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EFFECTS OF SOil. COMPACTION ON PHYSICAL, CHEMICAL AND
BIOLOGICAL SOJIL PROPERTIES AND CROP PRODUCTION

INTROBUCTION

The mechanisation of crop production is increasing in most parts of the world. In many
countries this trend is viewed with concern because of the compaction which results when
wheels pass over the soils as a growing medium for crops. To a greater or lesser extent,
compaction influences nearly all physical, chemical and biological soil properties and
processes as well as crop development and yield. These soil properties must be maintained at
an optimum fevel if maximum crop yields are to be maintained. Crop growth and yield will
decline if the compactness lies either above or below an optimum value which will vary
with different soils, crops and weather conditions (Fig.1). Under—compaction is associated
with problems arising in the early growth of crops in dry weather, but farmers are generally
aware of the methods to overcome this problem. In contrast, over-compaction problems
tend to be expertanced especially during wet weather and may occur on most soil types if
vehicle traffic has been exessive. In recent years, there has been concern that over—
compaction of soils is becoming more widespread as a result of the increasing intensity and
weight of agricultural and, in certain circumstances, it is thought to be restricting the
profitability of crop production with accomponying enhanced risks of soil erosion (Fig.2).
The incidence of such problems is likely to be influenced by the type and use of field
vehicles, soil type, weather conditions and the type of crop. It s therefor important to
establish the role of these factors and the methods which are available to overcome these
problems,
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¥Fig. I General relationship between degree of compactness and vield, {Afer Hiakansson, 1989).

People concerned with soil managment have long been aware that tillage ans traffic are
closely related. Even when horses were primarely used for ploughing in Europe, it was
observed that the passage of hooves in the furrow bottom was harmful to the soil, while the
advent of mechanical traction was accompanied by forecasts of the impending ruin of soil
structure as a result of the cxcessive weigth of the carly machines (Soane & van Ouverkerk,
1980/81). Adoption of the internal combustion engine in place of steam power and of high
quality steel in place of wrought iron led to the evolution of comparatively light tractors, but,
the steady increase in tractor power and weight over the last thirty years or so has brought
into prominence again the problems of deterioation of soil structure by field traffic and the
negative effects to be expected in soil workability, crop development and yield (Soane &
van Ouwerkerk, 1980/81).

In developed countries traffic from wheeled vehicles now extends to many operations other
than tillage, for instance spraying, slurry spreading and, in particular, harvesting which often
involves very heavy vehicles for both separating and transporting the crop (Fig.3).
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In the developing countrics mechanisation is also increasing and, although the vehicles used
may still be comparatively light, the low structural stability of many tropical soils combined
with the high erosivity of rainfall together increases the chances of serious soil degradation
by field traffic (Pers. observation),

Fig. 2 Compaction under tractor tyres can lead to increased risks of erosion on cereal
seedbeds,

{Alter Soane, 1987}

Lvidence of soil damage arising from cercal harvesting operatiohs during periods
of high soil moisture

{Adter Soane, 1987)

THE FUNCTION OF THE SO AND THE ROOT

The value of the soil with regard to crop production depends on its ability to provide the
roots with water, oxygen and nutricnts, The solid material consists of mineral particles and
organic substance which together creates the soil sceleton (Tamm & Wiklander, 1963). The
pore system is a complicated network of channcls and cavities, which below the ground
water table are completely filled with water. If the ground water table is lowered, the pore



system will gradually be drained of water and air will enter the system (Tammn & Wiklander,
1963). The distribution of air and water in the soil is determined by the pore size
distribution, the position of the ground water table and the supply and consumption of water
in the soil.

The geometry of the pore system is primarely depending on the soil type and dominating soil
fraction. Fig.4 gives an attempt to decribe the sizes of the soil particles and root hairs, It is
mainly the clay-and the organic matter which influence the soil structure and soil water
capacity, but even if an increasing clay content means an increasing water holding capacity,
the amount of available water is not consistently increased which is due to the fact that small
clay particles arc able to hold water so strongly that it remains unavailable to the roots
(Tammm & Wiklander, 1963). Anyhow, the clay fraction has the abilty to give rise to
ageregates and 10 maintain structure features created in the soil, which gives possibilities of
quick movements of water and air in the pore system (Tamm & Wiklander, 1963).
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The possibility for the root system to develope is partly depending on its genetical
disposition but also the root environment to a great extent modifies its growth and
appearance (Bengtsson, 1984). High mechanical resistance, high groundwater table and
other unfavourable conditions can give rise to a limited root system with accomponying,
reduced plant growth, Anyhow, several field observations suggest that some species have a
greater ability than the average to overcome mechanical resistance in the soil. Plants which
apparently display this characteristic, often perennial grasses, may thus improve soil
conditions for crops which are planted subsequently (Russel, 1971). The explanation for this
could be that species which can continue growing for extended periods, during which their
roots extend only slowly, may be more successfull in penctrating a heavily compacted soil
than plants with a shorter growing scason {Russell, 1971).



Water and nutrient uptake mainly occurs through the root tips and the number of these,
which can exceed 200 000 on a mature plant, can be scen as a measure of the ability of a
plant to absorb water and nutrients (Bengtsson, 1985). Fig.5 points out the structure and
growth mechanism of roots and root hairs. The existence of root hairs causes a pronounced
increase of the absorbing area, A root with a diameter of 0.5 mm is able to cover an
absorption arca of 5 cm? per cm root length (Eriksson et al., 1974).
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Fig. 5 Rotspetsen och rothdrens byggnad och tillvixtmekanism.

{After Eriksson ct al,, 1974)

MECHANICAL IMPEDANCE OF ROOT GROWTH

The primary clfect of soil compaction is to reduce pore volume, and to cause a redistribution
amongst pore size groupings and these changes witl affect many soil physical properties and
processes (o a greater or lesser extent, including air capacity and gaseous exchange, water
retention and hydraulic conductivity, soil strength and mechanical impedance to root growth,
and compaction will also indivectly affect many chemical and biological processes
(Hakansson ct al., 1988}

As long as there exists larger cracks, channels and coarse pores in the soll the roots are able
to grow unimpededly provided water, nutrients and oxygen are available. When the pore
diameter continues approaching the diameter of the roots, the pore system is increasingly
aflecting root growth, Most plant roots are thicker than approx. 0.1 mm in diameter while
the root hairs normally are about 0.01 mm in diameter (Aberg ct al., 1972). When oot and
pore diameters approach cach other, future downward penctration of roots will now tend to
be restricted. An intermediate bulk density between 1.3 and 1.8 kg dm™3 ig normally, due to
soil type, considered being the limit restricting root growth (Bengtsson, 1985).

Fig.6 describes how the penctration resistance increases in a soil previously exposed to
various external pressures. The values constitute mean values of four measurements, which
are carried out at matric water tensions of 0.05 and 6.0 m water column, It appears from this
investigation that the penctration resistance considerabely increases at the higher tension and
it can also be scen that an additional compaction pressure is very obvious. Also, notice the
characteristic increase in the top soil and plough pan. All values at 6.0 m water column
exceed what is to be considered as a moderate root resistance. The same is true for
compaction pressures greater than 200 kPa at 0.05 m water column (Eriksson, et al., 1974).
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When a soil is subject to stress, the soil sceleton is exposed 10 forces with different directions
and dimensions, which partly are transmitted through the contact between soil particles and
partly through the pore water and pore gas. The compaction of the soil reduces the volume
occupicd by pores, especially those of relatively large diameter (Fig.7). This can cause
greater mechanical resistance or impedance (0 oot extension, Also the continuity of macro
pores is affected and these changes in pore structure may restrict subseqgent 100t growth
{Grable, 1971).

The most obvious change in soil propertics caused by compaction, is the reduction in the
volume of large pores (> (.03 mm) (Riley, 1983). Such pores arc of importance for gaseous
exchange (both diffusion and mass flow) and saturated hydraulic conductivity (Hakansson et
al., 1988). They also represent the space most easily occupied by plant roots and higher soil
organisms. Populations of soil arthropods and carthworms have been shown to be scriously
affected by soil compaction and the reasons may be direct effects of the stresses, soil
cisplacements or a changed soil environment {Bostrom, 1986).

Fig.7 points out how the pore size distribution is changed with increasing pressure upon a
clay soil. In the initial statc the percentage of pores larger than 0.03 mm is approx. 10 %.
These pores are drained at 1.0 m column of water and creates a network of subterrancan
channels and cavities where the roots can develop, At the same time they give rise to high
water and air permeability. If the soil is exposed to a compaction pressure of 200 kPa the
volume of coarse pores are reduced considerabely and at 800 kPa they are completely
collapsed. At pressures more than 200 kPa, even pores less than 0.03 mm are reduced.

This pattern of reaction is also applicable on other soil types. A stress of 200 kPa can from
this point of view often be considered as a fimit (Exiksson et al., 1974),
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In a water saturated soil, the applied pressure is initially entirely taken up by the soil water,
but due to the overpressure which arises, the water is driven out from the pores and the
external applied pressure is transmitied to the soil sceleton (Bengtsson, 1985). Successively
the pressurc in the water is decrcased and the effective pressure in the contact surfaces
increases correspondingly. The soil sceleton will partly be collapsed when its internal forces
ne longer are able to resist the increasing stress, which finally leads to a reduction of the
$0il- and pore volume (Bengisson, 1985), In coarse~textured soils the internal forces are
dominated by friction between the particles, while in fine-textured soils cohesion dominate
{Tamm & Wiklander, 1963). In & water saturated s0il, the water acts as a Jubricant between
soil particles and when applying an excessive pressure the pore system is elfectively broken
down, but on the contrary when the soil is dry, friction and cohesion forces between soil
particles increase and the soil sceleton is better able to resist applied pressures (Eriksson,
1982).

PENETRATION BY ROOTS INTO A GROWTH MEDIUM

The root tip forms an effective organ in order to penetrate the pore system because of it
ability to take advantage of small variations in the soil, and it is also able to push its way
forward where it meets least resistance. The friction against the root tip is normally of a
moderate magnitude because it has the possibility to séeret slime (Aberg ct al,, 1972). The
penetration of the root can also cause changed mechanical propertics in the soil, as cracks
caused by shrinkage are developed due to the water uptake of the root.

When growing roots reach pores in a rigid medium which are smaller than their diamter,
continuing extension is possible only if they are able either to exert sufficient pressure to
expand pores or to decrease in diameter. The work of Wicrsum (1957) provides clear
evidence that roots could not penetrate rigid pores the diameter of which was less than that
of the extending zonc of the root. He found that roots are not only unable to decrease in
diameter, instead they normally increase by an external pressure. He also noticed that the



size of the stele was little affected but the cross—sectional area of the cortical cells became
greater. Fig.8 describes the appearance of root systems and cross—sections of roots of spring
barley grown in an uncompacted (A) and compacted (B) silty loam soil (Lipiec et al.,1991).
The experimental compaction treatment consisted of 8 passes of a heavy tractor (weight 4.8
t, & rear axle load of 31.8 kN and an inflation pressure of 160 kPa). Roots grown in the
severely compacted soil were characterized by a greater diameter, a higher degree of
flattening, an irregular surface with distorted epidermal cells which had been penetrated by
soil particles and radially enlarged cortex cells, It was suggested that the wider cortex cells,
with their greater absorptive surface, will aid in overcoming nutrient stress, The above
findings imply that the main factor lmiting root growth in the compacted soil in that case
was soil strength,

¥ig. 8 Root system and cross-section of roots grown in ioose {A) and compacted (B} (Treas-
ment ¢ silty loam soil (3 130).

(Alter Lipiec et al., 1991}

The maximum pressure roots can exert was first reported by Pleffer (1893). He anchored the
fully extended zone of growing roots in blocks of plaster of Paris and encased their apices in
separate blocks of the same material. The forces exerted by the roots when rigidly restrained
were thus tranmitted through the latter blocks and measured with a proving ring. He found
that roots could exert longitudinal pressures of about 10 bar (1000 kPa) and radial pressures
of slightly more than half this magnitude. Tailor and Rathiff (1969a) showed that roots of a
number of species could exert maximum longitudinal pressurcs of between 9 and 13 bar
(900-1300 kPa), which well supported the original work of Pfeffer. Anyhow, from the
viewpoint of growth and yiclds of crops, interest centres not so much on the maximum
pressure which roots are capable of cxerting but on the minimum pressures at which their
clongation is appreciably reduced. These are the pressures which, in unfavourable
circumstances, can prevent roots to provide the plant with adequate water and nutrients.
Several investigations are undertaken to illustrate this, i.c. works by Goss (1977). The
techniques used had the common feature that root growth media was subjected o known
external pressures which were transmitted through membrancs, all other conditions beeing
maintained uniform and favourable, Fig.9 shows the combined results of numerous
experiments on the elongation of the seminal root axes of barley plants during six days. An
applied pressure of 20 kPa reduced root extension to about half that of the controls, and 50



kPa to about 20 %. Further increase in pressure up to 100 kPa caused only a slightly greater
reduction. However, the relation between the external pressure exerted by the membrane and
the penetration resistance to root elongation or to a penetrometer was 1ot shown.
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The water conitent of the soil alse affects its resistance against penetrating roots, Decreasing
soil water potential causes soil strength to increase with the result that extending roots
experience greater mechanical impedence which is lilustrated in Fig.10. This is nof,
however, the only way by which changes in soil water content can influence the response of
roots in a compacted soil. Barley (1962}, showed in laboratory observations that the effects
of exterpal pressure on yoot extension is enhanced when the supply of oxygen is limited to
3-5 % in the gas phase. Thus, if increasing water content reduces the atr—filled pore space in
a compacted soil so that the partial pressure of oxygen in the soil air is reduced, the
restriction of root extension caused by mechanical impedence may be greater,

The amount of water and nutrients a crop is able to take up depends onr physical, chemical
and biological conditions in the soil. These factors affect both the ability of the soil to store
and transport water, and the possibility for the root to utilize the soil water and nutrients. The
interaction between root growth, mechanical treatment, oxygen and water supply is
illustrated in Fig.11. An increased bulk density leads to reduced root growth. At poor
drainage, oxygen deficiency occurs, which becomes more pronounced at increased bulk
density. At high tensions, the root growth is reduced due to water deficiency in combination
with mechanical resistance.

In most cases it is not merely soil mechanical resistance which restricts root growth, but
more often it is a question of a combination of mechanical resistance and the fact that a
compacted soil has a low oxygen rate which impedes the root growth and resticts its



possibilities to overcome the mechanical resistance. Experiments indicate that cthylene is
formed in the root tips during low oxygen conditions and it is considered to act as a growth
reductant (Wilkins et al., 1976). Finally, it should be observed that the interactions between
oxygen deficiency and mechanical resistance on growth restrictions are not clearly
investigated,
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EFFECTS OF ANAEROBIC SOIL CONDITIONS

The composition of soil air differs from that of the atmosphere. The CO9 level of the
atmosphere by volume is about (.03 % whereas in the soil it is higher and in the order of
0.2-1 % in the surface levels. Soil air also contains a correspondingly lower Oy content of
about 20.3 % as compared with that of 2099 % in the atmosphere (Mengel & Kirkby,
1987). Higher levels of CO9 result from the respiration of living organisms in which Oy is
consumed and COp released. This shows that O is essential in the soil atmosphere. The



respiration of plant roots depends to a high extent on the Oy supply in the soil air.
Respiration provides the energy for various metabolic processes including active ion uptake
by plant roots (Mengel & Kirkby, 1987). The partial pressure of Og, however, required for
root metabolism can be considerably lower than that of the atmosphere. Thus Hopkins et al.
(1950} showed that nutrient uptake of tomato plants was impaired only when the Oy content
in the soil air was lower than 10 %. Aa air filled porosity of at least 10 % is also now
generally considered as the minimum limit for satisfactory root and plant growth.

Anerobic means the absence of free oxygen. Under natural conditions the entire soil is never
anaerobic as some oxygen always enters the surface layers and if the partial pressure of
oxygen decreases below  atmospheric, depletion is seldom uniform  throughout an
appreciable volume of the soil (Russell, 1977). When anacrobiosis supervenes, it usually
occurs first at localized sites.

The development of anaerebic soil conditions

Anaerobic soil conditions occur only when the rate at which oxygen enters the soil from the
atmosphere is less than that at which it Is utilized in the respiratory process of plant roots,
bacteria, fungi or other organisms.

The air-filled porosity of the soil is the physical soil characteristic which has the greatest
influence on gas exchange with the atimosphere and this is because oxygen diffuses in the
gas phase some ten thousand times more rapidly than in a water solution (Russell,1977).
The saturation of the soil with waler — waterlogging - is thus the most common cause of
anacrobiosis but waterlogging or flooding, does not nccessarily have this cffect. If the
hydranlic conductivity of the soil is sufficiently high, and drainage is unimpeded, the
movement of aerated surface water through the soil may provide sufficient oxygen, which
i.e. happens in flooded water meadows cspecially in cool conditions when relatively little
oxygen is beeing used in biological processes (Russe!, 1977},

There is no constant relationship between the air-filled pore space in a soif and the degree of
anacrobiosis which can develop (Grable, 1966). Differences in the distribution of agr filled
pores and their continuity can modify the transport of oxygen, both in gas and solution
phascs, to different zones in the soil. Morcover, varfations in the rate at which oxygen is
utilized can have a large effect. Tabl from the work of Curric (1970} shows that the
consumption of oxygen of a well drained ficld soil can change by a factor excecding ten
depending on the femperature. Tab.1 also shows the influcnce of roots; the markedly higher
respiration of the cropped soil reflects the respiration both of roots and of microorganisms
for which root exudates or dead roots provide substrates. Russcll (1973) poiats out that if a
so0il which contains 20 % per volume of air uses oxygen at the rate of 7 g per m? surface
arca per day the total oxygen contained in the soil air woukd be exhausted in about two days
if its surface was completely scaled from the atmosphere. Thus, if oxygen is beeing used at
the highest rate indicated in Tab.1 the interruption of gas cxchange for less than a day could
lead o a marked depletion of oxygen.

Tab. 1

July  January

Oxygen consumption in winter and sunmer by

soil either hare of crops or under kale (Rrassica Soil :(implerature at 30 Ln} 17 3°C
pleracen), Gxygen consumed per m* ground
surface {gd™ "}
Bare soif 11-6 07
2 20

) . Under kale
{After Carrie, 1970)
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Localized anaerobic zones

When the rate at which oxygen diffuses into the soil starts to fail below that at which it is
consumed, considerable differences in its concentration can occur between sites only a short
distance apart. If the finer pores of the soil are filled with water, but the larger ones contain
air the soil can, on a simplified model, be regarded as consisting of water—{illed aggregates
separeted by air—filled pores (Currie, 1961). He concluded that the maximum radius (r) of a
crumb, to the centre of which oxygen would just reach, could be expressed by the equation:

12 =6DC/M

where D is the diffusion coefficient of oxygen in the crumb which varies depending on the
size and tortuosity of the water-filled pore space, C is the concentration of oxygen in the
water on the outer surface of the crumb and M is the rate of which oxygen is utilized within
it. It was estimated that, depending on the rate of respiration, the concentration of oxygen
could fall to zero at the ceatre of water-filled crumbs of approx. (1.1-1.0 cm in radius when
their surfaces are bathed with water saturated with air (Greenwood, 1969, 1970).

The non-uniform distribution of organic substrates is an additional cause of variation in the
concentration of oxygen within the soil, the rate at which oxygen is utilized beeing greatest
when abundant substrates favour the proliferation of the microffora (Russell, 1977). Fig.12
attempts to illustrate in simplificd form how anacrobic zones may develop when the water
content of the soil increascs.

Effects of anaerebic conditions in the soil

The restriction of the supply of oxygen to roots Is not the only potential cause of injury to
plants when anacrobic conditions develop in soils, Numerous and complex biological,
chemical and physical changes occur, which in an extensive literature is discussed by i.c.
Allison (1973), Russell (1973) and Skinner (1975). Atiention will here mainly be limited to
aspects concerning metabolic pathways in anacrobic soils, toxic substances evolved under
anacrobic conditions and losses of soluble compounds of nitfrogen.

Metabolic pathways in anasrobic conditions

When free oxygen is absent many of the changes in the soil which can effect plant growth
are due 1o the products of metabolism in obligate or facultative anaerobic microorganisms
(Russel, 1977). The majority of these are heterotrophic, depending on the oxidation of
organic substrates needed for their energy, Thus, a comparison of acrobic and apacrobic
respiration indicates the general nature of some of the most important changes which can
oceur when anacrobiosis supervencs. Taking glucose as an example of a simple substraie the
two types of respiratory pathways can be summarized as follows (Conn & Stumpf, 1966):

J(}HzO + 6COy + 300 keal
+007
C()H]zO()

ColsOH + 200 + 16 keal

11



The most important similarities and differences between the anaerobic  and aerobic
processes are (Russell, 1977):

1. All respiration depends on the transfer of electrons from the substrate which is oxidized,
to an acceptor which is reduced. In the acrobic process free oxygen is the electron acceptor,
combining with hydrogen ions to form water,

When oxygen 1s absent a wide range of other reactions can occur. Combined oxygen in the
substrate may be utilized as in the above example. Oxygen may also come from the
reduction of other substrates, such as nitrate and sulphate, Cations of high valency, ife.
trivalent fron (Fe3t) or tetravalent manganese (Mn#t) may accept clectrons and be reduced
respectively to ferrous (P‘ez'*) or manganous (Mn?") ions. The pathway of clectron transfer
depends on the redox potential which is influenced by pH and other factors (Tab.2).

i)

1 X
Ilg‘ 12 Schemuatic representation of onset of anaerohic soil conditions. (a8} Soil .w{'!! acrated:
Pores between aggregaies are air-filled and there are smailer wir-filled porves (dotted) in aggregates:
a growing voot and twe zenes with ehandant organic substrates are shown ( shaded }. .(b) Inereasing
soil water hus displaced air in the fine pores within aggregates: Anaerohic zones (hy._&t!y sfmrf'ed}
are developing within aggregates, espectally where substrates are r;bufxdrtn!. The distance from
air-filled pores 1o which the anaerohic zones may eventually extend is discussed on page 195

{Alter Russell, 1977)
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Tab.2  Oxidation-veduction potentials at which reacrions
oceur in typical soil systems at 25 °C and pH 577

Product of reduction Oxidation-reduction
potential mV
H,Q (reduction of oxygen) 930 - 820
NO, ™ 530~ 420
Mn? 640 - 410
Fe?* 170 ~ 380
H,S w 70~ 220
C,H, - 120~ —240
H, 285~ 413

Simplified from data of Ponnemperuma tabulated by
E. W, Russell (1973).

The redox potential Is used to assess reducing conditions  In anacrobic soils, It is regulated
by the concentrations of reduced and oxidized substances according to the following
cquation (Mengel & Kirkby, 1987):

E=Eq+ R TAF In (0Ox)/(Red)
where

(Ox) = Concentration of oxidized substances
{Red) = Concentration of reduced substances

Eq = btandard redox potential

R = Gas constant

T = Absoluic temperature

n = Valency

F = Faraday constant

E is equal to Ey, if (Ox) and (Red) are each unity,

The redox potential in soils is gencrally measured using a platinum clectrod against a
reference electrode and 15 expressed in terms of voltage. From the equation for the redox
potential (E) it can be scen that the potential decreases as the concentration of reduced
substances increases relative to the concentration of oxidized substances. A low potential is
thus indicative of a high reducing power or a surplus of electrons (™) to effect reduction,
whereas a high redox potential indicates a lack of electrons. In the presence of O9 rather
high redox potentfals prevail due to the fact that O9 Is a powerful oxidant driving the
oxidation of carbon, hydrogen, nitrogen, sulphur, iron and manganese to the formation of
the appropriate oxides COp, HyO, NO4g™, 8042", FenpOg and MnO9.

During the period of submergence the soil undergoces reduction and the oxides mentioned
above are reduced (Ponnamperuma, 1972). This reaction is often linked with  the
consumption of H* as shown in the following ¢xample:

Fe(OH)3 + ¢” + 3HE33H)0 + Felt
It is mainly for this reason that during the period of submergence the pH of acid soil

increases, If the redox potential fails drastically, leading to extreme reducing  conditions,
hydrogen ions can accept clectrons and give tise to molecular hydrogen (Tab.2),
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2. Whereas aerobic respiration can cause the complete oxidation of carbohydrates to carbon
dioxide and water, anaerobic processes <o not. They thus yield much less  energy and a
widrange of partially reduced organic compounds result. These include alcohols and
numerous organic acids as well as other substances. Some of them may be decomposed
giving rise to hydrocarbons and carbon dioxide, those which are volatile may escape rapidly
from the soil but others may persist until they are metabolized in acrobic processes when a
supply of oxygen is restored,

Toxic subsiances in the soif

Many substances which can be produced by anaerobic metabolism can be injurious to plants.
They can reach toxic concentrations if sufficient quantities of readily metabolized organic
substrates are present. Their cffects can be particufarly conspicuous when massive quantities
of slurry produced by intensive animal production are applied to the soil (Burford, 1976),
but the incorporation of plant debris can be sufficient to cause significant effects, particularly
when the temperature is favourable for rapid anacerobic decomposition.

The microbiological products found in anacrobic soils have been extensively reviewed, ie,
by Russell, (1973). Comments here are limited to noting some of the major groups of
substances which have been considered in relation to the response of plants,

Organic acids. Numerous organic acids arise in anaerobic soils (Stevenson, 1967) and of
these the volatile fatty acids arc often the most abundant, especially acetic acid, but formic,
propionic, butyric and valesic acids also occur and the quantity of these acids evolved per
100 ¢ of waterlogged solls sometimes exceed 2 x 1 0~ M when ample subsirates are present,
In addition aromatic acids can be present, i.c., p-hydroxybenzoic, p-coumaric and vanitlic
acids (Wang et al., 1967). Many other acids have been detected but by comparison with the
volatile fatty and aromatic acids they appear to be of minor importance as phytotoxins.
Despite the production of organic acids the pH of the soil docs not change in a consistent
manner when anaerobic conditions develop. Many factors affect soil pH and may stabilize it
close to neutrality (Russell, 1973).

Hydrocarbons

Hydrocarbons are organic carbon compounds containing only carbon and hydrogen and are
highly insoluble in water. Some hydrocarbons are aliphatic compounds, a class of carbon
compounds in which the carbon atoms are joined in open chains, while another important
group of hydrocarbons containg the aromatic ring and can be viewed as derivates of benzene
(Brock & Madigan, 1991),

The occurrence of methane (CHy) in anacrobic soifs has Jong been recognized and more
recently ethylene and a number of the higher hydrocarbons have been identified (Smith &
Restall, (1971}). The production of ethylene i anacrobic soils has attracted attention because
it is also an endogenous growth regulator in plants and it can induce biotogical effects in
very low concentrations (Smith & Dowdell, 1974). A supply of oxygen in the soil, less than
.1 %, is normally nccessary for ethylene to be produced and when ample substrates are
added to the soil abundant ethylene may be released (Lynch, 1974a).

Brock & Madigan {(1991) conlude that "certain unsuturated aliphatic  as well as aromatic
hydrocarbons can be degraded anacrobically by mixed cultures of microorganisms, like
denitrifying, phototrophic and sufphate reducing bacterta. These bacteria  have been shown
to degrade benzoate and other substituted phenolic compounds yielding CHy and CO7 as
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final products. The anacrobic catabolism of aromatic compounds proceeds by reductive
rather than oxidative ring cleavage (Fig.13). Anacrobic catabolism involves ring reduction
followed by ring cleavage to yield a straight chain fatty acid or dicarboxylic group. Benzoate
derivates are common natural products and are readily degraded anacrobically”.

COCH COOH COOH COOH COOH COOH

H.O H.O

Pimelate

Berenate
Fig, 13 . : _
& Anaerobic degradation of benzoate by reductive-ring cleavage. All

intermediates of the pathway are bound to coenzyme A,

(After Brock & Madigan, 199§}

Carbon dioxide

Brock & Madigan (1991) report that “"carbonate (CO32") is one of the most common
inorganic anions in nature and is, of course, a major product of the encrgy metabolism of
organotrophs, Several groups of bacteria are able to use CO9 as an clectron aceeptor in
anacrobic respiration. The most important COp- reducing bacteria are the methanogens, a
major group of archaebacteria. Some of these organisms utilize Hoy as clectron donor (energy
source); the overall reaction is:

AHy + HF + HCOg~  CHy + 3Hp0

Another group of CO7— reducing bacteria are the homoacetogens, which produce acetat

rather than CHy from CO» and Hy. The overall reaction of homoacetogenesis is:
4Hy + HT + 2HCO3™  CHz - COO™ + 4Hy0

Examples of homoacetogenic bacteria are Clostriidium  aceticum and - Acetobacterium
woodit".

When gas cxchange is restricted and anaerobic metabolism procceds in the scil the
concentration of carbon dioxide increases (Russell, 1977). However, its greater water
solubility than oxygen, by a factor of about thirty, causes it to diffuse more readily in
solution (Greenwood, 1970). Concentrations in excess of S % by volume and exceptionally
of over twice this magnitude have been reported in the zones of soil which roots explore
(Russell, 1973). High concentrations of CO9 can be toxic to plants, the effects often being
generally similar to those caused by deficient oxygen, However, evidence reviewed by
Kramer (1969) suggests that in anacrobic soils carbon dioxide is a minor source of injury to
plants by comparison with the deficiency of oxygen.

Tab.3 lists major examples of various microbial fermentations and some of the organisms
carrying them out. Many of these products can themselves become cnergy sources for other
fermentative organisms (Brock & Madigan, 1991). For example, succinate, lactate and
ethanol, produced from the fermentation of sugars, can themselves be fermented by other
organisms and the fermentation of these "fermentation products” leads ultimately to the
formation of acetate, Hy and CO7. However, two fenmentation products listed in Tab.3 can
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not be further fermented: COp and CHy, the most oxidized and the most reduced forms of
carbon, Thus, the terminal products of anacrobic decomposition are CHy and CO9. It is to
these two carbon compounds, one the most reduced, the other the most oxidized, to which

all anaerobic decomposition processes ultimately lead (Brock & Madigan, 1991).

Tah. 3 Examiples of various microbial fermentations and some of the organisms carrying

them out
Type Overall reaction Organisms
Alcohol fermentation Hexoses — Ethanol + CG, Yeast
Zymomonas
Homolactic fermentation Hexose - lactic acid Streptococcus
Some Lactobacilius
Heterolactic fermentation Hexose —» Lactic acid Leuconaostoc

Propionic acid

Ethanol

CO,

Lactate - Propionate
Acetate

cQ,

Some Lactobacillus

Propienibacterium
Clostridinm propionicum

Mixed acid Hexoses ~ Ethanol Enteric bacteria
2,3-Butanediol Escherichia
Succinate Salmonella
Lactate : Shigella
Acetate Klebsiella
Formate
H, + CO,
Butyric acid Hexoses — Butyrate Clostridium butyricum
Acetate
H, -+ CO,
Butanol Hexoses - Butanol C. butyricum
Acetate
Acetone
Fthanol
H, + CO,
Caproate Ethanol + Acetate -+ CO, C. kluyvert
Caproate - Butyrate -+ H,
Homoacetic ' H, -+ CO, s Acetate C. aceticum
Acetobacterium
Methanogenic Acetate — CIH, + €O, Methanothrix
Methanosarcing
Succinate Succinate — Propicnate -+ CQO, Proptonigenium
Oxalate Oxalate + H* - Formate + CO, Oxalobacter

(Adter Brock & Madigan, 1991)

Sulphur compounds, Scveral inorganic sulphur compounds arc important electron
aceeptors in anaerobic respiration. A summary of the oxidation states of the key sulphur
compounds is given in Tab.4, Sulphate (8042") i$ used by the sulphate-reducing bacteria
and the end product of sulphate reduction is HpS, an important natural product which
participates in many biochemical processes (Brock & Madigan, 1991). Organic sulphides
such as methyl and butyl sulphides are also formed, which like 7S are both characterized
by an unpleasant odour (Mengel & Kirkby, 1987),

Certain sulphate-reducing bacteria are capable of a unique form of energy metabolism,
disproportionation, the term refering to the splitting of a compound into two new
compounds, one of which is more oxidized and one of which is more reduced than the
original substrate (Brock & Madigan, 1991).
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Tab. 4 Sulfur compounds and sulfate

reduction eleciron donors

Compound Oxidation state

A. Oxidation states of key sulfur compounds

Organic 5 (R—-5H) ~2

Sulfide {H,5} —2

Elemental sulfur (59 0

Thiosulfate {5,0,%) +2 (average per 5)

Tetrathionate {5,0.) +2 (average per 5)

Sulfur dioxide (50,) +4

Sulfite (5O,) +4

Sulfur trioxide (S0, +6

Sulfate (50,7) +6

B. Some electron donors used for sulfate reduction

H, Propionate

{.actate Acetate

Pyruvate Butyrate

Ethanol Fatty acids

Fumarate Benzoate

Malate Indole

Choline

(Alier Brock & Madigan, 1991)

Desulphovibrio sulphodismutans can for example disproportionate thiosulphate and sulphite
as follows:

5907327 4+ HyOud S04 + HoS

Note that one sulphur atom of 520197 becomes more oxidized (forming 804_2“) and the
other more reduced (forming HoS). Disproportionation of sulphite oceurs according to:

4505327 + 2HE-33804%7 + HoS

Under waterfogged conditions, inorganic 5 occurs in reduced forms such as Feb, FeSo
(pyrites) and HypS and of these HpS is the most important end product of anaerobic 5
degradation (Mengel & Kirkby, 1991). Photosynthetic green and purple bacteria can oxidize
HnS to 5 by utulizing the H of the Hn8 for photosynthetic electron transport, When this
process is restricted HoS may accumulate to toxic levels and thus impair plant growth
(Mengel & Kirkby,1991). However, if ferrous iron (}?‘92‘**) is present a highly insolubie
sulphide is formed according to the reaction:

HpS + Fedt.a FeS + Iy

Sulphides are therefore unlikely to be toxic when soil containg appreciable quantities of
soluble iron (Vamos, 1964).

Sulphate reduction under anaerobic conditions i$ mainly brought about by bacteria of the
genus Desulfovibrio (Ponnamperuma, 1972) and these bacteria utilize the oxygen of the
8042“ as a terminal electron acceptor.

The process of S conversion in soil is shown in Fig 14, Under reducing conditions HpS is

produced., Some HoS can be released into the atmosphere and is thus lost from the soil
system, Aerobic soil conditions shift the process in favour of 8042” formation.
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[rom and manganese

[ron and manganese are related metal ions which are reduced by various bacteria under
anaerobic conditions. It is known definttely that these metals serve as fuactional electron
acceptors for cnergy generation, but the reduction processes are so widespread that they are
of interest even 1f usable energy is not obtained (Brock & Madigan, 19913,

When soils are wateriogged, ferric ions (I""c:“') are reduced to ferrous fons (1*‘02““). This
process is carried out by many organisms which also reduce nitrate and at least in some cases
the same cnzyme, nitrate reductase, functions in the reduction of both nitrate and Fed+
(Brock & Madigan, 1991), Reduction is brought about by anacrobic bacteria which use Fe
oxides as ¢™ acceptors in respiration {(Munch & Ottow, 1983}, A close contact between the
bacteria and the Fe oxides is required for this process. Amorphous Fe is preferred but
goethite, haemitite and fepidocrocite can be reduced by the action of microbes. This process
(Ponnamperuma, 1972) of Fe reduction is of particular importance in paddy soils where
rather high Fe2t concentrations can result. This can often produce toxic effects in rice
plants, known as "bronzing." In soils subjected to anacrobic conditions the ratio of activities
of Fed+/Fe2+ can be an important parameter in refation to crop growth, This ratio can be
agsessed by measurement of the redox potential according to the cquation (Mengel &
Kirkby, 1987):

E =077 + 0.059 fog Fe3t/Fe2+

Under anacrobic conditions reducing processes are favoured, Hydrous Fe oxides give rise to
Fet (Ponnamperuma, 1972) according to the equation:

Fe(OH)3 + ¢ + 3HES Fedt + 3H)0
From this cqution it is evident that the reduction of Fe3¥ to Fe2t js associated with the

consumption of HT and thus with an increase in pH. The reverse is the case as soil acration
is increased, a fall in pH being accompanied by the oxidation of Fe2t to Fe3+,
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Differences in redox potential can often be observed in the same profile. In the deeper soil
layers which are less well acrated, the fraction of Fe2+ of the total soluble Fe is frequently
higher than in the upper horizons. The observations of Wiklander & Hallgren (1949),
showed that at a depth of 2 m, over 90% of the soluble Fe was present as Fe+, The redox
potential thus generally falls from the upper to the lower horizons.

The metal manganese has a punber of oxidation states, of which Mp4+ and Mo+ are the
most stable. Mn#* forms highly insolubie compounds whereas Mn2+ is more soluble and
the reduction of Mn#* to Mn2* is carried out by a varicty of bacteria (Brock & Madigan,
1991),

The most important Mn soif fractions are Mo+ and the Mn oxides in which Mn is present in
trivalent or tetravalent form. The relationships between the Mn2* and the Mn oxides are
presented in Fig 15, This Mn cycle in the soil (Dion & Mann, 1946) shows that the
cquilibrium between the various Mn forms is governed by oxidation—- reduction processes.
The most important fraction in plant nutrition is M2,
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Mn oxidation-reduction excle n the sod (after Diorcand Mass [1946]).

As the level of Ma" in the soil depends on oxidation — reduction reactions, all factors
influencing these processes have an impact on Mn availability (Mengel & Kirkby, 1987).
These factors include soil pH, organic matter content, microbial activity and soil moisture.
Under waterlogged conditions as for example In paddy soils, reducing processes dominate
and thus provide a high level of Mo availability which may even result in Mn toxicity
(Tanaka & Yoshida, 1970). After submergence and almost parallel with the disappearance of
O9, the level of soluble Mn?+ rises. In acid soils high in active Mn the concentration of
Mn* may easily attain toxic levels, while in calcarcous or sodic soils the Mn level does not
rise much after flooding and on these soils Mn deficiency can even occur in rice under
submergence conditions (Randhava et al., 1978). The effect of anacrobic soil conditions and
of liming on Mu availibility is reflected in the Mn content and yield of lucerne (Tab.5),
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Tab. 5 Effect of limung and a 3 day period of flooding on dry matter vield and Me
contents in lucerne (Graves of f {1963])

Treatment M content

g CaCOipot FFiooding £, M pot ppm Mn in D)
O 3.1 426

O + 1.2 6067

) 5.7 99

20 3.0 954

LOSSES OF SOLUBLE COMPOUNDS OF NITROGEN

Under anacrobic conditions considerable quantities of nitrate can be lost from the soil both
by denitrification and by leaching in drainage water, The latter process is independent of the
partial pressure of oxygen in the soil but since anaerobic soils are in practice often
waterfogged, it is refevant to consider the two processes conjointly,

Leaching. Although nitrate is highly soluble and undergoes no significant interactions with
the mincral phase of the soil, the extent to which it is removed by leaching can vary
appreciably depending on soil structure (Russell, 1977), If water penetrates freely through
large pores or cracks nitrate dissolved in water in the fine pores in the intervening solid
phase may be lost relatively slowly and this can be Umportant in conserving some
agricultural soils (Cunningham et al., 1958). Thus, the amounts lost by leaching vary widely
depending not only on the nitrate content of the soil and rainfall but on soil texture, losses
ranging from 5 kg to nearly 50 kg ha=1 per year have been estimated depending on soil type
in typical arable lands in England (Cooke, 1976).

Denitrification, Inorganic nitrogen compounds are some of the most common electron
acceptors in anaerobic respiration. A summary of the various inorganic nitrogen species with
thetr oxidation states is given in Tab.6, The most widespread inorganic nitrogen species in
nature are ammonia and nitrate, both of which are {ormed in the atmosphere by inorganic
chemical processes, and nitrogen gas N9, also an atmospheric gas, which {s the most stabie
torm of nitrogen in nature {(Brock & Madigan, 1991),

H

Tab. 6 Oxidation states of key nitrogen
compaunds

Compound Oxidation state !
Organic N (R—NH,) -3
Ammonia (NH,) -3
Nitrogen gas (N,) 0

Nitrous oxide (N,0) +1 {average per N)
Nitrogen oxide (NO) +2

Nitrite (NO,") +3

Nitrogen dioxide {(NO,) b4

Nitrate (NO,) +5

(After Brock & Madigan, 1991)
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Many species of bacteria found in soils are capable of reducing nitrates and nitrites to
nitrogenous gases (NO, NpO, No) which arc then released into the atmosphere. This
dissimilatory reduction is known as denitrification and may be represented according to the
following reduction sequence (Mengel & Kirkby, 1987):

NO3=-NOZ=INO-IN2O-3Ny

The denitrifying bacteria that bring about these reactions are essentially obligately aerobic
except for the ability to utilaze NO5™ in the absence of oxygen (Focht, 1978). Nitrate acts in
licu of oxygen as a terminal acceptor of electrons produced during anaerobic respiration,

Brock & Madigan {1991) state that "one of the most common alternative clectron acceptors
is nitrate, NO4™, which is converted into more reduced forms of nitrogen, NoO, NO, No.
Because these products of nitrate reduction are all gascous, they can be lost from the
environment, and because of this the process is called denitrification.

Assimifative nitrate reduction, in which nitrate is reduced o the oxidation level of ammonia
for use as nitrogen source for growth and dissimifative nitrate reduction, in which nitrate is
used as an alternative clectron acceptor in encrgy generation are contrasted in Fig. 16, Under
most coaditions, the end products of dissimilatory nitrate reduction is Ny or NoO, The
process is the main means by which gascous No is formed biologically, and since No s
much less readily available to organisms than nitrate as a source of nitrogen, denitrification
1$ a detrimental process.
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The enzyme involved in the first step of nitrate reduction, nitrate reductase, is a
molybdenium containing enzyme. Because O inhibits the synthesis of dissimilative nitrate
reductase, the process of denitrification is strictly an anaerobic process, whereas assimilative
nitrate reduction can occur quite well under acrobic conditions. Assimilative nitrate
reduction occurs in all plants and most fungi, as well as in many bacteria, whereas
dissimilative nitrate reduction s restricted to bacteria,

In all cases, the first product of nitrate reduction is nitrite, NO9™, and another enzyme, nitrite
reductase, is responsibie for the next step, In the dissimilative process, two routes are
possible, one to ammonia and the other to No. The route to ammonia is carried out by a
fairly large number of bacteria, but is of less practical significance, There are also some
bacteria which do not reduce nitrate but do reduce nitrite to ammonia. This may bc a
detoxification mechanism, since nitrite can be toxic under mildy acidic conditions. The
pathway to nitrogen gas proceeds via two intermediate gaseous forms of nitrogen, nitric
oxide (NO} and nitrous oxide (N9O). Several organisms are known which produce only
N5O during the denitrification process, while other organisms produce Ny as the gaseous
product”.

A large number of bacteria, mainly facultative anaerobes, are capable of denitrification.
Jordan et al. (1967) found 22 isolates from a single soil which could reduce nitrate to nitrite
but some had little, if any, ability to mediate the subsequent reduction of nitrite. On the
contrary, Focht (1978) describes the denitrifying bacteria as beeing obligately aerobic except
for the ability to utilize NO3™ in the absence of oxygen, When the supply of substrates is
favourable, denitrification can occur very rapidly. In laboraiory conditions the wvirtually
complete denitrification of 300 ppm nitrate has been observed at 300 C; an approximate
two-fold reduction in the rate of the process oceurred with a 100 C drop in temperature
{Cooper & Smith, 1963). The amounts of N which can be lost from the soil system by
denitrification can vary enormously, According to Allison (1966) these losses of gascous N
can range from about 5 to 50% of the total N applied. Russell {1987) reports corresponding
quantities from negligible to approx, 20-45 %, Even in acrated arabie soils some IV loss due
to denitrification may occur because Og is not uniformiy distributed throughout the $oil and
some parts of the profile may be anacrebic (Woldendorp, 1968).

Fig.17 shows results from a clay loam soil in southern England in which the water content
was high throughout the periodd of observation, The extent of denitrification can not at
present be inferred from such measurements because there is insufficicnt information on the
rates at which nitrous oxide diffused away from the sites of production. However, it is
evident that denitrification took place down to an appreciable depth in the soil and that the
process can increase when the temperature rises in spring, It is of interest that widely varying
ratios of oxygen to nitrous oxides can be found in sampies of soii gases or water taken only a
short distance apart {approx. 0.5 m) in the same ficld (Fig.18). This is attributed to the
production of nitrous oxide in Jocalized anacrobic zones between which there may be
appreciable air filled spaces. Greenland (1962) deduced, using much simpler methods, that
denitrification could occur simultaneously with nitrification in wet soils  which contained
both anacrobic and acrobic zones.

Temporal fluctuations in the denitrification activity of soil are determined mainly by the soil
temperature and moisture content (Ryden, 1983), but also by plant growth (Stefanson,
1972), incorporation of plant residucs, and soil tillage (Aulakh ct al,, 1984). The nitrate
concentration may also be rate Hmiting, but apparently only at very low concentrations
(Yoshinari ct al., 1977). Systematic differences between soil types with respect to potential
denitrification rates depend on the organic C content of the soils (Reddy ct al., 1982), the
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soil texture (Sextone et al., 1985) and the drainage capacity (Groffman et al., 1984). The
aggregate size and pore size distribution are probably also decisive factors since they
determine the volume of anaerobic sites in the soil (Smith, 1977).
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Several of these parameters can be affected by agricultural practice, and a better
understanding of the cffect of various soil treatments on denitrification is needed in order to
minimize the loss of fertilizer—N through denitrification, Tractor traffic on wet soil has been
shown to increase the aggregate size and bulk density of clay soils with an accompanying
reduction in the yicld of small grains (Njos, 1978). It has also been demonstrated that soil
compaction results in reduced redox potentials in soil (Horn, 1985). Hence, soil compaction
will probably result in increased denitrification.

Thus, on well acrated sandy soils denitrification rates are generally fower than on clay soils
(Tab.7). Dilz & Woldendorp (1960} found that denitrification losses arc particulary high
when living roots are abundant in the soil medium. It is supposed that root cxudates
stimulate the denitrifying bacteria and thus increase denitrification losses, This is supported
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by the findings of Trolldenier (1973), who observed in solution culture experiments with
rice that incresed microbial activity in the rhizosphere resulted in a lowered Op content of
the root medium and thus improved conditions for denitrification.

Tab, 7 Nitropen losses due o denitrification from various soil tvpes under permanent
grassland {according to Dz and Wownespore [1960])

Soil type N-loss in % of apphicd N
Sand e 11-25
Y e 16-31
A 19-40

Denitrification losses may be greater than generally assumed, In extensive field trials with
barley measuring N transformations in soil plant systems Kowalenko & Cameron (1977)
have concluded that unrecovered fertitizer N could largely be accounted for by
denitrification. Using N-15 labelled fertilizer it was shown that the total recovery of
fertilizer N in the crop and in the soil accounted in one year t0 69 % and in another year to
54 % of the original application. The remaining unrecovered 31 % and 46 % respectively
represented denitrification, Denitrification rates were at a maximum in spring and carly
summer and coincided with the maximum rates of N uptake by the crop. Riga et al. (1980)
and Kjellerup & Dam Kofoed (1983) have also found that under field conditions a greater
amount of the N loss can be attributed to denitrification than to leaching provided that
excessive amounts of N lertitizer were not applied.

In a field experiment in Norway (Bakken et al., 1987) with soil compaction by tractor traffic
on a loam soil, the denitrification rate (using the ColHy inhibition method), the soil structure
and the wheat vield were investigated, Tractor traffic on wet soil (> -50 mbar matric
poteatial) reduced the pore volume, doubled the percentage of large aggregates (>20 mmy),
reduced the wheat vield by about 25 % and increased the N-loss through denitrification by a
factor of 3-4, Neither of these parameters were affected by tractor traffic at low soil
molsture content. The weight of the tractor (1800 kg vs 4800 kg) did not significantly atter
the effect of compaction on the measured parameters, There was a factor of 2-6 between the
measured denitrification rate in compacted and that in uncompacted soil, and this factor
showed little dependence on the average activity level on each date of measurement.
Accumulated values for the measured denttrification during 75 days ﬁMay 23 - August 9)
were 3-5 kg N pa~l in uncompacted soil and 15-20 kg N ha=! {n soil which was
compacted in wet condition.

Some estimates of the extent to which nitrogen is lost from soil by denstrification are
summarized in Tab.8, The measurcment of nitrogen gas as opposced to nitrous oxide which is
produced by denitrification presents particular problems because of its presence in much
larger concentrations in the atmosphere, The use of fertilizer labelled with 5N reduces but
does not entirely climinate this problem as the atmosphere contains 13N in low abundance
(Russell, 1977). Despite this uncertainties it appears that, depending on conditions, iosses
due to denitrification can be as high as 45 % of the nitrogen applied to the soik
Denitrification may thus be a significant cause of losses of nitrogen in anaerobic conditions.
According to Werner (1980) denitrification plays a major role in N turnover on a global
scale. This is shown in Tab.9 which provides data on N circufation between the atmosphere
and the soil.
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Tab. 8§  Some estimates of losses of fertilizer nitrogen from soil by denitrification.

Methaod Gaseous loss® References
{per cent)
Greenhouse pot experi- 140 Broadbent and Clark (1965)
ments - SN enriched {review)
fertitizer nitrogen
Lysimeter experiments — A-472 Allison {1966) °
loss estimated
Enclosed chambers — <1-15 Stefanson (1972)
direct measurement of per week Martin and Ross (1968)
loss to atmosphere Craswell and Martin (1275a)
Field experiments — loss of 2--36 Carter, Bennett and Pearson
"N enriched nitrogen © o {1967)

Myers and Paul (1971}

Westerman, Kuriz and Hauck
(1972)

Craswell and Martin {1975b)

* Unrecovered N used as the sole estimate of loss of gaseous N except in
enclosed growih chembers where loss was measured by the analysis of the
evolved gases.

Tah, §  Global turnover between seil N and atmaospoeric N (data from Wersa i U800,
in 10° t/vear

Ciain Loy
Industriai production. ... .. ..., 46 Drenitrification ... .. ... 200300
Biological Hxaton ..., ... 100200 NH -Volatilizavon ..o oL 1658
NG NO L precipitation ... ... 60

NH -precipitation. ..., ..., ... 140

Generally the escape of gascous N from the soil medium into the atmosphere i regarded as a
mutrient loss and is thercfore undesirable. On the other hand considerable amounts of NO3™
are probably denitrificd when draining into deeper parts of the soit profile so that the rate of
transfer of NO4™ to the ground water is lowered (Kolenbrander, 1972}, Denttrification may
thus have a beneficial effect by preventing water pollution by NO3™

A paddy field ~ an extreme example of anaerobic conditions

An excellent example of chemical and microbiological interactions that appears under
extreme anacrobic conditions is a paddy field submerged with water, The soil is during rice
cultivation kept under submergence to a depth of several em. As soon as the soil s flooded,
anaerobic conditions set in and a specific sequence of reaction steps can be observed which
can be devided into two stages. These two stages and the individual steps are shown in
Tab. 10, Anacrobiosis begins with the disappearance of O and the microbial reduction of
NO3™ to Ny and N2 O, Manganese and Fe is then reduced to Mn2* and Fe?t regpectively in
accordance with the stight drop in the redox potential in the soil. Fe3+ reduction is 10 a large
extent a biological process, brought about by microorganisms which use the ferric oxides as
e acceptor for respiration (Munch & Ottow, 1983). Fed*+ reduction is an analogous process
to nitrate reduction in which the NO3™ is used as an ¢~ acceptor in babtcnai rbsplration
This first stage of reduction is not detrimental to rice plants provided that Fe2t and Mn2+
coneentrations <o not reach toxic levels, The second stage of reduction is associated with a
substantial drop of redox potential indicating that reducing substances have been produced.
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At this stage sulphate is reduced to sulphide and at an even lower redox potential molecular
Hy and methane are formed. Accumulation of additional toxic substances such as butyric
acid and fatty acids also occur at this fow redox potential. Russell (1973) quotes estimates
that 102 M acetic acid and 10~% M butyric acid are injurious to rice and that, after readily
decomposable organic matter has been added to the soi, these concentrations may be
exceeded to an extent which makes the land unsuitable for planting the crop until the acids
have been largely removed by leaching or other processes. There is evidence also that these
substances contribute to the creation of unfavourable conditions when massive quantitics of
antmal waste arc added to the paddy soil (Cooper & Smith, 1975).

Tab. 19 Steps of microbial metabolism in waterlogged soll (Takarer al, [1957h
Step Main Reaction [nitial Redox
Potential (volts)

First stage

L3 S I O, disappearance 0.6 ~ +0.5

T U Nitrate reduction +0.6 -~ +0.5

B e M- formation +0.6 ~ 0.5

20 T Fe?* formation 0.5 o~ 0.3
Second Stage

11 R Sulphide formation 0 o~ ..019
suiphate reduction

Gth ... PP H. formation S o~ 022

T e CH, tormation 1S~ 1Y

The cffects of phenolic acids dertved from plant debris, including stubble mulches, have
been considercd particulary by Tousson ¢t al. (1968) and McCalla & Norstadt (1974). The
former workers concluded that these compounds were yesponsible for some 60 % of the
toxicity in cther extracts from such soils, McCalla et al. have attributed toxicity both to
phenoxy acids and to patulin, an antibiotic, but there appears to be little information on the
concentrations in which this latter substance oceurs.

The second stage (Tab.10) should be avoided in rice cultivation, Soils 1o which organic
matter has been applied or which are naturally high in organic matter are prone to low redox
potentials due to the fact that the organic matter favours the growth and metabolism of
anacrobic microorganisms (Ponnamperuma, 19635). Low redox potentials may lead to very
high FeZ* concentrations which are harmful to rice plants. According to Trolldenier (1973},
rice plants suffering from Fe toxicity are characterized by extremely high Fe contents (290-
1000 mmog,xcum o 1 dry weight) as well as high Mn contents (1000 micrograms g— L dry
weight)., The appcdranu, of this discase, known as suffocation discase, depends on the
"oxidizing power” of the rice root. This oxidizing power results from the excretion of Oy
which induces a rise in the redox potential in the rhizosphere, and hence a decrease of the
Fe+ jevel (Trolldenier, 1973}, The Fedt i partially precipitated as oxides of Fe at the root
surface giving the roots a red brown coulor. This colour is indicative of healthy roots, Under
anacrobic conditions FeS is precipitated at the root surface and the roots are black as shown
in Fig.19.

In paddy soils a characteristic profile may be observed as shown in Fig, 20, At the uppermost
surface of the flooded soil there is a thin zone with a maximum depth of 1 ¢cm. This is known
as the oxidized layer as acrobic conditions prevail due to oxygen from the water. The layer
has a reddish coulor, Fe beeing present mainly in the Fe3* form. This tendency to oxidation
is also indicated by a rather high redox potential (> + 0.4 V) and N is present as NO3™
Underlying this layer is a hroadcr zone which is exclusively anaerobic and is blue grey in
colour duc to the presence of Fe2*, 1t is here that NO3™, originating from the oxidized layer
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is reduced to Ny or the oxides of N. As these compounds are volatile they may be lost from
the system. It is for this rcason that NO3™ fertilizers are not recommended for paddy soils
{Matsubayashi et al., 1963). Ammonium-N regardiess of whether applied as fertilizer or
produced during the decomposition of organic N containing compounds, can also be lost via
denitrification. Patric & Reddy (1977) have demonstrated that NHt may diffuse from the
lower layer to the oxidized thin surface soil layer where it can be oxidized to NOg™. If this
NO3™ is then transported back into the reducing deeper soil zone it can be denitrified and
thus lost.

A 4

Fig. 19 Lipper part, normal rice rogts growing undcr_ an eptimum redox petential; I_owcr pari,
rice roots affected by (00 lowa redox potential, lateral roots are coveredwith a black
coating of Fe8. {Photo: TROLUDENIER)

(After Mengel & Kirkby, 1987)



Submergence also influences the availability of plant nutrients other than N (Ponnamperuna,
1978). Generally phosphate availability increases. This is due partially to the release of
occluded phosphates after the reduction of Fe3+ to Fe2+ on the Fe oxide skin and also
partially due to hydrolysis of Fe(OH)s. The content of soluble cations rises as a result of
cation exchange induced by soluble Fe2t and Mn4t, Hydrogen sulphide produced under
reducing conditions forms precipitates (sulphides) with Fe, Cu, Zn and Mn and thus affects
the availability of these nutrients. By the formation of FeS, plants are protected from toxic
levels of Fe?+, The formation of sulphides has no major influence on § availibility, as
sulphides can be oxidized in the rhizosphere by bacteria (Ponnamperuma, 1972). As
mentioned before, flooding results in an increase in soil pH. Calcareous soils and sodic soils,
however, decrease in pH when submerged and this decrease results from the dissolution of
COy (Mengel et al,, 1987). High accumulations of CO7 may be toxic to the rice plant (Cho
et al,, 1971). According to Mikkelsen et al. (1978) the pH of the flooding water shows a
diurnal rhythm, pH values as high as 10 may be attained during the day, whereas at night a
drop of about 2 pH units can be obscrved. It is supposed that the pH increase in the day time
results from COy uptake by algae. Such high pH values during the day may fead to high
fosses of NHg by volatilization especially under favourable wind and high temperature
conditions (Savant & DeDatta, 1982).
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Fig. 20 Soil profile of a submerged paddy ficld soil (after MATSUBAYASHL of . (19634,
RESPONSE OF PLANTS TO AMAEROBIC SQILS

Species vary widely in their senstvity to injury in anacrobic soils and in any one species the
effect may change depending on its stage of growth and on the environment (Russell, 1973).

Morphological and physiological effects

In sensitive plants, symtoms of injury can become evident rapidly, not only in roots but also
in shoots, Within a few hours leaves may wilt or show epinasty (the downward curvature of
peticles) (Fig.21). Subsequent leaves can become chlorotic and senesce prematurely and the
elongation of stems is often reduced and root growth is also restricted (Erickson & van
Doren, 1961). Exposure to anacrobic conditions for quite short periods, e.g. twenty four
hours, can sometimes fead to permanent reduction in plant growth and longer exposure may
lead to death, I plants survive anacrobiosis morphological changes can occur, e.g. the
development of acrenchyma in roots (Bryant, 1934).

Anacrobic conditions can cause a switch from acrobic to anacrobic metabolism with the
consequent production of ethanole (Crawford, 1967). He also found that the concentrations
of ethanole were higher in sensitive plants, this becing associated with increased activity of
alcohol dehydrogenase,

28



Fig. 21 Development of epinastic curvature in shoots of tomato plants (1Lycopersicom esculentum).
Left: control plant, Right: waterlogged for twe days. { Photograph, Dy M. B. Jackson.)

(Alter Russeli, 1973)

As rescarch has proceeded on the effects of anacrobic rooting media, increasing attention has
been given to hormonal mechanisms, The reduction of the concentration of gibbereling in
the xylem sap and in the roots and shoots of tomato plants has been demonstrated under
anacrobic conditions (Reid & Crozier, 1971), Burrows & Carr (1969) showed that the
transport of cytokinins to shoots could be restricted under anacrobic conditions. There is
cvidence afso of the involvement of auxin in the response of plants to anacrobic soil
conditions (Phitlips,1964Db). Its concentration in shoots increases as epinasty develops. The
production of abscisic acid can also be affected by anacrobic rooting media, Wright & Hiron
(1972) found increased concentrations in shoots and considered this might be due to
incipient wilting,

However, ethylene is perhaps the endogenous growth substance which appears most closely
associated with the response of plants to anacrobic soil. Its concentration throughout
susceptible plants often increases markedly (Jackson & Campell, 19762}, Some results of
these workers are shown in Tab.11. 1 the supply of oxygen in the rooting medium of tomato
plants {Lycopersicom esculentumy) is reduced, the concentration of ethylence in the feaves and
aiso the degree of epinastic curvature can increase drastically,

Tab, 11 Effecs cyj‘ waterlogging for four vo five duys on the CORCEORErAIIONS of
ethplene i the shoat system of various species, '

ppm in the gas phase (v.v.)

Toma‘ig rea Fietd bean Dwarf bean
{Lycopersi~ap (Pisum (Vicia faba L) (Phaseoius
eseulentum Ml Y savivum L) vitlgaris L.}
Waterlogged 117 0-93 0-50 i 1-38 -
Control 0-34 0-25 0-37 108

(Jacksor and Campbell, 1976b.)

Transient waterlogging of crops

Except under special circumstances, of which the cultivation of paddy rice is the obvious
example, agricultural problewns due to anacrobic soil conditions are usually transient, beeing
the consequence of the soil beeing nearly or completely waterlogged for periods ranging
from days to weeks, when precipitation is high and evapotranspiration low; at other times of
the year water may be deficient,
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The injury caused by transient waterlogging can vary much depending on the stage of
growth when it is experienced (Fig.22). Part of this variation may be duc to scasonal
differences in oxygen consumption in the soil which influence the rate by which anaerobic
conditions develop, but there is much evidence of changes in the sensitivity of plants during
their life cycle (Russell, 1973). Germinating seeds are commonly regarded as particulary
sensitive 10 injury because they are totatly dependent on the surrounding soil for oxygen.
Damage to young seedlings in waterlogged soil can be intesified if they are in close
proximity to plant debris which is saturated with water (McCalla & Norstadt, 1974).

¥ig. 22

b .I’Iams of garden peas (Pisum sativum ) whichk had been grown in continnously well
aerated soil (C) or exposed to wetterlogging for five duys ar the following stages of growth. Tl
é.,(.”‘[y negefalrive growtk (47), T2-pre flowering (7}, T3-flowering (24‘), T;f—paa' :ﬁ!!ing 130),
The figures in brockeis are the yield of peas expressed as o pevcentage of that of unwarerlogged
controls (C). The T plants were stunzed bur otherwise heaithy, T2-T4 died premavurely (Cannelt

ot al, 1976),

[t is commonly observed that after plant shoots have emerged from the soil their tolerance 1o
transient waterlogging can vary greatly, In general, it appears that the yield of cereals s
depressed to the greatest extent if the soil is waterlogged when the reproductive organs are
developing (Swartz, 1966). Erickson & van Doren (1961) reached similar conclusions with
peas (Fig.22). However in maize Lal & Tailor (1969) fourd transicnt waterlogging to be
particulary damaging carly in the season.

EFFECTS OF 50iL COMPACTION ON ROOT GROWTH, CROP
DEVELOPMENT, NUTRIENT UPTAKE AND CROP YiELD

Meoenocots

Effects of compaction on nutrient uptake by roots have received much less attention than
cffects on growth itself. While compaction might be expected to increase the movement of
ions to roots by diffusion (Kemper ¢t al., 1971) restricted growth of roots generally results in
smaller amounts of nutricnts beeing absorbed from compacted than from uncompacted soil
(Boone & Veen, 1982), However, where only part of the root system or other root members
{e.g. axes) are subjected to unfavourable conditions, the growth of other parts of the root
system or particular root members (c.g. laterals) may be enhanced (Crosset et al., 1975).
Hence, compaction of the soif need not necessarily result in decrease in the total amount of
nutricnts absorbed, although the location from which the nutrients are derived may vary.
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In a laboratory experiment, Shicrlaw & Alston (1984) investigated Zea mays L. and Lolium
rigidum Gaud., grown for 18 and 33 days respectively in pots containing three layers of a
loam soil cach weighing 1 kg. The top and bottom layers were 100 mm deep and they had a
bulk density of 1200 kg“3, while the central layer of soil was compacted to one of 12 bulk
densitics between 1200 and 1750 kg““3. The soil was labelled with 32P and 33P so that the
contribution of the different layers of soil to the phosphorus content of the plant tops could
be determined. Soil water potential was maintained between -20 and =100 kPa (Fig.23).

Depth of  Butk density

Series D Series !
Series U layer (mm) (kg m™)
33;3 100 _l ?OO
o e —
3 / s ‘/// .
. ' ' 100-85 1200~ 1750
P .
g g 100 1200

Vig. 23
(Alter Shierlaw & Alston, [984)

There was a significant (P<0.05) negative correlation between the dry weight of the ryegrass
plants and the bulk density of the central compacted Jayer of soil (Fig.24). The
corresponding  correlation with maize was positive, although in this case the level of
significance was <018 The phosphorus content of the plant tops followed a similar pattern
to that of dry weight.
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I 1g. 24_ Erovweeight (A and phusphorus content (B} in the tops of annua! rvegrass {A4) and mgggs
{©). (Corselusion coefficlents of 050, 0380 71 and 0.82 correspond to probabilities of 0400
0.01 and 0,007 respectively, where there sz ten degrees of freedom for error.)

{After Shierlaw & Alston, 1984)
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The fractions of the phosphorus in the tops of the plants which came from the different
fayers of soil arc shown in Fig.25. The greater the compaction of the central layer of soil, the
greater was the fraction of phosphorus in the tops of both species which came from the
surface soil, About haif of the phosphorus in the maize seed was present in the tops of the
plants at the time of harvest, and this accounted for just over one third of the phosphorus in

the tops.
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¥ig. 28

Fraction of phosphorus in the plant tops derived fron the upper (203, cenirad compaeted
(O) and lower (4] Fayers of soil. and from maize seed (<),
(Alter Shierlaw & Alston, 1984)
The treatments had no elfect on the total tength of oot of either species, but the distribution
of the roots was substantially altercd by compaction of the soil (Fig.26). Some roots of both
species grew into the most dense soil, but the roots were unable to penctrate completely
these layers of soil with bulk densitics more than or equal to 1550 kg m~3 and grow into the
uncompacted soil below. Roots proliferated in the overlying soil when growth was restricted
in the compacted layer.
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{After Shierlaw & Alston, 1984)
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The diameters of both the main axes and first order lateral roots of rycgrass were
substantially larger in compacted than in uncompacted soit (Fig.27). The compaction
treatments had little effect on the diameters of the roots in the top and bottom layers of soil,
although the diameter of the first order lateral roots in the surface layer and the bulk density
of the compacted layer were significantly correlated (P<0.05). The diameters of the maize
roots responded to the compaction treatments in a manner similar to those of ryegrass,
except for roots in the bottom uncompacted layer. In this case, the diameters of the maize
roots were significantly affected by the compaction treatment; the roots were noticeably
thicker where bulk density was high,

The concentrations of carbon dioxide and oxygen in the soil atmosphere shortly before the
plants were harvested are shown in Fig.28. Gas concentrations in the surface layer of soil
varied only slightly with the compaction treatments, but very large differances in the
composition of the soil atmosphere oceurred in the rest of the soil, Oxygen accounted for
fess than 0.1 mPm™3 of the soil atmosphere in the central and bottom layers where the bulk
density of the compacted soil was 1550 kg m~3 or greater.

The concentrations of oxygen shown in Fig.28 probably represent close to the minimum
concentrations that oceurred, since plant growth was at its maximum and the samples were
collected during the day when temperature and presumably respiration were high. Resuits on
measurements made on sampies coliected the previous night followed a similar pattern, but
the soil atmosphere contained (1,07 to .02 m? m=3 more OXYgeL,
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(Alter Shierlaw & Alston, 1984)

The effects of compaction on volumetric water content and penetrometer resistance at water
potential of ~20 and -160 arc shown in Fig.29, The relative effect on soil strength of a
change in water potential was slightly greater at high than at low bulk density,
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(After Shicrlaw & Alston, 1984)

The relationship between the root length and penctrometer resistance is shown in Fig.30.
Although resistance was probably the main factor influencing root growth in compacted soil
up to a bulk density of about 1550 kg m™3, poor acration was also involved in higher
densities. Although there are variations in the reported values of oxygen concentration in the
soll atmosphere below which anoxia may occur (Greenwood, 1970), oot growth generally
appears 10 be unrestricted by poor acration when the oxvgen concentration in the soil
atmosphere is greater than 0.0 m> w3, Concentrations lower than this value were
measured where bull density was greater than 1550 kg m™3, Moreover, the air—filled
porosity of the soil at that density varied from 0.05 to (1,14 over the range of water potentials
encountered. The latter value is close to the lower Hmit of 0,12 to 0.15 for air—filied porosity
which has been suggested as necessary to provide sufficiently rapid diffusion of oxygen in
soit (Greenwood, 19703, It was not possible to determine from the data available the relative
importance of mechanical stress and poor acration in controlling root growth in the highly
compacted soil,
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As shown above, the two species diflered in ability to absorb phosphorus. The ryegrass had
higher concentrations of phosphorus, and uptake from the surface laver of soil per unit
length of root was about twice that of maize. The slightly greater volume of soil exploited by
the ryegrass as a concequence of their longer root hairs (Tab.12) mas have contributed to
this effect,

Ao Lootwrn e e

(Alter Shierluw & Alston, TUBS)

The results support previous observations on the effect of compaction on root growth, and
on the ability of plants to compensate when part of the root system is subjected to stress by
enhancing root growth in volumes of the soil where more favourable conditions exist {Goss,
L974). They also show that the maln cffect of compaction was on oot growth., Where
nutrient and water supply were adequately mamntained, the plants were able to compensate
for the lack of rooting depth caused by compaction by producing more roots i the surface
layer.

Under field conditions, restriction of roots by compact lavers may have severe cffects on
growtl if the surface soil dries and the water supply to the plants is limited by the inability of
the roots to lap reserves of water in the subsoll (Eikins et al,, 1977). In such circumstances,
action may need to be taken to distupt the compact layers by deep ripping or perhaps by
making use of plant species whose roots are able to penetrate the compact soil (Elkins et al,,

1977).
In another cxperiment with maize, Boone & Veen (1982) studied the influence of

mechanical resistance on root growth and morphology and subsequent ion uptake and shoot
aTOWth,
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The experiment soil was taken from the C horizon (subsoil) of a marine sandy loam with a
clay content of about 11 %. P was added as superphosphate and the P availability was
measured as Py, valuc (mg PoOs dm™3 soil; van der Paauw, 1971).

The pots were filled in layers of 3 cm and compacted with a hydraulic press to the desired
pore volume. Five pore volumes were used: 66, 51, 46, 44 and 42 %, which resulted, at a
sotl moisture content of 18 % (w/w), in a penetrometer resistance of (0.3, 0.9, 1.6, 2.3 and 3.0
MPa respectively, Maize seeds were sown in cylindrical pots in the compacted soil. Shoot
fresh and dry weight were measured and N, P and K content of the shoot was analysed. Root
lengths were measured by the line intersect method of Newman (1961) and root diameters
with a binocular,

Effects on root growth

The fresh weight of the oot system was hardly influenced by the mechanical resistance of
the soil (Figs.31 and 33). At a high light intensity the positive cffect of phosphate on root
weight was very clear (Fig.32). The relation between root fresh weight and phosphate
availability is a saturation curve, At a low lght inteosity root weight was much smalier, both
absolute and relative to shoot welght as can be concluded from a comparison of Fig.31 and
Fig.34, Morecover there was no visible influence of phosphate supply on root fresh weight at
a low light intensity (Fig.33). which means that root growth is more Hmited by Hght than by
}Shosphatc.
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At a low mechanical resistance in the soil there was a fairly even distribution of roots with
depth, but at a high mechanical resistance roots accumulated in the upper soil layers and
most roots failed to penetrate into decper layers {(Fig.34). As a consequence there was hardly
any roots at the bottom of the pot. Partly this can be explained by a low root growth velocity
at a high mechanical resistance of the soif (Fig.35) which was determined by measuring the
extension growth rate of the primary root axes. Especially at moderate mechanical resistance
root growth I8 very sensitive to changes in mechanical resistance, Between a cone resistance
of (L9 and 1.6 MPa there was a 50 % decrease in root elongation. At higher or lower cone
resistance the effect was much weaker, A sceond phenomenon influencing the distribution of
roots i1 soil was their growth directions. The primary axes grew vertically buat the other
scntnal axes and the lateral roots initially grew at an angle o the vertical which depended on
the environmental conditions. The average angle to the vertical of the main axes was
catculated from the length of scoments of main root axes from a 3-amn thick upper soil layer.
Tab. 13 shows that rools grow steeper downwords ina loose soil than in o dense soil. Thirdly,
root distribution was also influcnced by relative differences in mechanical resistance. There
is a preference of roots to grow I a laver with a low mechanical resistance which is clearly
demonstrated in Fig. 36,

Although fresh weight of the root system was not inflecoced by the mechanical resistance,
root morphelogy changed considerably (Fig.37). Unimpeded roots were much thinner than
roots grown at a high mechanical resistance. Near the bottom of the pot ditferences were
much smatler because here voung unbranched root tips accumulate, There was no distinet
influence of phosphate supply oo rool morphology. Just like the total wciwht the welght of

latcrals per gram root was not influenced by the mechanical resistance {Tab 14},
ab. 13 Influeace of mochanical impadan.a on themdhnaton ol mas oot wves of mare
Penctrometeo: Numberof

resisiance reot

{MPi; segmen:

23 42 &0 o

3 45 90 704

{Afer Boone & Veen, 1982)

The total length of the laterals per gram root, however, was strongly  decreased
concomitantly with an increased diameter. The decrease in total lateral root length per cm
main axis at increased mechanical resistance is mainly caused by a decreased lateral root
number whereas the length of the individual laterals is not influcnced.



Tab. 14 . . .
Iafluence of mechanical resistance on the development of lateral roots of maize.

“irstorder faterals per gram total root First order faterals per cm main axis

lorta] 7 number total length (cm}
lenght (cm)

resistance
(MPa)

0.3 0.40 1203 99 t4.4
30 0.47 499 6.1 9.3

(Alter Boone & Veen, 1982)
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Yig. 37

(Alter Boone & Vean, LUK
Mineral content and shoot growth

Except at low phosphate supply, total nitrogen content ol the shoot was sowewhat higher at
alow mechanical resistance than at & high mechanical resistance (Fig.38),

Fig. 38
(Alter Boone & Veen, 1982)

[



The potassium content of the shoot was much stronger influenced by soil density than the
nitrogen content; the higher the mechanical resistance, the lower the potassium content. Also
the phosphate supply had a clear cffect; a high phosphate supply decreased the potassium
content of the shoot.

The phosphate content of the shoot was strongly influenced by the phosphate supply of the
sotl. At a low phosphate supply there was hardly any inffuence of soil density, but at a high
phosphate supply the mechanical resistance had a clear negative effect on the phosphate
content.

Raghavan & McKycs (1978) have carried out a comprehensive study how water content and
root distribution in the soil is affected by different levels of compaction pressures and
number of passes in maize, according to following experimental plan:

AL Zero traffic

B1-B4. 1, 5, 10 and 15 passes at 32 kPa
C1-C4.1, 5, 10 and 15 passcs at 42 kPa

10 and 15 passes at 65 kPa

They found that the water content in the upper 20 cm soil layer increased with increasing
compaction, which was related to the fact that the water uptake of the roots in the shallow
soil fayer was limited add that the water transportation due to water applied at the surface
was restricted by the compaction. The root distribution was also to a great extent affected
despite relatively small compaction pressures. Figs, 39, 40, 41 and 42 illustrate the influence
of different treatments on root distribution,
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(Alter Raghavan & Mciyes, 1978}

In a laboratory experiment conducted by Lindberg & Petersson (1985) with barley
(Hordewn vulgare L. v. Salve) root and shoot development and concentrations of K, Ca, N
and P at different times during growth of young barley plants was studied, Experiments with
glass beads of different sizes, representing different sizes of soil pores, and subject to
different external pressure were performed and compared to experiments with sand of
different compaction,
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Culture cells were filied with glass beads of different sizes (4.0, 1.0 or 0.4 mm diameter).
The glass beads with 4.0 mm diameter in close packing formed porcs with a smallest
cliameter of 700 micrometers. This was well in excess of the cross section of the seminal root
axis, and thus allowed free root penetration. The pores between glass beads with 1.0 mm
diameter exceeded 160 micrometers and they impeded seminal roots but not the penetration
of laterals, Packing of glass beads with 0.4 mm diameter formed pores with a smallest
diameter of 70 micrometers. This impeded the growth of all root members,
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According to Fig.43, root length increased exponentially both with and without applicd
external pressure. Root clongation was inhibited by mechanical stress (20 kPa) in beds of
glass beads which formed pores 70 micrometer in diameter (Fig.43A) and in compressed
sand cultures (Fig.d3B). Extrapolation of root length curves indicated that the inhibation
appearcd approximately on day 4, which Is on the day after pressure application. The
inhibation in glass bead culture was about 40 % compared with controls and in sand culture
about 30 %.

Effects of sand compaction on fresh weight increase are shown i Fig.d<. For both shoots
and roots the relative growth rates are constant during the experimental period. No effects of
the application of pressure could be detected.

i
E ]
A G Lé % ) g% .
) »
: . .’}‘
- : . 20
£ . P 2
§ s
R
E a
/9 .
g PO o
b -
s 5" .
5 V& T ¢

feig, 41
£ inhivion of oot Jeng Lenbed meesenre with thme (I roo!
hivien of ool Jeng spphed prossure with thme (b roe!

Eaia oy . i - . s
Pasthoon yeansd AL AUl Pr, M PTeSNRTT, O

sombols glass beads (Wdmnn diemet a. B OFicd svmibols controls open

subolispressere appbed, Pressure apy

{After Lindberg & Petersson, 1985)
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Dry matter of roots grown in beds of glass beads with restricted root clongation increascd

considerably (Tab. 15}, Dry matter of shoots remamed unaffected,

Fab., 15

and roots, Plant 9adavands,

ilecie of poto oo e bods of gl

Beud draneter Prosuire R

(i (LT {owi

4.4 1 N o

Lo K 20 T

4 Y [LUR S
13.6 1)

(4 Vi 20

(After },indhcf-g-;- é.. l“’;l'){-CI'SSOH, 1983)

Changes (n the morphology of roots grown in giass beads and in sand cultures were
determined by estimation of "specific root length" (m/g fresh weight). This variable
decreased where roots were exposed to mechanical stress mainly associated with fewer roots
(Fig.45). The pattern was the same for roots grown in sand (Fig.45A) and in glass bead
culture (Fig.45B). The irregularitics of the curves in the time interval 7-9 days appeared in
ali cultures and were related to the emergenee of a further order of laterals,
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The concentration of nitrogen on a fresh weight and dry matter basis in shoots and roots
from glass bead cultures is shown in Fig.46. I the shoots the conceniration of nifrogen was
only about 50 % of the controls when the roots were grown i beds of glass beads which
formed pores 70 micrometer {n diameter and pressure (20 kPa) was applied (Fig.46A, C),
The corresponding roots contained cven less nitrogen; about 20 % of controls on {resh
weight basis (Fig. 46B) and 15 % on a dry matter basis (Fig.46D).

In beds with 70 micrometers pore diameter, without pressure, a reduction in concentration of
N appeared in roots (50-70 % of controls). [n the corresponding shoots, however, the
recuction was insignificant.

The concentration of Ca in roots decreased after pressure was applied to glass bead cultures
for 7 days (Fig.47A), to sand cultures for 7 days (Fig.47B) and to sand cultures for 20 days
(Fig.47C). The reduction was ncarly the same when glass beads forming pores with 70
micrometer or with 160 micrometer diameter were used, The content of Ca in shoots was
little affected by pressure application.
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Seven days old seedlings had the same concentration of P irrespective of pressure and
different glass bead sizes (Figd8A). After 10 days in standard nutrient solution in beds of
glass beads forming pores with 160 micrometer the concentration of P in shoots was higher
thaa in controls (Fig.48B). This effect disappeared when a autrient solution with 1730 of full
strength was used (Fig.48C). Scedlings from compressed sand cultures contained more P
than controfs after 7 dlays (Fig.48D)

The concentration of K in shoots and roots was not affected by different pressure treatments
in beads of glass beads alter 7 days (Fig.49A). Small effects appeared after 10 days in
autrient solution of full strength (Fig.49B) but not when the plants were supplicd with
solution diluted 1:30 (Fig.49C). Sand compaction lowered the K concentration slightly of
both shoots and roots after a 20 day culture (Fig. 49D),
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To sum up the results, the main effects of applicd pressure were:

1) Elongation of toots was suppressed to 30-40 % of controls, 2) mean diameter of roots
increased, 3) dry matier content of roots increased, 4) N concentration of whole plants
decreased, 3) Ca concentration of roots decreased, 6) concentrations of P and K were mainty

unaffected. The results indicated that the main part of N and P are absorbed by lateral roots
but that Ca is taken up by seminal roots,

Pot experiments i

The cffect of soil structure (fine aggregate, coarse aggregate and compacted) — on 100t
growth, root morphology and P uptake of spring wheat (Triticum aestivum L..) was studied
by Keita & Steflens (1989) in pot and split root experiments using three soils (2 x Alfisol-
Udalf, Alluvium).



The experiment was designed according to:

A Fine structure (aggregates less than 5 mm in diameter) = control

B Coarse (aggregates 5-7 mm, 50 %, and aggregates less than 5 mm, 50 %)

C Compacted soil (aggregates less than 5 mm were saturated to 60 % of maximal water
capacity. The pots were stratified in three layers comprising 4, 4 and 3 kg, Each layer was
compacted by a hammer). The depths of the different layers are not stated in the report.

Clay and humus content, P concentration and pH-value of the soils are shown in Tab,16.

The influence of soil structure on bulk density, pore volume and pore size distribution is
shown in Tab.17.

Fab, 16 : Ton-, Humus-, P-Konzentration und pH-Wert der Versuchsbixden
Clay-, humus-, P concentration and pH-value of the used soits

Boden Bodentyp Horizon Ton pH-Wert Humus peb
% (In KCY) % mg - kg™ Boden
Wetlerau Parabrauncrde Ap 20 6.7 2.5 81.2
Trebur Alluvium Ap 33 6.5 2.4 62.7
Seelbach Parabraunerde Ap 29 6.9 n.b. 35.2(90.2;°"

=1) CAL- Melhode nach Schilfer (1969)
= nach P-Dingung

(Alter Keita & Steffens, 1989)

Tab. 17 ¢ Einfu® des Bodengefiges auf Lagerungsdichie, Gesaniporenvolomen vnd Poren
Influence of soil structure on bulk density, pore volume

GRenvartsilung

disuibution

Porengrobe i Z. 3 4 3 Lagerungsdichie
(in pm) 0.2 0210 H 30 =50 gl

Vold:

Boden Trebur

Feinaggr. 16.6 9.9 3.t 205 523 130
Grobaggr. 7.0 126 31 17.6 50.3 1.34
Verd. Gell 182 210 20 Ga0 4327 i.a4d
Boden Wetier

Feinaggr. 14.3 9.5 5.0 21.8 50.6 131
Grobaggr. 15.2 9.3 34 203 47.9 1.39
Verd, Gefl 16.3 12.8 2.4 14.0°° 45.5 1.46

Signifikant mit * (¥ £ 5%), (P < 1%) und °°" (P £ 0.1%) im Vergleich zur Kontrolle (Felnaggrega)
1 = Feinporent 2 = Mitteiporen, 3 = enge Grobporen, 4 = weite Grobporen; § = Gesamiporenvelumen,

(Alter Keita & Steffens, 1989)

As can be seen in Fig.50 and Tab, 18, both root FW, root length and root surface arca were
markedly decreased compared to control,

Beside these root paramcters there was an evident recduction of both root diameter and root
hair length (Tab,19). The reduction of the root diameter is a little contradictory duc to the
fact that this parameter normaily is increased in compacted layers and also because root
surface arca is reduced more than root length (pers. comment).

The influence of soil structure on shoot weight of spring wheat is shown in Fig.51. There 18 a

visable decrease in dry matter in B and C compared to the control. It can also be secn that
the relative differences inerease with plant development.
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Tab. I8  influt des Bodermy
Influence of soil

oo anlehe WoraeDan vl o Yoo A e Son e

co (1 - Gefal™!y

Boden Trebur Weiteran

Zeitpunkt Bestockung Schossen
CGefugeform

Feinaggregatgefige 155 127 300
Grobaggregatgefiipe ST 100 268"
Verdichieles Geflige g6 Q. 08
Boden Trobur

Zeitpunki Schossen
Gefiigeform

Felnapgregaigefiige (.24 I R 0.74
Grobaggregalgefoge g.tave [OEIO o170 0.47°"
Verdichiclss Geflige G120 0,467 ] 0.35*"

Signifikanter Unterschicd mit " P 7 35" P <0 15 zur Peinaggrege- varanie

{After Keita & Stefens, 19689

The influence of soil structure on P concentration in shoots and grain is shown in Tab.20.
Plants grown in a coarse structure or under compacted conditions show lower concentrations
of P comparcd to plants grown in a fine textured soil, This applies to all recorded plant
development stages.

The influcnce of soil structure on P uptake is shown in Tab.21. Due to higher yield of shoots
and increased concentration of P in shoots the highest P uptake was observed in the control.

The influence of soil structure on grain and straw yield can be seen in Tab.22. For both soils

there is a more or less significant reduction in grain and straw yicld relative the fine textured
soil.
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Tab. B%  ginflud des Bodengefiiges auf dic Wurzeldurchmesser und die
Wurzelhaarlange von Sommerweizen
tnfluence of soil structure on roct diameter and root hair length
of spring wheat

Wurzeldurchmesser (mm)

Boden Trebur Wetlerau

Zeitpunkt Bestockung  Schossen  Bestockung  Schossen

Gefligeform

Feinaggregal-

gefiipe 0.54 (.59 0.60 0.69

Grobaggregat-

gefiipe 0.46"" Gaste G.49°" 0.30

Verdichicies

Geflige 0.41°° 043 0.53 0.54°°
Wurzethaarldange (mn}

Boden Trebur Welleray

Zeitpunkt Bestockung  Schossen Bestockung Schossen

Gefiigeform

Feinaggregat-

pefuge 0.44 0.4t 0.40 041

Grobaggregat-

pefige 0.8 U 0.20° .21

Verdichtetes

Gefiige 0.25°° 0.2+

Signifikanter Unterschied mit P £ 1% zwr Feinvpgregas Variane

(After Keita & Stelfens, 1989)

Fig. 51 Einflub verschizdener Gef
von Sommerweizen (signifikanter Unters
P i% P g 01%)

lafluence of soil strucivee on te

armen aut die Sprofimasse

zumn Feinaggreguigefiss,

showt weight of spring whea
e P S00%)

(significant difference 1o fine agy

(After Kceita & Stelfens, 1989)
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Tab, 20 - Einflub dos Bodengefeges auf dic P-Konzentration in oberirdischen Prianzenteiion
Influence of soil structure on P concentration in the shoo! and grain

Boden Trebur

Wetlerau
) Bestockung Schossen Korm Bestockung Schossen Kom
GCngCfOl‘m mg p. g'i TS mg P. g"l TS
A 5.2¢ 4.57 329 6.57 4.57 3.89
B 5.00 3.71°° 257 6.07 3.7 243°°
C 4.86° 3.29 157 5.86°° 3.00%° 2,34
A’= .ﬁ:inaggrcgalgeﬂigm B = Grobaggregargeflige; C = Verdichtetes Geflige.
Signifikanter Unterschied mit * P < 5% *° P < 1%, *** P < 0.1% zur Feinaggregat- Variante
{After Keita & Steffens, 1989}
Tab. 21 EifaB des Bodengeflges aufl diz P-Aufnahme von Sommerweizen
Inf.ence of soil structure on P uptake of spring wheat
Boden Treber O venera
Bestockung Schossen Ko + Suob Besisekung Schossen Kom + Swoh
Geligeform mg P Gefas mg P - Gefaf!
A 2540 450 ‘ Y’ (;“:*"“““—‘1“‘:; T 490 - 1137
B 215° 3700 §73e 150 400°" 754777
3}Onoo 438004}

C 2180 KRN TOE

A = Peinaggregaigefipel B = Grobagereg
Signifikanter Unterschicd mit 7 P < 5%,

(Alter Keita & Steflens, 1989}

Tabn 22 . o : . .
¢ © Einfiul der Bodenstrubue anf dis Koroe ungd Steoher
Sommerweizen
Influence of soil shucture on grain and Strew yield of sprng

wheat
Baden Tre

Korp

&

Feinuggregaipefips 47.0
Grobapgregaipe g 43.0°
Verdichtetes Geflige 30

Signifikanter Unterschiod mit * P 56000 B g 10 7 P 01T g

Feinappregai-Variante
(Afer Kelta & Steffens, 1989)
Split ~ root experiment

The experimental technique used by Keita & Steffens is shown in Fig.52. The pots consisted
of two from cach other independent chambers, one filied with 800 ¢ of soil and the other
with a nutricnt solution, consisting of all nutrients necessary except P in order to force the P
uptake from the soil, 7 days old spring wheat seedlings were planted with half of the roots in
the soil and half in the nutrient solution and then placed in a ciimate chamber for 5 weeks.

"The inffucnce of soil structure on bulk density, shoot and root dry matter yield is shown in
Fig.53. Especially under compacted conditions there was an observable reduction of both
shoot and toot dry matter yield compared to control. Root length and root surface were
strongly affected in both coarse aggregate structure and in compacted soil (Tab.23).



Influence of soil structurc on P concentration and P uptake can be seen in Tab.24. Both P
concentration and P uptake were significantly reduced in compacted soil compared to fine
aggregate structure,
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Tab. 23 Einflub oer Bodeastruktur avl die WorreBange vrad -oberflathe
von Somunerweizen, Split-root-Experiment
Table & Influence of soif structure on root leogth and oot sacfuce of
spring wheat, §plis-root-experimant

1

Wurzeilh Vourzeloiw

cem - Gel

emt - Gafdd™

Felnaggregatgeluge: 1123 FOU
Grobaggregagefige g40°° st
Verdichletes Geflige 632°" §33*°

Signifikanter Unterschicd mit = P = 1%; """ P < 0.1% zur Felnaggregat-
Variante

{(Alter Keita & Steffens, 1989)



fab. 24 EinfleB der Bodenstruktur auf die P-Konzentraticn im SproB

und die P-Aufnahme von Sommerweizen. Split-root-Versuch
Influence of seil structtre on P concentration in the shoot and P
uptake of spring wheat. Split-root-experiment

P-Konzentration P-Aufnahme

mg P -g! TS mg P . Gefig™!
Feinaggregatgefuge 4.48 3.09
Grobaggregaigefiige 4.43 2.84
Verdichteles Geflige 3.89°" 1.59°"

Signifikanter Unterschicd mit *° P £ 1% zur Feinaggregal-Variante
(After Keita & Steffens, 1989)
Bicots except for leguminous plants

Potatoes (Solanum twberosum 1.). The effects of soil compaction are direct as well as
indirect. The growth of runners as well as tubers is reduced in compacted soil and the harvest
is made more difficult due to an increased amount of clods and by an increased need of
tractive power (Soane ct al., 1982). Potatoe cuitivation under compacted conditions also give
rise 1o a more dirty product, The frequency of surface injuries is often enhanced parallel to
an increasing need of cleaning when cleds and stones arc to be separcted. According to
Voorhees (1977), this often leads to pathogen attacks and greater storage losses. Harvest of
late potatoes often occurs when soil water content i8 high and because of the heavy
implements used, an increased compaction may have a detrimental effect on subsequent
Crops.

Guren (1985) observed that the occurrence of small and burst potatoes increascd with the
degree of compactness. The experiments also showed that the negative influence of
compaction to a certain extent could be avoided by deep cultivation, Tab.25 describes the
yield reduction due to different compaction intensitics and tillage implements compared to
uncompacted soil. A deep sub~surface application of fertilizers positively affected the vield.
Tah. 25 Avkastningsreduktion { 1 % ) vid olika kombinationer

av redskap och packningsintensitet {galler potatis 1
storlek 35 - 60 mm) {efter Guren, 1985).

Behandling efter packning Fackal Z ggr  Packat 4 ggr

G-pinneharv {207 A ¥ R 5 ¥ % T ¥ A U 1 R

Fris (26) 28 (13) 49 (11)

Vibroflex (25) -~ L (a2} 30(18)

Vibroflex + djupmylining av - 4 {22) -8 118}
gbdselmedel

TV = arBetsdiup 1 com

{After Guren, 1985)

Yegetable crops, cspecially root crops arc very sensitive to soil compaction. A loose
surrounding soil is needed for a satisfactory crop development. Under compacted conditions
roots often give rise to different kinds of deformations— they become bent, branched and
reduced in length. Fven physiological injuries can occur like lettuse tipburn. Flower
development disturbances in cauliflower and "thick neck"~establishment in onion constitue
examples of injuries causcd by soil compaction (Luddington, 1979).



Cawliflower (Brassica oleracea var, botrytis 1..)

Tatham (1972) describes experiments with 0, 50, 100 and 200 % of the experimental plot
area compacted by wheels, The emergence was favoured by the compaction duc to a finer
structure in the secdbed. Anyhow, both head size and weight was reduced in compacted
plots compared to control (Tab.26).

Tab. 26 Inverkan av jordpackning pd uppkomst, huvudstorlek och
huvudvikt hos blomkdl {efter Tatham, 1972}
Packningsintensitet

[ 50 % 100 % T0TR
Upikomst TE ] i IO
Havudstorlek 100 87 93 83
Huvudvikt 100 96 96 66

Cucomber (Cucumis sativus 1..)

In an experiment where the influence of size graded seed and soil compaction was studied
on yield of cucumber, soil compaction was observed to have the greatest impact. From
Tab.27 it can be seen that a big size graded seed increases yield, but that the influence of soil
compaction in a greater extent affects vield. The average vield in the spring culture is more
than double the size in uncompacted treatment compared to compacted.

Tab.28 points out how yicld varies with an increased dose of nitrogen (NO3-N). As can be
seen, differences in yields between uncompacted and compacted plots, at all N-Jevels, were
very apparent, Anyhow, the viekt increase in compacted soil is insignificant when increasing
the N-dose from 22 t0 33 kg ha™1, while there was a significant gain in uncompacted soil.,

Tab. 27 Inverksn av jordp oot frbstoriex
skiird (t/hal [dr g Ler Snittle &
1978
Jord ™ - Fréetorley T TTTAY RS T
Opackad - Gsorterat J I - B
LAt 27 h
Tungt 7 20
Packad Osorterat 15 H
Léatt 13 10
Tungt Ls 10

Tab. 28 Inverkan av jordpackring ech stigande kvidvegiva pd av-
xastningen {(i/ha) av gurka (efter Sxittle & Williamscn,
1977}

fpackad Jord rackad jord

11 17.7 8,4
17 19,2 12,5
22 20,3 13,8
33 23,9 13,9




Onion (Allium cepa L.)

In an experiment with onions, Birkenshaw (1981) investigated cffects of 0, 2 and 4 passcs on
yield and thick necks. A 12 % yield reduction was obtained with 4 passes compared to
control and the share of thick necks increased correspondently with 4 % (Tab.29).

Tab, 29 Inverkan av jordpackning pa avkastning och
andel halslék hos kepaldk (efter Luddington, 1979)
BehandIing ~ T T T T KRS TR g (t/hay Hals18K (%7
Opadkad ™ T T T e LY - A
2 hjulspAr intill varandra 53 1o
4 hjulspdr intill varandra 45 22

Carrots (Daucus carota 1.,)

In an experiment at Kise Experimental Station in Norway (Kise Forsoksstation, 1983) the
soil was exposed to very high axle loads. Four intensity levels were used:

A, No compaction

B. 1 pass with a 26 ton heavy dumper
C. 4 passes with a 14 ton heavy dumper
D, 4 passes with a 20 ton heavy dumper

The soil type consisted of a clayey til and had a water content of 28 %% w/w at the time of
compaction. After compaction the experiment was spring ploughed, harcowed 3 times and
rotovated in order to obtain a satisfactory sced bed,

The yield deereased with 11, 21 respectively 23 % relative to the uncompacied treatment and
for treatments C and D results were significant, The percentage of saleable carrots were 75,
69, 59 and 62, and treatments C and D showed significant differences.

Carrots grown in peat seil are also exposed to compaction damages which iy shown by
Sirandberg & White (1979), who cultivated carrets in pots where the peat soil was exposed
to differcant compaction intensitics, Fig.54 and Tab.30 show how root length, root diameter
andl root weight is changed due to different compaction pressures,

Tab. 38

Inverkan av jordpackning pd tillvixten hos morot 7§ dagar efter
sadd (efter Strandberg & Wiite., 1979)

Kompakteringairvck kot ldngd Rotviit Rotdiameter (mm}
{kPa) {cm) (& torrviki) 2 om 0 oom
vnder bladkreona

s 2.7 1.14 i.15 0.36

112 i2.3 1.05 1.26 .36

151 Tl 0.96 1.10 0.7

223 5.3 0.58 0.68 0.10




'

T :»»-‘A‘_)_ ~

T e

T

1‘5?-1‘3"% . Inverkan av jordpackning med 56, 150 och 230 kpa ph
rottilivaxten hos morot (1§ dagar efter gddd).

{Alter Strandberg & White, 1979}

Growih and root diseases in leguminous crops

White beawns (Phascolus vulgaris 1..) and svybeans (Glveine max 1..). Rescarch has shown
that compacted soil not oaly reduces the biomass and yicld of leguminous crops but also
Increases root rot incidence and severity (Miller & Burke, 1974).

The objective of a study by Tu & Tan {1988) was to determine the effect of soil compaction
on photosynthesis, root rot sceverity and growth in white beans under controlled
environmental conditions so that soil conditions (such as water, temperature, acration and
fertility) as well as atmospheric covironments (such as air temperature, wind speed, humidity
and light quality and intensity) couid be strictly controlled,

The investigation was conducted in a controlied environment to standardized growing
conditions. The soil water was maintained at ficld capacity to provide adeguate water
without flooding or reducing gas exchange. Photosynthesis of leaves from plants grown on
compacted and noncompacted soil was compared under these conditions,



For each experiment, 120 20-cm plastic pots were used, 60 of which were allotted to sterile
soil and the other 60 to naturally infested soil obtained from a nursery heavily infested with
root-rotting fungi (F. solani, P. ultimurm, R. solani). For each soil preparation, the pots were
divided into two groups, noncompacted and compacted with a bulk density of 1.3 and 1.6 g
cm3™, respectively, Each level of compaction had 30 pots and they were subdivided to
accomodate two cultivars, 15 pots per cultivar,

Two white bean cultivars (PI-165.435 and Seafarer) with similar plant type and growth
habit were used. The former and latter were resistant and susceptible, respectively, to the
root-rotting  pathogen complex (Fusarium solani, Pythium ultimum and Rhizoctonia
solani)(Tu & Tan, 1985).

The results of the photosynthetic measurements (Fig.55A, B} showed that photosynthetic
rates in leaves of plants grown in compacted soil were significantly [ower than those grown
in noncompacted soil.

In healthy soii, regardless of compaction, Scafarer had a significantly higher photosynictic
rate than PI-165.435. The reduction in photosynthetic rate attributable to soil compaction
was 46 and 35 % for PI-165.435 and Scafarcr, respectively (Fig.35A), In root-rot discased
sofl, notwithstanding the soil compaction, PI-165435 had a significantly higher
photosynthetic rate than Scafarcr (Fig.558) and the reduction of photosynthetic rate duc to
soil compaction was 34 % for P1-165.435 and 36 % for Scafarer, The differance was not
significant (Fig.55B).

Although PI-165.433 (root-rot tolerant) was more susceptible to soil compaction, it still
fared better than Seafarer (root—rot susceptible} in a root-rot diseased soil under compaction
soil conditions.

In general, plant biomass (both roots and shoots) and total leal area (Tab.31) were reduced
significantly in both steritized and root-rot discased soil because of compaction, Similary,
the plant height was significantly reduced, flowering occurred carlier and lower leaves
senesced carlier as a result of soll compaction. The results of analyses (Tab,32) showed ali
aforementioned cffects were significantly greater in root—rot diseased soil than in sterilized
soil {Tab.3 1),

Between the two cultivars, PI-165.435 was more susceptible 10 soil compaction than
Scafarer. In sterilized soil, the reduction in biomass for PI-165.435 and Scafarer was 53 and
24 %, tespectivelyy in root-rot discased soil, however, the reduction was 32 and 39 %
respectively, reflecting the root rot resistance of PI-165,435 (Tab.31).

Plants grown in sterilized soil had littic or no root rot while those grown in root-rot infested
soit developed root rot symptoms (Tab.31). The average root rot index for P1-165.435 and
Seafarer grown in noncompacted root-rot soil was 0.2 and 2.1, respectively, compared with
1.3 and 2.1, respectively, for those grown in compacted root=rot discased soil. The results
indicate that soil compaction increased root rot, even for PI-165,435. The root rot index for
PI-165.435, however, was significantly lower than Seafarer.

The results showed a significant decrease in photosynthetic rate in bean plants grown in
compacted soil, Since soil water was in ample supply, and gas exchange was not a limiting
factor in the leaves, the decrease of photosynthetic rates could be attributed to the effect of
soil compaction on acration which resulted in reduction of water and gas transmission in the
1oot system. The restriction of root growth may reduce demand for photosynthetic products
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from roots, Consequently, this leads to a drop in photosynthetic rate and the increase in
shoot:root ratio for plants grown in compacted soil attests to such tmproportional growth
(Tab.31).
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¥ig. 55 Measurement of photosynthetic activities;
of PI-163.435 (P) and Seafarer (5) grown in hcui:’nyg
(A) and root-rot-diseased (B) s0il under compact-|
ed (C) and noncompacted (NC) conditions, with!
SE of means given on each bar in figure, The meas-|
urements were performed on the fully expanded
first trifoliate while the plant was at the early se-
cond trifoliate stage.

(After Tu & Tan, 1988)

Miller & Burke (1973) report & laboratory study of the ¢ffects of soil water matric potential
and root impedance by soil fayers on injury to bean growth by Fusarium solant . sp.
phaseoli,

Bulk soil was obtained from the surface (0-15 cm) and subsoil (60-75 c¢m) of a loam that
had been cropped to beans for about 15 years. The surface soil contained 48 % sand and 12
% clay; the subsoll was a silt loam with 23 % sand and 14 % clay. Dilution plate counts
showed that the surface soil was heavily infested (200300 propagules/gram) with Fusarum
solani {. sp. phaseoli, but the population was negligible in the subsoil. A portion of each soil
was fumigated (1.5 g methyl bromide/kg of soil) to eliminate the pathogen,
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Tabs. 31 & 32 :Effcct of soil compaction on plant growth and root rot severity. Dara were vollected 8 wk after sowing

Seil Fresh weight R
ooy aot rot
dcx:lsiry le;rfo [zfrlca (Sh(l)g[' RGO“F' i oo
(g em™3% + Cultivay {em? pt™h £PY ® el froo SS;IZ)
Sterilized soil
1.3 Pl-165.435 3215.4 88.8 12.8 6.9 0.1
Seafarer 1717.9 69.2 14.4 4.3 0.2
1.6 PI-165.435 1405.2 41.4 5.8 7.1 0.0
Seafarer 1275.1 55.7 8.1 8.1 0.0
1.3 Pi-165.435 1831.8 51.7 |
i . . 51 18.3 2.8
Seafarer 0738 40,5 15.7 2.9 (i)g
Rooe-rot-infested yoit
1.6 135-165.435 1193.3 317 10.0 3.8 1.3
Seafarer 607.3 28.6 8.5 3.4 2‘1

Summary of statistical treatments of

Total Fresh wt
leaf Root rot
Treatment area  Shoot  Root  severity
Sterilized soil
Cultivar (Cv) e NS NS NS
Compaction (C) had o # NS
Cv x Cp ki i NE NS
Roovt-rot-infested soil
Cultivar (Cv) as = ° e
Compaction (Cp) o e e ¢
Cv x Cp NS NS NS NS

= P2 005 and P2 0001, respectively NS:‘
not significant,

{After Tu & Tan, 1988)

The surface soil was fertitized with appropriate nutrients and the soil was thereafter mixed
with sufficient water to bring the water content to 16-17 % by weight. It was then packed in
slabs between two plates, one of which was the porous ceramic side of a suction chamber
(Fig.56). The bottom 14 cm of the stabs was subsoil at a bulk density of 1.2 g cm™2,
Immediaicly above was a 4—cm layer of surface soil packed to buik densities of 1.2, 1.4 or
1.55 g cm™3. 3 bean seedlings were transplanted into cach slab and then covered with sand
to recluce evaporation and the units were then placed under controlled climatic conditions.

All units were maintained at =200 mb (~20 kPa) potential until the roots approached the 4-
cm layer. At this time a matric potential of 800 mb (-850 kPa) was applied to every other
unit, and these two values were maintained throughout the growth period,

The study was set up in a factorial design with 3 replications with the main factors as:
Soil: Fusarium-infested or fumigated i

Water potentiai: =20 or -80 kPa

Layer bulk density: 1.2, 1.4 or 1.55 g cm™3

Plant growth (tops and roots) was consistently reduced by decreasing water potential from -
20 to ~80 kPa (Tab.33). Water stress symptoms were often visable in the plants grown at the
fower potential. Averaged over all the other variables, decrcased potential decreased top
yields about 40 %. There were no interactions between potential and the other variables.
Water use rates also dropped as potential decreased (Tab.34),
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VACUUM
2 &

LUCITE SOIL  CERAMIC WATER
A. PLATE SLAB PLATE  SUPPLY

Tig, 56 A Diagram of apparatus used 1o evaluate effects
of soil water matric potential. sot} layer butk density, and rootrot
infestation on growth of beans. Soilsiab is clamped between the
jucile and ceramic plates and water potential in the ceramic plate
iscontrolied by regulated vacuunt, B) The assernbled unitsin use,

{Alter Miller & Burke, 1974)

Yietds of tops and of roots within or above the central layer were significantly less in the

infested soil than in the fumigated soil (Tab.35). When roots penctrated through the tayer,
howeves, they grew equally well in both soils.

Tab, 33 . . . .
’ Fresh wewghts of bean tops and roots as alfected in

s0if water potential®

Bean roots with respect
to subsurtace javer

Water Bean e
potental tops  Above Within Below Tout
mb e TEATTES PCT LN
-804 15 7 | 4 12
- 200 351:*" Yrx dwE e [y=s

“Lach vaiue is the average from twosodand three btk densiiy
variables 28 days after pluntng,
"Significanthy difterent, £ = 0.01,

(Adter Miller & Burke, 1974)
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Tab, 34

— I.?Effcct of soil water potential and bulk deusity of 5
ayer on water use rates by beans in Fygap
Fitern-

x_n_fcsted vs. fumigated soif at 10,19, and 27 days after piant]
E ing

Bulk density of

Tab. 35

. Effect of soil water potentiat and bulk density of a
sibsurface layer on fresh weights of bean tops and roots in
Fusarium-infested vs, fumigated soil

Bulk density of

Water : subsurface layer (g/cm’) subsurface layer (g/cm’)
potential Fumigated sois Fusarium-infested Water Fumigated Fusarium-infested
of soil e soil potential ‘ "
(mb) L2 14 s e —— of soil soil soil
—— L2 14 155 (mb) 1.2 L4 L.55 12 14 1SS
S
B TAME i
g " [fcr uait per 24 ‘hours—w-_-” _____ —Bean tops (gf unit)-—--—--
~800 45 3% 3;)’5 alter pianting -800 19 20 17 ] 12 It
-200 59 0 p Y 37 13 ~200 }l . 28 32 . 22 1% 20
Potentials®+ 66 47 56 Seils***, Bulk density N.5.
¢ --—Roots above laver (0 1o 14 em) (g/unit)-—
19 Davs af . 8060 7 9 it 4 4 6
800 87 g0 sy e p}‘"'g;'"g 5 ~200 w9 15 6 6 7
- 200 122 108 123 1o g (54 Soils**; Bulk density™; Soils X bulk density®
Potentials»# 0 V8 -~-Raols within layer (14 to 18 cu) {g/ unit)-——
27 Davs afte -800 210 Lo o
~800 7815 ge o Cr Planting -00 2 2 2 R
~200 60 161 jgs ?2 62 40 Sotls™; Bulk density*
B Soils** Potentiajee 130 95 129 —-Roots below Tayer (1§ to 32 cm) (gfunit}—
——e N @S
Signilicantly diffarons B o i e . 804 o7 0 & 4 0
=000 T =200 9 9 7 1 7 8
Bulk density**; Soils N5
——Totwal roots (0 to 32 cm} (g7 unit}——
-804 16 17 li i 9 6
~200 22 20 24 19 i3 15
Sonls™; Bulk density N.S.
ddrd oo

Significant differences at 1% probability: * = Significant
differences at 3% probability; N.S. = Not signilieantly different,
al 5% probabiliny, !

(After Miller & Burke, 1974)

Water use rates were nearly the same from infested and fumigated soil 10 and 19 days after
planting (Tab.34). By 27 days after planting, however, root 1ot was scvere enough to
interfere with water absorption, and water use rates were less in the infested than in the
fumigated soil. The fowest water use rates were from those plants with oot rof, subjected to
low water potential and a layer bulk density of 1.55 ¢ e, Under these conditions, toots
did not penctrate the layer and the plants were forced to extract water from the restricted
volume above the layer through injured roots.

The bulk density of the central layer had little cffect on yield of plant tops (Fig.57).
Although the 1.55-¢ e fayer restricted root penetration, the plants obtained sufficient
water and nutrients from above the layer for adequate top growth. Roots penetrated the fayer
at a bulk density of 1.4 g em3 nearty as well asat 1.2 g em™,

In root growth above the restricted layer there was a significant interaction between layer
bulk density and soil treatment. The growth above that layer was greater in the fumigated
soil at the highest bulk density than at the lowest bulk density, but in the Fusarium  infested
soil root growth above the layer was not affected by layer buik density (Tab.33).

At the low water potential, no roots penetrated the tayer of Fusarium infested soil compacted
to1.55 ¢ em™2 and only one root penetrated the fumigated soil layer. When the impedance
was lowered by increasing the potential or decreasing the bulk density, roots penctrated the
layer and grew profuscly in the subsoil, whether or not it had been fumigated (Tab.35,
Fig.58). Fig.58 indicates greater root growth at -20kPa potential below a dense layer in
infested soil than in fumigated soil,
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& Effect of soil compaction on plant growth. Left to right mdicates thres levels {Le. control Co.
medium C1 and heavy {C2) of s0i compaction and top o batom refers o three cubtivars, Seafarer (S},
Kentwood {K} and Fieetwood {F).

(After T & Tan, 1988}

Conclusions. The detrimental effects of water potential, Fusarium infestation and layer bulk
density on plant growth were additive. Plant damage was greatest in infested soil maintained
at low potential and with the most compact fayer. Conversely, plant yields were highest in
fumigated soil without a restrictive layer and maintained at high potential, Penetration of the
most compact layer was negligible at low potential, whether or not the Fusarium was
present. Root penctration was increased by decreasing impedance, cither by reducing bulk
density or increasing water potential and those roots that penctrated the layer into the subsoil
appearcd healthy.

In a previous study, Burke ct. al (1972) found that subsoiling had little effect on plant yields
when soil water was maintained near optimum, The data in Tab .33 support these findings in
that the yields of tops were not significantly influenced by the bulk density of the soil layer,
under conditions where water was not deficient. In the ficld, soil above a compact layer may
dry out enough fo cause water stress injury to plants with roots confined above the layer,
especially if root density and functions are reduced by root rot. Under such conditions, an
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interaction between soil water status above the layer and the root impedance by the layer
may be expected. Serious water stress injury may be prevented, however, even in Fusarium
infected plants, if the soil is kept moist enough, Moisture status of the soil above the layer
will be less important when roots can penctrate the layer than when they cannot.
Furthermore, roots extending into the subsoil encounter fewer Fusarium propagules.

Fig. 58 Effect of soll water matric potential and infestation
with Fusarium solani . sp. phaseoli on roct growth of bean
plants. A and B are fumigated soil held at 200 and ~§00 mb
matric potential, while Cand D are infested soil held at 200 and
—800 mb matric potential, respectively. Location of soil laver
with a bulk density of 1.55 g/em’ is indicated by the marker.
Dhstance between marks 15 4 cm.

{Alter Miller & Burke, 1974)

The objectives of a growth chamber stuwdy by Frederick et al,, (1982), were to assess the
influence of three soil compaction levels, as determined by bulk density, anc four N fertilizer
treatments on growth, nodulation and Ny {ixation of Phaseolus vulgaris in minesoils,

Since minesoil Is practically void of available N (Reeder & Berg, 1977a), plant growth is
often severily retarded if no fertilizer is applied at seeding, Because of low indiginous N
level in minesoils, rates in excess of 100 kg N ha=! may be applied at the time of
hydrosceding. It is well established that plant available N can depress nodulation in legumes
(Hardy & Gibson, 1977). The problem, thercfore, is to provide sufficient inorganic nitrogen
during sced germination and carly plant growth without having exsess amounts to depress
nodulation of legumes,
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Because legume establishment is an important step in the revegetation of drastically
disturbed land such as minesoil, this study was undertaken to determine the influence of
minesoil compaction and N fertilization at seeding on legume shoot, root and nodule mass
and potential for nitrogen fixation.

Four-yecar-old, sparsely vegetated minesoil from Wise County, Virginia was collected and
placed in polyethylene-lined 15-cm diameter plastic pots, The experiment was arranged in a
randomized complete block design with inoculated and uninoculated (control} plants
maintained in separate growth chambers programmed at standardized climatic conditions.
Unamended mincsoil was highly compacted, averaging 1.55 g cm™3, Acid-washed sand
was wmixed with minesoil at 3 levels: 0:1, 1:3 and 1:1 (v/v) sand:soil ratios resulting in bulk
densitiy values of 1.55, 1,46, 1.40 ¢ cm™3, respectively. Sceds of P vulgaris were sown in
pots containing minesoil and thinned to 2 plants per pot after germination and treatments
were inoculated with freshly prepared peat culture. Nitrogen fertilizer, as NHyNO3, was
applied in solution at sceding at rates equivalent to 23, 50, and 100 kg N ha~1, Appropriate
controls consisted of uninoculated and inoculated plants without nitrogen fertilizer addition,

There was no interaction between bulk density and N fertilizer rates for any paramcter
measured with the exception of percentage root N, With uninoculated plants, nodulation was
absent, reduction of acetylene to ethylene (No(Colly) fixation) was not detected, and root
and shoot mass was minimal. Therefore, the data presented in Tab.36 and Tab.38 represent
the increase over the uninoculated control plants.

Ameliorating the minesoil with sand increased root and shoot mass but decreased nodule
mass {Tab.36). The highly significant inverse correlation (= -0.70%%, Tab.37) between
compaction and root mass is particularly relevant to shoot growth and stabilization of
disturbed lands. The reduced yoot growth in unamended minesoil undoubtedly contributed to

other reports (Tisdale & Nelson, 1975) and (Whisler et al., 1965) that have shown soil
compaction to reduce root growth of plants.

Iz the study, noduies were predominantly found near the soil surface clustered at the base of
the plants in all treatments. Lateral root nodulation was found only in mincsoil amended with
50 % sand. Since root growth was restricted mainly to the upper surface of unamended
minesoll, N fertitizer uptake was probably stimulated in this zone. Thus, the greater nodule
production in unamended minesoll possibly resulted in part from rapid N depletion in the
upper soil surface. Available N is known to adversely affect nodulation (Hardy & Gibson,
1977},

There was no consistent cffect of bulk density on Ny flixation during the 49-day growing
scasen {Tab.38). Although nedule mass at harvest was greatest in unamended minesoil
{Tab.36), apparcntly other factors interacted with changes in compaction to influence Ny
fixation. No significant overall correlations between mincsoit compaction and nodule mass
or Ny fixation were found (Tab.37). -

Shoot and root mass increased in proportion to the amount of N fertilizer added (Tab.36).
Nodule mass was greatest at 25 kg N ha=1, However, there were no significant differences
in root N and only a slight increase in shoot N among N fertilizer rates. Apparently, the bean
plants obtained adequate amounts of N for growth irrespective of the source— applied
fertilizer or symbiotically fixed N. This demonstrates the important potential of
symbiotically fixed N in the maintainance of plant N levels,
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Tabs, 36 & 37

EflfQCt of Bulk Density and ¥ Fertilization on Dry Weight
Yields of P. Vulgaris Harvested at 49 Days trom Seeding

Shoot Root Nodule Shoot Root
Treatment mass mass mass N N
(g/cm®) )
1.55 2.21b 0.66b 0.20a 1.58b 1, 25h
1.46 2.20b 0.770 0.17ab 1.69ab 1.45a
1.40 2.98a 1.60a 0.15%b 1.78a L. 35ab

N fertilization”

(kg N/ha)

0 1.83¢c .69 L, 28a
25 2,350 1.00ab L30a
50 2.56h 1.0%9a 1.58a

100 3.10a I.25a L.d3a

>
Mean separation within columns by Duncan's multipie
test, 5% level. l

y'[ndigcnous; N level was 8.3 ppm NO,.
: 3

Correlation Coefficients {r)} for Relations
Density, N Fervilizer Rates, and Growg

Shoot Hoot  Nodule Shoot Root

Mass [RER MGG N \
Bulk density 0 ARE -G T0%F 0260 -0 .35 -
N ferrilizer zate 0.65** (.36 ~0.51% L1l
Shoot mass - 0.67%% .0, 27 019 0.235 -0,24
Root mass - - A5 0038 0,05 -0.23
Nodule mass . - B - G.oEs -0,14 0,87
Shoot N - - B o 0.37 0.i5
Root N e e e . . (0,25

*Significant at 5% level. **Significant at 1% level,

(After Sundstrom et al., 1982)

For planis receiving N fertilizer, the maximum rates of Ny fixation occurred at 35 days after
sceding, which corresponded to the pod filling stage (Tab.38). At kg N ha~1, however, Ny
fixation was greater at 25 days than at 35 days, illustrating the repressive nature of available

s0il N on nodule formation and nitrogenase activity.

Addition of 25 kg N ha~1 increased Ny fixation compared to the inocutated plants to which
no N fertilizer was added. Increasing the rate of N fertilizer to 50 and 100 kg ha™ ! reduced
Ny fixation. High rates of fertilizer N have been recognized for a number of years to depress
N» fixation, although low amounts applied at secding have been reported to be beneficial
{Harper, 1974). Introduced species of legumes in a revegetation study of spent oil shales
showed increased Ny fixation potential by addition of moderate amounts of N {Sorensen et

al.,, 1981).

65



Tab. 38
Influence of Bulk Pensity and N Fertilization on Mo (CoHp)
Fixation Rates of P. Yulgaris at 21, 35, and 49

Days From Seeding?

Mean effects Bays from seeding 3
21 35 49
Bulk density -umoles CoHy produced/plant/hr -
(g/cn®) .
1.55 0.63ab’ 1.31a 0.20a
1.46 0.42b .81b 0.08a
1.40 1.04a LG8ab 0.21a

N fertilization
(kg N/nha)

G 1.54a 1,130 0.19ab
25 0.91ab 2.20a 3. 33a
50 0.26he 0.066c 0.10ahb
100 0.07¢ 0. 1ldc 0.030
“Ethylene production was not detected at 7 days from

seeding,
¥ . C
Mean sepavation within columsms by Duncan’s multinle

range test, $% lavel.

(Alter Sundstrom & ot al., 1982)

Effective nodulation is important for establishing a permanent stand of jegumes on
minesoils, Since surface deposited overburden generally lacks symbiotic nitrogen fixing
microorganisms, revegetation recommendations for disturbed sites (McCart, 1973) should
emphasize the need for sced inocutation similar to that recommended for agricultural soils
(Hardy & Gibson, 1977).

There was a strong positive relationship (r= 0.87%%, Tab,37) between nodule mass and Ny
fixation, as would be expected. A tow relative amount of applicd N fertilizer (25 kg ha™1)
increased both nodule mass and Ny fixation; however nitrogenase activity was enhanced
proportionately more (100 %) than nodule mass (55 %), The data would indicate that the
addition of 25 kg N ha~1 increased plant vigor in a manner beneficial o Ny fixation,
Whether this was duc to increased carbon transport or greater photosynthetic activity was not
known, However, it is well known that Ny fixation requires a substantial input of energy that
must be supplied to the nodule by the plant as oxidizable carbon (Hardy & Gibson, 1977).
Thus, the relative size and vigor of the voung plant at time of infection by the symbiont may
conceivably affect subsequent plant growth and relative Ny fixation potential.

In an investigation by Tu & Tan (1991), the objective was to determine the effect of soil
compaction on plant growth, yield and root rot severity in white beans under field conditions
s0 that improved tillage and cultural practices could be implemented to alleviate these
constrainis., ”

The experiments were conducted for 4 years at 2 different Research Stations in England. The
seil texture, moisture retention and bulk densities are summarized in Tab.39, Both fields
were heavily infested with root rot fungi, e.g. Rhizoctonia solani (Rs) and Fusarium solani
f. sp. phaseoli (Fs). The ratios of Rs:Fs were 10:6 and 10:4 at the 2 Research Stations,
respectively.
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T . . v . !
Tab. 3% Summary of soil texture, moisture retention characteristics and bulk density at different
levuis of compaction of Brady sandy loam at Harrow and Thames sitty clay loam at Chatham in

1984
Bulk density

Depth Sand  Silt  Clay FC* pwe
(cm) (%) (%) (%) (%) (%) Ck Cl C2
Harrow

0-7 823 144 3.6 16,1 52 1354002 1.46 + 0.G1 .54 + .02

7-14 8.3 145 5.2 7.1 59 151 =002 1.5{ 0.0 1.52 +0.01
Chatham

07 93 603 304 320 130 1224G02 1.31 +0.02 141 + 0,02

T-14 95 600 308 325 147 1522003 1.56 .+ 0.03 1.55+ 003

*Standard error (SE).
PFC = ficld capacity on an ovensdry wt basis.
“PW = permanent wilting point on an oven-dry wt basis.

(After Tu & Tan, 1985)

Three white bean cuitivars were used in this experiment and all of them were highly
susceptible to root rots.

Soil compaction was studied for 3 years (1983-1985) in the same fields. Conventionat
seedbed preparation included one fall plowing, two spring discings and one harrowing,

Each field was divided into three blocks for control {(non-compaction), compaction 1 (C1)
and compaction 2 (C2). CI and C2Z were obtained by two runs of continous tyre marks of a
1.6 ton golf cart and & 2.6 ton tractor, respectively,

Plant growth and development were observed weekly and fresh weight of shoots and roots
were taken end of July just before the onset of natural senescence, Washed roots were rated
for diseasc severity on a (-9 scale in which 0= no symptoms and 9= 81 % or more root
discolored.

Yield was determined by harvesting 5 m of the two center rows per treatment of cach plot
during cnd of August when beans matured.

The 3-year resuits showed similar trends in white bean response to soil compaction even
though a year—to-year variation of up 0 13 % in yicld did exist (Tab.40). This variation was
attributable fo differences in rainfall and temperature.

Tab, 48

Average daily high, Jow and mean lemperatires and ol precipuation at the two
field locabions (Harrow and Chatiam) duning the growing scasons {(May--Sepreraber inclus-
ive) and average yickd per two Smerows of thres cultivars (Fleetwood, Kentwood and

Seafarer) in check plot from 1982 to 1985

Temperature {*C)

Precipitation {P) Yicld®
Location Year  Figh  Low  Mean (1) {mm) T«xP £:3]
Harrow 1982 239 3.9 18.9 2860 5.405.4 KL
1983 246 146 19.6 437.0 8.565.2 573.3
1984 234 135 18.5 378.0 6.993.0 435.6
1985 238 139 18.3 148.5 6,551.8 401.1
r* 0.65 0.583 0.97
Chatham 1982 234 124 179 4594 82333 381.6
1983 247 {35 191 6330 12.096.3 468.1
1984 233 137 18.5 416.0 7.696.0 3578
1985 239 137 18.8 R 19,763.0 427.8
rt 0.59 0.99 0.99

AL 18% monsture, Yicld 5m rows,
*r = correlation cocflicient ip relation to vicld,

{After Tu & Tan, 1983)
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Plant biomass (roots and shoots) and plant height were reduced as the degree of compaction
increased from C1 and C2 (Tab.41 and Fig.59). It was also observed that uniformity of plant
growth was reduced, maturity was delayed, and variability in size increased with soil
compaction,

Comparison of plant growth in clay soil and sandy soil revealed that clay soil supported
better biomass production than that of sandy soil at the same degree of soil compaction
(Tab.42 and 43).

Tab. 41 Effect of soil compaction on various measures of piant growth and severity of root rot of white
bean in 1984

Yield®  Fresh wt*  Height® Root rot

Location Category (z) () (cm) (09 index}
Harrow Cuitivars means
(sandy loam}
Flectwood 442 8a 2.7a 30.58 27e
Kenrwood 21755 12.0b 23.5b 39h
Scalarer 197.8% 7de 21.5b 3.8b
Soil compaction means
Ck 367.6a 17.4a 31.0a 2Llc
Ci 285.4b 14.7h 24.3b 3.2b
2 205.8¢ 9.0¢ 20.5¢ Sla
Sunificance of F
Culuvar {ev) i oo hid »
Compacuon (CP) o an o e
CV x P NS Toee NS NS
Chatham
{chay loam)
Fleetwood 464 3a 28.6a R 1.8h
Kentwood 300,30 25.0ab 1.8b 2.2ab
Seafarer 251.0¢ 1.3 2t.0b Za
Soit compaction neans
Ck 426 4a .24 35.0a e
Ct 35G.5b 26.00 23.0h F.9%
2 238 6¢ i7.7c 8.0 .0a
Significance of F
Culuvar (CV) e oo us *
Compaction {CP) = o o o
C¥ = CP i NS NS NS

*Data taken on 16 August 1984,

*¥ield of 51 row 81 18% moisture, planis harvested on the first week of September 1984,

“Measurements were taken from seil level to the up of plant on 16 August 1984

a~h menns within column followed by the same letter are not significantly different (P 2 0.05) according
10 Dunean's multipie range st

*Significant at 5% level, "Paignificant at 1% level

{(Alter Tu & Tan, 1945)
Tab, 42

Yiekd of whits Beun m fieted plots of different sl compaction i retation 1o sl fypes
i 1984

Yield at different dogeees of sl compaction

Controb (Cky Mediam 1€ Fhgh (C2)

Location Culuvar (g ) Cloe CLCR
Harrow Fleetwood $3dgat 7 3a b [
Kentwood 2849 1.0 6b ELE 49.2
s 26210 12956 T 444
. wo wn }
Chatham . Fleetwood S60.0a 432.0a 350.9a O 55.0
Kentwood 413,30 3N 182,90 733 44,2
Seafarer 3305 295.3b 15210 843 4304
f‘-lC‘}l a9 G wd

"Yicld of Sm orow at 18% morsture. Plants harvesied m the frst week of September, .-b
means within column followed by the same letter are not stgmificantty different (2 2 0.05)
according to Duncan’s muluple rangs wsi

**Sipnificant of F-test at 1% level

(Alter Tu & Tan, 1985%)
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Tab. 43 Growth, vield and root rot severity of white bean jn sandy loam and
clay loam soil based on average of three cultivars* and three degrees of

compaction®
Yield®  Fresh wt*  Height® Root rot
Soil type {8 (g} (cm} (0-9 inclex}
Sandy loam {Harrow} 286.1b 13.7b 25.3a 3.5a
Clay loam (Chatham) 338.5a 25.08 25.3a 21b

a-b means within column followed by the same fetter are not significantly
different (£ = 0.05) accordiing to Duncan’s multiple range est.

*Fleetwood, Kentwood and Scafarer.

* Refer 1o text.

“Yield of 5m row at {8% moisture. Plant harvested in the Arst week of
September

4Data taken on 16 August 1984.

*Plant height measured from soil level to the tip of plant. Data were taken on
16 August 1984,

{(After Tu & Tan, 1985)

The three cultivars differed considerably in their growth rate and canopy size. Fleetwood had
the largest plant biomass and highest yield followed by Kentwood and Seafarer. Their
responses to soil compaction were similar both in sandy soil and in clay soil (Tab.41),
However, plant growth and bean yield of all three cultivars fared better in clay soil than
sandy soil. The percentage growth or yield reduction due to heavy soil compaction was
considerably less in Fleetwood than Kentwood and Seafarer (Tab.42).

Notwithstanding the differance in cultivars, root rot severity increased with soil compaction.
The root rots were more severe in sandy soil than clay soil. Among the cultivars, Flectwood
appeared more resistant to oot rot than Kentwood, and Kentwood more resistant than
Scafarer (Tab.41),

‘The refationship between white bean yield and soil compaction (Tab.42) was clearly shown
i the reduction of bean yickl as soil compaction increased. Yield reduction from C1to C2
was greater than from Ck to C1 in both sandy and ¢lay soils. Bean yield of the three cultivars
had Cl-to-Ck ratios ranging from 77.0't0 791 and 73.5 to 84.3 in sandy soil and clay soil,
respectively, and their differences were small, However, at heavy compaction (C2), these
three cultivars had a large difference in C2-to-Ck ratios showing that some cultivars were
more susceptibie to keavy compaction than others (Tab.42),

The results of these field experiments confirmed a previous work by Tu & Tan (1988),
corlucted in a greenhouse, In both cases, seil compaction reduced plant biomass and yield
of white bean, and increased the root rot index. No doubt, soil compaction increased
physical restraint of root growth and reduced soil acration and water accessibility. The latter
restricts delivery  of nutrients to plants and  consequently affects the cfficiency of
photosynthesis (Tu & Tan, 1988). Clearly, soil compaction imposed not only physical but
alse physiological constraints to plant growth, The poor plant growth due to soil compaction
may predispose these plants to more severe roof 1088,

Plants grew better and yielded higher in clay loam soil than in sandy {oam soil at the same
traffic treatment (Tab.43), possibly because clay loam has more nutrients, organic matter and
hetter  moisture holding capacity than sandy soil. It s noteworthy that throughout the
experiments, the soils were compacted only in the top 7 ¢cm, From 7 to 14 ¢m, the bulk
density measurements showed little or no difference among treatments (Tab.39). Thus, it
was safc to assume that tillage of top soil during the growing season may effectively reduce
soil compaction in the field and improve plant growth and yield,
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A study by Kahnt et al. (1986) was done to observe the cffects of soil compaction on field
bean and soybean growth in greenhouse, Plastic cylindrical tubes were filled with silty loam
soil with 3 bulk densitics viz., low (1.25 g cm™3) medium (1.45 g cm™3) and high (1.65 g
cm““3) either in the whole profile= (homogenous) or in combination of low/mediuvm (level
1), low/high (level 2) and medium/high (fevel 3) as topsoil/subsoil densities=
{(heterogenous).

The homogeneous bulk densities in 0-50 ¢m soil profile were as under:

Bulk densities Total pore volume (%)
125 g em™3 49.6 (Low)

145 g cm™ 46.4 (Medium})

1.65 g cm™? 44.1 (High)

To create heterogencous soil profile the following combinations of soil bulk densities were
taken:

low (1.25 gem™3) upper 20 em soil
(level 1; control)

med. {145 ¢ cm*3) lower 30 cm soil

low (1.25 g cm™3) upper 20 em soil
(evel )

high(1.65¢ Cm“3) fower 30 cm soil

med. (145 g cm™3) upper 20 cm soil
C{level 3)

high{1.65¢g (:11'1“3_} lower 30 cm soil

The plants were harvested after 4, 5, 7 and 12 weeks after sowing in homogencous and 4, 8
and 12 weeks after sowing in heterogencous soil. Watering was done at 70 % field capacity.
The treatments were replicated 4 times,

The results in Fig.59 showed the first decrease in dry matter yield due to high density to
occur at second harvest Le. after 5 weeks. This decrease was observed until the last harvest.
No appreciable differences between low and medium density treatments were found, In
heterogeneous soil profile (Fig.60) compaction combinations also caused a decrease in
weight, which became greater with time,

To establish the zones of the root concentration, soil profile was divided into 3 parts i.e, O-
20 cm (layer a), 20-40 cm (layer b) and 40-50 cm (layer ¢). At first 2 harvests only field
bean showed a decrease in root weight due to high compaction (Fig.61). The effect of
compaction at 3rd harvest was not very ciear in any. At the final harvest an evident decrease
in total weight due to compaction was registercd for both crops.
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(After Kahnt ot al., 1986)

The adverse effect of compaction showed itself in heterogeneous soil profile too (Fig.62). In
the first harvest the effect was only seen at 3rdd level, but it became notacieable at all fevels
from 2nd harvest and onwards, At 2nd harvest a decrease was registered in totat dry matter
at fevel 2.
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The effect of compaction on root volume started becoming clear at 2nd harvest (Fig.63) At
3rd harvest [n the upper layer an increasing trend was found with the Increase in bulk
density. No differences were observed in the middle layer. In the lower layer increase in
bulk density decrcased the root volume. At final harvest higher bullk density increased the
oot volume of both crops in the upper layer. In the middic layer increasing the density from
low to medium increasced the root volume, but a further increase caused a decrease in root
volume,

In heterogencous seil profile (Fig.64) both crops reacted differently to soil compaction. At
all harvests field bean showed a decrease in root volume due to compaction, whereas in
soybean it was produced only at level 3.

At 1st harvest an increase in bulk density from 1.25 cm to 1.65 cm™3 caused both field bean
and soybean to reduce its total root length (Fig.65). This effect went through 2nd harvest, At
3rd harvest o effect of compaction was found in the upper layer. In the middie and lower
layer root length was greatly decreased. At final harvest an increase in bulk density from
level 2-3 especially reduced root length in both crops.
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The effect of heterogeneous soil profile in Fig.66 shows no clear cut effect of compaction at
1st harvest, but at 2nd harvest fotal root fength of both field beans and soybeans decreased.
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Fig. 64 Effect of hererogenecus soil compaction on the root volume in upper (2), middle {b) and
lower (c) laver and total root volume of field bean and sovbean ac three diffevent harvests

(Afler Kahnt et al., 1980)

As noted carlier in this review, roots grown in compacted media fail o clongate but expand
raclially causing the roots to thicken. This might have prevented the reduction of root volume
in some high density profile in this study (Pers. comment).

In an investigation by Borges ct al. (1988), growth of soybean varietics in response to $oil
compacted layers were studied. The study was conducted to evaluate the capacity of roots of
5 soybean varietics to grow into compacted soil layers and the effect of soil compaction on
plant growth and nutricnt concentrations.

Containers were made up by superimposing three PVC rings. Lime and fertilizer, in proper

quantitics, were mixed with a sample of a Dark Red Latosol. Pressure was applicd to the soil
in order to obtain the following bulk densitics: (1.85, 1,15, 1.25 and 1.35 g cm™3,
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The growth of the acrial part of the tropical varicty {Tab.44) showed most sensitivity to the
increase of soif compaction. A drastic decrease of root growth is observed in the 1.25 and
135 g em™3, respectively,

Phosphorus, potassium and magnesium concentrations in plant shoots increased with the
compaction up to nearly 1.0 g e, decreasing for higher densitics (Tab.45). However,
calcium concentrations decrcased linearly with the increase in the soil compaction. In
general, the behaviour of all varieties was similar in responsc 1o the treatments tested.

The objective of a study by Lindemann ct al. (1982) was to investigate the cffects of soil
compaction applied in spring prior to planting on soybean nodulation, Np (CHHy) fixation
and seed yield.



Tabs. 44 & 45 Produgdo de matéria seca da parte adrea ¢ das raizes de cinco variedades de s0je, submetidas

rlo do vase

8 denslida
de apayente de 0,835 g/ca3 nos anéis superior ¢ inferior ¢ a diferentes densidades no anel intermedig-

Bensidade aparente (g/cms)(i}

Variedades
0,85 1,05 1,18 1,25 1,35 Hédia 0,85 5,05 1,15 1,25  1.3%
Parte Afrea
—— g/ vase _ Crescimento Relativafl)
TAC~2 8,77 a 8,40 a 8,41 a 7.45 a 7,22 a 8,08 1000 95,8 g
; . . . . . . . : 5.8 84,9
Bossier 8,12 ab 8,17 ab 8,16 ab 7,26 8 6,96 ab 7,73 300,0  100,6 100,46 89.4 gg'?
?rgpscax 8,28 ab 7,26 ¢  7.86 abc 6.22 b 6,26 ¢  7.18 100,0 87,7 94,8  75.1  75.6
oko B,33 ab  7.60 be  7.48 ¢ 6.83 ab  6.83 abe 7.4l §00.06 90,7 88,3 81.5 B1.5
Cristalina 7,82 b 7,66 be 7,62 bc 7,06 8 6,54 bc 2,37 1000 9.7  96.2 89,2 82.6
Media 8,29 7,82 7,89 6,96 6,76 - 100,80 94,3 95,2 84,0 81,5
Raizes
TAC~-4 2.527 2.417 7,508 1,768 1,707 2,186 cd 1000 95 6
. . . . . , . , 9,2 70,0 67,6
Bozsler 7,633 2,586 1.498 1,675 1,951 7.269bc 100,0 98,2 04,9  63.6 71 1
;;ﬁpxcal 2,518 2,394 7,418 1,463 1,587 2.065d KGO0 95D 95,7 58,1 61.0
boke 2,760 2,604 2,786 1,775 1,046 2.354h  100.0  94.3  100.9 64.5  66.9
Fistaling 2,849 7,908 3,093 2.027 2,151 2.606a 100.0 162,01  }08.6 T1.F  75.3
Média 2,658 2,582 2,659 1,747 1,838 - 10,0 47,1 100.0 65,5 69,1
(1) Densidade sparente do arel intermedidrio.
Medias seguldas de mesms lefra, ns coluns, ndo diferem estatisgzicamente entre sl, pelo teste de Tukey, a 51 dae

probabilidade

. Concentragio de Fésioro,
des de soja, submetidas a ¢
rior ¢ # diferentes

Nutriente

Densidad
uparente?[}

Fasforo

Potdssio

Calclo

Magnésio

g/cms

0,85
1,05
115
1.2%
1,35,

Midiall)
0,84
pooh
115
1,25
1,35

Médiutz}
0,85
},05
T
1,25
1,45

Médjaiz)
0,85
1,05
1,15
125
3%y

Media

1,08
1,58

4,495
0,87
$.98
0,84
0,91
0,91

0,42
9,42
0,42
0,40
0,40
g.41

potdssio, cilcio ¢ magndsio na parte adrea de cinco varieda
jensidade aparente de 0,85 g/cmd

nos anéis superior e infe
lensidades no anel iptermediario de vaso

ab

b

a

Bossiex

Variedades

Tropical

0,14
o,14
0,13
0,13
0,12
0,13

1,76
1,84
188
1,54
1,26
1,66

1,18
108
1.00
1,60
5.91
103

4,41
0,45
0,42
0,45
0,40

¢.,43 a

0,14
0,13
0,13
0,13
¢,12
.13 a
1,82
1,93
1,92
1,42
1,18
1,66 a

1,07
1,06
1,05
i, 0d
0,52
1,03 a
,41
0,42
0,41
0,42
0,37
.41 &

Media
Doko Cristalina
% s . P s —— pa— -

0,13 0,14 G,14
0,14 0,15 0,14
0,13 G,14 0,13
0,12 0,12 0,12
£.13 D1t D.12
4,13 2 0,13 a -
1,94 1,62 1,76
1,99 1,86 , 89
1,86 1,29 1,07
1,39 1,31 1,41
1,11 1,05 1,14
1,66 a 1,43 b ~
1,13 1,08 1,08
1,15 1,13 1,06
.09 1,04 1,03
1,07 0,99 0,49
1,0% 0,93 G,94
1,10 a 1,03 =a -
9,40 0,43 0,41
0,43 {,45 0,43
0,39 0,40 0,42
0,40 0,44 G,40¢
0,40 0,37 0,39
0,40 n 0,42 a -

(1) - Densidade aparente do anel

intermedidrio.

(2) - MEdias scguldas da mesma letra,
te de Tukey, a 5% de probabilidade.

(After Borges et al., 1988)

Field experiments were conducted on a clay |

oam soil for 2 years in Minnesota., Prior to

planting, compaction treatments were imposed on the plot area by driving a tractor over each
mMOmewmcmﬂnwﬁmmeCummﬂpbhmsmﬁwmmﬂmLAﬂmcmmmuMmbMR
density and soil moisture samples were taken. The experimental design was a randomized,
complete block with 4 replications.

na linha, ndo diferem estatisticamente entre si, pelo teg



1976 and 1977 were quite different years with respect to precipitation at the experimental
sitc. While 1976 was an extremely dry year (88 % of normal April to September
precipitation), precipitation was greater than normal in 1977 (125 % of normal April to
September precipitation).

Balk density (Tab.46) in the upper 5 to 25 cm of soil was increased significantly by tractor
compaction. Only in 1977 did additional tractor passes (2X and 3X) further increase bulk
density over the one tractor pass.

According to the report, visual treatment differences were clearly evident in 1977, especially
in June and July. As the number of tractor passes increased, plant growth decreased,
Compaction decreased plant dry weight on the Ist July sampling date (Tab.47). At harvest,
plant height was not significantly different, but the trend was apparent.

Soybean yiclds (Tab.48) were not affected significantly by tractor compaction in either year,
although trends were present. There was a trend for compaction to increase yields in the dry
year {1976) and to decrease yields in the wet year (1977). This is also in line with several
years experiments by Hakansson (1989). These investigations show that the optimal degree
of compactness and consequently the yicid varies due to e.g. the weather sttuation during the
growing season. A comparatively fow degree of compactness was optimal in wet sumimners
and a higher degree of compactness in dry summers,

Tab. 46 Effect of compaction treatments on soil bull density.

Bulk density

1976 1977

Soil depthicrm} N

Compaction I _—
tresimeant ~ 15 15-25 H-18 1;17—,197
. e -...._......‘..‘V,,vg(:ln‘,h.‘.,....w.,. SRR
0 1.16 8% 1.24 8 1.25 n 1.46 8
1 tractor pass 1260 1.37h 1.46b 11‘) b
2 tractor prases 1.25h 1.39 b 1..‘:;:3 c 1;% ¢
A tractor payses 1.28b 1.33b 1.04 ¢ 1.56 d
Standard error 0.05 0.5 0.04 G.04 ]

s Means followee by the same letter within each column are not wig
nificantly different at the 5% probability level as determined by Dun
can’s Multiple Range Teut,

{Alter Lindemann et al., 1982)

Cumulative nodulation and acetylene reduction from 4 sampling dates in 1976 can be seen
in Tabs.49 andd 50, The 2 tractor pass treatment had significantly higher nodulation and
acetylene reduction values for taproot samples only. A simifar trend is seen in the lateral
samples, but the differences are not statistically significant, In contrast to the 1976 data
nodule number and weight in 1977 were greater in the control and 1 tractor pass treatments
than in the more compacted plots (Tabs, 51,52).

Phytophthora root rot, caused by Phytophthora megasperma £, sp. glycinea (Kuan and
Erwin), is one of the most destructive seilborne diseases of soybean and the discase now
oceurs in most soybean producing areas of the U, 8. and Canada (Kaufmann & Gerdemann,
1958). The pathogen may attack plants in all stages of growth with discase development
favored by poorly drained soils and cool wet weather. Symptoms of the discase are
preemergent or postemergent damping off of younger plants and stunting, wilting or death
of older plants (Hildebrand, 1959).
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Tab. 51 & o . .
D 52 Effect of soil compaction on soybean cumnlative nodule
number and nodule weight in 1977.

Compaction Nodule no. Nc{iiule weight
treatment Latt Tap? Lat Tap
— plant™ g plant™?
0 92 a* 346w 0.950 & 3.782a
1 tractor pass %a 34 b 0914 a 37468
2 tractor passey 670 2T e 0.73Ta 3.682r
3 tracter passes 68 a 271 ¢ G.112a 3.188b
Smpdard BTTOT 24 22 0.277 0.4711

¥ Me:ans follo‘wed by the same letter within each column are not sig-
nifieantly different at the 5% probability level as determined by Dun-
‘can's Multiple Range Test.

T Lateral root nodules from two sampling dutes 67 and 85 days from
planting. ’

i'I‘aprt_)or, nodules from four sampling dates 27, 48, 67, and 85 days from
planting. ’

. Effect of aoil compaction on soybean total acetylene re-
duction activity (additive over 4 hours) and specific acetylene
reduetion activity (average per hour in 1977).

. Total activity Specific activity
Compaction
treatment Latt Tupt Lat Tap

wneles C,H, plant™ wmoles C,H, g nodule

¢ 3,27 9.0 3.5 37
1 tractor pass 3.3 1.4 4.2 39
2 tractor passes 2.9 9.1 30 28
3 tractor pagses 2.1 10.0 31 3.7

Standard ervor 1.1 2.4 2.5 2.0

* Total and specific activity was not gignificantly different st the 5%
probability level with respect Lo compaction treatment.

T Lateral root samples from two sampling dates 87 prd 85 days from
planting,

i Taproot samples from three sarpling dates 48, 67, and 85 days from
planting,

(Adter Lindemann ot al., 1983)

Resistance to the pathogen has been identified and effective discase control has been
obtained by incorporating race specific, major gene resistance into adapted cultivars
(Keeling, 1984),

Gray & Pope (1980} found that subsurface soil compaction increased the severity of
Phytophthora root 1ot in the susceptible cultivar Corsoy. They obscrved an increase in the
number of plants killed by the fungi and @ sced yickl decrease in compacted vs.
uncompacted plots.

The objectives of a study by Moots et al (1988) were 1o determine 1) if soil compaction
would help distinguish resistant from susceptible genotypes in fictd screening and 2) if
isolines with varying degrees of resistance could be separated.

Soil compaction experiments were conducted in ltinois on a silty clay loam soil. The soil
had a poor internal drainage and a natural infestation of Phytophtora. Compactions were
made by tractor on strips by repeatedly driving the tractor over the plots, The compaction
treatment increased butk density from 1.13 10 1.28 ¢ cm™3 in 1983 and from 115 t0 1.27 g
em™3 in 1984, The treatments were replicated 3 times in a split-plot arrangement of a
ranclomized complete biock design in which the compacted or uncompacted treatments were
main plots and cultivars were subplots,
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Cultivar effects were highly significant for all variables measured. Discase incidence and
number of dead plants increased with compaction while seed weight and total number of
plants emerged decreased. Seed yield was not significantly affected by compaction.

Discase incidence (Tab.53) in 1983 and 1984 ranged from 0.0 to 7.67 in uncompacted plots
and from 0.10 to 1895 in compacted plots. Only the susceptible cultivar Sloan had
significantly higher discase incidence than the other lines in uncompacted plots, while both
susceptible cultivars Sloan and Corsoy had significantty higher values in compacted plots.

Tab. 53 Comparison of disease incidence 1n compacted and uncompacted plots averaged over planuing dates in 1983 and 1984
Disease incidence”
1983 1984 2-Year means
Uncompacted Compacted Uncompacted Compe-dn Uncompacted Comparied

Cultivar {0} (%) (%} Mo (%) (%}
BSR 201 0.17 0.85 .33 3.83 0.25 234
Century 1.30 0.82 167 1183 .48 £33
Corsoy 2.38 9.53 1.67 13.67 5.03 11.60
Corsoy 79 0.42 0.93 260 4.00 L2l 2.47
1.27 0.00 0.33 .33 283 a7 1.5%
L28 .25 0.25 .83 1.83 0.54 1.04
1.77-1585 0.28 0.98 147 2.50 0.73 1,74
Multiline 0.57 Lon 0.67 1.50 0.62 L3S
Stoan 592 w9 717 9.67 6.54 131
Toku 0.27 0.10 oo
Vors 295 0.08 j.20 HRIE -
LSD0.08 342 312 3.89 149 2.57 2.57
LSD 0.05¢ 442 5.52 2587
Mean 166 3.8 243 574 1.84 474

*Percent of dead plants 1~ otal plants emerged.
'LSD for withime-commiction comparsons.
"LSD Tor within-edllvar comparisons.

{Adter Gray & Pope, 1U806)

Despite the fact that peas descend from Asia Minor they have not especially high demand for
high summer temperatures, This (s also due to the fact that their arcas of origin are located at
rather high altitudes. Normally peas demand an average July temperature just below 200C in
order to yield maximal. Too low summer temperatures, however, give tise w0 a lengthy
vegetative development and weak flowering. Peas are relatively tolerant to low terperatures
and are able to stand frost at seedling stage (Askerblad et al., 1984}, They possess a high
degree of hardiness and can germinate already at + 19C, which make an carly sowing
possible.

Concerning the need of precipitation, the situation is a bit more comptlicated, Peas demand a
moderate water supply. During dry vears, the oot depth becomes a limiting factor and
consequently the crop will not be sufficiently developed and yields become low, On the
contrary, under wet conditions and cspecially when compaction is high, the crop can suffer
from suffocation which in combination with root rots limits the N~ fixation. The result is a
stunted, prematuring crop giving rise to a low yicld (Pers. observations). According to
Berglund (1957) peas are yiclding optimal when precipitation during the first two months
after sowing amounts to approx. 100 mm (Fig.67) in combination with a normat distribution.
Peas arc very sensitive to excessive water during the rapening stage. Harvest becomes more
complicated, pods splits and the seeds are attacked by fungi (Pers. observations).

Several workers in Britain have quoted marked yield reductions arising  from  soil
compaction by tractor wheelings, cspecially on headlands, but they have not indicated
clearly to what extent these reductions were due to adverse effects on plant population and
plant distribution, or to the impaired growth of inctividual plants that have emerged (Battey
& Davis, 1971),
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In 1979 a survey was conducted (Tudor ct al., 1981) to cstablish the importance of soil
compaction to the pea industry in England, Several cases of severe compaction were
examined and the physiological development of the crop recorded.

According to Tab.54, on average, plant population in wheelings were reduced by more than
50 %; the plants that grew were stunted and the yicld of peas reduced by about 65 %,

When the strength of the soil is too great, pea roots are unable to penctrate and ranufy
through the soil or the hypocotyl may fail to emerge except through occasional large cracks.
Fig.68 shows the cffect of increasing bulk density on pea growth in a laboratory experiment.
The number of lateral roots and plant height were notably reduced at a bulk density of 1.4 g
cm'::)* (Tudor ctal, 1981).

Fig. 68 The effect of buik density on pea growih,

(After Tudor et al., 1981}
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Tab. 54 Table of plant components on three dates wnder wheeled and non-wheeted areas fron
8 commercial ficld site.

___ Mon-wheeled site Whecled site
~Component 28579 13.6.79  7.7.79 Component 28570 13.6.79 7.7.99
Plants per m? 17 17 117 Plants per m? 32 52 52
Lcafkdry wi/m' 0.062 0203 0,192 Leaf dry wi/mi 0005 0.031 0.058

. kg kg
Szemkdry wi/m?*  0.039  0.190 0.379  Stem dry wt/m?®  0.003 0.028  0.096
g kg
Reoot dry wi/m*  0.019  0.035 ~  Root dry wt/m*  0.002 0.015 —
g &
Root fength cm 0.7 e —  Root length cm 6.3 e —
Nodulfz: number/  2.644 e Nodule number/ 1,258 — —
m m?
Plan;s HTS cm 28.9 66.1 84.0 Plants HTS ¢cm 9.9 3.7 50.9
Photosynghenc 1.8 5.9 7.9 Photosynthetic 0.15 0.92 1.9}
arca index area index
Dy wt pods per o 0.005  0.226  Dry wt pods per — — 0.100
m’ kg s m? kg
Peas/pod o — 8.27 Peas/pod - e 5.04
Yield peas/m? — — 2,09 Yield peas/m? . - 0.86
TR 105 kg TR 105 kg

{After Tudor ct al., 1981}

In an experiment where the influence of soil structure was investigated on yield of peas, a
yield comparison was made between a soil which had been continuousty cultivated for more
than 100 years and an old pasture, which was newly ploughed (Low, 1973). Soil type,
fertilizing and other conditions were equivalent, The new field viclded 4000 kg ha~1,
compared to the old field, which only yielded 1250 kg ha~ L, The difference in yield can
probably not only be attributed to soil structure effects, since soil borme pathogens may have
had a considerable influence (Pers. comment). However, the newly tilled soil showed a bulk
density of only 1.1 kg em—3 compared to 1.5 kg em™3 i the old fielkd, Aggregate stability
showed to be nearly 4 times higher in the newly tilled soil.

In an experiment by Hebblethwaite & MeGowan (1980) the objectives were designed to
study the ways by which compaction affected growth and development of peas in 1976+
1977 from sowing through final harvest, Information was obtained on emergence, growth
and development, water use and components of final yiclds. An additional treatment was
included in which plants grown on non-compacted soil were thinned to population density
andt distribution similar to that of the compacted arca, so that effects on final yiclds of altered
population and performance of individual plants might be distinguished.

Shortly after sowing, a tractor was moved across strips of land to create plots which had
been compacted by cach rear wheel side by side comprising several passes. For the "dry
compacted” treatment, the seedbed was compacted immediately after sowing before the soil
was wetted by irrigation, For the additional "wet compacted” treatment, the soil was first
frrigated after sowing and then compacted the following day. Thus, all treatments, including
controls, reccived the same amount of water, Plots were then sheltered until full cmergence.
3-6 weeks after emergence non—compacted thinned populations were prepared by thinning
out non-compacted arcas 1o a population and distributjon similar to that of the compacted
dry plots.

According to the report, the 1976 growing scason was the driest, sunniest and hottest
growing scason at the Experimental site since records were first kept in 1916. Most crops
suffered scvere moisture and heat stress. In 1977, during the growing scason, rainfall was
generaily equal to or greater than fong term average. Fig.69 compares potential soil water
deficits for 1976~1977 with the cstimated soil water available within maximum root range
of peas. Fig.70 shows the buik density, pore space and penetrometer resistance for the 1977
pea crop.
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According to Fig.71, cmergence was closely related to penctrometer values. However, it s
doubtful if this can be taken as a direet causal relationship, Taylor et al. (1966) found that
the emergence of monocot plangs were closely related o the strength of soil as determined
using a penctrometer, Dicots, such as peas, have a larger surface area which has to be forced
through the soil, which makes them more susceptible to soil compaction (Harks & Thorpe,
1957
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Final yields of dried peas, per plant and per unit area, are given in Tab.55. Interesting to note
is that compensation by tillering, and hence pods per plant, of the thinned population in
non-compacted soil had proceeded to such a degree as to out-yield even the non-—
compacted control plots. Possibly plants in control plots were restricted by interplant
competition. Had there been no data for non—compacted thinned treatments, one might have
concluded that compaction reduced yield and its components through decreased population.
However, comparison with non—compacted thinned treatinents indicates that the inability of
plants growing in compacted soils to make compensatory growth is also important.

Tab. 55 ey vield and yield compenents ap dricd pea stage for Vedetie in 1976 and Sprite in 1977
' Dy vickd
Pea ol peas Dy vigld
Planty Pads Peas weight prer plant of peas
{m~) per plant per pod tmg) {g) fg m)
Trewiment {976 1977 976 1977 t9l6 1977 1976 1977 1976 1977 1hPe 1977
Campacted wet 74 A To 4n LI 157 34 [ T 4 192
Compacied dey 11H) Rid) 24 52 203 5.8 134 8y (S 5.5 hd 256
Nun-canmpacted kK] R A 5.6 —ee 30 — 215 731
Hinaed ‘
Noneompacted 112 0} A 5.2 16 46 150 219 0.9 Go8 a4 423
control
Conde 16 12 0.5 4 SEEEE I i ] 0o A g o5t
" Least sgatennt dllerence £« 0L03)

(After Hebblethwait & McGowan, 198(0)

While most studies report on effects of soil compaction on plant root and shoot growth and
yield, few investigators have been concerned with plant nutrient uptake In compacted soils,
Especially concerning leguminous crops there is an evident lack of information regarding
interaction effects between soil compaction and plant nutricnt uptake. Reports on combined
effects between soil compaction, nutrient uptake and root 1ot$ in leguminous crops are moye
or less non- existing (Pers. comment).

Anyhow, in a laboratory study by Castilio et al. (1981) the objective was to determine if
compacting soil around the roots of growing pea plants affected dry matier production,
rooting characteristics and nutrient uptake.

Soll cores were formed from <2mm sicved aggregates of the 0-15 cm horizon of a loam soil
and packed to bulk densitics of 1.16 and 1.30 ¢ cm™3 (Fig.72) and exposed to an external
pressure of 0, 90, 179 and 269 kPa throughout the experimental period. The experimental
design was a randomized block with 4 replications.

Final bulk densities after applying external pressures are seen in Tab, 56, Shoot weight, root
length and root weight were all decreased after applying stresses of 90, 179 and 269 kPa
(Tab.56).

Data reported in Tab,57 show that K and Mg uptake were reduced when external pressures
were applied to the root system, Calcium uptake followed a similar trend. No significant
reduction in Mn uptake was observed at the highest level. Copper uptake, on the contrary,
was increased with the application of mechanical stress. No significant effects were observed
for B, Fe, P and Zn uptake,
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Bradford (1980} showed a 50 % reduction in pea scedling root length when the soil water
matric potential of soil cores with a silt loam was reduced from ~10 0 =33 kPa,
Penctrometer resistance increased from 1240 to 1290 kPa at the same time. The clemental
compositions of plant shoots from the experiment are reported in Tab,58, Significant
decreases in uptake were shown by K and Fe bat not by other clements.

£abs. 56 & 57 prrocty of applied external stress and soil bulk density
of pea shoot and root growth. |

Root length

Apphied Sheot Raot Root to root
stress  Initial Finsl  weight length weight weight ratio
kPa s glem? e mgleore eneare mglcore iy
G 118 .16 114 478 26.3 180
1.30 1.30 115 424 23.3 183
90 1.18 1.28 123 275 24.5 116
130 1.35 118 243 22.3 07
179 1.16 1.38 75 65 14.3 46
1.30 1.40 73 T4 5.6 5
269 1.16 1.47 88 61 12.8 47
1.30 1.46 65 H8 13.8 43

T Bach value is the average of four observationa.

Eiffeces of epplied externad stress and soll butk densicy on the nutrient composition of pes shoots.t

oil bulk density

Stress o e - -
applied Initial Final ] Ca Cu Fa K Mg Mn P Zn
kPa ] {';J'CT(I" [ e e b i m&;g [ ug/g"" S
4] 116 115 211 12,6 254 1.560 2.92 0.73 27.8 0.56 51.1
1.30 1.30 208 1.9 279 1,440 2.84 a.70 26.8 0.55 49.0
90 1.i6 128 202 14.4 458 1,690 2.55 0.61 22,0 0.53 46.6
1.30 1.35 225 145 436 2,580 2.51 061 3.0 0.58 52.6
179 116 1.38 231 12.1 360 1,700 2.18 0.49 21.4 .51 47.9
1.30 1.40 204 12.5 438 1,820 1.99 0.57 22,2 0.51 44.2
269 ' 1.16 1.46 236 12.8 323 1,770 2,15 0.49 25.4 0.55 43.0
' 1.30 1.47 218 2.8 342 1.560 1.9% 0.49 267 0.52 437
SEY 143 0.99 38 384 0187 Q034 2.1% 0.036 5.78%

(Alter Castillo ot al., 1981)
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Tab. 58 Pea nutrient uptake ae affected by soil water potential in natural cores of a B, silt ioam soil.

Suil water potential B Ca Cu Fa K Mg Mn r Zn

kPa - mgle nelg
0 198 i5.6 104 5,780 1.07 0.41 st 0.53 312t

-3 108 4.2 101 5,230 1.08 0.36 64.4 0.70 189

- 10 208 14.9 108 4,960 1.02 0.36 £8.7 0.68 109

-~ 33 211 138 8y 3.340 0.80 0.35 1169 0.68 284

-100 217 13.9 B6 3,000 0.79 0.38 118.6 0.67 144

F (ratio) NS} (NS} (NS) 6.5%° 7.1%¢ NS (NS} NS NS}

#* Bignificant at the 0.01 level.
1 Groat variability arcong observations in same treatment.

(Alter Bradford, 1980)

In a case study by Grath & Hakansson (1992), 11 fields in the province of Halland in
southwestern Sweden were included. After a rainy period in first part of July pea fields
developed a patchy, premature yellowing and wilting in a pattern pointing out machinery-
induced soil compaction as a major reason. The highest frequency of yellow patches was
observed on headlands, in wheel tracks of heavy machines or in small depressions where the
soil had been relatively wet during scedbed preparation and sowing.

The sampling was carried out by the end of July, when the pea crop was in the middle of the
pod-filling stage. In cach sampled ficld one plot with healthy, green peas (G) arxl one with
yellowing peas (Y) were sclected as close to cach other as possible. Within cach plot core
samples werce taken out (depth 10-15 em) for determination of total and air filled porosity.
Number of nodules on main roots were counted and occurrence of nodules on fateral roots
was assessed subjectively on a scale with § = no oceurrence and § = very abundant
occurrence, In five of the sites the above—ground part of the crop was harvested and
analyzed regarding dry matter, nutricnt uptake and concentration,

Based on Fig. 73, it may be assumed that the plough layer in the investigated ficlds had a
water content below field capacity during most of May and June, After heavy rainfalls in late
June and early July the soil became fully saturated for a period of about two weeks.
Hspecially tn compacted plots with a low saturated hydraulic conductivity, the top soil for a
period probably had a water content above field capacity,

mim

35 O e A i 1 e e S e eV s b e a8,

10 20 230 10 20 3 1020 31
May ' June ' Jily '

qu.‘ 73 Cumulative values of precipitation (P) at
Halmstad and potential evaporation (E) at Torup for
May. June and Fuly. 1990,

(After Grath & Hakansson, 1992)
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Total porosity was generally lower (Tab.59) in Y than in G, and in most cases, air—filled
porosity was also considerably lower.

The number of Rhizobium-nodules both on main and lateral roots was significantly lower in
Y than in G (Tab.60), which reduced N fixation (Tab.61). N concentration was reduced by
more than 50 % and total amount of N, P, K and § was reduced by 70--37 %. Intercsting to
notice is that the Mn concentration increased in compacted plots (Rel. 144 in 'Y compared to
G). The same was true in the experiment by Bradford (1980; Tab.58). This might be
explained by the Mn Ox/Red situation in the soil during anaerobic conditions, which is
discussed above, In all probability, differences in root disease infestation have occurred,
which accentuated the effects, but this was not investigated.

Tab. 39 Soif rexture, total porosity (n, Y% viv)
and air-filled poresity (a, % vlv) at various ma-
tric water tensions in G and Y plots at the indi-
vidual sites

¢ at a tension of (hPa)
Site number. exture —

and crop appearance’ H 13 La0 1000
o Sandy loam G 3H4 138 193 235
- Y o 349 44 60 12
2. Loam Goosty 10 143
Y o 3.6 73 116 20.4
3. Sandyv loam G 326 419 189 238

4. Sandy loam G 433 7.5

[

o Saclayloam G 323 150 174 24

6. Saclay loam G 4{5.0 ?:{) 100+ 15.:

.l b -
7. Sandvloam G 374 T3 109 7.3
Y o 466 1.6 2.3 Lo
8 Sandvioam G 453 3

9, Sandvioam G 434 47 6.2 10L3

10, Loamy sand G 368 104 121 167
Yo 520 Lt 143 1853

11, Loamy sand G 4007 7.2 198 2501
Y 356 63 123 175
2

|

Mean values Good94 .6 131 182
Y o 44,3 57 8.6 14,
LS (p=0.0%) 2727 a4 34

U Gegreen peas: Y =vyellowing peas.

{Alter Grath & Hikanssou, 1992)

in another study by Grath & Hakansson (1992), the investigation was concentrated to a 37
ha field with a clay loam soil. The ficld became extremely patchy in July after heavy
rainfalls during the sccond part of June with arcas of green (G), yellow (Y) and brown
{dicing) peas (B). The final yicld in the ficld was only 2000 kg ha= 1 compared to a S-year
average for the farm of 4200 kg ha~1. The study comprised 6 sampling sites, cach consisting
of one G-, one Y- and one B-plot,

In mid August, within cach plot, plant height, number of pods per plant, root depth, max.
nodulation depth and number of nodules on main and lateral roots were determined
(Tab.62). Frame sampling for determination of porosity and degree of compactness in the
plough layer was carried out, but data arc not yet available. Anyhow, during field work it
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was obscrved that soil strength increased from G over Y to B. Determination of the degree
of infestation with regard to the root rot complex was undertaken, averagely resulting in
indexes of 18 (G), 55 (Y} and 54 (B), respectively, on a 0-100 scale, Values below 30 are
considered to be safe for pea cultivation. Values exceeding 51 are considered to be so

harmful to the crop, that pea cultivation strictly is discouraged.

Tabs, 60 & 61 g
Average number of Rhizobium-nodules

on the main roots and subjectively assessed oc-
currence (scale 0-3) of nodules on the lateral
roots in G and Y plots

GY XYY Rel* LSD (p=0.05)

Main roots  7.86  3.05 39 2.14
Laterals 3.82 209 38 (.80

i G==green peas: Y =vellowing peas,
© Relative values in Y (G== 100).

J()rlz ”’2("[{(”} ([J '11’) [{Hﬂ’ !l g " .
[ ant H“L’ff(.’ HCQRIEN! I'H nr/(‘{ £ 'ic'lt" LS O Pl Wiaels r { Ly
y S f / (j o 1' J, 7 i ? [2¥g) [ > j’[ /L””,\‘f [¢284] (J’ and } [)[’0 &

C.‘(H]CCHN’H“OH .‘\Iﬂ()Uﬂ[
o ? 5 o
G ¥ Rel?  (p0.05) G v Rt - :p 009
et U,!: (Jf J | ST
. e kfl ha J
QM . . 8780 <240 60 ns
\) 235 L2 196 sg W 9o
P 0.27 016 24 88 4 9.0
2_\ 200 117 185 63 33 6
5 021 019 1.5 10 63 ns.
\;a »l.:’ii 113 [26 03 44 n.s.
e 020 021 T 66 s
i e ppm el 1 R RR—
;3{) 1)891 2‘}) 2 ‘()(} 460 66 s,
9.4 130 76 81 46 n.s
Mn o 278 400 250 0582 s,
Zoo 352 188 306 99 17 s
Cu 7.3 s.2 4

63 28 R n.s.

! G: green peas: vellowing peas.
* Relative values in Y {Ge=100),

(After Grath & Hikansson, 1992)

According to Tab,62, number and frequency of nodules were reduced compared to G and
max. nodulation depth was also considerably affected. Nutrient concentrations of N, P and K
were all reduced, while the concentration of Fe, Mn and Al all remarkably increased, which
partly is in line with carlicr observations, especially concerning Ma.

Pea yield losses due to high root rot infestation levels in compact soils was i.a. observed by
Burke ct al. (1969). Batcy and Davies (1971) reported possible additative cffects of fungus
infection and high bulk density on pea yield losses, Root rot, principally caused by Fusarium
solani (Mart.) Appel + Wr. . sp. pisi (F. R. Jones), can reduce yields by up to 57 % (Basu et
al. 1976). Root rot has been found to be more prevalent and to have more effect on plants in
compacted soils and the organisms can survive in the soil for many years.
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Tab. 62 Mean plant height, number of pods per plant, root depth, maximum nodule depth,
number of nodules in the upper 10 cm of the roor system, contents of dry matier and plant
nutrients in the aerial paris of the plants, and root rot index in G, Y and B in 6 sites in
one field in 1991,

G Y B Y rel'! Brel! LSD

Plant height, cm 139 80 10 58 7 66
Number of pods per plant 63 2.1 0 33 0 0.9
Root depth, cm 56 - 17 - 30 19
Max. nodulation depth, cm 31 9 0 30 0 16
Number of nodules on main roots 158 15.1 0 96 0 4.9
Number of nodules on lateral roots 9.6 5.2 0 54 0 5.1
Dry matter, kg ha’ 757 4185 44 55 10 3588
N, % 2.67 151 2.09 56 78 0.65

kg ha 204 65 16 32 8 111
P, % 0.28 020 022 70 77 1.s.

kg ha'! 21 9 2 40 8 12
X, % 1.84 121 1.05 66 57 (.22

kg ha' 141 51 8 36 5 73
Fe, ppm 156 161 709 103 454 183
Mn, ppm 18 i3 49 83 276 21
Al, ppm 78 06 430 124 554 104
Root rot index 22 55 54 245 242 14

" Relative values in Y or B: G = 100

{Alter Grath & Hikansson, 1992)

In north eastern part of the US- the most widespread canning pea district in the world- pea
oot rot caused by Aphanomyces is regarded o be the most important discase, The average
yearly loss due to Aphanomyces is estimated © 10 % (Stamps, 1978).

in SWCdCH, hea oot rot causcd by A )ha:"i()f?l\a’(?(.’ﬁ', was first obscrved in capning and freezing
o . &7
pea arcas, flg?‘i desceribes arcas of actual known infestations.

At the time of infestation the fungus invades the cortex which becomes discoulored
(Engqvist, 1985). Root hairs and finer roots become rotien as well as root necks
(Figs.75,76). The inability for the damaged root to supply the plant with water and nutrients
resuits in a depressed growth and the crop prematures, The root rot makes the plants
sensitive to drought and the fungus also inhibits the establishment of the nodule bacteria, and
at high levels of infestation even nodules are destroyed. This leads, among other things, to a
lowered protein content of the seed (Engqvist, 1985).

High soil water content is important for the development of Aphanomyces and this in
combination with soil compaction fortifics the damage situation (Burke et al,, 1969). It
appears that root rot increases in compacted soils, because the roots are unable to penetrate
the infested upper layer and grow down into deeper arcas of the soil (Miiler & Burke, 1974).
1t has been found that even if infestation evels are high, the plants are not ag severely
affected in less compact soil as they are in a denser soil (Burke & Kraft, 1974). This could
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be attributed to two things; either the level of infestation in the deeper soils is much lower or
the plants are more able to compensate for the root damage because their root surface arca is
increased (Miller & Burke, 1974).

aﬂ
- g'

o

= 2
“op

v¥ig. 74 Kénd forekomst av svampen Aphanomyces euteiches.
{Alter Engavist, 1985)

Yield fosses of 500 % or more are observed in heavyly infesteted fields in Sweden. Soil
structure damages and oxygen deficiency are in most cases reported as causes, but the
importance of the fungus has been neglected (Fokerbom, 1985).

In an experiment by Raghavan ct al. {1982) a study was designated to the effects of
measured levels of compaction on the growth and yield of green peas grown in a field with a
known history of root tot. At the same time, a companion ¢xperiment in a ficld where peas
had never been grown was performed. The two sites selected for field wials were a clay
loam soil with a history of pea root rot and a clay soil. No peas had ever been grown at the
latter site.

In both fields, plots were set up as a randomized complete block design and were subjected
to measured cumulative ground contact pressures ranging from 0 to 690 kPa, using tractors
exerting ground contact pressures per pass of 34, 41 and 46 kPa.

The overall percentage emergence of peas was ow at both locations (Tab.63). The clay loam
field had a maximum percentage of seedlings emerged of 59 % observed in the IR (34-kPa)
treatment. The minimum of 26 % secdlings emerged was in the 13Q (690~kPa) treatment.
The clay soil had even lower rates with 23 % and 29 % scedling emergence, respectively, in
compacted and uncompacted plots,

The root rot index, calculated according to Basu ct al. (1976), was highest in the heavily

compacted plots of both soils. Vine length generally decreased with increasing compaction
tevel (Tab.63). The longest vines in both soils were in uncompacted plots,
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Yigs. 75 & 76

L

¥

(After Engquist, 1985)

Erter odiade i Jordprov
frén icke infekterat
FALL (Lill vianster)

och frin ett FE1L med
stark infeltion av
svampen Aphanomyces
eubeiches (4111 hoger).

Frisk planta langst €111 vanster och ddrefter plantor med dkande

angrepp av drtrotrita,

90



Yicld resulis showed the most dramatic decreases, On the clay loam, contact pressures of 46
kPa, with passes of greater than one, and 34 kPa with passes greater than five resulted in
virtual elimination of pea yiekl. The yields in the clay soit were all very low, Fig.77 shows
the profiles of soil bulk density for all treatments. Most of the effect of compaction was in
the top 0.075 m for both soils,

Tabs, 63 & 64 AVERAGE VALUES FOR PERCENTAGE SEEDLING EMERGENCE, ROOT ROT
INDEX, VINE LENGTH AND DRY YIELD

Cumulative % Vine Dry
contact plants Root rot length, yicld

Treatment Pr. (kPa) emerged index (m} (kg/ba)

Clay-loam soil
600 0 Sda 12 ab 0.462 a 560 a
1TCH 46 54a T2ab 0.3216 342
IR 34 59 a 60 b 0.3164 3285
5Q 230 44 ab 82a D214 cd Oc
SR 170 36 be 16 ab 0.270 b 40 ¢
102 460 30 be 84 q 0.194 4 O¢
1OR 340 27¢ 8% a 0.1954 Ge
15Q 690 26¢ 84 a 0.184 Oc
i5R 510 3l be 89 qa 0.215 cd Ge
Clay soil

000 0 29a 52a 0.666a 185a
5Y 206 23a 48 a 0.561 ub 16l a

15Y 618 a 52 0.dad b

- tNumber of passes.
FContact pressure: Q = 46 kPa; R = 34 kPa; Y = 41 kPa

a-d Letters denote significance at 5% leve] using Duncan’s new multiple range test. Means with the same
fetter are not significantly differem.

TIELD LOSSES RESULTING TROM INCREASES [N SOIL BULK DENSITY AND
ROOT ROT INDEX

Yacld Yiekd

loss Yield toss

Yield from ioss from Yield
Dry Yield loss Yield totul due o total lorss
density due 1o Kp/hi) potential OO rot Yield potential due o
(Mg/m™) Ay (%3 (Ry= 50 G0t (%Y (R G0 (%t FOOL Tl

Clerv-docun senl
1.20 1340 29 963 49 20 666 65 36
1.3¢ 1108 42 733 ] 20 434 T i6
i.40 885 53 510 73 Y 21 B9 36
1.50 676 64 ot 84 20 2 160 kI8
1.60 480 75 1G5 3 20 V] 1) 25
170 296 84 4] 100 e 0 100 16
Clev send

1.00 221 0
LG 165 25
1.20 L3 49
1.30

66 m

N0 yield loss expected at y = 1.0 Mgm® and poteninn vield < 1899 kpfha for David Lord Ltd . and 271

kg/ha for Emile A, Lods.
FNet effect for both v and root ror

{After Raghavan et al,, 1982)

Fig,78 shows relationships assuming root rot indices of (1, 30 and 90, Soil bulk density
actually had more effect on yield in both ficlds than did the degree of root rot. In the ciz}y
loam, the effect of the root rot increased slightly with increasing soil bulk density. Tab.64
shows the yicld fosses resulting from increases in bulk density and root rot index. As th(l: soil
bulk density increased from 1.0 to 1.7 in the clay loam soil the yicld fell from a potential of
1899 kg ha=} o 0 kg ha™1, meaning a 100 9% reduction, but with a root rot index of 96, the
maximum 10ss in yield was only 36 %.
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“The results of this study showed that peas are a sensitive crop, susceptible to increases in s0il
bulk density and to root rot,
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SUMMARY AND PERSONAL COMMENTS

This report is aimed to describe effects of soil compaction and anaerobiosis on physical,
chemical and biological soil properties and crop production. A comprehensive literature
search has been undertaken in order to cover research done during the last twenty years or
s0. The report deals with fields of research directed towards the function of soil and root,
mechanical impedence and penetration by roots, effects of anaerobic soil conditions, losses
of soluble compounds, response of plants to anacrobic conditions and effects of compaction
on nutrient uptake in mono— and dicots,

Soil compaction is a serious problem in modern agriculture caused by several practices,
primarely through usc of heavy machinery and also by continuous cropping, inorganic
fertilizer application and a reduction in use of green and animal manurcs (Raghavan et al.,
1979). The latter results from the replacement of mixed farming by large-scale cash crop
farming and conscquently, soil organic matter continues to be depleted, soil texture and
moisture holding capacity degraded and soil compaction increased (Tu & Tan, 1991).
Increased soil compaction is associated with increased bulk density and soil strength, and
decreased aeration, porosity and water retention capacity (Sills & Carrow, 1982},

Compaction of soil has been shown to reduce growth of many plant species (Trouse, 1971),
It reduces bean and pea biomass and yield and also increases root rot incidence and severity
(Tu & Tan, 1988; Grath & Hakansson, 1992), Burke ct al. (1972} showed that working the
soil to reduce compaction could reduce hean root rot, Apparently, soil compaction
predisposes roots to infection by soil pathogens and also limits root generation and
replacement (Voorhees et ab, 1971). Soil compaction has also becn shown to seduce
photosynthesis in plants (Tu & Tan, 1988), as well as nodulation and nodule efficiency in
fegumes (Tu & Buttery, 1988, Grath & Hakansson, 1992). These phenomena are expected
because compaction can cffectively reduce acration (Grobbelaar et af., 1971), soil moisture
and soit temperature {Spreat, 1971). All these factors affect the normat physiology of a
plant. There is evidence that compaction can reduce N uulization by 10-31 % as compared
to uncompacted soil (Sills & Carrow, 1982).

One method to consider how the soil environment is able to affect crop development can be
described by Fig.79 (Hakansson, 1992). The diagram trics to explain how a soil air content
of 10 % (v/v), which is frequently mentioned as a lower limit for adequate acration, and a
penetration resistance of 2.5 MPa, usually regarded as critical limits with respect to plant
growth are related to the degree of compactness and matric water tension of the top soil,

At a water matric tension of 10 kPa (ficld capacity) the soil contains more than 10 % air if
the degree of compactness (D) is lower than 87, and less than 10 % if D is higher. The
higher the D-value the higher is the water tension and concequently, the lower the water
content at which acration becomes critical. At 1500 kPa (wilting percentage), the penetration
resistance exceeds the critical value of 2.5 MPa when D exceeds about 85, and the higher the
D-value the higher is the water content at which penctration resistance becomes critical.
Only when D is about 83, neither soil acration nor penetrability becomes critical within the
10-1500 kPa tension range. Important conclusions which can be drawn from the figure are:

1. In a moisture situation represented by the unshaded area in the diagram, crop growth is
possible even if D is high.
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2. At a low matric tension in combination with increasing D-value, the crop will suffer from
anacrobiosis (shaded area in the lower right corner). For leguminous crops like peas another
problem now arises, namely the proliferation of root rot fungi, which aggravates and
complicates the situation.

3. At high D-values in combination with high matric tension, root growth is restricted due to
high penetration resistance (upper right corner). Root penetration depth will here be
depending on the ability of the crop to force compacted layers, which can differ between
different species,

4. During very loose soil conditions and if the growing season is dry the crop will be
affected by a too low unsaturated hydrautic conductivity and/or poor root-to-soil contact
causing too slow uptake of water and nutrients. This situation is represented in the upper left
corner.

R ey v

Schemaric  diagram
showing how a soil air content
of 10 % (viv) and a pene-

Matric water ténsion (kPa}

tration resistance of 2.5 MPa, o 7
usually regarded as critical o 887/ Poor ﬁ:
limits with respect to plant 10 I
growth, are related 1o the /
degree of compaciness and / //::
matric water tension of the 80 20 100
plough layer, Degree of compaciness

Tig. 79
(Alter Hikansson, 1992)

While most studies reported plant shoot and root growth as influenced by water potential,
soil strength or acration, very few investigators have been concerned with plant autrient
uptake in compacted soils. This is especially noticeable with regard 1o dicots. Only one
report was found divected to leguminous crops except works in progress by Grath &
Hékansson (Grath & Hakansson, 1992; T. Grath & 1. Hakanssen, 1993, unpublished results).

Cultural practices such as crop rotation, tillage in growing crops, incorporation of residue,
muiching and cover cropping could prevent and alleviate soil compaction (Lal, 1984).

The arca of pea cultivation in Sweden has been drastically reduced during the last two years
This is partly duc to the uncertainty to grow this crop as demonstrated by tow yields in 1991
and 1992, originating from high precipitation at seasitive plant development stages. This in
combination with soil compaction and root rot lead to prematured, stunted crops and
concequently low yields.

It would be attractive to grow more peas, because of the many advantages this crop yields.
The high protein content of the seed makes it possible to reduce the import of soybean and
the value of the poa crop as a preceding crop especially in grain dominated districts 1s welt
documented duc to its ability to fix nitrogen, which partly can be utulized by the subsequent
crop. The coarse and deep growing root system also affects the soil structure in a favourable
IMANDET,
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More rescarch of multidiciplinary character directed to interaction cffects between soil
compaction, root rot discases and nutricat uptake would be appreciated in order to try to
overcome present obstacles in the cultivation of peas. A brecding programme in order to find
resistant genes against pea root rot would be of value. Such research has given positive results
abroud as mentioned above. A joint venture between scientists specialized in soil science, plant
nutrition, plant pathology, genetics, microbiology and physiology should probably give rise to
fruit-bearing results, which could be wvsed in the practical advisory service to pea growing
farmers,

REFERENCES

z&bcrg, E., Lindblom, H. & Johansson, D. 1972. Biologi for jordbruk, skogsbruk och tradgard.
LTs forlag, Stockholm, 6-7.

Allison, F, E. 1966. The enigma of soi} nitrogen balance sheets. Adv. Agron. 7, 213-250.

Allison, F. E. 1966, The fate of nitrogen applied to soils, Adv. Agron. 18, 219258,

Allison, F. E. 1973, Soil Organic Matter and its Role in Crop Production. Elsevier, Amsterdan,
Askerblad, H., Bengtsson, A. & Hammar, O. 1984, Artodling. Praktiskt lantbruk 45, LTs forlag,
Stockholm, 3-5.

Aujakh, M. S., Rennie, D, A. & Paul, E. A, 1983, Field studics of gascous nitrogen losses from
soilsunder continous wheat versus a wheat-fallow rotation. Plant & Soil 75, 15-27.

Bakken, L. R., Borresen, T. & Nijos, A. 1987, Effect of soil compaction by tractor traffic on soil
structure, denitrification, and yield of wheat {Triticum aestivam L.). §. Soil Sci. 38, 541-552,
Barley, K.P. 1962, The effects of mechanical stress on the growth of roots, J, cxp. Bot. 13, 95~
110.

Basy, P. K., Brown, N. I,, Crete, R., Gourley, C. O, Johnson, H. W., Pepin, H. S, & Secaman, W.
L. 1976. Yield loss conversion factors for fusarium root rot of pea. Can. Plant Dis. Surv, 56, 25~
32.

Batey, T. & Davis, B, D, 1971, Soil structure and the production of arable crops. J. Royal Agric.
Soc. 132, 106-122.

Bengtsson, 1 1985, Jordpackning { filimdssig kdksvaxtodiing. SLU, Alnarp. Konsulentavd.
rapporter. Tradgard 286, 6-42,

Berglund, 0. 1957. Artr - ett ekologiskt begrepp. Grundforbittring 4, 221-226.

Birkenshaw, J, 1981, Make your bed but keep it open. Hort. Tnd. Jan., 10-11,

Boone, F. R & Veen, B. W, 1982. The influcnce of mechanical resistance and phosphate supply
on morphology and function of maize roots. Neth. J. Agric. 5ci. 30, 179192,

Borges, E. N., de Novals, R. F., Regazzi, A. J., Fornaondes, B, & Barros, N, F. 1988, Respostas de
variedades de soja a compactacao de camadas de soto. Revista Ceres 35 (202), 553-5068.

Bostrom, U. 1986. The effects of soil compaction on earthworms (Lumbricidae) in a heavy clay
soil. Swed. J. Agric. Res,, 16, 137-141,

Bradford, J. M. 1980. The penetration resistance in a soil with well-develeped structural units.
Soil Sci, Soc, Am, I. 44, 6071606,

Broadbent, F. E. & Clark. F. E. 1965, Denitrification. W, V., Bartholomew & F, E. Clark, eds. In:
Soil Nitrogen, Amer. Soc. Agron., Madison, Wisconsin, 344-359.

Brock, T. D, & Madigan, M. T. 1991. Biology of microorganisms. 6th ed. Prentice Hall Inc,,
Englewood Cliffs, New Jersey, 587-604.

Bryant, A. E, 1934, Comparison of anatomical and histological differences between barley grown
in acrated and non-aerated culture solutions, Plant Physiol. 9, 389-391.

Burford, J.R. 1976. The effect of the application of cow slurry to grasstand on the composition of
. the soil atmosphere. J. Sci. Food Agric. 27, 115-126.



Burke, D. W, Hagedorm, D. 1. & Mitchell, I, E. 1969a. Aphanomyces and Fusariam root 1ot of
peas with partial vs. total exposure to infested soil. Phytopathology 59, 12611266,

Burke, D. W,, Holines, L. D. & Barker, A, W, 1972, Distribution of Fusarium solani f. sp.
phaseoli on bean roots in relation to tillage and soil compaction. Phytopathology 62, 550-554.
Burke, D, W, Miller, D. E., Holmes, L. D. & Barker, A. W, 1972, Counteracting bean root rot by
loosening the soil, Phytopathology 62, 306~309,

Burke, D. W. & Kraft, J. M. 1974, Responses of beans and peas to root pathogens accumulated
during monoculture of each crop species. Phytopathology 64, 546548,

Burrows, W. J. & Carr, D. J. 1969, Effects of flodding the root system of sunflower plants on the
cytokinin content of the xylem sap. Physiol. Plant. 22, 1105-1112.

Cannel, R. Q., Subhail, B. A. & Snaydon, R, W. 1966, Effect of waterlogging on growth of peas.
In: Agric. Res. Counc. Letcombe Lab. A. Report, 1975, 37-38.

Carter, J. N,, Bennet, O. L. & Pcarson, R, W, 1967, Recovery of fertilizer nitrogen under field
conditions using nitrogen-135, Proc. Soc. Soil Sci. Am, 31, 50-56.

Castillo, 8. R.,, Dowdy, R. H., Bradford, J. M. & Larson, W, E. 1982. Effccts of applied
mechanical stress on plant growth and nutrient uptake, Agron. J. 74, 526-530,

Cho, D. Y. & Ponnamperuma, F. N, 1971, Influence of soil temperature on the chemical kinctics
of flooded soils and the growth of rice. Soil Sci. 112, 184-194,

Conn, E. E. & Stumpf, P. K. 1966. Qutlines of biochemustry. Znd cd., John Wicly, New York,
London.

Cooke, G. W, 1976, A review of the effeets of agriculture on the chemical composition and
quality of surface and underground waters. Agriculture and water guality, U. K. Min. Agric. Fish
and Food. Tech. Bull. 32, London, 5-57.

Cooper, G. 8. & Smith, R, L. 1963. Scquence of products formed during denitrification in some
diverse western soils. Proc. Soc. Soll Sci. Am., 27, 659662,

Cooper, P. & Cornforth, I 5. 1975, Sequence of products formed during denitrification in some
diverse western soils, Proc. Sec, Soil Sci. Am, 27, 659-662,

Craswell, B, T. & Martin, A. E. 1975b. Isotopic studics of the nitrogen balance m a cracking clay.
[1. Recovery of nitrate N added to cotumns of packed soil and micropiots growing wheat in the
field. Aus. J. Soil Res, 13, 53-61.

Crawford, R. M. M. 1967, Alcohol dehydrogenase activity in relation to flooding tolerance in
roots, J. exp. Bot, 18, 458-646,

Crosset, R. N, Campbell, D, 1. & Stewart, M. E. 1975, Compensatory growth in cercal root
systems, Plant and Soil 42, 673683,

Cunningham, R. K. & Cooke, G. W, 1958, Soil nitrogen 1. Changes in levels of inorganic
nitrogen (o a clay=loam soil cauged by fertilizer additions, by leaching and uptake by grass. J. Sc¢i.
Food Agric., 317-324.

Currie, J. AL 1961, Gaseous diffusion in the acration of aggregated soils. Soil. Sci. 92, 40-45.
Currie, J. A, 1970, Movement of gases in soil respiration, Soc¢. Chem. Ind. Monogr. 37, 152,

Dilz, K. & Woldendorp, J. W, 1960. Distribution and nitrogen balance of 1PN fabelled nitrate
applied on grass sods. Proc, 8th Intern. Grasst, Congr., Reading, 150-152,

Dion, H. G. & Mann, P. J. G. 1946, Trivalent mangancse in soils, I. Agric, Sci. 36, 239-245,
Dowdell, R, J. & Smith, K. A. 1974, Field studies of the soil atmosphere. 11 Occurrence of aitrous
oxide, J. Soil Sci. 25, 231-238, )

Eavis, B.W. 1972, Soil physical conditions affecting scedling root growth {1l Plant and Soil 37,
151-158.

Eckerbom, C. 1985, Svampsjukdomar, speciellt jordbundna. SLU, Alnarp, Rapport frén Stdra
Jordbruksforsoksdistriktets regionala vixtskyddskonferens 1 Vixjo 11 Dec. 10, 1-0.

Elkins, C. B., Haaland, R, 1.. & Hoveland, C. 8. 1977. Grass roots as a tool for penctrating soil
. hardpans. In: Proc, 34th South Pasture Forage Crops Improv. Conf., Auburn, Alabama, pp. 21~
26,

96



Engqvist, G. 1985, Artrotréta, vissnesjuka, syrebrist, midsommarsjuka~ vad drabbas egentligen
arterna av? Aktucllt fran Svalof 1, 3-5.

Erickson, A. E. & van Doren, D.M. 1961, The relation of plant growth and yield to soil oxygen
availability. Trans, 7th Int, Congr. Soil Sci., 428-434,

Eriksson, J., Hammar, O., Hogborg, E. Jansson, S.1., Vahtras, K. & Wallen, C.C. 1970.
Vixtodlingsldra del I Marken. L.Ts forlag,.

Eriksson, J., Hakansson 1., och Danfors, B. 1974, Jordpackning ~markstruktur — groda. SLU,
Uppsala. Medd, 354, Jordbrukstekniska institutet.

Eriksson, J. 1982, SLU, Uppsala. Markpackning och rotmikjo. Rapport 126.

Focht, D. D. 1978. Methods for analysis of denitrification in soil. Nitrogen in the environment.
Soil - Plant —~ Nitrogen Relationships, Vol. 1 (D.R. Niclsen & I, G. MacDonald, eds.), Academic
Press, 433-490,

Goss, M.J. 1974, Effects of mechanical impedance on root growth in barley (Hordeum vulgare
L..}. Effects on elonpgation and branching of seminal roots, 1. exp. Bot. 28, 96-111.

Grable, A. R. 1966. Soil aeration and plant growth, Adv. Agron. 18, 57-106.

Grable, A, R. 1971, Effects of compaction on content and transmission of air in soifs. In: Am.
Soc. Agric. Eng., St. Joseph, M1, pp. 154164,

Grath, T. & Hakansson, 1. 1992. Effects of soil compaction on development and nutrient uptake of
peas. Swedish 1, agric, Res. 22, 13-17.

Grath, T. & Hakansson, 1. 1992, Soil compaction studies in Swedish pea fields with uneven crop
growth. Proc. soil compaction conf, in Tallin, Estonia, June 8~12, 4 pp.

Graven, E H., Attoe, O.J. & Smith, D. 1965, Effect of liming and flooding on manganese toxicity
in alfalfa. Soil Sci. Soc, Am. Proc. 29, 702-706,

Gray, L. E. & Pope, R A, 1986, Influcnce of soil compaction on soybean stand, yield and
Phytophtora root rot incidence, Agron. J. 78, 189-191,

Greenland, 13, J. 1962, Denitrification in some tropical soils, J. Agric. 5¢i. 58, 227-233,
Greenwood, D, J, 1969, Effect of oxygen distribution in the soit on plant growth. In: Root
Growth, Whittington, W, J., Butterworths ed., London, 202221,

sreenwood, D1, 1970, Soil acration and plant growth. Rep. Prog, App. Chem. §5, 423431,
Grobbaar, N., Clarke, B. & Hough, M. C. 1971, The nodulation and nitrogen fixation of isolated
roots of Phaseolus vulgaris L. Plant and Sotl, Special Yol., 215-223.

Groffman, P. M., Box, J. E. & Todd, R, L. 1984, Effect of arttificial drainage on soil mineral
aifrogen dynamics in winter wheat on the southern Pidmont. Commun. i Soil Sci. and Plant
Analysis 15(9), 1051-1063.

Guren, T. A, 1985, Personal commun. with Bengtsson, 1.

Hanks, R, J. & Thorpe, F. €. 1957, Scedling emergence of wheat, grain sorghum and soybeans as
influenced by soil crust strength and moisture content. Soil Sci. Soc, Am. Proc. 21, 357-359,
Hardy, R, W, F. & Gibson, A. H. 1977, A treatise on dinitrogen fixation. Scction I'V - agronomy
and ccolegy. John Wiley and Sons, New York.

Hebblethwaite, P. D, & McGowan, M. 1980, The cffects of soil compaction on the emergence,
growth and yicld of sugar beet and peas. J. Sci. Foed Agric. 31, 11311142,

Hildebrand, A. A. 1959, A root and stalk rot of soybeans caused by Phyvtophtora megaspermua
Drechsler var, nov, Can. ], Bot, 37, 927--936. )

Hopkins, H. T., Specht, A, W. & Hendricks, 5. B, 1958, Growth andd nutrient accumulation as
controtled by oxygen supply to plant roots, Plant Physiol, 25, 193208,

Hom, R. 1985, Auswirkung mechanischer Belastungen auf die Redoxpotentiale von 3
Bodenmonolithen— cin Laborversuch. Zeitschrift fur Pflanzenernihrung und Bodenkunde 148,
47-53.

Hakansson, 1., Voorhees, W. B. & Riley, H. 1988, Vehicle and wheel factors influcncing soil
compaction and crop response in different traffic regimes. Soil Tillage Res. 11, 239-282.
Hikansson, I 1989, Packning av matjordslagret, vilken packningsgrad ir bast?. 5LU, Uppsala,
Mark - Vaxter 1, 1989, 4 pp.

97



Hakansson, 1. 1992, The degree of compactness as a link between technical, physical and
biological aspects of soil compaction. Proc. Int. Soit Compaction Conf, in Tallin, Estonia, June 8~
12, 75478,

Tackson, M, B & Campell, D. J, 1976b, Waterlogging and petiole epinasty in tomato: The role of
ethylene and low oxygen, New Phytol. 76, 2129,

Jordan, H. J, Jr., Patric, W. H. J1. & Wills, W, H. 1967, Nitrate recduction by bacteria isolated from
waterlogged Crowley soil. Soil Sci. 104, 129-133.

Kahnt, G., Hijazi, L.A. & Rao, M. 1986, Effcct of homogeneous and heterogeneous soil
compaction on shoot and root growth of field bean and soybean, J. Agr. & Crop Sci. 157, 105~
113.

Kaufmann, M. J. & Gerdemann, J. W. 1958, Root and stem rot of soybean caused by Phytophtora
sojae n. sp. Phytopathelogy 48, 201-208.

Keeling, B. L. 1984, A new physiologic race of Phytophtora megasperma f. sp. glycinea. Plant
Dis. 68, 626627,

Keita, 5. & Steffens, D. 1989. Einfluss des Bodengefuges auf wurzelwachstum  und
phosphataufname von sommarweizen. Z. Pflanzenerndhr. Bodenk. 152, 345-351.

Kemper, W. D, Stewart, B. A, & Porter, L. K. 1971, Effects of compaction on soil nutrient
status. In: Compaction of Agricultural Soils. Am. Soc. Agric. Engrs., 5t. Joseph, Michigan, pp.
178179,

Kise 5F (Research Station). 1983, Jordpakking ved akselbelastning. Forsdksrapport.

Kjelterup, V. & Dam Kofoed, A. 1983, Nitrogen fertilization in leaching of plant nutrients from
soil. Lysimeter experiments with 15N, Tidsskr, Planteavl. 87, 1-22.

Rolenbrander, G. 1, 1972, Docs leaching of fertilizers affect the quality of ground water at the
water-works? Stikstof 15, 8-~15.

Kowalenko, C. G. & Cameron, D. R. 1977, Nitrogen transformations in soil-plant systems i
three years of ficld experiments using tracer and non-tracer methods on an ammontum-fixing
soif, Can. J. Soll Sci, 58, 195-208,

Kramer, P. J, 1969, Plant and water relationships: A modern synthesis. McGraw-Hill, New York,
156-161.

Lai, R. & Tailor, G. 5. 1969, Drainage and nutrient effects in a field lysimeter study. I Corn yield
and soil conditions. Proc. Soc. Soil Sci. Am. 33, 937941,

Lal, R. 1984, Soil erosion from tropical arable lands and its controf, Adv. Agron. 37, 183-248.
Leather, G. R, Forrence, L. E. & Abeles, F. B, 1972, Ethylene production during clinostat
experiments may cause leaf epinasty. Plant Physiol. 49, 183-186.

Lindberg, S. & Pettersson, S, 1985, Effects of mechanical stress on uptake and distribution of
nutrients in barley. Plant & So0il 83, 295--309,

Lindemann, W. C., Ham, G, E. & Randall, G. W, 1982, Soil compaction effects on soybean
nodulation, No{ChHy) fixation and sced yield. Agron. J. 74, 307-311,

Lipiec, 1., Hakansson, I, Tarkiewicz, S. & Rossowski, J. 1991, Soii physical propertics and
growth of spring barley as related to the degree of compactness of two soils, Soit Tillage Res, 19,
307-317.

Luddington Experimental Horticulture Station. Opublicerade forstksrapporter 19791982,
Lynch, I. M. & Harper, S, H. T, 1974a. Formation of cthylene by a soil fungus. J. Gen.
Microbiol. 80, 187-195, i

Martin, A. E. & Ross, P. J. 1968, A nitrogen-balance study using labelled fertilizer in a gas
lysimeter. Plant & Soil 28, 182-186.

Matsubayashi, M., Ito, R. Nomoto, T., Takase & Yamada, N. 1963, Some properties of paddy
field soils. In: Theory and practice of fertilizer application, pp. 183-227.

McCalla, T, M. & Norstadt, F. A, 1974, Toxicity probiems in mulch tillage. Agric. Environ. 1,
. 153-174.

 McCart, G. D. 1973, Guidelines for reclamation and revegetation of surface~mined coal arcas.
Virginia polytechnic Inst. and State Univ, Agric, Expt. Sta. Bull. MA-142,

98



Mengel, K & Kirkby E.A. 1987, Principles of plant nutrition. Int. Potash Inst., Bern, Switzertand,
Lang Druck, AG, Liebefeld/Bern, 358-514.

Mikkelsen, D. S., DeDatta, S. K. & Obcemea, W, N, 1978, Ammonia volatifization losses from
flooded rice soils. Soil Sci. Soc. Am. J. 42, 725-730.

Miller, D, E. & Burke, D. W. 1974. Influence of soil bulk density and water potential on

Fusarium oot rot of beans. Phytopathology 64, 526529,

Moots, C. K., Nickell, C. D. & Gray, L. E. 1988, Effects of soil compaction on the incidence of
Phytophtora megasperma {. sp. glycinea in soybean, Plant Dis. 72, 10, 896-900.

Munch, J.C. & Ottow, J. C. G. 1983. Bacterial reduction of amorphous and crystalline iron
oxides. Sci. du Sole — Bull. de I'A. F. E. 8, No 3-4, 205-215.

Myers, R. J. K, & Paul, E. A. 1971. Plant uptake and immobilization of 13N-{abelled ammonium
nitrate in a field experiment with wheat. In: Nitrogen-15 in Soil-Plant Studies. IAEA Vienna,
55-64.

Newman, E. J. 1961, A method for estimating the total length of roots in a sample. J. appl, Ecol.
3,139-145.

Njos, A. 1978, Effect of tractor traffic and liming on yiclds and soil physicat properties of a silty
clay loam soil. Sci. Rep. Agric. Univ. Norway 57(24), 1-26.

Olofsson, J. 1967, Root ot of canning and freczing peas in Sweden. Acta, Agr. Scand. 17, 101
107.

Patrick, W., H. Jr & Reddy, K., R. 1977, Fertilizer nitrogen reactions in flooded soils. Proc.
Intern. Sewinar on Soil Environment and Fertifity Management in Intensive Agriculture, Tokyo,
275-281,

Pfefter, W, 1893, Druck und arbeitsleistung durch wachsende pflantzen, Abh, Sichs. Ges (Akad)
Wiss. 33, 235-474,

Phillips, 1. D. 1. 1964b. Root-shoot hormone relations, 11 Changes in endogenous auxin
concentration produced by flodding of the root system in Helianthus annuus. Ann. Bot. 28, 37—
45,

Ponnamperuna, F. N, 1963. Dynamic aspects of flooded soils and the nutrient of the rice plant. In:
The Mineral Nutrition of the Rice Plant, Proc. of a Symposium at The Intern, Rice Res. Inst.,
Febr, 1964, 295-328. The Johns Hopkins Press, Baktimore, Maryland.

Ponnamperuma, F. N, 1972, The chemistry of submerged soils. Adv. Agron. 24, 29-96.
Ponnamperuma, F, N. 1978, Electrochemical changes in submerged soils and the growth of rice.
Soils and Rice. The Int. Rice Res. Inst, Los Banos, Philippines, pp 421-441,

Raghavan, G. 5. V. & McKyes, E. 1978, Effect of vehicular traffic on soil moisture content in
corn (maize) plots. J. Agric. Eng. Res, 23, 429439,

Raghavan, G, 5. V., McKyes, E., Taylor, F., Richard, P. & Watson, A. 1982, The relationship
between machinery traffic andd corn yield reductions in successive years, Transactions of the Am.
Soc, Agric, Eng. 22, 12561259,

Randhava, N.S,, Sinha, M. K. & Takkar, P. N. 1978, Micronutrients, In: Soils and Rice., Los
Banos, Phillipines, (Intern. Rice Res. Inst, ed.) pp. 581-603

Reeder, J. D. & Berg, W. A, 1977a. Plant uptake of indigenous fertilizer nitrogen from a
Cretaceous shale and coal mine spoils. Soil Sci. Soe. Am. 1. 41, 919-921,

Reddy, K. R, Rao, P. S, C. & Jessup, R. E. 1982, The effects of carbon mingralization on carbon
denitrification kinetics in mineral and organic soil. Soit Sci. Soc. Am. 1. 46, 62-67.

Reid, D. M, & Crozier, A. 1971. Effects of waterlogging on the gibberellin content and growth of
tomato plants. J. cxp. Bot. 22, 39-48,

Riga, A., Ficher, V. & van Praag, H. J. 1980, Fate of fertilizer nitrogen applied to winter wheat as
Nal5NO3 and ('15N5~I4)2804 stuclied in microplots through a four—-course rotation. 1. Infiuence of
fertilizer splitting on soil and fertilizer nitrogen. Soil Sci. 130, 88-99.

- Russel, E. W 1971, Soil structure: its maintainance and improvement. J, Soil Sci. 22, 137-151.

99



Russell, E. W. 1973, Soil conditions and plant growth. (10th ed.). Longman, London.

Russel, R. S. and Goss, M., J. 1974, Physical aspects of soil fertility — The response of 100is to
mechanical impedance. Neth. [, agric. Sci, 22, 305-318.

Russell, R. 8. 1977, Plant root systems: Their functions and interactions with the soil. Mc Graw-
Hill Book Company. London.

Ryden, 1. C. 1983, Denitrification loss from a grassland soil in the field receiving different rates of
nitrogen as ammonium nitrate. J. Soil Sci. 34, 355-365.

Savant, N. K. & DeDatta, 5. K. 1982, Nitrogen tranformations in wetland rice soils. Adv, Agron.
35, 241-302.

Sextone,-A. L., Parkins, T. B. & Tiedje, J. M. 1985, Temporal response of soil denitrification rates
to rainfall and irrigation. Soil Sci. Soc, Am. 1. 49, 99-103.

Shierlaw, J. & Alston, A. M. 1984, Effect of soil compaction on root growth and uptake of
phosphorus. Plant & Soil 77, 15-28,

Sills, M. J. & Carrow, R. N, 1982. Soil compaction effects on nitrogen use in tall fescue, J. Am.
Hortic, Sci. 107, 934-937.

Skinner, F. A. 1975. Anacrobic bacteria and their activitics in soil. Soil Microb.,  Butterworths
ed., London, pp. 1-19.

Smith, K. A., & Restall, . W, F. 1971, The occurrence of ethylene in anacrobic soils. J. Soil Sci.
22, 430443,

Smith, K. A. & Dowdeli, R. J. 1974, Ficld studies on the soil atmosphere. I, Relationships
between ethylene, oxygen, soil moisture content and temperature. I, Soil Sci, 25, 217-230,

Smith, K. A. 1977, Soil acration. Soif Sci, 123, 284290,

Smittle, D. A, & Williams, R. E. 1977, Effect of soil compaction on nitrogen and water use
cefficiency, root growth, yicld and fruit shape of pickiing cucumbers. J. Am. Soc. Hort, Sci. 102,
822825,

Smitile, D. A, & Williams, R, E. 1978, Modification of cucumber respons to seed grading and
nitrogen source by soil compaction. J. Am. Soc. Hort, Sci. 103, 439-441,

Soane, B. D, & Ouwerkerk, van C, 1980/1981. The role of field traffic studies in soif management
research. Soil Tillage Res, 1, 205-206,

Soane, B. D., Dickson, J. W, & Campbell, D. J. 1982, Compaction by agricultural vehicles: A
Review {11, Soil Tillage Res. 2, 3-36,

Soane, B, D, 1987, Over-compaction of soils on scottish farms: A survey, Scottish Inst,  Agric.
Eng. Res. Summary No. 3,

sorensen, D, L., Klein, D, AL Ruzzo, W, J. & Hersman, L. B 1981, Enzyme activities in
revegetated surface soil overlying spent parahoprocess oil shale. J. Environ, Qual. 10, 369-371.
Sprent, §, 1 1971, Effects of water stress on nitrogen fixation in root nodules, Plant & Soil Special
Vol., 225228,

Stamps, D, I 1978, Aphanomyces euteiches, CMI Descriptions of Pathogenic Funglt and Bacteria,
No. 606, 2pp.

Stefanson, R, C. 1972, Effect of plant growth and form of nitrogen fertilizer on denitrification
from four South Australian soils. Aus. I Soil Res. 1), 183-1935.

Stefanson, R, C. 1972, Soil denitrification in scaied soil-plant systems. Plant & Soil 37, 113-149,
Stevenson, F. J. 1967, Organic acids in soil, Soil Bioc. McLaren, A, D. and Peterson, G. H,,
Arnold ed. London, 119-146. -

Strandberg, 1. O. & White, J. M. 1979, Effect of soil compaction on carrot roots. J. Am. Soc.
Hort. Sci. 104, 344--349,

Sundstrom, Frederic 1., Morse, Ronald D. & Neal, John D. 1982, Comumun. in Soil Sci. Plant
Anal. 13 (3), 231-242.

Swartz, G. L. 1966. Flood toierance of winter crops in Southern Quecnsiand. Queensland Agron.
- 1 23,271-277.

- Takai, Y., Koyama, T. & Kamura, R. 1957, Microbial metabolism of paddy soils. J. Agr. Chem.
Soc. Japan 31, 211-220).

Tatham, P, B, 1972. Avoiding soil structure problems, Commercial Grower, Dec, 8, 827-828.

106G



Taylor, H. M. and Gardner, H.R. 1963. Penctration of cotton seedling taproots as influcnced by
bulk density, moisture content and strength of soil, Soil Sci, 96, 153~156.

Taylor, H. M., Robertson, G, M. & Parker, J. J, 1966. Soil strength-ro0t penetration relations for
medium to course~textured soil materials, Soil Sci. 102, 18-22,

Taylor, H. M. and Ratliff, L.F. 1969b. Root elongation rates of cotton, peas and peanuts as a
function of soil strength and soil water content, Soil. Sci. 102, 18-22.

Tisdale, 8. L. & Nelson, W, L. 1975, Soil fertility and fertilizers, Macmillan Publ. Co, Inc. ed.
New York.

Tousson, T. A, Weinhold, A. R, Linderman, R. G. & Patrick, Z. A. 1968. Nature of phytotoxic
substances produced during plant residue decomposition in $oil, Phytopatology, 58, 41--47
Trolldenier, G. 1973. Sccondary effects of potassium and nitrogen nutrition of rice: Change in
microbial activity and iron reduction in the rhizosphere. Plant & Soil 38, 267-279.

Trouse, A. C. 1971, Soil conditions as they affect plant establishment, root development and
yield. In: (K. K. Barnes, W, M. Carleton, H. M. Taylor, R. I. Trockmorton & G. E. Vanden Berg,
Eds.). Compaction of Agricultural Soils. Am. Soc. Agric. Eng., St. Joseph, pp. 306-312.

Tu, J. C. & Tan, C. 5, 1985. Infrared thermometry for determination of root rot severity in beans.
Phytopathology 75, 84(-844.

Tu, J. C. & Tan, C. 8, 1988. Soil compaction effect on photosynthesis, root rot severity, and
growth of white beans, Can. J. Soil Sci. 68, 455459,

Tu, J. C. & Buttery, B. R. 1988, Soil compaction reduces nodulation, nodule cfficiency, and
growth of soybean and white bean. Hort, Sci. 23, 722-724,

Tuder, C. K., Hebblethwaite, P. D., McGowan, M. & King, J. 1981, Soil physical conditions and
the pea crop. Soil & Water 9, 1, 19-21.

Van der Paauw, F. 1971, An cffective water extraction method for the determination of plant
available soil phosphorus, Plant & Soil 34, 467-481.

Vamos, K. 1964, The release of hydrogen sulphide from mud. J, Soil Sci, 13, 103109,

Voorhees, W. B., Amemiyva, M., Alimaras, R. R. & Larson, W. E, 1971, Some cffects of
aggregate structure heterogenity on roof growth. Proc. Am. Soc. Soil Sci. 35, 638-643,

Voorhees, W. B. 1977, Soil compaction 1. Crops and Soils Magazine, Feb., 13-15.

Wang, T. 5. C., Cheng, $-Y. & Tung, H. 1967, Dynamics of soil organic acids. Soil Sci. 102,
138~144,

Werner, D, 1980, Dinitrogen fixation and primary production. Angew, Botanik 54, 6775,
Westerman, R. L., Kurtz, L. T. & Hauck, R. D. 1972, Recovery of 15N fabelled fertilizers in field
experiments. Proc. Soc. Soil Sci. Am. 36, 82-86.

Whisler, F. D., Eogle, C. F. & Baughman N. M. 1965, The cffect of soll compaction on aitrogen
transformations in the soil. West Virginia Univ. Agric, Expt. Sta. Bull. 5167T.

Wicrsum, L. K. 1957, The sclationship of the size and structural rigidity of pores to their
penetration by roots. Plant & S0il 9, 9, 75-85.

Wiklander, L. & Hallgren, G. 1949, Studics on gyttja soils. Kung!l. Lantbrukshogsk. Ann. 16,
#11-827.

Wiklander, L. 1976, Marklidra. Sveriges Lantbruksuniversitet, Uppsala, 6-8.

Wilkins, 5., Wilkins, H. & Wain, R, L. 1976, Chemical treatment of soil alleviates cffects of soil
compaction on pea scedling growth. Nature 259, 13-16,

Woldendorp, J. W. 1968. Losscs of soil nitrogen, Stikstof; Dutch Nitrogenous Fertitizer Review
12, 32-46.

Wright, 5. T. C. & Hiron, R, W, P. 1972, The accumulation of abscisic acid in plants during
wilting and under other stress conditions. In: Plant Growth Substances 1970, Carr, D.J,, Spr
Senger ~ Verlag ed. Berlin, 291-298,

Yoshinari, T., Hynes, R, & Knowles, R. 1977, Acetylen inhibition of nitrous oxide reduction and
- measurements of denitrification and nitrogen fixation in soil. Soil Biol. Biochem. 9, 177-183.



MEDDELANDEN FRAN JORDBEARBETNINGSA VDELNINGEN

Nr Ar
1 1992
2 19
3 1993
4 1963
5 19973

Johan Arvidsson, Sixten Gunnarsson, Lena Hammarstrém Inge
Hikansson, Tomas Rydberg, Maria Stenberg, Bo Thunhoim:
1990 &rs jordbearbetningsforstk. 40 s,

Mats Tobiasson: EKOODLAREN - En studie av ett kombina-
tionsredskap [6r sddd och ogrishackning, utférd viren och som-
marert 1991, Examensarbete. 19 s.

Mats Tobiasson: Sdbillar {6r reducerad bearbetning. Understk-
ningar av nya sibiilar (e odlingssystem med reducerad bearbet-
ning, utforda 1991 och 1992, 23 5.

Anna Borg: Fldden av kvilve och fosfor i Forshiilladng avrin-
ningsomride - berdkning av olika killors bidrag 118l vixing
ringslickaget. Examensarbete, 45 s,

Flows of nitrogen and phosphorus in the Forshélladn warer-
shed - estimations of the contributions from different sources 1o
the leaching of plant nutrients. 45 pp.

Thomas Grathe Effects of soil compaction on physical, chemical
and biological soil propertes and crop production. 101 pp.





