluate A of farming tyres.

� By low loading, A can increase with an increase of
inflation pressure. For reliable estimations, loading
values above 50% of the maximum permissible load
are recommended.

� By estimating A, the aim is henceforth to provide
a parameterization of soil hardness while also consider-
ing tyre stiffness.

Appendix
Formulae for calculating the contact area for farming trac-
tion tyres and their range of application – A (m2): contact
area,W (m): width of tyre, D (m): total diameter of tyre, F
(kN): tyre load, Pi (kPa): inflation pressure, Prec (kPa):
recommended inflation pressure, PR (MPa): Penetration
resistance static penetrometer, k: constant, dependent on
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Contact Area of Agricultural Tyres, Estimation, Figure 3 Influence of penetration resistance PR with values above 10 MPa on
contact area A (Diserens, 2009).

Tyre structure
Hardness of topsoil (0.00–0.10 m)
Soft and semi-firm soil with PR < 13 MPa

Hardness of topsoil (0.00–0.10 m)
Firm soil with PR � 13 MPa Authors

A = (a WD)
Undifferentiated A = 0.50WD A = 0.25WD McKyes (1985)

A = 0.87 W·0.31D Inns and Kilgour
(1978)

Normal profilea A = 0.3360WD Diserens (2002)
Low profileb A = 0.4420WD Diserens (2002)
A = (aWD) + (bF) + (cPi)
Undifferentiated A = (0.428WD) + (2.25·10�3 F) – (65.0·10�5Pi) Diserens (2002)

A = k W [0.47 + (0.11D2) – (0.16ln(Pi/Prec))] Keller (2005)
A = (0.310WD) + (0.00263 F) + (0.239 F/Pi) (8)

c A = (0.041 WD) + (0.613 F/Pi)
d O’Sullivan et al.

(1999)
A = 0.01 F/[2.677 + (5.75·10�3Pi) +
(0.011F)–(1.6D)]e

Steiner (1979)

aNormal profile: tyre profile with q ratio between height and width � 0.8
b Low profile: tyre profile with q ratio between height and width 0.6 < q < 0.8
cWith bulk density 	 1.0 Mg m�3

dWith bulk density � 1.8 Mg m�3

eRadial tyres, validated by an inflation pressure � 80 kPa and width < 0.7 m
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real number n that determines the shape of the ellipse
(Keller, 2005)

Bibliography
Bastgen, H. M., and Diserens, E., 2009. q value for calculation of

pressure propagation in arable soils taking topsoil stability into
account. Soil & Tillage Research, 102, 138–143.

Bolling, I., 1987. Bodenverdichtung und Triebkraftverhatlen bei
Reifen –NeueMess- und Rechenmethdoden – Forschungsbericht
Agrartechnik des Arbeitskreises Forschung und Lehre der Max-
Eyth-Gesellschaft (MEG) 133. Dissertation, München.

Coehlo, M. B., Mateos, L., and Villalobos, F. J., 2000. Influence of
a compacted loam subsoil layer on growth and yield of irrigated
cotton in Southern Spain. Soil & Tillage Research, 57, 129–142.

Defossez, P., and Richard, G., 2002. Models of soil compaction due to
traffic and their evaluation. Soil & Tillage Research, 67, 41–64.
Diserens, E., 2002. Ermittlung der Reifen-Kontaktfläche im Feld
mittels Rechenmodell. FAT-Berichte Nr., 582, 12.

Diserens, E., 2009. Calculating the A of trailer tyres in the field. Soil
& Tillage Research, 103, 302–309.

Diserens, E., and Steinmann, G., 2002. Calculation of pressure dis-
tribution in moist arable soils in eastern Switzerland: a simple
model approach for the practice. In Vulliet, L., Laloui, L., and
Schrefler, B. (eds.), Environmental Geomechanics. Monte
Verita: EPFL Press, pp. 413–421.

Diserens, E., Chanet, M., and Marionneau, A., 2010. Machine
Weight and Soil Compaction: TASC V2.0.xls – a Practical Tool
for Decision-Making in Farming. AgEng2010 – Clermont-
Ferrand, 6–8 of september, Proceedings, Ref: 239, 1–10.

Döll, H., 1999. Lohnen Zwillingsräder an Mähdreschern?
Landwirtschaft ohne Pflug, Sonderaufgabe Agritechnica, 6–8.

Eichhorn, H., 1999. Landtechnik 7. Auflage Ulmer Verlag,
688 pp.



CONTROLLED TRAFFIC FARMING 153
Grecenko, A., 1995. Tyre footprint area on hard ground com-
puted from catalogue value. Journal of Terramechanics,
32(6), 325–333.

Gregory, A. S., Watts, C. W., Whalley, W. R., Kuan, H. L., Griffiths,
B. S., Hallett, P. D., and Whitmore, A. P., 2007. Physical resil-
ience of soil to field compaction and the interactions with plant
growth and microbial community structure. European Journal
of Soil Science, 58, 1221–1232.

Heinonen, M., Alakukku, L., and Erkki, A., 2002. Effects of
reduced tillage and light tractor traffic on the growth and yield
of oats. In Pagliai, M., and Jones, R. (eds.), Sustainable Land
Management-Environmental Protection. Reiskirchen: Catena
Verlag. Advances in Geoecology, Vol. 35, pp. 367–378.

Horn, R., Domzal, H., Slowinska-Jurkiewicz, A., and van
Ouverkerk, C., 1995. Soil compaction processes and their effects
on the structure of arable soils and the environment. Soil & Till-
age Research, 35(2–3), 277–304.

Inns, F. M., and Kilgour, J., 1978. Agricultural tyres. Dunlop:
London, 69 p.

Jones, R. J. A., 2002. Assessing the Vulnerability of Soils to Degra-
dation. In Pagliai, M., and Jones, R. (eds.), Sustainable Land
Management-Environmental Protection. Reiskirchen: Catena
Verlag. Advances in Geoecology, Vol. 35, pp. 33–44.

Keller, T., 2005. A model for the Prediction of the A and the Distribu-
tion of Vertical Stress belowAgricultural Tyres fromReadily Avail-
able Tyre Parameters. Biosystems Engineering, 92(1), 85–96.

McKyes, E., 1985. Soil cutting and tillage. Developments in Agri-
cultural Science, Amsterdam, Netherlands: Elsevier, 7, pp. 217.

O’Sullivan, M. F., Henshall, J. K., and Dickson, J. W., 1999.
A simplified method for estimating soil compaction. Soil & Till-
age Research, 49, 325–335.

Rempfer, M., 1998. Grundlagen der automatischen Reifenluft-
druckverstellung bei landwirtschaftlichen Fahrzeugen.
Agrartechnische Forschung, 4(1), 46–55.

SchjØnning, P., Lamandé, M., TØgeersen, F. A., Arvidsson, J., and
Keller, T., 2008. Modelling effects of tyre inflation pressure on
the stress distribution near the soil-tyre interface. Biosystems
Engineering, 99, 119–133.

Schlotter, V., and Kutzbach, H. D., 2001. Innenkontour eines
Traktorreifens auf festem und nachgiebigem Boden.
Agrartechnische Forschung, 7, 23–27.

Schwieger, H., 1996. Untersuchung neuartiger Laufwerke und
lasergestützte Erfassung der Reifen-/Bodenverformung.
Forschungsbericht Agrartechnik des Arbeitskreises Forschung
und Lehre der Max-Eyth-Gesellschaft Agrartechnik (VDI-MEG)
Dissertation Kiel, 165 p.

Smith, D. L. O., 1985. Compaction by wheels: a numerical model
for agricultural soils. Journal of Soil Science, 36, 621–632.

Söhne,W., 1953. Druckverteilung im Boden und Bodenverformung
unter Schlepperreifen. Grundlagen der Landtechnik, 5, 49–62.

Steiner, M., 1979. Analyse, Synthese und Berechnungsmethoden
der Triebkraft-Schlupf-Kurve von Luftreifen auf nachgiebigem
Boden. Forschungsbericht Agrartechnik des Arbeitskreises
Forschung und Lehre der Max-Eyth-Gesellschaft (MEG) 33.
Dissertation München, 190 p.

van den Akker, J. J. H., 1998. Development, verification and use of
the subsoil compaction model Socomo. In Proceedings of the 1st
Workshop of the Concerted Action on Subsoil Compaction, May
28–30, Wageningen, the Netherlands, 17 p.

Cross-references
Controlled Traffic Farming
Hardpan Soils: Management
Machine Vision in Agriculture
Mechanical Resilience of Degraded Soils
Physical Degradation of Soils, Risks and Threats
Rheology in Soils
Soil Compactibility and Compressibility
Soil Penetrometers and Penetrability
Soil–Wheel Interactions
Stress–Strain Relations
Stress–Strain Relationships: A Possibility to Quantify Soil
Strength Defined as the Precompression Stress
Subsoil Compaction
Tillage, Impacts on Soil and Environment
Trafficability and Workability of Soils
CONTINUITY EQUATION

A statement, in mathematical form, that for a conserved
substance (i.e., one, such as water, that is neither created
nor destroyed in the soil), the time rate of change of con-
tent must equal the negative rate of the change of flux with
distance (i.e., the amount per unit time entering minus the
amount exiting a volume element of soil).
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CONTOUR-FURROW IRRIGATION

Applying irrigation water in furrows that run across the
slope with a forward grade in the furrows.
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CONTROLLED TRAFFIC FARMING

Thomas Anken, Martin Holpp
Federal Department of Economic Affairs, Agroscope
Reckenholz-Tänikon Research Station ART, Ettenhausen,
Switzerland
Definition
Controlled traffic farming (CTF) is a farming system
where all field traffic is restricted to permanent, distinct
parallel traffic lanes (Figure 1). These traffic lanes are nor-
mally untilled and not planted to optimize traction and
traffic ability. Soil in the intervening beds is managed to
provide the most favorable conditions for crop perfor-
mance uncompromised by traffic and associated compac-
tion (Tullberg, 2001).

http://www.sciencedirect.com/science/book/9780123486554
http://www.sciencedirect.com/science/book/9780123486554


Controlled Traffic Farming, Figure 2 In 1983, the first trials have been started with a widespan Gantry vehicle at the Silsoe Research
Institute in the UK.

Controlled Traffic Farming, Figure 1 In contrast to random traffic systemwhere theworkingwidths are not adjusted, all themachines
are running on the same tracks with a controlled traffic farming system.
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History
The first CTF research projects started with a widespan
Gantry in 1983 at the Silsoe Research Institute in the United
Kingdom (Chamen et al., 1992). This vehicle had a 12-m-
wide track. In the field, the drive wheels were positioned
at right angles to the lateral axis of the frame. On the road,
the wheels were positioned parallel to the frame (Figure 2).
Compared to the tracked surfaces, Chamen et al. (1992)
already observed in these first experiments increased yields
and an important decrease in fuel consumption for the



COUPLED HEAT AND WATER TRANSFER IN SOIL 155
tillage operation and an improvement of the soil structure
on the untrafficked area. In spite of good results, the gantry
system did not make the breakthrough. This changed in the
1990s in Australia, where CTF was applied with conven-
tional machinery. The increased working widths of the
machines and satellite guidance systems made it possible
to practice CTF without widespan vehicles. Yule (2000)
estimated for Australia in 1995 a surface of 3,000 ha
and already 300,000 ha in year 2000. In 2009, about 3
million hectares were estimated in Australia (Tullberg,
2009). This shows that Australia is by far the leading
nation. First initiatives in Europe have been started by
Great Britain, Denmark, the Netherlands, Switzerland,
Germany, Czech Republic, and Slovak Republic. In con-
trast to the oversea countries where track width of 3 m are
very common, the European countries are practicing CTF
mostly with smaller track width. This is due to road
regulations which are not allowing vehicles wider than
2.55 m to run on the roads.
Advantages of CTF
� Better soil structure which leads to less fuel consump-

tion for tillage operations. As less power is needed, it
is possible to decrease the tractor sizes.

� Increased yields due to the improved soil conditions.
� Better water infiltration and decreased soil erosion due

to undestroyed open soil pores (earthworm burrows,
cracks).

� Better traffic ability on the consolidate tracks what
widens the possibilities for plant protection interven-
tions under wet soil conditions.

� Better nutrient availability due to the better soil struc-
ture and improved gas exchange. First results are show-
ing that also the emission of nitrous oxide (Ball et al.,
1999) might be reduced.
Inconveniences of CTF
� Field operations can only be executed with adapted

equipment.
� Once a track system has been chosen, this system has to

be applied during the following years. All the machines
have to fit into this system.

� In case of a damaged machine, the exchange with
another machine may cause a problem as the replaced
machine has to fit into the chosen working and track
width.

� Auto steering systems are causing extra costs.
� As traffic over the field is only possible on the defined

tracks, the transportation of harvested crops is more
time consuming (no shortcuts across the field are possi-
ble anymore).

� Sugar beet and potato harvester are not easy to fit into
a CTF pattern as their working widths are small and
the weights are extremely high. Machineries like the
multiphase system for the sugar beet harvest have to
be adapted.
Web sites
www.ctfeurope.com
www.controlledtrafficfarming.com
http://www.ctf-swiss.ch/

Bibliography
Ball, B. C., Parker, J. P., and Scott, A., 1999. Soil and residue man-

agement effects on cropping conditions and nitrous oxide fluxes
under controlled traffic in Scotland. 2. Nitrous oxide, soil
N status and weather. Soil and Tillage-Research, 52, 191–201.

Chamen, W. C. T., Watts, C. W., Leede, P. R. u, and Lonstaff, D. J.,
1992. Assessment of a wide span vehicle (gantry), and soil cereal
crop responses to its use in a zero traffic regime. Soil and Tillage
Research, 24, 359–380.

Tullberg, J., 2001. Controlled traffic for sustainable cropping. In
Proceedings of the 10th Australian Agronomy Conference,
28.01–01.02., Hobart, Tasmania, 10 p.

Tullberg, J., 2009. Brisbane, Oral information.
Yule, D., 2000. Controlled traffic farming - technology for sustain-

ability. Proceedings of the 15th Conference of the International
Soil Tillage Research Organization, 2–7 July, FortWorth, Texas,
USA, 8 p.

Cross-references
Bypass Flow in Soil
Crop Responses to Soil Physical Conditions
Earthworms as Ecosystem Engineers
Infiltration in Soils
Root Responses to Soil Physical Limitations
Soil–Wheel Interactions
Water Erosion: Environmental and Economical Hazard
CONVENTIONAL TILLAGE
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COULOMB’S LAW

The frictional resistance toward a tangential stress tending
to slide one surface against another is proportional to the
normal stress pressing the bodies together.
COUPLED HEAT AND WATER TRANSFER IN SOIL
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1Soil Science Department, North Carolina State
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Synonyms
Coupled heat and water transfer in soil is sometimes
referred to more generically as coupled heat and mass
transfer or coupled energy and mass transfer.
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http://www.ctf-swiss.ch/


156 COUPLED HEAT AND WATER TRANSFER IN SOIL
Definition
Coupled heat and water transfer in soil refers to the
connected processes of heat and water flow in and through
the three-phase (i.e., solid, liquid, and gas) soil system,
where heat may be latent and/or sensible and water may
be liquid and/or vapor. The processes are coupled because
water moving through the soil system always carries with
it heat, i.e., convective heat transfer, and temperature dif-
ferences in the soil system, which also drive heat transfer
and water flow. Furthermore, soil water content influences
soil thermal properties (e.g., heat capacity, thermal con-
ductivity, and thermal diffusivity), and even the extent to
which the soil surface absorbs radiant energy (i.e., albedo)
for radiative heat transfer. The soil thermal environment,
in turn, influences the extent to which water partitions
between liquid and vapor phases.

Coupled heat and water transfer in soil
Background and applications
Coupled heat and water transfer is commonplace in nature
and has long been recognized (e.g., Bouyoucos, 1915).
When it rains both water and heat enter the soil. As the
sun rises and warms the soil surface, the resultant water
vapor pressure deficit drives water vapor movement in
the soil. This water vapor carries with it both sensible
and latent heats, which are transferred through the soil to
the atmosphere. As the sun begins to set, the soil surface
cools and water vapor from the atmosphere condenses
on the soil, losing latent heat through phase change. This
liquid water is adsorbed on surfaces due to affinity
between solid and liquid or liquid and liquid, and the water
may move deeper into the soil profile. In either case, the
water carries heat into the soil system by replacing soil
air with lower enthalpy per unit volume. This diurnal cycle
is present to greater and lesser extents in terrestrial envi-
ronments worldwide. Annual seasonal cycles occur as
well.

Temperature gradients exist in soil due to periodicity of
insolation, geothermal temperature distributions, func-
tioning of buried cables, heating and cooling pipes, etc.
Existence of temperature gradients causes fluxes of heat
and water in soil. All soil biological, chemical, and phys-
ical processes are influenced by the fluctuations of soil
water content and soil temperature that result from
coupled heat and water transfer processes. Coupled heat
and water processes occurring in shallow surface soil also
exert critical influences on land–atmosphere exchange
and drive climate dynamics. Yet, because surface soil is
the most dynamic portion of the geosphere, full under-
standing of these processes remains elusive. Early field
experiments provided the first opportunity to observe tem-
poral patterns in near-surface soil moisture and tempera-
ture (e.g., Jackson, 1978). Since then, soil-coupled heat
and water processes have been parameterized in large-
scale models, often with limited appreciation for ubiqui-
tous order-of-magnitude variations in hydrologic and
thermal properties within the surface few centimeters of
soil. Routine measurements are also unable to capture rap-
idly shifting near-surface soil heat and water processes.
Still, soil remains so central to understanding life that the
2007 Phoenix Mars Mission included devices specifically
designed to measure soil temperature, thermal properties,
and water content (Cobos et al., 2006).

Improved insight into coupled heat and water transfer is
needed as a basis for more complete understanding of soil
water and temperature conditions, soil water evaporation,
crop and weed seed germination, nutrient cycling, pesti-
cide volatilization, surface fluxes of carbon dioxide, and
trace gas emissions from soil. Improved understanding
of coupled heat and water transfer is also fundamental to
understanding of the interaction between climate and the
near-surface soil environment, as well as the implications
of climate change.
Transfer mechanisms
Three principal mechanisms, radiation, convection, and
conduction, are responsible, simultaneously, for the trans-
fer of heat in soil. Radiative energy transfer includes
incoming direct and diffuse solar (shortwave) radiation
as well as longwave sky radiation to the soil surface and
longwave radiation emitted outward from the soil surface.
Radiative transfer is a significant component of heat trans-
fer at the soil surface, but its significance decreases below
the soil surface. Convective heat transfer in soil is associ-
ated with a net flux of fluids (liquid and gas). Convection
may be responsible for a major portion of the soil heat
transfer during periods of large water flux (e.g., during
rainfall or irrigation). Convection is also important via
vapor fluxes in shallow unsaturated soil layers when large
thermal gradients occur. Conduction heat transfer involves
the transfer of heat at a molecular scale from positions of
large kinetic energy (high temperature) to positions of
small kinetic energy (low temperature). Generally, radia-
tive heat transfer primarily occurs at the surface. Convec-
tion and conduction occur within soil. In soil, conduction
and convection often occur together.

For isothermal water transfer, we typically consider two
driving forces: the chemio-potential gradient of soil water
and gravity. Refer to Water Flow for further description.
For non-isothermal water transfer, temperature gradients
also act as a driving force. Soil moisture transfer induced
by a temperature gradient is called thermal moisture trans-
fer (TMT). The flow resulting due to interaction of TMT
with moisture flow induced by factors other than tempera-
ture gradient is called non-isothermal moisture transfer
(NIMT) (Globus, 1983). TMT can be vapor, liquid, and
combined (series-parallel). For unsaturated conditions,
where we have both liquid and vapor components of
water, this leads to two additional components of flow,
thermal vapor transfer and thermal liquid transfer.

Thermal vapor transfer results mainly from the depen-
dence of water vapor pressure (or concentration) on tem-
perature. As temperature increases, water vapor pressure
increases. Thus, a temperature gradient leads to a water
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vapor gradient. Treated as diffusion, this temperature gra-
dient drives thermal vapor transfer toward cooler temper-
ature. Like diffusion, thermal vapor transfer depends on
the diffusion path and therefore liquid-free porosity and
tortuosity, which are in turn related to soil texture, struc-
ture, and bulk density.

Liquid TMT can occur by several mechanisms:
(1) Expansion and contraction of entrapped air due to tem-
perature change pushes liquid back and forth in nearly sat-
urated soil, for example, in the capillary fringe and near
the groundwater table. This is called the thermometric
effect, and it is transient. (2) Due to temperature depen-
dence of surface tension at a liquid–air interface,
a temperature gradient induces a gradient of surface ten-
sion and a respective gradient of capillary pressure of
menisci. This can induce hydrodynamic flow just the
same as under the influence of a pressure difference of
any other origin. This is called the thermo-capillary
meniscous flow. (3) When a thermal gradient exists along
the liquid–air interface of a liquid film covering solid par-
ticle(s), the induced surface tension gradient produces
thermocapillary film flow. The velocity profile of this flow
(as a function of distance to solid phase) differs from that
of hydraulic flow, since the moving force is applied only
to the interface. Both thermocapillary flows are directed
toward lower temperature. (4) When enthalpy of pore liq-
uid differs from that of bulk liquid, and, particularly, when
there exists some distribution of enthalpy as a function of
distance to the solid phase, thermoosmotic flow can occur.
Thermoosmotic flow directs toward higher temperature.
(5) In unsaturated soil, there exists a special vapor–liquid
series-parallel (or combined) TMT, consisting of thermal
vapor micro-diffusion inside air space of a pore, combined
with liquid flow in capillary and film elements of soil
matrix. Because of its dual nature, this flow bears features
appropriate both to vapor diffusion as well to liquid flow.
For example, it depends upon ambient gas pressure P as
vapor diffusion (diminishing with rise of P) and on wetta-
bility of a medium (liquid flow diminishes in hydrophobic
media).

One particular case of moisture migration in soil under
the influence of a temperature gradient is the movement of
moisture in soils induced by freezing. This process is often
described as TMT, where the driving force is formally
represented by the temperature gradient. However, actual
water flow in this case is caused by the gradient of chem-
ical potential of water, which arises due to locally reduced
liquid water content at and behind the freezing front after
soil water freezes. Differences in unfrozen water content
create differences in matric potentials. So in this case, it
would be proper to substitute temperature gradient by
hydrostatic pressure gradient.
Transfer theory
Much of the current theory for describing coupled soil
heat and water transfer is rooted in the diffusion-based for-
mulation of Philip and de Vries from the 1950s and 1960s
(Philip and de Vries, 1957; de Vries, 1958), which treats
gradients in soil water content and temperature (as well
as gravity) as the drivers for liquid flow. This theory has
since been modified by others to include the chemio-
potential gradient in water as a driver for water flow (in
place of the water content gradient) (Sophocleous, 1979;
Milly, 1982). Alternate theory rooted in irreversible ther-
modynamics has also been developed (Cary, 1963; Taylor
and Cary, 1964) but has mostly been applied treating soil
water as a single-component fluid.

Here, we present a mechanistic framework following
Philip and de Vries (1957), Milly (1982), and Nassar
et al. (1992). The following theory assumes (1) the soil
is rigid and inert; (2) hysteresis of water retention curves
and transport coefficients can be neglected; (3) transfer
of mass and energy occurs only in the vertical direction;
(4) the driving forces for water are temperature and matric
pressure head gradients and gravity; (5) osmotic potential
is negligible; (6) there is local thermodynamic equilibrium
within the soil; and (7) heat transfer occurs by conduction
and by convection of latent heat and sensible heat.

Water flow
The total flux of water in the soil is the sum of liquid and
vapor components

qw ¼ ql þ qv; (1)

where qw, ql, and qv (kg m�2 s�1) are the mass flux of
water (total), liquid, and vapor, respectively. In saturated
soil, qv becomes negligible, whereas in relatively dry sys-
tems, qv may be the dominant flux.

The liquid water flux ql can be described as

ql rl= ¼ �K
@c
@z

� Kk � DTl
@T
@z

; (2)

where rl (kg m
�3) is the liquid water density, K (m s�1) is

hydraulic conductivity, c (m) is the matric potential, z (m)
is the vertical space coordinate, k is a unit vector positive
downward, DTl (m

2 s�1 K�1) is the thermal liquid diffu-
sivity, and T (K) is temperature. The first two terms on
the right represent the classical Darcy–Buckingham flow,
driven by the matric potential and elevation (viz. gravity)
gradients. SeeWater Flow for further discussion. The third
term on the right represents liquid flux driven by a thermal
gradient. A consensus on the formulation of DTl has not
arisen in the literature (Prunty, 2009), but it can be loosely
defined according to the mechanisms described in the pre-
vious section (viz. temperature effects on liquid water
properties). Note also that the temperature effects on liq-
uid flux are sometimes included in the formulation of K
via fluid properties (e.g., viscosity).

The water vapor flux qv is treated as simple diffusion

qv ¼ �D
@rv
@z

(3)

where rv (kg m�3) is the water vapor density and
D (m2 s�1) is an effective molecular diffusivity.
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In order to express qv in terms of the same drivers given
in Equation 2, rv is appropriately treated as a function ofc
and T. Note that gravity influences on qv are generally
ignored. Expanding rv with respect to c and T gives

@rv
@z

¼ @rv
@c

@c
@z

þ @rv
@T

@T
@z

: (4)

Combining this expression with Equation 3 then gives
qv ¼ �D
@rv
@c

@c
@z

� D�
@rv
@T

@T
@z

: (5)

Here, consistent with many formulations in the litera-

ture, we add an additional term �, which has been pro-
posed to account for increased vapor flux due to locally
enhanced thermal gradients across air gaps (viz. air-filled
pores) within the three-phase medium (Cass et al., 1984).
Equation 5 can then be simplified to

qv rl= ¼ �Dcv
@c
@z

� DTv
@T
@z

; (6)

where Dcv (m
2 s�1) and DTv (m

2 s�1 K�1) are termed the
matric vapor and thermal vapor diffusivities, respectively,
defined implicitly by Equation 5. We divide here by rl so
that Dcv and DTv provide volume fluxes equivalent to
transport terms defined in Equation 2 for liquid water.

Total mass of water in the soil system is the sum of the
liquid and vapor mass components

ylrl þ yvrv;

where y (m3 m�3) is the volume fraction of the total soil
volume occupied by a given component and subscripts
are as defined previously. We assume all soil pore space
is occupied either by liquid water or water vapor such that
yl + yv = the pore (or void) fraction of the total soil volume.
Therefore, as yl increases, yv must proportionately
decrease.

Using conservation of mass, the continuity equation
can be expressed as

@

@t
ylrl þ yvrvð Þ ¼ Hqw; (7)

where t (s) is time. In words, the change in water mass per
soil volume with time is equal to the gradient in water
mass flux. Expanding the left side of Equation 7, using
the dependency of rv on c and T noted above and also
the functional relationship between y and c, we have

rl
@yl
@t

þ rv
@yv
@t

þ yv
@rv
@c

@c
@yl

@yl
@t

þ yv
@rv
@T

@T
@t

¼ Hqw:
(8)

Finally, incorporating Equations 1, 2, and 6, we have

a general partial differential equation to describe transient
water flow for unsaturated, nonisothermal conditions:
1þ yv
rl

@rv
@c

@c
@yl

� rv
rl

� �
@yl
@t

þ yv
rl

@rv
@T

@T
@t

¼ H K þ Dcv
� �@c

@z
þ DTl þ DTvð Þ@T

@z
þ Kk

� �
: (9)

Note that we have divided all terms by r and used the
l
relationship between yl and yv to replace @yv/@t with –
(@yl/@t) in order to simplify the expression.
Heat flow
Ignoring radiation within the soil, the total flux of heat in
the soil system is the sum of conduction heat transfer
and both latent and sensible heat transfer via convection:

qh ¼ �l
@T
@z

� rlLDcv
@c
@z

þ cl T � T0ð Þqw; (10)

where qh (W m�2) is the total heat flux, l (W m�1 K�1) is
the thermal conductivity of the soil, L (J kg�1) is latent
heat of vaporization, cl (J kg

�1 K�1) is the specific heat
of liquid water, and T0 (K) is an arbitrary reference temper-
ature. The first term on the right is simple Fourier conduc-
tion heat transfer, and l is dependent on water content and
temperature. The remaining terms on the right represent
heat carried with the nonstationary component of the soil
system – water. The first of these terms is diffusion of
water vapor, with associated latent heat from phase
change, according to the matric potential gradient. The
diffusion vapor flux is a component of the flux given in
Equation 6. The rightmost term in Equation 10 is the con-
vective transfer of sensible heat associated with the mass
water flux. Because the water flux is on a mass rather than
a volume basis, it is appropriate to consider the specific
heat of the liquid to determine the associated heat transfer.
However, the quantity of heat must be determined by
specifying some reference state clT0.

The total heat stored (relative to the reference state) in
the three-phase soil system includes both sensible and
latent components:

csrb þ clrlyl þ cvrvyvð Þ T � T0ð Þ þ Lrvyv;

where c (J kg�1 K�1) is the specific heat of the solid,
s
rb (kg m�3) is the soil bulk density (mass of solid per
total soil volume), and cv (J kg

�1 K�1) is the specific heat
of the vapor.

Using conservation of energy

@

@t
csrb þ clrlyl þ cvrvyvð Þ T � T0ð Þ½

þ Lrvyv� ¼ Hqh:
(11)

This is to say, the change in the quantity of heat stored

per volume with time is equal to the gradient in total heat
flux. The left side of this expression can be expanded in
terms T and yl using previously discussed relationships
for rv and c with T and between y and c
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H1
@T
@t

þ H2
@yl
@t

¼ Hqh; (12)

where

H1 ¼ Cb þ Lþ cv T � T0ð Þ½ � yv@rv
@T

;

H2 ¼ Lþ cv T � T0ð Þ½ � yv@rv
@c

@c
@y

þ clrl T � T0ð Þ � rv Lþ cv T � T0ð Þ½ � �Wrl:

The expression is simplified by considering a bulk
volumetric heat capacity Cb (J m�3 K�1) in place of
the sum csrv + clrlyl + cvrvyv. We here also add an addi-
tional term W (J kg�1) to account for the exothermic pro-
cess of wetting the porous medium with changes in
water content (Prunty, 2002).

Finally, combining Equations 10 and 12, we can
describe transient heat flow in unsaturated, nonisothermal
soil:
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Coupled Heat and Water Transfer in Soil, Figure 1 Hydraulic conduc
diffusivity (Dcv), and thermal vapor diffusivity (DTv) as a function of soil l
properties of a silt loam soil.
H1
@T
@t

þ H2
@yl
@t

¼H

"
l
@T
@z

þ rlLDcv
@c
@z

�cl T � T0ð Þ qw
#
:

(13)

The q term in Equation 13 can be further expanded
w
using Equations 1, 2, and 6.

Transfer coefficients for convective heat transfer
Insight about the relative magnitudes of liquid and vapor
flux components for convective heat transfer is critical to
understanding coupled heat and water transfer. Theory
presented above provides a way to envisionc and T gradi-
ents as drivers for these flux components. It is also impor-
tant to recognize how the magnitudes of liquid and vapor
fluxes vary with associated transfer coefficients, which
greatly depend on, among other things, the soil water con-
tent (Nassar and Horton, 1997).

Figure 1 presents moisture transfer coefficients K, DTl,
Dcv, andDTv as a function of yl for a silt loam soil over the
range from completely dry to saturation (after Heitman
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et al., 2008a). Several points are readily apparent: at very
low water contents, convection through either liquid or
vapor is minimal, as evidenced by the small magnitudes
of all four transfer coefficients. When liquid water is
absent or water content is very small, conduction must
be the dominant mechanism for heat transfer. As water
content begins to increase, all transfer coefficients
increase, but the most pronounced increase is for vapor
coefficients Dcv, and DTv. In this range, air-filled porosity
remains high so as to readily allow diffusion (with rate
also depending on drivers). Hence, while conduction
may remain important, heat transfer may also occur with
convection via vapor, particularly latent heat. As liquid
water content continues to increase and air-filled porosity
is diminished,Dcv, and DTv then decline. However, liquid
transfer coefficients K and DTl continue to increase over
the whole range in yl. Because liquid water carries with
it only sensible heat, and because the vapor flux is limited,
convection in wet soil occurs primarily as sensible heat
alone.

Recent developments in measurement of latent
heat fluxes
Measurement of all component fluxes for fully coupled
heat and water transfer remains a challenging task (Jury
and Lettey, 1979; Cahill and Parlange, 1998; Heitman
et al., 2007). Soil heat flux measurement is typically lim-
ited to conduction heat flux via soil heat flux plates or
other methods. See Energy Balance of Ecosystems. Liquid
water flux has routinely been estimated frommass balance
or by utilizing measured soil water potential and knowl-
edge of the soil hydraulic conductivity function. See Soil
Water Flow. Measurement of water vapor and latent heat
flux has mostly been limited to above-ground approaches
or gross estimates from weighing lysimeters. See Lysime-
ters: A Tool for Measurements of Soil Fluxes. However,
a new technique has recently been developed to provide
measurements of latent heat fluxes within the soil
(Heitman et al., 2008b, c). This technique involves mea-
suring the balance of sensible heat terms included in
coupled heat and water transfer.

The basis for this approach begins with an approxima-
tion of Equation 13 for a finite size soil volume and finite
time increment. For short time steps (e.g., a few hours), we
assume that only temperature T changes with time t on the
left side of Equation 13. We then take a single, measured
heat capacity Cb to represent the soil. In making this
assumption, we treat liquid and vapor concentrations as
constant. While origination of the latent heat flux (viz.
evaporation) within the soil volume does mean that liquid
water is being changed to vapor, the net change in liquid
and vapor content has a small influence on sensible heat
storage. Exiting water vapor from within the soil volume
is readily replaced by evaporation of small quantities of
liquid water so that for a small time step, there is little
net change in either vapor or liquid water contents in terms
of their impact on Cb (for either component) or latent heat
storage (for water vapor).
To complete the heat balance, we also must approxi-
mate the heat flux terms included in the right side of Equa-
tion 13. It is possible to measure the conduction heat
flux �l@T/@z by standard approaches. To approximate
the gradient in conduction heat flux ∇(l@T/@z) across
the soil volume, �l@T/@z must be measured at multiple
depths (the vertical boundaries for the soil volume of inter-
est). In unsaturated conditions, where the soil latent heat
flux is of significant magnitude, liquid mass flux and asso-
ciated convective sensible heat transfer are relatively
minor (as discussed in the previous section). The mass
flux and thereby associated convective sensible heat flux
with water vapor is also small, because of water vapor’s
relatively low heat capacity. Thus, the rightmost term of
Equation 13 is neglected. These assumptions lead to an
approximate heat balance for the soil:

Cb
@T
@t

ffi H l
@T
@z

þ rlLDcv
@c
@z

� �
: (14)

In this balance, only the latent heat flux associated with

diffusion of water vapor is not directly measureable. How-
ever, by knowing the change in sensible heat storage and
the gradient in conductive heat flux, this term can be deter-
mined as a residual to the heat balance. In practice, we
represent this balance as

G0 � G1ð Þ � DS ¼ LE; (15)

where G0 and G1 (W m�2) represent the heat fluxes
(�l@T/@z) at the upper and lower boundaries of our finite
depth increment dz, respectively, DS (W m�2) represents
the change in sensible heat storage (Cb@T/@t) within dz,
and E (kg m�2 s�1) is the evaporation rate corresponding
to the diffusion of water vapor within dz.

Changes in T and thermal properties (Cb and l) with t
and z form the basis of this approach. This information is
required at the millimeter scale in order to account for pen-
etration of the drying front and associated latent heat
fluxes within the soil. The recent development of heat-
pulse sensors (Figure 2) makes it possible to measure all
of the required terms at a fine depth scale.

Heat-pulse sensors consist of three small (1.3-mm-
diameter) needles. One needle contains a resistance heater
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for applying a small heat input, while the remaining
needles contain thermocouples (or thermistors) for mea-
suring temperature response at a fixed distance (typically
6 mm) from the heater. The temperature response can be
evaluated to determine Cb and l. The temperature sensing
needles can also be used to passively determine ambient
temperature conditions within the soil in order to track
temperature changes with time and depth (@T/@t and
@T/@z). Figure 2 illustrates how parameters are collected
by the sensor for calculation of the sensible components
of Equation 15.

Data (T,Cb, and l) from a field experiment are shown in
Figure 3. These data illustrate a drying event following
rainfall on day of year (DOY) 172. Here, the inter-diurnal
trend in ambient T is upward at all depths as the soil dries.
Drying also produces first rapid and then more gradual
declines in soil water content–dependent Cb and l.
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(a) soil temperature (T), (b) volumetric heat capacity (Cb) and therma
a bare soil field plot, following rainfall on day of year 172. The lege
Following the approach outlined above, these data are
used for calculation of G0 and G1 at depths of 3 and 9
mm, respectively, and DS for the 3–9 mm depth incre-
ment. Then, from Equation 15, we estimate the net latent
heat flux LE for the 3–9 mm depth increment (Figure 3c).

Results show how the latent heat flux varies diurnally
and also shifts in magnitude during the drying event
(Figure 3c). The net latent heat flux for the 3–9 mm depth
increment is near zero through DOY 176 with most of the
latent heat flux originating in the 0–3 mm soil layer (clas-
sic Stage 1 evaporation). Thereafter, the net latent heat
flux begins to grow in daily magnitude, illustrating the
penetration of the drying front below the 3 mm depth.
Summed over multiple depth increments, the net latent
flux observed here is equivalent to the total net latent heat
flux associated with water evaporation from the soil pro-
file. Comparison of data collected with the sensible heat
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balance method for determining the latent heat flux to
lysimeters and above-ground approaches for total latent
heat flux has generally been favorable.

Summary
Coupled heat and water transfer refers to the interconnec-
tedness of heat and water transfer processes in soil. Water
moving through soil carries with it heat, and soil water
content influences soil thermal properties. Soil tempera-
ture gradients also drive water flow. Thus, coupling of soil
heat and water transfer is a normal phenomenon in all nat-
ural and managed environments. By influencing microbial
activity, plant water use, land–atmosphere exchange, and
many other agrophysical processes, coupled soil heat
and water transfer has implications at scales ranging from
sub-millimeter to continental. These implications warrant
careful consideration and study of coupled soil heat and
water transfer. Coupled soil heat and water flow can be
attributed to a variety of mechanisms. Convection of both
sensible and latent heat serves as a primary linkage. The-
ory has been developed to describe mechanisms of flow.
Yet, direct evaluation of the theory from measurements
remains challenging, particularly evaluation of vapor flow
components. Recent approaches developed to quantify
latent heat fluxes within soil through use of a soil sensible
heat balance offer some promise for assessing and refining
theory. With new developments in measurement and con-
tinued interest from a range of scientific applications,
coupled soil heat and water transfer will remain
a challenging and important topic for study.
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Definition
Cracking refers to the forming of cracks in soils, due to
soil shrinkage upon drying. This is considered at two
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different scales, namely metric scale for soil horizon or
profile, and infra millimetric scale for soil matrix,
respectively.

Cracks
Cracks form in soils due to the shrink–swell movements
of the soil plasma occurring with changes in water content.
(The plasma was first defined by Brewer (1964).
According to the SSSA glossary it is: “material, mineral
or organic, of colloidal size and relatively soluble material
that is not contained in the skeleton grains”). The swelling
factors in the plasma are the phyllosilicates and the
organic matter. Hence, cracking depends of the content
in these constituents. Organic matter, however, also acts
as a binding element, which stabilizes the soil structure
(Kay, 1998).

At microscopic scale (thin soil sections), cracking was
long ago observed as a consequence of soil drying
(Brewer, 1964). Cracking is one of the processes generat-
ing soil structure and allowing its resilience (Kay, 1998).
Micro cracks are structural pores according to Brewer’s
classification. An increase in organic carbon content of
the soil may result in an increase in plasma swelling and
a decrease in bulk soil swelling (Boivin et al., 2009), thus
an increase in micro cracking. Microscale cracking shows
no preferential orientation.

At metric scale, large cracks (up to several centimeters
wide) may open in soil horizons or profiles when the
shrinkage is large enough to break the horizontal continu-
ity of the soil. The volume of cracks can be easily
estimated in the field (Abedine el and Robinson, 1971).
This is generally observed with clayey soils containing
phyllosilicates such as vertisols. Cracking causes soil sub-
sidence and may induce preferential flow. Soil subsidence
is an anisotropic shrinkage due to vertical collapse and
horizontal cracking, which was described by Bronswijk
(1991). Crack preferential flow was observed in the case
of irrigated cracked soils (Tuong et al., 1996) and its char-
acterization is reviewed by (Simunek et al., 2003; Allaire
et al., 2009). The closure of cracks with time upon
rewetting was poorly described. However, Favre et al.
(1997) showed a complete crack closure after 2.5 h of
irrigation in a vertisol.

Summary and conclusions
Cracking is induced by soil plasma volume change with
water content and is a major soil structure resilience factor.
Microscopic cracks are not preferentially oriented and rep-
resent a large part of the structural porosity. Macroscopic
cracking is a particular case corresponding to clay
phyllosilicate-rich soils. These cracks show a vertical pref-
erential orientation, which may cause preferential flow.
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Definition and introduction
To emerge from a germinated seed, the shoot has to be
capable of reaching the soil surface, while continued root
growth is required to gain access to water in drying seed-
beds. This is illustrated in Figure 1 where the seed must
first germinate rapidly, then have rapid initial downward
growth, and finally have high potential for upward shoot
growth in soil of increasing impedance (Figure 1). Once
a seed has germinated, seedling growth depends on tem-
perature, water potential, and the mechanical strength of
the seedbed (Collis-George and Yoganathan, 1985a, b;
Finch-Savage et al., 1998; Townend et al., 1996; Whalley
et al., 1999, 2001). Root and shoot elongation rate
decrease with water potential in vermiculite (Sharp et al.,
1988), but as soil dries it also tends to become stronger
and mechanical impedance rather than water stress can
become limiting (Weaich et al., 1992). Understanding
the impact of mechanical impedance on seedling
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emergence can be difficult because soil strength and soil
water status vary together. There is a need to disentangle
the effects of water stress and mechanical impedance on
emergence.
Soil strength and water status
The relationship between soil strength and water status is
reasonably well understood (Whalley et al., 2007). In
a seedbed, soil tends to be loose and its strength tends to
result from capillary forces in the water menisci between
soil particles. Whalley et al. (2007) showed that penetrom-
eter resistance of loose soils is directly proportional to the
effective stress, which in this case is the product of the
degree of saturation and the matric potential. Penetrometer
pressure of a soil can be greater than 1 MPa at a matric
potential of –0.1MPa (Mullins et al., 1992).Whalley et al.
(1999) found that the penetrometer pressure of a sandy
soil was 0.57 MPa at a matric potential of only –
0.02 MPa. It is important to realize that matric potentials
of –0.1 MPa or greater (i.e., in wetter soil) would have lit-
tle effect on germination or seedling growth in the absence
of mechanical impedance. Base water potentials for ger-
mination (i.e., the smallest water potential at which
germination can progress to completion (radical emer-
gence)) are typically –1 MPa or less.
Soil strength and shoot elongation
In wheat (Collis-George and Yoganathan, 1985a, b), maize
(Weaich et al., 1994), onion, and carrot (Whalley et al.,
1999), elongation rate has a nonlinear dependence on
mechanical impedance, so a small increase in strength of
an initially weak seedbed is likely to have a large effect
on emergence. For example, in onion and carrot, small dif-
ferences in mechanical impedance result in a large reduc-
tion in shoot development. This behavior is similar to that
observed in wheat (Collis-George and Yoganathan,
1985b) and maize (Weaich et al., 1996) coleoptiles, where
small differences in the mechanical impedance of weak
soils resulted in large differences in coleoptile elongation
rate. Carrot shoots elongate from the tip shoots and
increased in diameter in response tomechanical impedance,
which is a trait associated with roots that elongate in strong
soil (Atwell, 1990). Materechera et al. (1991) have
suggested that the degree of thickening in seedling roots
growing in strong soil can be used as a predictor of their
ability to grow through strong soil. However, the thicker
carrot shoots were less effective than their fine roots at
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penetrating the strong sand, despite the observation that
carrot shoots became even thicker in strong sand
(Whalley et al., 1999).

Temporal effects
The relationship between soil strength and water content in
the seedbed is not constant in time. In comparison with car-
rot, onion shoots appear to be more effective at recovering
following the removal of mechanical impedance (compare
Figures 2 and 3). However, this recovery trait is not thatwell
studied. When impedance is removed onion shoots elon-
gate rapidly, whereas the initial recovery for carrot shoots
is small. The differences between species in Figures 2
and 3 are likely to be due to the different elongation mech-
anisms. Removal of impedance and recovery is equivalent
to soil weakening following rainfall. Flushes of emergence
are often seen soon after rainfall and the recovery in shoot
length in Figures 2 and 3 is a partial explanation.

Critical stresses controlling emergence
It will be useful to explore the combinations of stress that
are most important in an emerging crop. To do this a model
will be of great value. The curves in Figures 2 and 3 were
obtained from a shoot elongation model that predicts elon-
gation rate depending on the particular combination of
water stress, mechanical impedance, and temperature
(see Whalley et al., 1999). Clearly, it is possible to have
any combination is possible, but some combinations are
likely to be more commonly associated with emergence
problems. Even relatively wet soils can have high soil
strength, for example, we have measured mean penetrom-
eter pressures of 0.57 MPa and a range from 0.3 to
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Crop Emergence, the Impact of Mechanical Impedance, Figure 2
exposure to mechanical impedance in sand cultures equivalent to
9 days ▽, 14 days _, 19 days ■ and 35 days □. Data for seedlings w
reference. The curves shown were obtained using model for shoot
temperature (Whalley et al., 1999). Only one curve is shown for bot
which were recovered from the impeding environment after 5 day
zero the experiment was started with ungerminated seeds.
1.8 MPa in a sandy soil which was equilibrated to a water
potential of�0.02MPa. Under these conditions the model
predicts that the effect of mechanical impedance will
reduce shoot elongation in both carrot and onion so that
the mean final shoot length is equal to a typical sowing
depth of approximately 15 mm (i.e., 50% emergence).
However, a water potential of�0.02MPa will have a neg-
ligible effect on the numbers of both carrot (Finch-Savage
et al., 1998) and onion (Finch-Savage and Phelps, 1993)
seeds that would germinate and this is likely to be true
for all crop seeds. There is a moisture sensitive block to
germination (Finch-Savage and Phelps, 1993; Finch-
Savage et al., 1998) that is likely to prevent germination
in dry soils, so that seeds tend to germinate following rain
or irrigation. As water evaporates from the surface of a wet
and bare seedbed the hydraulic conductivity quickly falls
to a very low value with decreasing surface water content.
The low hydraulic conductivity of the dry surface will
tend to reduce the rate of water loss from deeper layers,
as, for example, in the results of Lascano and van Bavel
(1986). Therefore after germination, the root will grow
downward into increasingly wet soil and even when the
soil surface becomes dry the seedling may not be water
stressed, because the root is likely to be in contact with
moist soil. Thus, in practice, for crop emergence in the
post-germination phase, water stress may be less impor-
tant than the effects of high soil strength due to the soil sur-
face drying. This argument justifies placing a greater
emphasis on mechanical impedance than water stress
when developing models for pre-emergence seedling
development. The seedling is only likely to experience
very low water potentials in the early stages of develop-
ment when the root is short or in arid climates.
Days from the start of the experimentb
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elongation as a function of soil strength, water stress, and
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s because the time to germination is 5 days at 20�C (tg). At time
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Crop Emergence, the Impact of Mechanical Impedance, Figure 3 Recovery of carrot shoots on sloping filter boards following
exposure to mechanical impedance in sand cultures equivalent to penetrometer pressures of 0.19 MPa (a) or 0.53 MPa (b) for 5 days
○, 9 days ▽, 14 days _ , and 19 days ■. Data for seedlings which have never been impeded are also shown, �, for reference. The
curves shown were obtained using model for shoot elongation as a function of soil strength, water stress and temperature
(Whalley et al., 1999). Only one curve is shown for both the seedlings which were never impeded and the seedlings which were
recovered from the impeding environment after 5 days because the time to germination is 5.25 days at 20�C (tg). At time zero the
experiment was started with ungerminated seeds.
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The effects of high soil strength in the surface of the
seedbed can also affect the distribution of crop emergence
times. For example, in Figures 2 and 3 the recovery in
shoot length following the removal of mechanical imped-
ance (e.g., after rain on a dry seedbed) appears to be pos-
sible for 20 or more days following germination.
Variability in emergence times can be particularly impor-
tant in vegetable crops where the proportion of the crop
in high-value size grades (e.g., diameter of carrot) at har-
vest depends in large part on uniform emergence of the
desired number of seedlings.

Conclusion
In summary soil strengths high enough to decrease emer-
gence can occur from soil drying to matric potentials too
high (i.e., soil too wet) to directly affect elongation. In
temperate regions, soil strength is the critical stress that
determines emergence in the seedbed. In much drier
regions emergence may be more limited by germination.
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Definitions
Crop responses: changes in the growth and functions of
roots and shoots within a growing season and in the final
crop yield.
Physical characteristics of soils: the characteristics, pro-
cesses, or reactions of a soil that are caused by physical
forces and are described by, or expressed in, physical
terms or equations. Examples of physical properties are
bulk density, water holding capacity, hydraulic conductiv-
ity, porosity, pore size distribution (Gregory et al., 2002)
(see Cropping Systems, Effects on Soil Physical
Properties).

Introduction
When climax vegetation has been on a site for many
years, the soil usually is very heterogeneous and is consid-
ered to have a good structure for plant growth (Taylor
and Brar, 1991). However, after a soil with climax vegeta-
tion is brought under cultivation, its heterogeneity usually
is reduced. This reduction is mostly due to soil stirring
by tillage and pressures from tires of tractors pulling
the tillage implements or from the hooves of animals.
The changes in soil structure will impose physical condi-
tions influencing root growth and fluxes and thereby
essential plant requirements as adequate quantities of
water, oxygen for aerobic respiration, and nutritive ele-
ments (Gliński and Lipiec, 1990; Bengough et al., 2006).
Crop responses to soil physical conditions depend on the
growing stage.

Germination, emergence, and crop establishment
Germination is the process in which a seed or spore
emerges from a period of dormancy and is completed
when the radicle (embryonic root) emerges from the seed
covering structure; emergence is completed when the
young shoot emerges through the soil surface. Soil physi-
cal conditions at and above planting depth (seedbed layer)
are related most closely to the germination, and emergence
(e.g., Tamet et al., 1996; Håkansson, 2005). Rapid germi-
nation, emergence, and root growth to the subsoil allows
early crop establishment (Tisdall, 1996; Atkinson et al.,
2009) that enables the plant to use the nitrogen released
in the soil, resist fungal disease and pest attack, competi-
tion from weeds and roots in the subsoil to avoid
waterlogging (Tisdall, 1996; Harris, 1996), increase solar
radiation by the growing canopy, and hence is the key to
high crop productivity (Cornish, 1984). The main soil
physical requirements for germination and emergence
include temperature, water content, oxygen availability,
and soil strength (see Root Responses to Soil Physical
Limitations).

Temperature
In cold climates, the rate of germination, emergence, and
final stand establishment is slowed greatly by low seedbed
temperatures. The minimum temperatures for root growth
are about 5�C. Cold soil reduces the water uptake due to
increased viscosity and cell membrane permeability, met-
abolic activity resulting in decreased nutrient uptake
(Gliński and Lipiec, 1990). Low temperatures are most
likely to reduce or stop final emergence when other
adverse factors also operate (Hodges et al., 1994). Opti-
mum seed zone temperature for a wide range of seedbed
matric potentials (from �10 kPa to �500 kPa) and aggre-
gate size distributions vary from 20�C to 30�C (Schneider
and Gupta, 1985).

In hot regions, however, emergence can be hindered
by adversely high seedbed temperatures. The maximum
temperatures for root growth are from 35�C to 40�C.
Themulching can promote the emergence by reducing soil
temperatures near the surface and evaporation and hence
delaying the onset of water stress and high mechanical
impedance (Harris, 1996; Townend et al., 1996).

Root length compared to root weight is a more sensitive
indicator of effects of soil temperature. In general, the
optimum temperature for roots is somewhat lower than
for shoots (Gliński and Lipiec, 1990). To characterize ther-
mal conditions during the early crop growth, the tempera-
ture can be expressed in degree-days (one DD is a day with
an average daily temperature of 1�C above a base temper-
ature) (Whalley et al., 2000). Base temperatures of 5�C or
10�C are frequently used to calculate accumulated thermal
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Crop Responses to Soil Physical Conditions, Figure 1 Final
emergence of oats vs. oxygen diffusion rate: ODRcr, (the level
making emergence impossible); ODR0.5 (the value at which the
number of emerging seedlings reaches 50% of the seed
germination capacity), and ODRL (causing a significant decrease
in emergence relative to germination capacity) (after Gliński and
Stępniewski, 1985).
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time and relate it with early plant growth and the develop-
ment and proliferation of the root system. It helps farmers
select the hybrids and varieties that are best suited to their
climatic region.

Water
Most seeds must absorb about their own weight in water
before they germinate. The water availability depends
on soil characteristics, which control how tightly water
is held, seed–soil contact areas, and evaporation.
Finer-textured and well-structured soils hold water more
tightly than coarse-textured soils with the same water
content (Cornish, 1984). Irrespective of soil type, the
plant-available water is between in situ field capacity
and the permanent wilting point (water content at soil
matric potential of�1.5 MPa). The seed–soil contact area
decreases as soil aggregate size increases and when much
undecomposed surface crop residue is present in the soil
(Cornish, 1984; Atkinson et al., 2009). Moreover,
a seedbed with finer aggregates compared with coarser
aggregates results in lower evaporation. In moist soil,
however, relative humidity around the seed can be suffi-
ciently high due to vapor transport and then imbibition
and germination can occur in the absence of seed–soil
contact (Wuest et al., 1999). In dry surface seedbed layer,
good crop emergence of small grain crops can be
achieved, when the seed was placed directly onto a firm
seedbed base and was covered by a 4-cm deep seedbed
with >50% aggregates <5 mm (Håkansson et al., 2002).

Aeration
Insufficient aeration for germination and emergence is
usually caused by poor drainage and by a surface crust that
can prevent gas exchange between the soil atmosphere
and the air above. In case of direct seeding, insufficient
aeration can occur, if the seed is pressed firmly into the
wall or bottom of a slot, which is cut by the machine and
simultaneously compacted. In the poorly aerated soil, bio-
logical activity can consume the limited supply of oxygen,
in competition with seeds or seedling roots. From the
review of Gliński and Stępniewski (1985) results that
many plants as wheat, lettuce, carrot, and onion germinate
well even at low oxygen concentration. Some plants, for
example, rice, cucumber, and cockscomb preserve their
germination ability even in completely anoxic conditions.
The emergence of plants is preceded by a considerable
development of the root system that needs oxygen supply.
The effects of soil oxygen on seedling emergence are bet-
ter described in terms of oxygen diffusion rate (ODR) than
in terms of the oxygen concentration in the soil air.
Figure 1 presents an example of the relationship between
plant emergence of oats and ODR.

Strength
Soil strength is a measure of deformation resistance
(mechanical impedance) and increases with increased soil
bulk density or with decreased soil water content or matric
potential. High soil strength is an important constraint to
seedling emergence (see Crop Emergence, the Impact of
Mechanical Impedance) and crop establishment failure.
Soil strength of the preemergent shoot environment is
more dynamic than that of the root environment and may
increase exponentially with time (Weaich et al., 1996).
Roots and shoots have to work very hard in strong soil
to overcome mechanical impedance (Cornish, 1984). It
was shown that germination, root elongation, coleoptile
elongation, and emergence of wheat were not affected by
soil strengths below 3.0, 2.3, 1.7, and 0.8 MPa, respec-
tively (Jakobsen and Dexter, 1987). However, at strengths
exceeding 5 MPa root growth will be nonexistent
(Bengough et al., 2006).

Excessive soil strength above developing seedlings can
be induced by soil compaction due to machinery traffic at
seedbed preparation and sowing, the presence of large
clods and crust (surface hard layer) (Håkansson et al.,
2002). Large clods often occur in clay soils and their con-
tribution can increase in compacted soil. Soil crusts
are formed mostly in soils with low aggregate stability
(e.g., silt soils) during irrigation or intense natural rain-
storms shortly after planting followed by dry weather
(see Soil Surface Sealing and Crusting). Impact of the
crusts on crop emergence varies with the seed size. In gen-
eral small seedlings from small seeds are more crust suscep-
tible (e.g., alfalfa) than those from large seeds (e.g., maize).
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Also heavier seed of the same crop type, as observed for
carrot, emerged better from deep sowing in crusted soil
due to longer hypocotyls (part of a plant embryo or seedling
plant that is below the cotyledons) and greater growth
forces (Tamet et al., 1996). Mulches and conservation
tillage practices with crop residues on the soil surface and
liming of acid soils reduce soil crusting by decreasing
raindrop impact and postponing surface drying.

The effect of soil strength on crop emergence depends
on sowing depth. The negative effects of increasing soil
strength on the emergence are greater at greater sowing
depth (Lipiec and Simota, 1994). The risk of poor emer-
gence due to surface layer hardening depended much
more on the sowing depth than on the aggregate sizes of
the seedbed (Håkansson et al., 2002).

Structure
The influence of a seedbed structure on crop establishment
can vary greatly in terms of soil aggregation and subse-
quent pore size distribution that are largely influenced by
cultivation. As shown by Atkinson et al. (2009) soil struc-
tures with larger pores are responsible for reducing estab-
lishment (Figure 2) due to mostly poor soil–seed contact
and lack of water and nutrient capture from large pores.
Therefore, press wheels and rolling are used to increase
soil–seed contact and final emergence (Cornish, 1984;
Håkansson et al., 2002). Incorporating the structural mea-
surements of pore space of soil macrostructure improved
predicting crop establishment based on bulk density and
cultivation techniques (assigning lower value to less inten-
sive cultivation) (Atkinson et al., 2009). Optimum struc-
tural conditions for establishment occurred between
ranges for macroporosity of 10–19% and average
pore size of 8–12 mm2.

It is clear that the fine seedbed structures (<5 mm size)
produce the greatest establishment (Håkansson et al.,
2002; Atkinson et al., 2009). In particular it refers to sugar
beet, cruciferous crops, and clover that have small seeds
(1–5 mg seed�1) and should be placed shallow (usually
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Crop Responses to Soil Physical Conditions, Figure 2 Relation
between wheat establishment and PSDcu (ratio of the size of
pores at a 10% and 60% total macropore distribution, the larger
the ratio, the greater the number of larger pores) (after Atkinson
et al., 2009).
<3.5 cm). Large seed crops are less sensitive to sowing
depth. Fine seedbed structures can be achieved through
power harrowing and plowing. The poorest soil structure
and seedbed performance were produced by disking and
rolling (Cornish, 1984; Atkinson et al., 2009).

One important factor influencing emergence is soil
pudding due to tillage when wet. This traditional practice
for rice destroys soil aggregates in the seedbed layer and
thereby disturbs emergence of wheat, which is often
planted after rice (Tripathi et al., 2007). This study showed
that incorporation of crop residue reduced change in soil
physical properties and improved germination and yields.

The emergence may be limited by different physical
factors depending on site conditions. In the semiarid tro-
pics, it was primarily the large mechanical impedance in
the sandy clay loam, whereas in the sandy loam –
a combination of high temperature, water stress, and
mechanical impedance. Cowpea compared to sorghum
emergence was higher due to greater initial rates of root
and shoot growth, which allowed it to avoid the greater
stresses caused by temperature, drought, and mechanical
impedance. The larger cowpea shoots were able to over-
come greater mechanical impedance when they
approached the soil surface. This aspect is of particular
importance in hardsetting soils (Townend et al., 1996).
Emergent seedlings of sorghum were often surviving on
water taken up by the primary root alone, from moist soil
at depth, because all other root initials at the base of the
stem were surrounded by hot, dry soil (Harris, 1996).
Low temperature and oxygen defficiency in the seedbed
layer in cold and wet climate can be main factors limiting
the early root and shoot growth.

Early crop growth can be influenced by soil physical
characteristics acting independently or in combination.
Due to this, it is often difficult to determine their relative
contributions. Example would be supra-maximum tem-
peratures (>40�C) and high soil strengths experienced
by the preemergent shoot in the semiarid tropics (Weaich
et al., 1996).
Growth of established crops
Most important soil physical factors influencing growth of
roots and shoots of established crops include water status,
penetration resistance, and aeration. They are largely
affected by alterations in soil structure due to compaction
(e.g., Czyz

.
, 2004; Usowicz and Lipiec, 2009) by agricul-

tural machinery and tillage (e.g., Birkás, 2008). The
penetration resistance of 3 MPa and air-filled porosity of
10% v/v are usually regarded as critical for plant growth.
The results from Figure 3 indicate that as degree of
compactness (i.e., ratio of the actual bulk density to
a specified reference bulk density for the same soil,
obtained by static load of 200 kPa when the soil is wet,
Håkansson, 1990) increases, the range of matric potential,
in which aeration and mechanical impedance do not limit
root growth becomes narrower. The range is termed as
least limiting water range (LLWR) and combines main soil



Crop Responses to Soil Physical Conditions,
Figure 3 Relationship between soil strength of 3 MPa and air-
filled porosity 10% (v/v) in relation to degree of compactness
and matric potential of the plow layer excluding the seedbed
(0–5 cm). Problems for crop growth in the upper left corner
of the diagram are likely due to mainly low unsaturated
hydraulic conductivity and/or poor root-to-soil contact (after
Håkansson and Lipiec, 2000).
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physical characteristics to describe soil suitability for crop
growth (Da Silva et al., 1997). The use of the degree of
compactness instead of bulk density enhances the perfor-
mance and applicability of the LLWR by reducing differ-
ences in its values between different soil types (Da Silva
et al., 1997). In coarse-textured soils, root growth may
be further restricted by rough surface of the sand particles,
which resist particle displacement by slippage (Gliński
and Lipiec, 1990).

In case of legume plants, soil compaction can decrease
nodulation efficiency of the nodules in fixing nitrogen,
N uptake, subsequent yield, and protein content of seed
(Sweeney et al., 2006; Siczek, 2009). The quantity and
distribution of nodules can be altered by controlling the
wheel traffic (compaction) in ways, which have implica-
tions for increasing nitrogen fixation. Also colonization
of dry edible beans bymycorrhizal fungi and the incidence
of Phytophtora root rot of soybeans are influenced by soil
physical properties induced by secondary tillage and traf-
fic (Gliński and Lipiec, 1990).
Effect of soil structural discontinuity
Vertical
An important factor affecting root growth and water use in
the field is vertical strength discontinuity. A sharp discon-
tinuity occurs between aggregated seedbed layer and firm
soil below (Lipiec et al., 2003b). Soil column experiment
showed that root length of maize below the seedbed layer
relative to total root length was less than 38% while water
use was up to 74%. Total water use from the deeper soil
and root water use efficiency were greater for the fine-than
coarse-textured soils (Lipiec and Hatano, 2003).

Another discontinuity in soil profile is due to the pres-
ence of dense layers such as plow pans, fragipans,
duripans, fine-textured B-horizons, claypans, and high
clay horizons developing in a relatively long time span
(Lipiec et al., 2003b). They lead to a higher concentration
of roots in upper part of the subsoil layer and lower – in
deeper soil. Restricted root growth by the dense layers
can be a consequence of too low porosity accompanied
by insufficient oxygen supply, excessive mechanical
impedance, and the absence of pores of diameters greater
than root tips (Lipiec et al., 2003b). These parameters
are used in modeling root growth and function (Lipiec
et al., 2003a). In general, the effect of the dense layers
on root growth increases with decreasing depth and thick-
ness of the dense layer (Birkás, 2008). Under droughty
conditions, limited root growth results in scarce water sup-
ply and consequently plant death (Cornish, 1984). In some
soils, the physical constraints to root growth are accompa-
nied by high soil acidity (Lipiec et al., 2003b).

The hindering effects of the subsoil dense layers can be
enhanced by traffic of heavy machinery and remain many
years or are even permanent, especially in non-swelling
and shrinking coarse-textured soils and warm climates
with shallow or without annual freezing (Sweeney et al.,
2006; Håkansson, 2005) (see Subsoil Compaction and
Compaction of Soil). Usually, dense layers can be local-
ized in the soil profile by maxima of bulk density and soil
strength (Lipiec and Hatano, 2003) or reduced aeration in
wet soil (Gliński and Stępniewski, 1985). In well-
structured and finer-textured soils, the increase in soil
compactness can be partly compensated for by the devel-
opment of a continuous macropore system (Lipiec and
Hatano, 2003).

The separate the effect of subsoil dense layers on root
growth and uptake functions can be quantified in the field
by removing topsoil (Ishaq et al., 2001). Such approach is,
however, expensive and difficult to perform. Therefore,
column experiments with variously compacted soil layers
are used to separate depth effects from strength effects
(Busscher et al., 2000). Soil columns can be useful tool
for measuring water uptake from particular depths after
separation of the layers by, for example, thin perlite or
wax–paraffin mixture layer (impermeable for water and
allowing root growth) (Nosalewicz and Lipiec, 2002).
Horizontal
Horizontal soil strength discontinuity in cropfields results
from mostly uneven distribution of wheel tracks (Raper,
2005; Sweeney et al., 2006) and affects root growth and
function (see Spatial Variability of Soil Physical Proper-
ties). Reduced root growth of plants and associated water
use in strong soil were partly compensated for in loose soil
of the same plant (Figure 4).

Also water deficits in a soil surrounding part of a one
plant root system induces increased water uptake from soil
with better soil–water conditions (Šimůnek andHopmans,
2009; Hu et al., 2009). In studying the effect of spatial dis-
tribution of mechanical impedance and aeration on root
growth and function approaches with split root systems
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in soil of varying bulk density and matric potential were
useful (Whalley et al., 2000; Lipiec and Hatano, 2003).

A survey of root growth functions showed that a greater
bulk density led to increased water uptake rate (per unit of
root) for bean, maize, barley, and rice (Lipiec and Hatano,
2003). This increase was mostly attributed to a greater
root–soil contact and to a higher unsaturated hydraulic
conductivity and a greater water movement toward the
roots. However, increased water uptake rate was not suffi-
cient to compensate entirely for the reduction in total root
length and resulted in reduced total water uptake. Simi-
larly, greater nutrient inflow rate per unit length and
root–soil contact area without additional nutrient applica-
tion were not sufficient to compensate for reduced root
Crop Responses to Soil Physical Conditions,
Figure 4 Cumulative water uptake by split root system of
wheat, halves of the same plant grown in loose silt loam (bulk
density 1.28 Mg m�3) and compacted (bulk density 1.58 Mg
m�3) at matric water potential �35 kPa (after Nosalewicz and
Lipiec, 2002).

Crop Responses to Soil Physical Conditions, Figure 5 Distribution
(after Hatano et al., 1988); (b) field experiment (after Tardieu and M
size (Lipiec et al., 2003b). The above studies indicate
a wide plasticity in root growth and water absorption in
response to localized unfavorable soil physical conditions.
Including the compensatory water uptake in models
improves prediction of soil water content as compared
to models accounting only for root distribution (Šimůnek
and Hopmans, 2009).
Role of pores
Root response to high soil strength depends on the pres-
ence and distribution patterns of pores having diameter
equal to or greater than the root tip (approximately
200 mm). A soil matrix with a larger pore size, structural
cracks, macropores, and wormholes will offer greater
potential for undisturbed root growth because the roots
can bypass the zones of high mechanical impedance
(Gliński and Lipiec, 1990; Lipiec et al., 2003b).

Figure 5 illustrates similar distribution patterns of
macropores and roots. The percentage of roots grown into
existing pores and channels increases in deeper and stron-
ger layers where they can be the only possible pathways
for root growth. This preferential growth into macropores
will lead to increasing critical limits of soil strength for
root growth (2.5–3.0 MPa) (Håkansson and Lipiec,
2000). Larger pores can also benefit in poorly aerated soils
since they drain at higher matric potential and remain air
filled for longer compared to smaller pores (Whalley
et al., 2000). This process results in decreasing critical
values of air-filled porosity (10%) although part of the soil
matrix can be anoxic (Håkansson and Lipiec, 2000).
McQeen and Shepherd (2002) suggested the critical lower
limit set of macropore volume (>60 mm) at 5% for
cropped sites on poorly drained soil. An important prop-
erty of the vertical biopores (made by soil fauna and plant
roots) in deeper soil is that they are able to resist vertical
patterns of macropores and roots of maize: (a) pot experiment
anichon, 1986).
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compression and they remain stable as the soil swells
(Lipiec and Hatano, 2003).

Optimum root size
Optimum root size is not always the largest one and
depends on the work to be done. For water uptake, the
optimum root length density is of 1–6 cm cm�3 of soil
depending on soil type, crop type, and water status in
a plant (Gliński and Lipiec, 1990). A relatively small root
length density of 1 cm cm�3 of soil in winter wheat was
capable of extracting most of the available water and for
sorghum it was more than 2 cm cm�3 (Gliński and Lipiec,
1990), but complete uptake of soil P requires at least
10–20 cm cm�3 depending upon plant species (Cornish,
1984). Lengths of 5–10 cm cm�3 are common in surface
soils. Root growth in excess of that needed to meet water
and nutrient requirements can lead to dissipation of the
products of photosynthesis. Therefore, under favorable
conditions with a good supply of water (e.g., irrigated
areas) and nutrients cultivars with less extensive and shal-
low root systems can be used whereas in dry areas – those
with more extensive and deep root systems.

Root-to-shoot signaling
When soil physical properties suppress root growth and
change root distribution, shoot growth, and functions may
also be reduced (Sweeney et al., 2006) as an effect of
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root-to-shoot signaling (Lipiec and Hatano, 2003; Dodd,
2005). Main shoot functions include photosynthesis
and transpiration that are related to the leaf stomatal diffu-
sive resistance. Figure 6a indicates the greater stomatal
resistance of spring wheat in compacted than non-
compacted soil, particularly in droughty periods. A sub-
stantial increase in the stomatal resistance of plants grown
in most compacted soil also occurred with transient wet-
ting (Figure 6b) and associated low air-filled porosity in lab-
oratory experiment (Lipiec et al., 1996). Ali et al. (1999)
reported that the increased leaf stomata resistance occurred
even before a measurable change in leaf water potential.

Several mechanisms are suggested for stomata closure.
One mechanism under poor aeration is reduced water flow
through roots (Gliński and Stępniewski, 1985; Lipiec
et al., 2003b). Accumulation of abscisic acid (ABA) in
leaves seems to induce stomata closure through its effect
on the potassium ion regulation of guard cell turgor (Tar-
dieu, 1994). The stomata resistance of maize grown in
poorly aerated soil was considerably higher in lower than
upper leaves (Lipiec and Hatano, 2003) and may imply the
upward movement of plant hormones or other substances
to the shoots (Tardieu, 1994). This can be supported by
study (Bennicelli et al., 1998) indicating that superoxide
dismutase (SOD, metalloenzyme, protects aerobic organ-
isms against oxygen-activated toxicity) activity in roots
increased earlier (after 2 days of oxygen stress) while that
one in the leaves started to increase later (after 8 days).
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However, there were no detectable root-sourced signals of
xylem-sap ABA concentration in wheat due to soil
strength, despite changes in stomatal conductance
(Whalley et al., 2006). Some authors (e.g., Tardieu,
1994) point out that ABA increase in plants grown in
strong soil is a result of root dehydration due to a limited
water supply to the roots. Horn (1994) indicates that
ABA concentration in plants generally increased propor-
tionally to previous maximum reduction of plant-available
water. Although progress has been made toward descrip-
tion of root-to-shoot signaling in recent years still further
research is needed to explain perception of soil physical
stress by plants and the conversion of physical phenomena
such as water and oxygen scarcity or temperature
extremes into physiological responses (Lipiec et al.,
2003b; Dodd, 2005; Whalley et al., 2006).
Yields
Compaction, tillage, and irrigation were applied in many
experiments to get a wide range of soil physical conditions
affecting crop yields. Response of crop yield to compac-
tion is most often parabolic with the highest yield obtained
onmoderately compacted soil (Figure 7) (e.g., Håkansson,
2005; Czyz

.
, 2004). However, in soil of relatively high ini-

tial soil compactness under droughty climatic conditions,
the yield can decrease with increasing soil compaction
(Lipiec and Hatano, 2003). The effects of soil and subsoil
compaction by vehicles with high axle load (�10 Mg) on
crop yield remained for a number of years in spite of
annual winter soil freezing (Håkansson, 2005).

In study of Whalley et al. (2006) the yield of wheat was
linearly related with soil strength (as manipulated by com-
paction and irrigation) and accumulated soil moisture data
during growing season. Negative effect of excessive soil
strength on barley yield was mostly reflected in years with
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kPa, (3) one pass, track by track, by a 3–3.5-Mg tractor with tire
inflation pressure 140 kPa, (4) four passes by a 3–3.5-Mg tractor
with tire inflation pressure 180 kPa (after Håkansson, 2005).
unfavorable sowing–shooting weather conditions (scarce
rainfalls, high sunshine, and air temperature) (Lipiec
et al., 2003b). This interactive effect is primarily important
in predicting crop yield of coarse-textured soils where
strength problems are enhanced by low available soil
water content and rate of the soil water movement deeper
in the soil profile (Busscher et al., 2001). In wet and
compacted soil, crop yield can be reduced due to deficient
soil aeration (Czyz

.
, 2004) and associated low transpira-

tion, shoot growth rates, wilting, leaf epinasty and senes-
cence, and premature termination of growth (Gliński and
Stępniewski, 1985). Regarding plant tolerance to deficient
soil aeration, there is a wide spectrum of plants from
entirely adapted hydrophytes (aquatic plants) to very sen-
sitive crop species severely damaged after short periods
(1–2 days) of deficient soil aeration.

Root crops are traditionally regarded as particularly
sensitive to excessive strength because their harvestable
products grow underground (Lipiec and Simota, 1994).
A characteristic morphological response of sugar beets
and carrots to mechanical impedance in compacted soil
is their forking and fanging (Lipiec et al., 2003b) and
decreased marketable yield (tubers > 35 mm) with pota-
toes. The reduction in root yield of the sugar beets was
accompanied by a decrease in sugar content (Lipiec
et al., 2003b) and increase in more harmful nonsugars
(Gliński and Lipiec, 1990). The response of sugar beets
yield to strength was less in dry season compared to wet
season that implies the effect of excessive soil strength
was masked by moisture deficit (Birkás, 2008). The yield
of carrot and potatoes and the proportion of small and
deformed roots and tubers that were unsuitable for
processing grown in mechanically impeded soil decreased
and increased, respectively (Lipiec and Simota, 1994;
Dumitru et al., 2000).

The effect of tillage systems on crop performance is not
uniform and depends on crop species, soils, climates and
agro-ecological conditions (Alvarez and Steinbach,
2009). Under semiarid conditions conventional tillage
and deep plowing are superior to conservation tillage (at
least 30% of the soil covered by crop residues). The tillage
effect is either closely linked to soil aggregation, hence
water infiltration rate and water storage capacity, or indi-
rectly related to soil and water conservation. In general,
crop yield differences between tillage treatments were
diminished when fertilizers were applied. Although con-
servation tillage is most cost effective farming practice
thereby widely adopted, for example, in the USA, general-
ization should be avoided. Irrespective of management
practices, crop yields are highly dependent on soil texture
and associated soil water and nutrients storage during
growing season.

Mathematical modeling of crop growth responses to
soil physical conditions contributes to the better under-
standing of the complex and variable effects. Many
authors indicate that under most conditions the soil water
content or the soil water potential comes out to be of par-
ticular importance because they directly affect crop
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growth and yield and indirectly affect significant factors,
such as aeration, mechanical impedance, and soil temper-
ature. For this reason, crop yield is frequently predicted
from interactions of soil water and plant transpiration
and assimilation (Lipiec et al., 2003a).
Modifying soil physical conditions toward
crop growth
Tillage, compaction, and crop residuemanagement mostly
influence soil physical conditions of the root zone.
Tillage and deep loosening
Moldboard plowing or other deep primary tillage is often
used to loosen the topsoil. Because of the high cost of till-
age, different limited (plouwless) tillage managements are
also used. Research indicates that effects of tillage systems
on soil physical properties are not consistent (Håkansson,
2005; Strudley et al., 2008; Alvarez and Steinbach, 2009).
More studies indicate greater soil bulk density and pene-
tration resistance under limited tillage managements, par-
ticularly in the surface layer. In general, the soils under
no-till compared to plowed are characterized by a greater
number of longitudinally continuous earthworm channels
utilized preferentially by roots as passages of compara-
tively low soil strength and good aeration.

Although deep soil loosening have consistently indi-
cated decreased bulk density and penetration resistance
along with increased infiltration and crop rooting its
effects on soil structure and crop yield are not always pos-
itive (Håkansson, 2005; Raper, 2005). This is due to the
limited reversibility since subsoiling or ripping may pro-
duce large voids between fairly large soil structure units
(>2 mm), but compaction may alter smaller units
(<1 mm). Moreover, once soil is deeply loosened, it will
easily recompact if traffic is applied in the same area
(Raper, 2005). The coarse-textured soils are less respon-
sive to subsoiling than the fine-textured soils because of
the low content of finer soil materials or organic matter
to stabilize the pore system in the former (see Hardpan
Soils: Management). Crop yields may not respond posi-
tively to deep loosening even though they may appear to
be compacted when good fertilization and management
practices are used on the plow layer (Håkansson, 2005)
or due to the presence of old root channels and earthworm
channels (Raper, 2005) (see Earthworms as Ecosystem
Engineers).

Since deep loosening is expensive, it is often recom-
mendable in case of very severe subsoil compaction
(e.g., Munkholm et al., 2005; Håkansson, 2005 ) and only
in a compacted wheel-track zone (Sweeney et al., 2006) or
under the crop row, called “precision tillage” or “in-row
subsoiling” (see Precision Agriculture: Proximal Soil
Sensing). The cost of operation can be markedly dimin-
ished with crops grown in wide rows. Various aspects of
profile modification and other ways to soften hard layers
including water/crop management and soil amendments
are discussed in detail by Busscher et al. (2007) and
Baumhardt et al. (2008).

Because of costly and limited reversibility of deep loos-
ening and other solutions, the opportunities to minimize
subsoil compaction are recommended. They include
reduction of axle loads, ground contact pressure and traffic
intensity, especially when soils are wet (Håkansson, 2005;
Hamza and Anderson, 2005). On the base of measure-
ments of soil displacement under the wheels of heavy
vehicles in Sweden a limitation of the load to 6 Mg on
a single axle load and 10 Mg on a tandem axle unit was
recommended to minimize ground pressure (Håkansson,
2005). Soil compaction depends on the internal soil
strength that is described by “precompression stress Pc.”
To prevent soil against harmful compaction the concept
of critical Pc values can be used as precaution to avoid soil
compaction (Horn and Fleige, 2009) (see Subsoil Com-
paction and Compaction of Soil).

The area and volume of compacted soil can be consid-
erably reduced by confining heavy field transport to per-
manent traffic lanes and by controlled traffic in which all
traffic throughout the growing season is restricted to per-
manent, parallel tracks or by restricting traffic for all field
operations carried out after crop establishment to the
interrow zones (Håkansson, 2005).
Summary
Themain soil physical conditions influencing crop growth
include temperature, water content, oxygen availability,
soil strength of seedbed layer at emergence, and soil below
during later growth. Their effects are related to site condi-
tions. For example, in cold climates low seedbed temper-
atures and/or oxygen deficiency while in hot climates by
high temperatures and/or high soil strengths can slow
emergence and final stand establishment greatly. An
important factor affecting root growth and distribution in
tilled soils is vertical and horizontal strength discontinuity.
The vertical discontinuity occurs between aggregated
seedbed layer and firm soil below and between the plow
layer and plow pans. The horizontal discontinuity is
mostly caused by a greater strength under machinery
tracks. Root response to soil physical conditions depends
on the presence and distribution patterns of pores larger
than roots that allow bypass the zones of high mechanical
impedance and low aeration. When soil physical proper-
ties suppress root size, shoot growth and functions are
influenced due to root-to-shoot signaling. Main shoot
functions include photosynthesis and transpiration that
are related to the leaf stomatal diffusive resistance. Usu-
ally crop growth is influenced by soil physical characteris-
tics acting in combination and thereby it is often difficult
to determine their relative contributions. The soil water
status plays a very important role since it affects other sig-
nificant soil physical factors such as aeration, strength,
and temperature. The soil physical conditions are mostly
influenced by tillage, compaction, and crop residue man-
agement. Further research is needed to explain the
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perception of soil physical stress by plants and the conver-
sion of physical phenomena into physiological responses.
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Definition
Interdisciplinary agrophysics, on the basis of fundamental
studies on physical properties of plants and agricultural
crops, provides other disciplines of agricultural sciences with
methods and spectacular research results that are applied in
the design and production of agricultural machinery and in
its operation during the harvest and postharvest processing
of agricultural products. During this operation, Crop yield
losses appear and they often drastically decrease total yield.
Comprehensive agrophysical studies on plants and agricul-
tural products conducted in the aspect of implementation of
their results in agricultural practice are able to mitigate crop
yield losses.
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Introduction
Almost all crop plants have retained, to a lesser or greater
extent, atavistic features and tend to shed their seeds as soon
as they have attained full ripeness, in order to ensure contin-
uation of the species. Breeders of new cultivars have long
observed that phenomenon and undertake efforts aimed at
its limitation, though with varying degree of success. Seed
losses at the stage of ripening and harvest reach the level of
over a dozen, and often several dozen percent of the total
yield, which on the global scale gives a hard to estimate
reduction of yields actually obtained compared to those
predicted during the vegetation of crops.

One of the highly important elements leading to the
limitation of those losses is acquisition of in-depth knowl-
edge of the physical properties of such crop plants at var-
ious stages of seed ripeness, and proper utilization of the
results of such studies in the selection of the time of har-
vest and in the adaptation of harvesting machines to the
specific character of the crop plants and to the structure
of the plant canopy.
Cereals and grasses
In the production of cereals and seed grasses, the most
important traits include the mechanical properties of stems
(significant for the limitation of lodging) and the bond force
between the kernel and the spike or the panicle. Highly sus-
ceptible to cracking and seed shedding are the fruits of crucif-
erous plants (siliques) and of large-seed leguminous plants
(pods). Similar phenomena occur in seed production of veg-
etables, medicinal plants, and industrial plants.

The utilization of results of agrophysical studies for the
limitation of quantitative losses of seeds cannot be
accepted as a success in itself, as there remains another
element, no less important, i.e., qualitative losses defined
Crop Yield Losses Reduction at Harvest, from Research to Adop
and seed grasses

Plant
Kernel-spike
bond force (N)

Coefficient of
variation V(%)

Sus
see

Winter wheat 0.91–2.09 27.0–40.08 Me
Spring wheat 1.19–1.56 30.09–35.08 Low
Rye 0.98–1.34 22.5–32.9 Me
Barley 1.80–2.90 20.7–38.1 Ver
Triticale 1.06–1.81 23.3–39.2 Me
Amaranth – – Low
Cocksfoot grass 0.32–0.48 19.1–33.2 Low
Dactylis glomerata L.
Fescue grass 0.22–0.25 17.3–26.4 Hig
Festuca pratensis Huds.
Dutch rye-grass 0.42–0.47 21.7–32.3 Hig
Lolium multiflorum Lam.
var. westerwoldicum

Timothy grass – – Me
Phelum pratense L.
Brome grass 0.36–0.46 23.4–41.0 Low
Bromus intermis Leyss.
as damage of various kinds. Damage to seeds is caused
by the particular subassemblies of harvesting machinery
whose operating parameters are not adapted to the
mechanical strength of seeds of various plant species or
cultivars. In this respect, the results of agrophysical stud-
ies provide information on the values of forces character-
izing the mechanical strength of the seeds that cannot be
exceeded in the course of harvesting, transport, drying,
and storage to obtain material of high quality, both with
respect of raw material and of the end product.

Agrophysical studies conducted so far at various
research centers have demonstrated that knowledge of
the physical properties of plants and agricultural products
may constitute the basis for the development of new tech-
nologies of seed production with maximum limitation of
quantitative and qualitative losses. Some of such solutions
have been implemented at full-scale production, bringing
measurable economic advantages.

Such a final effect can be achieved through highly
detailed laboratory examinations of plant material, taking
into account the agricultural techniques applied, the ana-
tomical-morphological features, variety-related traits,
stage of ripeness, various levels of moisture, plant protec-
tion agents, and preparations applied at the final phase of
ripening. Once the results of such comprehensive studies
are known, they are tested on the micro-scale on experi-
mental lots, and then on larger field areas, using harvesting
machines in order to identify the required settings of their
subassemblies or implementing required adaptations.
After applying necessary corrections and repeated testing,
the results of agrophysical studies can be made available
to producers as a new and proven technology of seed
acquisition (Table 1).

Optimization of production of cereals and seed grasses
is practically impossible without knowledge of the
tion, Table 1 Some mechanical properties of cereal plants

ceptibility to
d shedding

Resistance to
static loads (N) Deformation (%) Energy (mJ)

dium 51.0–73.6 11.2–13.0 8.1–14.1
46.1–59.8 12.4–13.6 4.5–12.9

dium 78.3–130.5 16.8–19.7 9.8–14.7
y low 147.2–235.9 11.6–12.8 10.2–19.3
dium 65.7–107.9 10.3–20.6 7.7–16.6

11.9–70.7 12.1–43.2 0.9–14.7
– – 0.14–0.39

h – – 0.32–0.36

h – – 0.05–0.21

dium – – –

– – 0.04–0.15



Crop Yield Losses Reduction at Harvest, from Research to
Adoption, Table 2 Mechanical properties of some leguminous
plants and rapeseed pods

Plant Cracking force (N) Cracking energy (mJ)

Broad bean 1.40–1.60 0.72–0.89
Peas 0.32–1.23 0.15–0.40
Beans 0.81–1.24 0.41–0.52
Lupine 1.40–1.80 1.50–1.65
Soybean 1.43–2.02 0.80–1.85
Lentil 0.71–1.21 0.51–1.00
Winter rapeseed 0.42–2.21 6.01–16.03
Spring rapeseed 0.41–0.83 6.02–9.45
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physical properties of the plants during their ripening and
harvest. Knowledge of the limit values of particular traits
permits such preparation of agricultural machinery and
tools that, in spite of the highly complex interrelations of
numerous factors, will permit maximum limitation of
quantitative losses while ensuring high quality of sowing
material (Arnold et al., 1958; Zoerb, 1960; Hill, 1975).

The susceptibility of cereal and grass kernels to shed-
ding with relation to moisture, i.e., with progressing ripen-
ing, varies greatly for the particular species, which is
reflected in the values of the kernel-ear bond force (Szot
and Reznicek, 1984). That value varies within the range
of 0.91–2.90 N for cereals, while for grasses the
corresponding range is 0.22–0.48 N (Szpryngiel, 1991).
Those values are characterized by notable variability
resulting from the genetic traits, cultivation environment,
moisture, and phases of ripeness of the plants (Debrand,
1980). Therefore, during the period of ripening the unfa-
vorable phenomenon of seed shedding takes place under
the effect of atmospheric factors. In this respect, cereals
are notably less susceptible to seed shedding when com-
pared with seed grasses. With a drop in seed moisture,
all grass species distinctly weaken the bond between the
kernel and the torus within a very short time (even just
a few hours), which may cause seed losses of even up to
several dozen percent of the yield (Szpryngiel, 1976;
Szpryngiel, 1983). Hence, the selection of the date of har-
vest requires constant monitoring of both the level of seed
moisture and of the stage of ripeness. Amaranth can be
classified as a specific cereal plant. It provides high yields,
but on the condition that its combine harvest is performed
when the leaves have been frost bitten or dried, i.e., in late
autumn. If such conditions do not occur, two-stage
harvesting is applied, consisting in cutting off the panicles
for drying and subsequent threshing (Szot, 1999).

The harvest of cereal plants often involves damage to
the grain, lowering the quality of the yield. This is related
with the resistance of seeds to mechanical loads occurring
in the combine harvester (Arnold and Roberts, 1969; Szot,
1984). Apart from the genetic traits, that resistance is
affected by moisture and by the environmental conditions
under which the crops are cultivated. Hence the signifi-
cance of proper selection of operating parameters of har-
vester subassemblies.

Very dry seeds are brittle and crack easily, while wet seeds
display plastic properties and a subject to permanent defor-
mations. The lowest level of damage to seeds is observed
when the seeds are in the elastic or elasto-plastic state.
Leguminous Plants
Information significant for the limitation of quantitative
losses in the production of leguminous plants includes
the force and energy of pod cracking (Table 2).

The values of those traits form broad ranges, which dif-
ferentiates the particular species in terms of the level of
seed losses in the course of ripening and harvest. Species
characterized by the highest susceptibility to pod cracking
and seed shedding include pea, lentil, and beans. More
resistant species include broad bean and some lupine cul-
tivars. Choosing suitable parameters of operation of
machines used for harvesting those crops will permit con-
siderable limitation of seed losses (Sosnowski, 1991;
Dobrzański and Szot, 1997; Szot et al., 2005).

Rapeseed
Rapeseed is a crop that has an increasing economic impor-
tance. One of the unfavorable features of that plant, often
of fundamental importance in determining the profitability
of its cultivation, is the susceptibility of its pods to crack-
ing and seed shedding (Josefsson, 1968; Loof and
Jonsson, 1970; Kadkol et al., 1986). The primary factors
causing the variability of rapeseed pod strength are the
genetic traits, moisture, stage of ripeness, physical condi-
tion of the canopy, and atmospheric conditions. Hence,
a considerable variability of the mechanical properties of
rapeseed pods can be observed even within individual cul-
tivars (Reznicek, 1978; Szot et al., 1991). The lowest
values of force causing pod cracking, both for the winter
and spring forms of rapeseed, are on average equal to
0.4 N. Whereas, the range of those values for winter rape-
seed reaches up to 2.2 N, while for spring rapeseed only to
0.8 N. The values of pod cracking energy correspond to
those ranges of force variability. The broader range of
values for the winter forms of rapeseed is related with
the large numbers of cultivars, including ones that are
much more resistant to pod cracking. High erucic acid
varieties of rapeseed were cultivated first, then improved
varieties with low erucic acid, and nowadays there are
so-called double low varieties, i.e., seeds with low erucic
and low glucosinolate content. Significant variability of
force values causing cracking of pods was observed
within these varieties (Figure 1).

A comprehensive study on the physical properties of
rapeseed, taking into account all the factors and numerous
cultivars, has been conducted within the territory of
Poland (Szot et al., 1991). The results obtained were used
for the development of a new technology for the acquisition
of rapeseeds. That technology provided for the application of
suitable settings and adaptations of the particular
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subassemblies of the combine harvester, taking into account
the inter-variety variability of plants and all external factors
on the day of the harvest. As a result, based on the fundamen-
tal studies of the physical properties of rapeseed and the
modification of the operating parameters of the harvester,
an economic effect was achieved in the form of maximum
limitation of qualitative and quantitative losses of seedswith-
out any additional financial outlays (Szpryngiel et al., 2004).
An illustration of those comprehensive studies and the test
implementations is given in Figure 2.

Conclusion
Summing up, it should be stated that the application of
results of agrophysical research on cereal plants, seed
grasses, large-seed leguminous plants, and rapeseed in
agricultural production brings or may bring measurable eco-
nomic effects. The most visible effects of such activities are
observable in relation to rapeseed, as fundamental research
and test implementations have resulted in the development
of a new technology for the harvest of that crop, ensuring
maximum limitation of qualitative and quantitative losses
of seeds without any additional financial outlays. Prior to
the implementation of that technology, proven and irrevers-
ible quantitative losses of seeds were up to, or even above
20% of seed yield, and damage to the seeds often
disqualified the material harvested as consumption or sow-
ing material. Therefore, comprehensive agrophysical studies
on plants and agricultural products conducted in the aspect of
implementation of their results in agricultural practice should
be considered as useful and profitable.
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Crop rotations; Farming systems; Soil management; Soil
productivity; Sustainable cropping systems

Definition
Aggregate stability: The proportion of aggregates in soil
that do not easily crumble, disintegrate, or slake (Soil Sci-
ence Society of America, 2008).
Bulk density: Mass of dry soil per unit volume.
Crop rotation: A land management system in which
a sequence of crops is grown in a recurring succession
(Soil Science Society of America, 2008).
Hydraulic conductivity: The parameter that represents the
ability of soil to conduct water; a proportionality factor in
Darcy’s Law. It is equivalent to the flux of water per unit
gradient of hydraulic potential (Soil Science Society of
America, 2008).
Infiltration rate: The amount of water entering a specified
area of soil per unit time (Soil Science Society of America,
2008).
Penetration resistance: Force per unit area for penetration
of soil by a cone (Soil Science Society of America, 2008).
Physical properties: Those characteristic properties and
processes of a soil caused by physical forces. Examples
of physical properties include porosity, bulk density,
hydraulic conductivity, pore-size distribution, and aggre-
gate stability (Soil Science Society of America, 2008).
Pore-size distribution: Volume fractions of various pore
sizes in a soil, includes various size ranges (Soil Science
Society of America, 2008).
Porosity: Volume of pores divided by the bulk volume of
the soil sample.
Soil water characteristic: Relationship between soil-water
content and soil-water matric potential. Also referred to as
the water retention curve or the water release curve (Soil
Science Society of America, 2008).

Introduction
Development of tillage devices was critically important
for early crop production systems because shallow place-
ment of seeds helps to protect them and enhances germi-
nation (Hillel, 1998). Human-pulled traction spades
evolved to animal-drawn plows, and eventually to modern
mechanical tractor-drawn tillage equipment. Tillage sys-
tems include the mechanical manipulation of soil for any
purpose, but agricultural tillage usually refers to modify-
ing soil conditions, crop residues and/or weeds, and/or
incorporating agrichemicals for crop production (Soil Sci-
ence Society of America, 2008).
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A significant challenge of these tillage systems was
accelerated soil erosion (Gantzer et al., 1991), which
encouraged the development of conservation tillage sys-
tems such as no-till to reduce soil disturbance and enhance
residue cover. Modern cropping systems include conser-
vation tillage for residue management to minimize soil
erosion. Deep tillage systems for crop production have
been developed to remove the effects of subsoil compac-
tion or hardpans (Hamza and Anderson, 2005).

Cropping system practices known to influence soil
physical properties include crop type (Scott et al., 1994),
cultivation (Gantzer and Blake, 1978), and application of
organic residues (Gantzer et al., 1987). Tillage systems
have long been evaluated as a method to improve cropping
systems and their associated soil physical properties.

Cropping systems affect soil organic matter content,
which in turn strongly influences soil physical properties.
Cropping systems that take land out of native vegetation
reduce soil organic matter. Turnover of organic matter
from an Alfisol developed under prairie vegetation by
cropping was primarily from the rapid fraction with
a half-life of 10–15 years (Balesdent et al., 1988). The
slow or stable fraction, which constituted about 50% of
the current level of organic matter, had nearly a complete
turnover period of 600 years.

Changing tillage systems or crop rotations can enhance
the accumulation of soil organic carbon. Evaluating
a global database of 67 long-term experiments, West and
Post (2002) found that a change from conventional tillage
to no-till can sequester an average of 57 g C m�2 year�1.
Changing to a more complex rotation can sequester an
average of 20 g C m�2 year�1 excluding corn–soybean
(Glycine max L.) rotations.

Addition of organic manures as part of cropping sys-
tems has been shown to result in increased soil organic
matter content. Many reports have shown that these
organic manure additions increase water-holding capacity
(Hudson, 1994), porosity, hydraulic conductivity, infiltra-
tion capacity, and water-stable aggregates while decreas-
ing soil bulk density and surface crusting (Haynes and
Naidu, 1998).
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Cropping Systems, Effects on Soil Physical Properties,
Figure 1 Aggregate stability values of two soil depths, 20–58mm
and 58–96 mm, for selected cropping systems in Sanborn Field,
Missouri, USA (n = 8; Rachman et al., 2003). Bars represent the
standard error of the mean. (Reprinted with permission from the
Soil Science Society of America.)
Aggregates and aggregate stability
Comparing no-till dryland cropping systems after 12 years
in eastern Colorado, USA, Shaver et al. (2002) found that
macroaggregates (>0.25 mm) made up a higher percent-
age of total aggregates in continuous cropping, wheat–
corn-fallow, or wheat–sorghum (Sorghum bicolor L.)-
fallow cropping systems compared to a traditional wheat
fallow system (Shaver et al., 2002). More soil macroag-
gregates were attributed to greater levels of crop residue
and subsequent soil organic matter production. Greater
proportions of macroaggregates provided a greater oppor-
tunity to capture a higher proportion of precipitation and
a more rapid capture of precipitation, which should
improve long-term grain productivity of these cropping
systems.
The influence of long-term cropping systems
on soil aggregate stability was evaluated in Sanborn Field
in central Missouri, USA by Rachman et al. (2003).
Over 100 years of continuous cropping to timothy
(Phleum pratense L.) produced higher aggregate stability
compared to continuous corn (Zea mays L.) or continuous
wheat (Triticum aestivum L.; Figure 1). This effect was
observed in both the 2- to 6-cm (three to four times) and
6- to 10-cm (two to three times) depths. Rachman et al.
(2003) speculated that more development of root binding
in the timothy plots without annual tillage helped enhance
aggregate stability. Annual tillage and exposure to rain-
drop impact during fallow periods for the corn and wheat
plots decreased aggregate stability.

In the same study (Rachman et al., 2003), changing
cropping systems from continuous corn or wheat to
a three rotation of corn–wheat–red clover (Trifolium
pratense L.) increased aggregate stability by 29% and
67%, respectively (Figure 1). Possible reasons for the
increase in aggregate stability for the rotation plots include
bonding material produced by red clover and canopy pro-
tection during the fallow period. Organic matter decompo-
sition can be increased with red clover since it fixes
nitrogen. The microbially mediated activity of
decomposing organic matter produces polymers that bind
soil particles together, which slows the rate of aggregate
wetting and decreases the extent of slaking (Rachman
et al., 2003).

Soil strength
Soil strength measured using a fall-cone penetrometer was
found to be nearly five times greater for no-till manage-
ment compared to conventional tillage management for
coastal plain soils in Maryland, USA (Hill, 1990). These
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differences were attributed to higher soil bulk density for
this treatment since no-till did not receive tillage compared
to the conventionally tilled treatments.

The effect of long-term (100 year) cropping systems for
Sanborn Field on soil shear strength was also evaluated
using a fall-cone device (Rachman et al., 2003). Continu-
ous cropping to timothy produced 27–33% greater soil
strength compared to continuous wheat or continuous
corn. The 3-year rotation of corn–wheat–red clover was
also 14–19% higher compared to the wheat and corn
plots. Rachman et al. (2003) speculated that higher
organic carbon may have enhanced soil strength; strength
was linearly related to organic carbon (r = 0.75; Figure 2).
Soil strength was also linearly correlated with the log of
aggregate stability (r = 0.90; Figure 2). Annual tillage
for the continuous wheat and corn plots resulted in lower
organic carbon, aggregate stability, and soil shear strength.
t = 10.11 (log AS) + 7.03
r 2 = 0.81**
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Cropping Systems, Effects on Soil Physical Properties, Figure 2 F
stability (20–58 mm depth) and (b) organic C (n = 4; Rachman et al.,
respectively. (Reprinted with permission from the Soil Science Soci
Bulk density and porosity
Alegre and Cassel (1996) found in the humid tropics that
land cleared with bulldozers for continuous cropping sys-
tems (1.63 g cm�3) significantly increased bulk density by
12% compared to traditional slash-and-burn systems (1.46
g cm�3). If land is cleared with bulldozers, additional soil
management is needed to remove the negative effects of
mechanical land clearing. Use of agroforestry systems
with cover crops and trees may actually improve soil
physical properties (Alegre and Cassel, 1996).

Comparing 6-year old agroforestry (pin oak, Quercus
palustris Muenchh.) and grass–legume buffers to
a corn–soybean rotation under no-till management,
Seobi et al. (2005) found that buffers decreased soil bulk
density by 2.3%. However, coarse macroporosity (60- to
1,000-mm diam.) increased by 33% for the buffer treat-
ments. Comparing land under row crop management to
egate stability)
1.60 1.80 2.00

4 16 18 20 22 24 26

ic C (g kg–1)

all-cone soil shear strength vs. (a) the logarithm of aggregate
2003). * and ** Significant at the 0.05 and 0.01 probability levels,
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native and restored prairie sites, Udawatta et al. (2008)
found a 19% increase in bulk density throughout the sur-
face 40 cm for a corn–soybean rotation compared to
a native prairie site. These differences were attributed to
five times lower macroporosity (>1,000 mm diam.) for
the cultivated site.

Shaver et al. (2002), in comparing no-till dryland
cropping systems after 12 years, found that soil bulk den-
sity decreased and soil total porosity and effective porosity
(total porosity minus water content at �10 kPa) increased
for continuous cropping and wheat–corn-fallow cropping
systems compared to a traditional wheat fallow system.
These changes in physical properties were attributed to
the continuous cropping and wheat–corn-fallow cropping
systems returning more residue to the soil. The effects of
these cropping systems on soil physical properties may
often only be observed after several years.
Water retention and pore-size distribution
Evaluation of soil water retention can be used to determine
soil pore-size distributions (Anderson et al., 1990). Crop
management and landscape effects on water retention
and pore-size distributions were evaluated by Jiang et al.
(2007). After 14 years of management, they found signif-
icantly higher soil water retention for the Conservation
Reserve Program system and hay crop management sites
compared to a mulch till corn–soybean rotation from sat-
uration to �1.0 kPa within the upper 10-cm soil depth.
Jiang et al. (2007) also found 50% higher macroporosity
(>1,000 mm diam.) plus coarse mesoporosity (60- to
1,000-mm diam.) for the 10-cm soil depth in the Conserva-
tion Research Program treatment compared to the hay, no-
till corn–soybean–wheat rotation, and the mulch till
corn–soybean rotation treatments.

Assessing piedmont and coastal plain soils in Mary-
land, USA, Hill (1990) compared pore-size distributions
between conventional tillage and no-till treatments after
11–12 years of management. A significantly larger vol-
ume of total pores and pores >3.0 mm in diameter were
found for the conventional tillage compared to no-till
management for the coastal plain sites. Even though the
no-till treatment had less volume for plant available water
storage compared to conventionally tilled plots, corn pro-
duction was higher with no-till probably due to better infil-
tration, less runoff, and less evaporation (Hill, 1990).
Hydraulic conductivity and infiltration
Evaluating historic crop management plots on Sanborn
Field, Anderson et al. (1990) found that annual additions
of manure (13.5 Mg ha�1) for 100 years increased satu-
rated hydraulic conductivity by about nine times. These
differences were attributed to higher numbers of earth-
worms, which increased due to the higher amounts of
organic matter in these plots.

Crop management and landscape effects on soil satu-
rated hydraulic conductivity were evaluated for claypan
soils in Missouri, USA by Jiang et al. (2007). They found
that hydraulic conductivity was 16 and 10 times higher
under a Conservation Reserve Program system and hay
crop management compared to a mulch till corn–soybean
rotation at the backslope position, where the argillic clay
subsoil horizon was closest to the surface. At the same
site, infiltration was higher for perennial cropping systems
such as Conservation Reserve Program and hay crop man-
agement compared to annual cropping systems such as
mulch till and no-till corn–soybean rotations and a no-till
soybean–corn–wheat rotation (Jung et al., 2007). Differ-
ences were attributed to lower antecedent soil water con-
tent in the spring for the perennial cropping systems.

After 13 years, Blanco-Canqui et al. (2004) evaluated
saturated hydraulic conductivity for three tillage systems
(no-till, chisel plow, moldboard plow) for two crops (corn,
soybean) compared to continuous fallow plots. Crop had
a greater effect on hydraulic conductivity compared to till-
age with corn management decreasing conductivity com-
pared to soybean management. All tillage and crop
management systems had greater hydraulic conductivity
compared to fallow management.

No-till management systems have been found to
decrease runoff and increase infiltration compared to con-
ventional tillage systems. Edwards (1982) found that no-
till, with its increased number of macropores, decreased
runoff by 20 times compared to conventional tillage
in Ohio, USA. In western Nigeria, Lal (1997) found that
tillage management significantly affected infiltration. In
an 8-year experiment, no-till management significantly
increased infiltration compared to a moldboard plow–
harrow–ridge till treatment. In the humid tropics, Alegre
and Cassel (1996) found reduced infiltration (35 mm h�1)
for mechanically cleared land for continuous cropping
systems compared to traditional slash-and-burn systems
(420 mm h�1). They suggest use of agroforestry systems
with cover crops and trees to improve soil physical
properties.

Rachman et al. (2004) found that narrow, stiff-stemmed
perennial grass hedges used as vegetative terraces signifi-
cantly improved water infiltration compared to
a traditional corn–soybean rotation on soils formed in
deep loess. They found stiff-stemmed hedges had six
times higher quasi-steady infiltration rates compared to
row crop areas. These differences were attributed to signif-
icantly higher macroporosity under grass hedges.
Summary
Soil physical properties are significantly affected by
cropping systems, especially tillage management. Tillage
usually reduces soil bulk density and increases soil poros-
ity initially; however, tillage decreases soil organic matter,
which can also affect bulk density and porosity. Less fre-
quent tillage and crop rotations with legumes enhance
aggregate stability. No-till management tends to increase
soil bulk density, increase soil strength, decrease total
porosity, increase saturated hydraulic conductivity, and
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increase infiltration (for well-drained soils). Enhancing
residue cover is an important issue for modern conserva-
tion crop management systems in order to minimize soil
erosion caused by tillage.
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Definitions
Cultivation. The process of growing agricultural plants.
Screen. A porous material made of knitted or woven plas-
tic threads. Screens are usually deployed above crops to
protect them from various external hazards.
Aerodynamics. Study of air motion and its interaction with
bodies in the flow.
Boundary layer. The layer of air adjacent to a bounding
surface.
Introduction
The area of agricultural crops grown under screens and
within screenhouses is constantly increasing. This is espe-
cially true in regions where climatic and environmental
conditions, such as high radiation loads during certain sea-
sons, water scarcity, wind and hail storms, and environmen-
tal pressure of insects, adversely affect competitive year-
round production. The increased use of screenhouses by
growers triggered the expansion of research on the effects
of various screens on microclimate and on crop water use,
as well as on produce quality and quantity. The ultimate
goal is to optimize the design and use of screens to obtain
high-quality yields. Research on screenhouse microclimate
can be traced back to the beginning andmiddle of the twen-
tieth century (Jenkins, 1900; Stewart, 1907; Waggoner
et al., 1959), but only during the past few decades, with
the progress of electronic measurement systems and data-
processing capabilities, has a much better understanding
of the screenhouse environment been achieved.

Screen constructions used to protect crops can be
divided into two major categories: (1) horizontal screen
covers without sidewalls, deployed at some height above
the canopy top; (2) screenhouses consisting of a horizontal
screen cover and screened sidewalls. Both types partially
isolate the crop system from the outside environment.
One major isolating factor is the resistance to transport
of momentum, heat, and matter through the screen; this
may impair proper ventilation and cause excessive tem-
perature and humidity under the screen. Limited ventila-
tion can also reduce the supply of CO2 below adequate
levels, thus inhibiting photosynthesis and consequently
reducing production. On the other hand, reduced wind
speed and temperature and increased humidity (or lower
vapor pressure deficit) reduce the drying power of the air
boundary layer near the plants, and may contribute to
water saving. Thus, knowledge of aerodynamic properties
of boundary layers along screens covering plant canopies
is required for proper performance of the crop system.
The air flow along horizontal screens can be divided
into two regions: above and below the screen. Above the
screen, a boundary layer flow is established adjacent to
the porous surface below, with the far edge of the bound-
ary layer being the free atmosphere above. In this region,
we anticipate the prevalence of the logarithmic wind pro-
file, typical of turbulent flows along flat surfaces. Below
the screen, the flow may be more complex and may
strongly depend on the thickness of the air gap between
the canopy top and the screen cover. The close proximity
of the canopy elements may also influence the air flow
characteristics. For open, uncovered canopies, this region
is known as the “roughness sub-layer” where the rough-
ness elements of the canopy (e.g., leaves and stems) con-
trol the flow properties. In this region, either logarithmic
profile or channel flow profile or some combination of
both is possible.

Other parameters influencing the flow properties along
screens are the canopy morphology, the crop leaf area
index, and the screen porosity, i.e., the ratio of open area
to total screen area. Obviously, screens with higher poros-
ity will have a smaller effect on the wind profile as com-
pared with an uncovered canopy.

Theory and methods
The literature on cultivation under screens is focused on
quantifying the effect of screens on micro-climate, air
flow, and transport above the protected canopy. Hence,
this section will briefly review the principles of boundary
layer flows above plant canopies.

The wind speed profile in the surface layer above
a canopy or a horizontal screen cover can be described
(Stull, 1988) by

uðzÞ ¼ u�
k

ln
z� d
z0

� �
þCM

� �
; (1)

where u is the mean horizontal wind speed, z is the height
above the ground, and k is the von-Karman constant
(= 0.41).

The aerodynamic properties of the boundary layer flow
are u�, the friction velocity which represents the vertical
transport of momentum by the turbulent flow; d, the
zero-plane displacement which represents the vertical dis-
placement of the wind profile by the canopy elements; z0,
the roughness length, representing the surface roughness
due to the canopy.

The functionCM represents the stability of the air layer
above the surface, either the canopy or the screen cover.
Under neutral conditions, CM ¼ 0 and the well-known
logarithmic wind profile is resumed. Under such condi-
tions, zero wind speed is achieved at z = d + z0. Under sta-
ble conditions,CM > 0 and vertical transport is inhibited.
Stable flow takes place when cooler (and heavier) air
underlies warmer (and lighter) air. Over soil or vegetated
surfaces such a situation may occur during clear nights
where radiation to the sky cools down the earth’s surface.
Under unstable conditions,CM < 0 and vertical transport
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may be enhanced. Unstable conditions prevail when
warmer air underlies cooler one. This usually occurs due
to daytime heating of surfaces by solar radiation. Under
both non-neutral conditions the log-linear wind profile
(Equation 1) prevails.

Usually, the aerodynamic properties for a specific crop
system (e.g., a given crop, a forest canopy, or an orchard
covered by a screen) are determined by fitting the wind
speed profile equation (Equation 1), to the wind profile
actually measured by anemometers at several levels above
the crop or the screen cover. The aerodynamic properties
are then used to calculate the aerodynamic resistance
which controls vertical transport across the boundary
layer. Different expressions are given in the literature for
the aerodynamic resistance under unstable, neutral, and
stable conditions (Monteith and Unsworth, 2008; Stull,
1988; Tanny et al., 2009).
Aerodynamic properties of boundary layers above
screens
Literature studies were mainly aimed at investigating the
effect of screens on the aerodynamic properties (Tanny
and Cohen, 2003) and comparing the properties obtained
under different crop systems and screens’ dimensions
(Tanny et al., 2009).

A comparison between aerodynamic properties of
boundary layers over covered and uncovered citrus trees
was conducted under stable conditions (Tanny and Cohen,
2003). A relatively small shading screen covered few cit-
rus trees and was surrounded by a large uncovered
orchard. The screen inhibited the turbulent transport
by reducing the friction velocity, u�. The screen cover
reduced the roughness length z0, reflecting the difference
between the flat and relatively smooth screen surface and
the irregular rough surface of the exposed canopy. Over
the covered trees, the zero-plane displacement d was
larger than over uncovered ones. This was due to the effect
of the screen in displacing the wind profile upward. All
these effects caused the aerodynamic resistance to be sig-
nificantly higher over the covered trees as compared to the
exposed ones. The increased resistance may be one of the
reasons for the reduced crop water consumption observed
over covered crops. See, for example, Tanny et al. (2006)
for a banana plantation.

The effect of stability was considered only for the cov-
ered citrus trees (Tanny and Cohen, 2003). As expected,
stable conditions inhibited the turbulent transport in com-
parison to unstable conditions. The roughness length
decreased and zero-plane displacement increased with
increasing stability. Corresponding values of aerodynamic
resistance increased with stability. These results showed
that roughness length and zero-plane displacement are
stability-sensitive properties and do not depend only on
geometric surface properties. Unstable flows induce more
intense motion in the leaves and the canopy, and a more
wave-like motion of the screen than stable flows, thereby
increasing the surface roughness. Unstable conditions
enhance the vertical motion of air, whichmay also contrib-
ute to the larger friction velocity and lower values of the
zero-plane displacement and aerodynamic resistance.

Different crop-screen systems are characterized by dif-
ferent aerodynamic properties. Properties over a small
shade net, covering several citrus trees, were compared
with those over a large screenhouse covering a pepper
plantation (Tanny et al., 2009). Under stable conditions,
normalized aerodynamic properties, including the aerody-
namic resistance, were the same at both settings. Under
unstable conditions, the boundary layer over the large
screenhouse was characterized by a lower aerodynamic
resistance and a more intense turbulent transport. Tanny
et al. (2009) suggested that the main reason for this differ-
ence is the different interaction of the screen and crop ele-
ments in the two settings with the vortices characterizing
unstable winds.
Properties of the flow below the screen
The flow below the screen may be more complex than the
flow above. Screen, canopy, and the distance between
them may influence the flow structure and properties.

Measurements within an insect-proof screenhouse in
which pepper was grown (Tanny et al., 2003; Möller
et al., 2003) have shown that at the leeward half of the
screenhouse, airflow direction was essentially opposite
to the external wind. On the other hand, in a banana plan-
tation, covered with a much more porous screen, air flow
directions inside (at the center) and outside were nearly
the same (Tanny et al., 2006). The difference can be attrib-
uted to the effect of the screen porosity on air flow pat-
terns. Denser screens may induce larger resistance to the
wind, thus causing a more significant deflection of wind
streamlines around the screenhouse. Streamline deflec-
tions are associated with pressure gradients which may
cause counter flow within the structure.

Turbulence characterization was reported for a banana
screenhouse, in the air gap between the crop and the screen
(Tanny et al., 2006). Mean value of the turbulence inten-
sity was 0.49� 0.12. This suggested that Taylor’s hypoth-
esis of frozen turbulence was marginally satisfied (Willis
and Deardorf, 1976). Spectral energy density was plotted
against frequency; slopes of regression lines were very
close to the well-known slope of � 5

3 , typical of the iner-
tial sub-range in steady state boundary layers (Stull,
1988).

During the past 2 decades a new view of canopy flow
has emerged, namely, the mixing layer analogy (Raupach
et al., 1996), suggesting that the flow above canopies
resembles that of a mixing layer rather than a surface layer.
This type of flow is associated with well-organized eddies
of whole canopy scale resulting from Kelvin–Helmholtz
hydrodynamic instabilities. To distinguish between sur-
face layer and mixing layer flows, Raupach et al. (1996)
presented a comparison between several statistic flow
properties in the two flow configurations. For example,
their Table II shows that in the surface layer
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su=u� ¼ 2:5, whereas in the mixing layer su=u� ¼ 1:7,
where su is the standard deviation of the horizontal
velocity. Corresponding average values within a large
banana screenhouse measured by the present author
were: su=u� ¼ 2:8� 0:67 at 5 m height and
su=u� ¼ 2:65� 0:65 at 3.55 m height (where � is stan-
dard deviation) with trees’ height of 3.1 m. These values
are much closer to those of a surface layer than a mixing
layer, suggesting that this type of flow prevails within
the screenhouse.

Summary
Cultivation under screens is becoming more and more
popular among growers due to its favorable effects on
yield quality, production scheduling, and relatively low
cost, as compared to plastic greenhouses. The screens
inhibit the exchange of momentum, heat, matter, and radi-
ation between the crop and the atmosphere. Scientific lit-
erature demonstrates the increased aerodynamic
resistance over covered crops as compared to exposed
ones. The higher resistance modifies the crop microcli-
mate under the screen and thus may be partially associated
with water saving and increased water use efficiency. Fur-
ther research is needed to optimize screenhouse design for
specific crops in given climatic regions.
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CUMULATIVE INFILTRATION

Total volume of water infiltrated per unit area of soil sur-
face during a specified time period. Contrast with infiltra-
tion flux (or rate).
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