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One of the major constraints to adoption of zero tillage in Uruguay is soi1 compaction, 

which resuits fiom a combination of factors including a wet clunate, fine textured soils with 

low water infiltration capacities, and trafEc by mchinery and cattle. These conditions would 

be particularly detrimental during the transition fiom tillage-based systems. The objectives of 

this thesis were: (1) to assess the extent of soil physical constraints for crop production with 

zero tiuage in Uruguay; (2) to develop anaiytical methods for descnbing soil quahty fkom the 

standpoint of physical structure; (3) to evaiuate the effectiveness of soil loosening by the 

Paraplow in increasing the viabiiity of direct-seeding systems; and (4) to study the interactions 

of crop sequences with subsoiling by Paraplow on soil properties and crop behaviour. 

The evidence obtained supports the conclusion that soiis impose certain restrictions 

for the development of crops with direct seeding, chiefly low infiltration capacity, low oxygen 

diffusion rates, and high soil strength. Subsoiling was effective in reiieving these constraints 

over ail the volume of the upper 0.45 rn of soii, with a maximum effect at 0.2-0.3 m depth. 

Paraplowing induced yield uicreases ofbetween 14 (wheat) and 102 % (corn), associated with 

improved crop ernergence, a more thorough soil exploration by roots, superior weed control, 

higher tiller s u ~ v a l  and reduced floret abortion. The effects of paraplowing on mil physical 

properties rapidly declined with time after subsoiling, but lasted for up to 25 months. Effects 

on crop productivity had similar residuality. The additional yield advantage of paraplowing 

before each crop, compared with one pass in two years was very smali, considering the extra 

energy cost involved. S d o w e r  as the fint crop in the cropping sequence resulted in reduced 

infiltration capacity ofthe soil in the subsequent cropping seasons, as compared with rotations 
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that started with corn. This was reflected in a 4 % reduction in wheat and barley productivity, 

rnainly due to lower kernel weight. Wheat tolerated adverse soil physical conditions better 

than barley. 

A cone penetroineter was exîensively used to assess soil physical quality. Penetraîion 

resistance (PR) rneasuced at a certain soii depth was not independent of PR values in soii 

layers located up to 180 mm above. However, 77 % of this effect was restricted to a distance 

of 45 mm. Autocorrelation was highest where PR decreased with depth, and it was concluded 

that ody in this case PR values should be correcteci. The relationship between soil moisture 

and PR was described by an exponential modei, and was afkted by soil management 

pradces, as well as  by the soi1 depth considered. The empirical coeEcient b, which described 

the rate of change of PR with moisture at low moishire contents, varied between 4 - 0 3  and 

- 1.10 arnong the 14 situations anaiysed. The lower fimit of available water, defineci as the soi1 

moisture content at which PR equals 2 MPa, was aiso shown to Vary widely with tiiiage 

practices. 
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1. INTRODUCTION 

Two decades ago, a major concem was to produce enough food to feed the world in 

year 2000. As a result of achievements of science, education, govenunent development 

policies and private wmpanies, that goal seems to have been accompl i sh~  at least 

ternporarily, for moa of the world. In spite of human population growh, the increase in 

production in recent tirnes has made the availability of food per capita today 200/0 higher than 

in 1960 (World Resources Instmite 1996). The hunger that exists in some parts of the world, 

particularly in sub-Saharan Afnca, is due to unequal distribution resulting from poverty, and 

not to a lack of technology for producing the amount of food that is needed. 

Past increase in food production is rnainly attributable to higher land productivity. 

This increase in productivity has often been at the expense of naniral resource depletion and 

environment damage. In consequence, a growing concem for achieving what is known as 

sustainable agricultural systems of production has been recently developed. 

As part of this movement toward sustainable agriculture, and concurrent with the 

appearance of some trïggering factors such as the discovery of the herbicide glyphosate (Baird 

et al. 197 1) and certain agriculturai engineering developments, zero-tiuage -or direct-seeding- 

technologies are being adopted worldwide. A new revolution in the history of agriculture was 

started. In the development of these new systems, many concepts which were once thought 

to be fiindamental principles have to be revised. Some of the practices applied for decades and 

even centuries, were based on the tact that soils were tilled. 

A huge challenge that agricultural research has been tackhg for some time, is to 

provide the necessary knowledge to optimize the new systerns in as short a time as possible. 



Yet there is optimism that this challenge can be met. Agricuitural sciences have today infinitely 

more abundant and sophisticated twis than when the tillage-based systems were developed. 

The widespread availability of powerful cornputers, communication devices, data loggers, and 

the development of sophisticated laboratory equipment d e  it possibie to do thùigs today 

that were unthùikable only 20 yean ago. 

Zero tiiiage has been increasingly used in Uruguay, where crops have been produced 

as part of mixed croplivestock systems for more than three decades. One of the major 

coostraints to adoption of zero Mage in Uruguay is soi1 compaction, which resuits fkom a 

combination of factors including a wet climate, a dominance of medium to fine texhired soits 

with low water infiltration capacities, and compaction by machinery traffic and grazing cattle. 

Crops growing in undisturbed soi1 are ofien subjected to poor seed-soil contact, 

fiequent waterlogging, high mechanical impedance for root growth, nutrient deficiency, and 

fiequent moisture stress (BleMns and Frye 1993, Ehlers et al. 1987). These conditions would 

be particularly detrimental during the transition fkom tillage-based systems, until the long-tenn 

accumulation of soil organic matter, and the action of growing and decaying roots, soil fauna 

and naturai forces under zero Mage can cause soi1 structure to develop. Figure 1.1 represents 

a conceptual mode1 of these processes. The left side of the curve shows a situation where soil 

structure is adequate, and plant growth is not limited by mil physical factors. As mechanical 

resistance increases due to factors such as soil compaction and degradation., plant growth will 

be impaired. Such may well be the case where a zero-tillage system was just started in a 

poorly stnictured soil. After a number of years, soi1 structure can be built by naturai agents, 

leading to the situation represented in the upper right corner in Fig. 1.1. Here, roots wouid 



Figure 1.1. A mode1 of the effect of soi1 compaction on root deveiopment, and the long-tem 
irnprovement of the soil structure in undishirbed soils. 

Lciwc~mpacüon High 
tilled soi1 compaction 



grow through a system of biochannels which are predominantiy verticai, and would explore 

the soil sufficientiy to sustain plants that are as heathy and productive as those growing in 

tilled soil. 

The process represented by the arrow on the right side of Fig. 1.1 can take a very long 

tirne and thus prevent the viability of zero-mage in excessively compacted soils. It is 

necessary to  develop ways of accelerating this process. 

SoiI IoosaMg by mechanical means while presaving the residue cover is one way of 

reducing excess soil compaction in the short tenn, without impairing the long-term action of 

mil structure building. Exploiting the ability of certain species to produce extended rwt  

systems in compacted mils is another approach to avoid productivity losses in the short term, 

and to accelerate soi1 structure buiiding by biological flage (Ilexter 199 1 ). 

In light of the above, this thesis had the foliowing major objectives: 1) To assess the 

extent of soil physid wnstraints for crop production with zero tillage in mixed systerns in 

Uruguay. 2) To adapt and develop analyticai methods for describing mil quality fiom the 

standpoint of physical structure. 3) To evaluate the effectiveness of soil mechanicd looseaing 

by a specialized subsoiler, the Paraplow, in increasing the viability of direct-seeding sy st ems 

in fine-texhired soils subjected to fiequent t r a c  in wet conditions. 4) To study the 

interactions of crop sequences with subsoiling by Paraplow on soil propedes and crop 

behaviour. 



2. LITERATURE REVIEW 

2.1. INTRODUCTION 

Soils are the resewoir of nutrients, water, energy and oxygen for plants, and provide 

the physical support for roots. The physical structure ofsoil regulates the storage capacity and 

the inteasity and direction of fiow of dSerent compounds and energy, and varies widely in 

response to genetic and environmental factors. 

Measurement of soil structure is complicated by the wmplexity of the soi1 system, and 

the multiplicity of its functions. The basic mineralogical composition and particle size 

distn'butioa, as weii as the way these particles are bonded together to build aggregateq are 

major tàctors in determining the various soi1 physical properties. These factors can be easily 

quantifiecl accordhg to weU-established standard methods (Klute 1986) to provide some 

description of the system. However, the strong interaction of these factors with climate, 

biological activity and agicultural practices, produce a profusion of possible structures even 

for the same basic rnineralogical composition and particle size distriibution. 

The highly dynamic nature of soi1 structure poses an additional difficulty for its 

measwement. One single event, such as a rainfd event or a tillage operation, can drasticaily 

mod* the soil structure in a short-tirne period. Consequently, soil structure can only be 

defïned by means of parameters that measure only partial processes or properties, with 

reference to a certain time fiame. This review deals with the physid process ofroot growth, 

and therefore is mainly focussed on to those aspects of the soil structure that affect this 

biological process. 



2.2. S O L  FUNDAMENTAL PROPERTIES DEFLN][NG THE PHYSICAL 

ENVIRONMENT OF ROOTS 

Letey (1 985) analyseci the relationship between soi1 physical properties and crop 

production. He stated that, even though a large number of variables, Uicluding bulk density, 

pore size distribution, and aggregate stability have a definite influence on root development, 

plant growîh is d i r d y  govemed by only four hdamental physical factors: mechanical 

irnpedance, and water, oxygen and energy avdability. The m d l e  properties associated 

with these factors are, respectively, penetration resistance (PR) to metal probes, soil water 

potentiai, oxygen diffiision rate, and temperature. 

The determination of the optimum levels of these variables is complicated by the fact 

that they are closely interrelated and that they Vary in both t h e  and space. As stated by Letey 

(19851, of the four factors, soi1 moishire is the most dominant. An d y s i s  of each of these 

variables and their influence on plants follows. 

2.2.1 . Penetration Resistance 

Plant roots growing in porous media have to overcome mechanical resistance. This 

is achieved either by penetrating pre-existent pores and channels big enough to accommodate 

the roots (Wiersurn M i ) ,  or by deforming the structure of the medium. Roots deform the 

soi1 rnallily by shearing failure and compression (Barley and Greacen 1967). Because of this, 

the soil properties that ultirnately control mechanical irnpedance to mots are shearing strength, 

which is in tum a fùnction of cohesiveness and angle of internai fiction, and compressibility. 

Soi1 penetration resistance depends m a d y  on soil type (i-e. soil texture), bulk density 

and soil moisture content (Taylor and Gardner 1963, Camp and Lund 1968, Taylor and RatMF 



1969, Ayers and Perumpral 1982, Henderson et al. 1988). These &&ts are discussed in the 

following sectioos. 

2.2.1.1. Cone Penetrometers 

Cone probes of static penetration are the standard instruments for measuring soil 

mechanical impedance to root growth and for detecting compacted soi1 Iayers. Available 

penetrometers are capable of recording resistance vaiues at depth increments as small as 0.0 1 

m, to a maximum depth of 1 m. 

As a penetrometer is pushed d o m  into the soil, several processes occur, including 

cutting of soil, shearing failure with compression, involving metal-to-soi1 and soil-to-soii 

fiction The volume of the cone is accommodated by cornpressing the surroimding SOL The 

volume of soi1 subjected to defonnation can be spherical, with radü up to ten times the probe 

radius, for blunt (included semi angle of 30") probes (Farrell and Greacen 1966), or 

cylindncal for sharp (included semi angle of 5 O )  probes (Greacen et al. 1 968). Because more 

pressure is required to form a compacted sphere than a cylinder, point resistance tends to be 

higher for blunt than for sharp probes (Bengough and Mullins 1991). The fiindamental 

property one wodd like to determine is the point resistance. However, measured penetration 

resistance is the sum of point resistance, and a fiictional component, the latter being higher 

for sharp probes due to a larger contact area between cone and soil. 

Blunt cones compact the soi1 in the path of the probe, creating a body of soil that 

moves ahead of the probe, thus ~~tifiaally Uicreasing the fictional resistance offered by the 

soil at the depths below. To minimise both soil-metal and soil-soil fiictional interferences, 

cones of medium included semi angles are widely used. Koolen and Vaandrager (1 984) and 



Voorhees et al. (1 975) have found that lowest cone resistances occur lit semi angles between 

15" and 20". 

The speed at wbich the cone probe is introduced into the soil is another factor 

affecting the measured resistance, since soil compression is a time-dependent process. Slowly 

moving probes would allow the soi1 particles being stressed to rearrange and transmit the 

pressure to particles located fbrther away. Thus, one expects a more representative 

measurement with slow than with fast penetration. Also, the probe causes tende failure, 

which reiieves stress at the tip, and is also tirne-dependent. Waldron and Constantin (1970) 

and Voorhees et al. (1975) demonstrated this effect of speed for slowly moving (less than 1 

mm/&)> fine probes. Bradford et al. (1 97 1) concluded that the time-dependence effect was 

negligible when fine probes were driven into the mil at speeds higher than 1 mm/min. Freitag 

( 1 968) demonstrated that increasing penetration speed Uicreased cone resistance in fine- 

graine. soils. 

The resistance sensed by a cone probe penetrating into a soi1 is the sum ofthe pressure 

at the tip of the cone and a £kitionai component, which inchdes soil-metal fiction and 

adhesion. Tip pressure is a function of soil shearing strength -determined by cohesion and 

angle of internai fiction- and compressibility (Farrell and Greacen 1966). Soil-metal fiction 

can be of high magnitude (Ambruster et al. 1990) and is oAen not reported as a separate 

component of penetration resistance. 

2 -2.1 -2. Eflect of Soil Moistwe on Penetration Resismce 

Soil moisture affects ail five factors meationed above (cohesion, angle of internai 

fiction, cornpressibility, sod-metai fiction and adhesion). Cohesion is at its minimum in 



saturaîed soi1 due to the presence of fiee water in mil pores. As soil moimire decreases, 

negative water potentiais dwelop, and water held by soil particles acts as a bonding agent, 

thus increasing cohesion. The contribution of matnc potentid to soi1 cohesion is directly 

proportional to the absolute value of matric potential multiplieci by a factor dependhg on the 

degree of saturation, as was demonstrated by Williams and Shaykewich (1970). This 

proportionality factor increases sigmoidaiIy from O to 1 as soi1 moisture increases fiom dry 

to saturated. This implies that soil cohesion reaches a maximum at certain intermediate soi1 

moisture wntent, at which the degree of soil saturation is still kept at a relatively high level. 

Decreasing soi1 moisture content beyond this maximum vdue would decrease soi1 cohesion. 

Camp and Gill (1969) reported a linear decrease in cohesion and also in angle of 

intemal fiiction as soil m o i m e  content was increased f k m  O to 30 % by weight. The 

decrease in both parameters was the more pronounced the finer was the soi1 texture. They 

attributed these changes in cohesion and angle of interna1 fiction to increase in soii density 

due to shrinkage and to some other unknown factor. This latter factor could weli have been 

the contribution of soil matric potentid, as stated by Williams and Shaykewich (1 970). 

The kimease in bulk density with soii drying would increase cohesion (Camp and GiII 

1969) due to higher number of contacts between particles per unit volume of soil, and this 

would mask the decrease in soi1 cohesion expected at the lowest moisture w ntents. Ayers and 

Bowen (1 987) reported an increase in both cohesion and angle of intemal tnction in a loamy 

sand, with a soil moishire increase fiom 3 to 10%. The increase in cohesioa was greater at 

high mil densities. 

Cornpressibility is also closdy related to mil water content (Larson et al. 1980). As 



soil moisture inmeases, the m-um bulk density achieved by a compaction force inmeases, 

up to a maximum d g  at some water content below saturation. Above this po* pore 

water pressure starts to rise, h g  against compressive forces, thus reducùig compressibility. 

Henderson et al. (1 988) found thaî for several sandy sds,  maximum compressibility ocairred 

between 60 and 90 % of pore saturation. They ais0 speailated that compressibifity was higher 

in soiis wntaining a wide range of particle sizes beaMe fine particles could be accommodateci 

within large pores between coarser soil particles. The change in compresstbility with soi1 

moisture is obviously related to soil strength parameters disnissed above. In fact, soi1 

compressibility htegrates the effects ofcohesion and angle of intemal fiction. Both pioneer 

works in the subject (Farrell and Greacen 1966, and Greacen et ai. 1968) assumeci that 

compressibility was the main soi1 property involved in determining penetration resistance. 

The effects of soil moisture on adhesion and skin fiction are not specifically reported 

in the iiterature. It can be speculated that these two variables behave in a similar manner as 

cohesion and intemal Wction, respectively, with maxima at some very low water content., and 

minima at saturation. 

As a resuit of the modifications of the five factors mention4 above, the overd effect 

of soi1 moisture on petration resistance would be as foilows: ifsoil shnnkage and expansion 

are not uivolved, the strength parameters and compressibiiity would be the main deteninant 

of resistance, and the relationship would show a maximum in penetration resistance (PR) at 

intemediate moisture levels (Ayers and Penimpral 1982). On the other hand, if Wction is 

involved, the decrease in soil strength at low moisture would be compensated for by 

inaeasing mil-to-soil and soil-to-metal fiction. The redting fimction wouid show an 



exponentid increase in penetration resistance with decreases in soil moisture. 

The relationship between PR and moisture is a fhction of water retention properiies, 

which in hini is related to soil structure (Gupta et al. 1989). Consequently, detennination of 

this relationship would be an important tool for descn'bing soil structure. 

2.2.1 -3. Eflect o/Bulk De- rmd Suil Tjpe on Peneiratîon Resistmce 

The effect of soil drying on penetration resistance describecl above is more marked at 

higher soil bulk densities (Taylor and RatW 1969, Ayers and Perumpral 1982). An increase 

in soil density implies a more tight packing of soi1 particles, which causes the angle of interna1 

fiidon to increase. Aiso, as bulk density increases, soil compressïbiiity decreases, thus m a h g  

the soil harder to penetrate by mots or metal probes. 

The particle size distribution of a soil is an important factor detennining the 

penetration resistance. Because of their high cohesiveness, clay soils develop extremely high 

levels of penetration resistance upon drying. Working with artificial soils with bulk density of 

2 Mg m-3, Ayers and Perumpral(1982) determineci that the maximum penetration resistance 

in a soil with 100 % clay was 12 MPa, at a moisture content of around 10 % by weight. 

Meanwhile, a soil composed by only sand parîicles, had a maximum penetration resistance of 

only 0.05 MPa, at 6 % moistue. In r d t y ,  clay soils usually have much lower bulk density 

and higher soi1 moisture, and therefore, penetration resistance values are usually much lower 

than those reported by Ayers and Perumprd (1982). On the other hand, sandy soils rnay 

develop very high penetration resistance due to high friction, and values found normdy are 

higher than those expected fiom their cohesiveness (Henderson et al. 1988). 

MieIke et al. (1994) estimated for a wide range of real soils that at a given soil 



moisaire content, the penetration resistance increased with clay proportion. The increase in 

soil strength with drying was not so directly related to clay content, and was higher for a nlty 

clay loarn than for a clay. 

2.2.2. Soi1 Moishtre 

The availability of soi1 moisture is one of the major factors governing crop 

deveiopment. In addition, soil moishue content markedly affects oxygen diffusion rate, soil 

temperature, and mechanical resistance to root growth. 

Water occupies the pore space of the soil, and is retained in the soil matrk by various 

forces. To uptake water, a plant must overcorne these forces, which are very low when the 

soil moisture content is near saturation, and increase as the soil gets drier. The relationslip 

between soil moisture content, exprased as the percent of volume space occupied by water, 

and the soi1 water potential, expressed as the energy required to bring soil water to nee water 

state, is a fùndamentd property of soi1 known as the water retention characteristic curve 

(Hamblin 1985, Hanks 1992). The shape of this curve is a fknction of soil structure (Gupta 

et al. 1989, N m o  1997, Shaykewich 1970) among other factors. 

Only a fraction of the water present in a soi1 may be used by plants. Accordhg to the 

classical concept, available moisture is that retained between two notable points of the water 

characteristic retention curve: field capacity and permanent wilting point. Field capacity is the 

water retained after a saturated soil is drained until water discharge Whially stops (Veihmeyer 

and Hendrickson 1949), and generally corresponds to rnatric potentids between -10 and -50 

kPa Witing point is the minimum soi1 moisture at which plants can grow, wrresponding to 

a potential near - 1.5 MPa (Hiilel 1 B O ) .  



These Limits are a8Fêcted by a number of Eicton, and in general, available soii moisture 

is less than the difference between field capacity and wilting point. The concept of field 

capacity as the ideal water content may be invalidated as occurs in poody structureci soiis, 

the oxygen &sion to roots is impaired. On the other hana the lower limit ofavailable water 

is coincident with the wilting point only when roots can keep g r o h g  against the increasing 

mechanical resistance that develops when soi1 gets dry. The distance fkom which roots can 

extract water tiom soil is reduced to a few miliimetres in dry soil, due to the decrease in 

hydraulic conductivity that occurs at low rnoisture content (Gardner 1960). Because of this, 

water extraction at low water potentials depends on the presence of hi& root densities. 

These limitations to the classicai concept led Letey (1 985) to define the non-limiting 

water range (NLWR) as the water retained between an upper limit determineci by either field 

capacity or the point at which oxygen becomes lirniting, whichwer is lower; and a lower limit, 

defined by either the wilting point or the moisture content at which mechanical impedance 

becomes limiting, whichever is higher. da Silva et al. (1994) perfected this concept by 

introducing the least-Iimiting water range (LLWR) concept, and provided the first 

characterizations of this indicator in two soils. They proposed to use LLWR as an indicator 

of soil structural quality, and in a later work (da Silva and Kay 1996) attempted to relate 

LLWR with crop yield. 

2.2.3 Soi Temperature 

The soi1 surfâce intercepts energy in the form of solar radiation (short wave) and 

atmospheric radiation (long wave), and emits long-wave radiation at a rate governeci by soii 

temperature. The balance of these processes, known as net radiation (Davies and Idso 1979), 



is positive in the daytime, and negative at night. The net radiation energy is stored as heat in 

the s o l  used by biologicai processes, dissipateci as heat by convection, or dissipated as latent 

heat by water evaporation fkom soi1 (Rosenberg et al. 1983). When soil moihire content is 

hi& evaporation is the process consuming the rnost energy, wbereas in dry conditions, most 

of the net radiation energy is used to wann up the soil and air (Ross et al. l98S), and then lost 

as Nght radiation to the atrnosphere. As a consequence, soil temperature is lower and less 

variable in wet than in dry soi1 (Hanks 1992). 

The proportion of net radiation that is used for heaî storage in soil depends on soi1 

structure and moishire content. Due to the high specific heat of water, wet soils are capable 

of absorbing large amounts of energy with relatively small changes in soil temperature m e 1  

1980), and since heat flow within the soil is &en by temperature gradients, heat movement 

to deep soi1 layers is iimited. 

The effect of soil structure on temperature is evident mainly in relatively dry soils. 

S pecinc heat is about five tirnes lower for soi1 minerals than water, and therefore, temperature 

gradients are easily created in dry soils. lfthe number of contact points between soii particles 

is large, as is the case in compacted or light-textuTeci soils, thermal dfisivity is also large. 

Optimal soi1 temperatures for root development are somewhat lower than those for 

shoot growth. Depending on the plant species, they vary between 20 and 25 "C (Bowen 

199 1). 

2.2.4. Oxvaen Dfision Rate 

Plant roots and microorganisms in the rhizosphere use oxygen as the main final 

acceptor of eleztrons in the respiratory process. Oxygen molecules diffuse fiom the 



atrnosphere into the soil through the porous space, which is occupied by air and water. 

Oxygen has iow water solubility (0.03 9 g.L-' at standard temperature and pressure). Also, the 

diffusivity of oxygen is four orders of magnitude higher in air than in water. Consequently, the 

suppiy of oxygen to roots depends on the existence of a continuous systern of air-tïiled pores. 

Therefore, soil moisture content, pore-size distri'bution and landscape positions are soii 

properties directly affecting the aeration status of roots. 

It is cornmonly accepted that a soil wah air-6Ued porosity lower than 10% would have 

LVoitations to the normal supply of oxygen to roots (Grable 197 1). However, this is only an 

empincal figure, and can not be used in a wide range of situations. The measurement of the 

oxygen diffusion rate to a platinun micro electrode located in the soi1 (Lemon and Erickson 

1952) would be a more reasonable indicator of the aeration status. Critical values for this 

parameter, below which root growth would be impaired, Vary between 0.2 and 0.3 pg 0 

min-' (Stolzy and Letey 1964, Enckson 1982). 

2.3. SOIL COMPACTION 

The degree of soi1 packing or compactness detemiines suitability for crop growth, 

traflic bearing capacity, and susceptibility to erosion, arnong other factors. A very loose soil 

may provide adequate conditions for plant development, but can be susceptible to erosion and 

rnay not support machinery traflic. On the other extreme, sois with high degree of 

compactness may support traffic in a wide range of soil moisture contents, but impose 

important restrictions for plant growth. 

Compaction is a widespread process of soil structure deterioration in agricultural 

systenrs, affecthg crop production in aii climates (Soane and van Ouwekerk 1994). In the 



pa* the use of draft animals and steam tractors was a major cause of soil compaction. W1th 

the development of the interna1 combustion engllie, the load on mils was reduced und the 

19601s7 when the trend towards increasuigly heavier f m  machinery started (Freitag 1979). 

At present, the use of heavy tractors with proportiondy srnalier tires impose an increasing 

load on agridtural lands. 

Tillage loosens the soil, thus favouring water infiltration, aeration and root 

developrnent. When soil is lefi unplowed, such as in no-tillage systems, naturd consolidation 

tends to increase the soil bulk density, which adds to the effect of cornpacting agents Wce 

machinery and grazllig animals. 

2.3.1. Trafnc-Induced Soii Compaction 

Wheel naflic causes a densification ofthe soi1 undemeath. The increase in bulk density 

of soi1 and the depth &ed depend on factors such as soil texture, soil moisture content, 

contact pressure, axle load, speed of vehicle and number of passes (AMdsson and Hakansson 

1996, Raghavan et ai. IWO). 

Compared to the abundance of knowledge on soi1 compaction by agî-icultural 

machinery, there is very little information on the effects of trarnpling by grazing anirnals on 

soil properties. It can be estimated from hoof basai area and body weight data that grazing 

animals apply pressures on soi1 in the range from 150 (for a 300-kg steer) to 350 kPa (for an 

adult sheep), figures notoriously higher than those correspondhg to f m  tracton, which are 

in the order of 80 (hïgh-flotation tires) to 160 kPa (single radial tires) (Wood et al. 199 1). In 

consequence, the degree and merit of soil densincation would be expected to be higher when 

caused by animals than by tractors. 



In this sense, Touchton et al. (1989) detected compaction produced by a d s  to a 

depth of 50 cm., while the eEect oftrafEc during phting of summer crops foilowing winter 

grazhg reached only to 25 cm. HiIl and Meza-Montalvo (1990) reported that wheel trafEc 

on tram-ünes during 14 years caused soil compaction underneath that extended to less than 

30-cm depth. Wood et al. (1993) found that trafic by heavy grain carts, with a tyre pressure 

of 2 10 Wa, caused changes in soil physical properties to the 40-cm depth. 

Soil damage due to wmpaction can be minimized by avoiding tratnc on wet soil. In 

this sense, Proffitt et al. (1995) found that continuous grazing of a pasture with sheep 

increased soil bulk density of a clay loam by 7 %, and reduced water infiltration capacity to 

58 % that of the non-grazed wntrol. However, when sheep were retired every tirne the soi1 

moisture content reached the plastic limit, soi1 deterioration was not nearly as serious as with 

continuous grazing. 

The degree of compaction caused by tractors can also be controlled by the type of 

wheels used. Brown et al. (1992) reported that wheeled tractors, with ground pressures of 

125 kPa, caused more compaction than track-type tractors, which had ground pressures of 

40 kPa. Due to a more uniform stress distribution, metal tracks are usuaily less damaging to 

soil than rubber tracks (Marsili and Servadio 1996). The use of high-notation tires (Wood et 

(11. 199 1) is another way of reducing compaction forces applied on soils. 

2.3 -2. Plant-Root-Induced Soil Compaction 

Plant roots aiso cause soil compaction by radial enlarging. Dexter (1987) proposed 

a mode1 for describing this process. His main assumptions were as follows: a) the volume of 

the root is accommodated by the l o s  of an equal volume of pore space fiom the mounding 



soil; b) the soi1 adjacent to the root is compressed to a minimum possible porosity, which is 

a constant for a given mil; c) between this zone of tmnirmun porosity and the bulk of soil, 

porosity increases exponeiitially; d) the exponent of this relation includes a constant of the 

soi4 which was estimated by this author @exter 1987) to be around 0.5, multiplied by the 

relative distance fiom the root; e) the distance f?om the root to which soi1 density is affected 

depends on the root diameter. 

A few years Iater, Bniand et al. (1996) appfied Dexter's mode1 to data obtained with 

corn roots growing in a silty clay loam, and found that the constant in the exponent was much 

higher (4.3), which means that the soil compression by roots extended to a shorter distance 

than that predicted by Dexter ( 1 987). Bruand et al. ( 1 996) attn'buted this difference to the fact 

that Dexter (1987) had used remolded soil, whereas they used stnictured soil. 

Several studies have looked at the consequences of root growth on soil micro 

structure. Greacen et al. (1 968) detennined that the effect of a pea radicle in increasing soil 

density extended to a distance of 8-10 times the root radius, although most of the infiuence 

was restricted to a distance of three times the root radius. 

Dexter et d. (1983) studied the influence of cumulative rainfd and the presence of 

a wheat crop on the structure of a soil managed with two tillage systems. They f w d  that the 

wheat reduced the volume of pores higher than 0.5 rmn by 24 % compared to the uncropped 

areas, at the same time as the mean aggregate size was increased by 33 %. This was attributed 

to unknown factors. 

However, these results by Dexter et al. (1983) could be at least partly explaineci by 

later fïndings by Misra et ai. (1986). These authors, working with pea, Cotton and sunflower 



radicies with radii between 0.4 and 1 .O mm, detennined that the distance at which the roots 

caused plastic fidure in the momding soi1 extendeci for up to at least 15 mm, the maximum 

aggregate site used. They estimated that even with larger aggregates, it couid be safey 

conchded that growing roots dways cause plastic deformaiion of soil. Ifthis is the case, and 

if soi1 aggregates are fairy small, most of the volume occupied by roots would be at the 

expense of macropores between aggregates. 

Blevins et al. (1970) had also demonstrated that there was a decrease in the volume 

of pores higher than 50 Fm within a distance of 0.4 mm fiom the root surface of trees. Bruand 

et al. (1996) also detected a 24 % reduction in porosity, maùily in the range &orn 100 to 500 

pm in diameter. Using a different approach, Guidi et al. (1985) demonstrateci that the porosity 

of soil adhering to corn roots was 13 % Iower than that of the bulk soil. 

The effect of growhg plant roots on soi1 structure has dso been observed 

rnamoscopically. Waidron and Dakessian (1 982) studied the effect of severaf plant species on 

soil shearing resistance, with the purpose of stabilizing soil against downslope displacement. 

Alfalfa and several gras species were the most effective, causing respectively a four-fold and 

three-fold increase in shearing strength, compared to uncropped soil. In this case, the e f f i  

of plant roots resulted mainly fiom the presence of roots that resist s h e a ~ g  (Waldron and 

Dakessian 198 1). However, increased soil cohesion, due to higher inter-particle contact, may 

have dso contributed to the observed increase in soi1 strength. 

Waatt and Sulistyaningsih (1990) also demonstrated that nce plants causai an 

increase in soil shearing strength, measured with a vane shear tester, fiom 2.7 to 4.9 kPa The 

beanng capacity of the soii, detRmioed with a laboratory penetrometer, was increased fiom 



71 to 161 kPa. There was a positive correlation between root weight and soil bearing 

capacity. 

2.4. PLANT RESPONSES AM) ADAPTION TO STRESS CAUSED BY S O L  

COMPACTION 

Plants respond in various ways to hostile soil physicai environment. Both subterranean 

organs, which directly sense these conditions, and &ai parts, which receive signals £kom the 

aibsoii, are equaiiy affected. It has ben known for a long time that this synchrony between 

shoot and root growth, as well a~ the cornpensatory growth of d e c t e d  pomons of the root 

systems, are a consequence of the action of growth regdators (Russell 1977). However, very 

little is known about the detded mechanisrns involveci in the various responses. 

Tardieu (1 994) proposed that plant responses to soil compaction would be governed 

by multiple physicai and chemical signals acting simultaneously. Such signals would be: a) the 

mechanical process of soil resistance opposing root turgor pressure; b) a chernical message, 

probably involving ethyiene, which causes root thickening as a means of overcorning soi1 

resistance; c) another chemical message, probably involving AB A, which induces stornatal 

closure in respome to root clumping, and helps conserve soi1 water even when soil moishire 

levels are hi& (Tardieu et al. 1992); and d) still another chemical message, consisting of 

soluble aigar bddup, which reduces photosynthesis rate. Temesi ( 1 994) provided evidence 

that confinement of roots also inhibited shoot growth of sunfiower, a response that was 

presumably mediated by a chemical signal. 

These signais sent by the roots are emitted very promptly, even before the onset of 

adverse situations. Passioura and Stirzaker (1993) descriied these preventive mechamsais as 



'feedfonvard' responses of plants, and demonstrated that conditions such as reduced soil 

volume ('Bonsai effect'), soit compaction, incipient soi1 drying, excessively large pores, and 

reduced soil temperature, all trigger comervative responses by plants. 

Most of the knowledge in plant responses to soil compaction is based on what happens 

below ground. The reaction of roots to th& physical environment, namely hi@ mechanical 

impedance and reduced aeration, are analysed in the following sections, d e r  providing a brkf 

description of roots growing in favourable soi1 conditions. 

2.4.1. Normal Root Momholoav and Phvsiolow 

Most studies on roots have focussed on monoc0ts7 in particular the grass family, very 

likely due to their econornic importance. ui these species, most of the root growth occurs 

fiom apical meristems, whereas in dicots, besides extension and branching fkom the meristems, 

growth also oca i rs  by thickening as a consequence ofcambial activity. From the standpoint 

of water and nutrient absorption fùnctions, the growth associateci with meristematic activity 

is of most interest. 

Severai types of roots coexist in single piants. Grasses have seminal and nodal or 

adventitious roots. The former include both the embryo root and others arising from the 

embryonic nodes, whereas the latter include those emerging afker plant establishment from 

stem nodes. Both types differ in their morphology (Waisel and Eshel 199 1) and physiology. 

Bole (1977) found that nodal roots in wheat were more efficient than seminal roots in 

absorbing water and phosphoms. 

A dierence can also be made between primary axes and laterals. Main root axes 

usuaiiy are thicker and grow faster than branches. Russeil (1 977) indicated that typical growth 



rates of cereal roots grown in fàvourable conditions are 2. O cm day-' (root axes), O. 5 cm &y-' 

(primary laterals) and 0.1 cm day-' (secondary laterals). Longevity is also higher for primaq 

axes than for branches (Fusseder 1987). Because of their more rapid growth, the distance 

between the root apex and the mot zone where cornplete suberization of the endodermis 

occurs is higher for primary mots than laterals. This makes prirnary axes more permeable to 

water and less selective for nutrients than laterals (Waisel and Eshel199 1). Nodal roots have 

usuaily less branching than seminal roots, and this may be related to their higher efficiency for 

absorbUig water and nutrients as stated above. 

Fitter et al. (1991) estabiished the existence of two extreme topologicai models for 

describing root systems: the hemngbone firanchhg is restrÏcted to the main axis) and the 

dichotomous (ewry node has the sarne probability of branching) types. They concluded that 

the herringbone type has higher construction, maintenance and transport costs, but higher soil 

exploitation efficiency (volume of soil explored per unit mass of roots), particuiarly for highly 

mobile resources (water, nitrogen) than the dichotomous type. In this sense, Fitter and 

Stickland (1991) found that dicots growing under low-nutrient levels and species native to 

poor soils tended to have long Links (distance between laterals) and mot systems closer to the 

herringbone type, whereas annual, highly-dernanding species had root systems doser to the 

dichotomous type (Fitter 1 99 1 ). 

Yamauchi et al. (1 987) compareci the root structures of several species of cereals. 

Based on their morphological characteristics they identified four groups of species. Rice and 

other species were classifieci in one of the extremes ('concentrateci type'), with large nurnber 

of nodal roots (more than 100 per plant) which had low insertion angles and relatively short 



and slender laterals. On the other extreme ('scattered type'), wheat, maize, barley, sorghq 

rye and oats were all included in the group of plants with relatively small number of nodal 

roots (les than 80) with wide insertion angles, and long, vigorous, profusely-brancheci 

latemls. The concentrated type was correlated with wateriogging tolerance, whereas the 

scattered type provided hi@ water deficit tolerance. The concentrated and scattered types of 

roots may be associated with the herringbone and dichotomous types, respectively, as 

discussed in previous paragraph. 

Roots growing in soils with no restrictions can achieve very high extension rates. 

Hackett and Rose (1972) developed a mode1 for demiing the growth of a seminal root of 

barley. In favourable wnditions, 23 days &er d r n g ,  the totai length of one single seminal 

root was 720 cm. First- and secondsrder Iaterais comprised 60 and 34 % of the total length, 

respectively. As it is discussed below, growth rates found in no& field conditions are much 

less than those simulated in this study. 

2.4.2. Root Growth in Soi1 

The growth of roots is driven by the hirgor pressure in the meristematic cells. This 

pressure has to overwme two opposing forces: that offered by the rigidity of the cd walls, 

and the mechanical resistance of the soi1 @exter l987b, Greacen and Oh 1972). 

The maximum pressure that roots can exert is restricted to about 0.7 to 1.3 MPa in 

the axial direction and to 0.4 to 0.6 MPa in the radial direction (Gill and Bolt 1955, Misra et 

al. 1986b), and therefore, no growth could be expected when the resistance of the medium 

surpasses those limits. However, the actud process is much more wmplex due to the porous 

nature and heterogeneity of soils. 



The pressure exerted by roots depends upon extemai factors. It has been shown that 

it increases with strength of the soil (Schuurman 1965) and size of aggregates being 

penetrated (Misra et d 1986a). The resistance offered by the medium can be very much 

reduced by the presence of large, continuous pores, even if the strength of the soil matrix is 

very large (Goss et al. 1984). Pore sizes in soil range f?om 2-3s 1 oe3 pm (distance between clay 

plates) to a few centimetres (cracks). Roots can penmte through pores larger than their 

diameter or enlarge s d e r  pores by radial compaction @exter 1987a) providing the soil 

strength is not too large. Root diameters Vary between 20 pm (second order laterals in 

grasses) and 1 cm (tap roots of dicoîyledons) (Hamblin 1985). Since roots cannot force their 

passage through narrow pores by reducing their dimeter (Wiersum 1957), the minimum pore 

size usefiil for root growth is detamined by the root diameter and the soi1 compressibility. 

The proportion of pores larger than 100 pm (Gibbs and Reid 1988) or 50 pm (Goss 1977) 

has been proposed as parameters associated with root movements in soil. 

Although root enlargement is the direct consequeme of the axial pressure, force in the 

radial direction also has a number of important f'unctions: a) it is responsible for the 

enlargement of pores that are somewhat smaller than the root diameter (Greacen et al. 1968, 

Dexter 1987% Schuurman 1965); b) it causes the soi1 to fd by tension, and ifthe fdure 

propagates ahead of the root tip, it may reduce the resistance of the soi1 (Abdalia et ai. 1969, 

Whiteley et al. 198 1) dependhg on the tensile strength of the soil and the distance tiom the 

point of radial pressure and the elongating zone of the root; c) radial thickening is a 

mechanism of enlarging the total force applied in the axial direction by expanding the cross 

sectional area (Abdalla et al. 1969, Bariey et ai. 1965, Gill and Bolt 1955); and d) the skin 



fiction provides anchorage to the axial forces and is an additional component of the force 

exerted (Stolzy and Barley 1968). The anchorage is also dependent on the size of the void in 

which the proximal part of the root is located (Dexter 1978). 

2.4.3. Mechanid Impedance and Root Growth 

Soil strength, as measured by a penetrometer, has been shown to be uniquely related 

to root penetration, through a wide range of soil moisture contents and bulk densities (Taylor 

and Gardner 1963) and soils (Taylor et al. 1966) ail fitthg the same relationship. Even though 

resistance to cone penetration is an empiricai detemination, it integrates many, although not 

ail, of the factors involveci in the mechanicd resistance of the soil. 

Considerable attention has been given to the critical cone indexes that completely 

inhibit root growth in soils or art i f id  media. For a wide range of soi1 types, plant species and 

experirnental techniques, values reponed for critical penetration resistance Vary between 1 .O 

and 5.6 MPa (Bengough and Mullins 199 1, Camp and Lund 1968, Cockrofi et al. 1969, 

Ehlers et al. 1983, Gerard et al. 1982, Grimes et al. 1975, Martino and Shaykewich 1994 

Taylor and Gardner 1963, Taylor et al. 1966, Vepraskas and Wagger 1989, Yapa et al. 1 990). 

Even after making dowance for variations due to the different types of penetrometers and 

different species used in these studies, there is still a wide variation. This resuit indicates that 

cone index does not combine al1 the soil physicai factors that affect root developrnent. 

Gerard et al. (1982) determineci that the critical cone index decreased as the clay 

content of the soi1 Uicreased, while the opposite was found by Vepraskas and W-agger (1 989). 

This suggests that the relation between clay content and penetration resistance is not causai, 

and it can be speculaîed that some other factor related to the clay content, such as the pore 



size distn'bution, is the fundamentai variable causing the crÏtica.1 cone index to vaty. Ifthe soi1 

&bits a continuous system of large pores through which mots can move, growth will ocnir 

even at large soi1 strengths. This would be the reason why critical cone index seems to be 

higher in the d a c e  than in deep soil horizons (Gerard et al. 1982, Grimes et al. 1975, 

Vepraskas and Wagger 1989). 

The vahes of critical strengths mentioned above represent pressures two to six times 

larger than the zlliiximum pressures that roots c m  apply. Whiteley et al. (198 1) used 

penetrometers of similar sue and shape to roots and determineci that penetration resistance 

were three to five times larger than root pressures. The ciifference c m  be attributed to the 

ability of roots to defiect when encoutering high strength obstacles (Whiteiey and Dexter, 

1983), the low fiction between root and soi1 (Cockroft et al. 1969), and the capaoility of the 

roots to exert radial pressures. 

Below the critical strength level, the rate of root elongation is lessened by increases 

in penetration resistance. This effect begh at very low values of soil strength (Bengough and 

M u h  1991, Taylor and Gardner 1963, Taylor et al 1966) and there seems to be large 

variabifity arnong species in the sensitivity to mechanical impedance. Taylor and RaW(1969) 

found th& increasing the cone index fiom O to 1 MPa reduced the elongation rates of cotton 

and peanut roots by 62 and 29%, respectively. Soils at Merent water potentials ali produmi 

the same response curve to soi1 strength for each crop. Voorhees et al (1 975) reported similar 

reductions for pea seedlings. In this case, different water potentials fitted the same relationship 

in a sand, but not in a clay where reductions in the rate of root elongation were more severe 

at high moisture contents, probably because of aeration problems. Ifvery high water potentials 



are needed to achieve low penetration resistance, adequate aeration of the roots is impaireci, 

and the rate of elongation increases rather than decreases at low cone indexes (Bar-Yosef and 

Lambert 1 98 1, Wamaars and Eavis 1 972). Barley et a1 (1 965) also found differences between 

species: changing the penetration resistance nom 0.9 to 3.4 MPa caused a decline in root 

length per plant £kom 14.2 to 2.1 cm @ea) and fiom 9.4 to 4.8 cm (wheat). Since the force 

exerted by plants seems to vary ody  withÏn nmow limits (GU and Bolt 1955, Misra et al 

1986b), the interspdc variability in sersitMty to mechanical resist;uice would relate to the 

root diameter and the interaction wÎth the pore geometry. Fibrous roots because of their 

smaller diameter, seem to be able to grow better than taproots in conditions of high 

impedance. 

In midies where penetration resistance was varied by rnoditjing the soii water 

potential, the effect of mechanical impedance on root elongation may have been distoned 

either by a decline in water availability at high resistance (Mureh and Ketcheson 1973) or by 

the depletion of oxygen caused by roots accurnulating imrnediately above a compacted soi1 

layer (Asady and Smucker 1989). The restriction in oxygen diffusion at high moisture 

contents, as already mentioned, is an additional factor increasing variabil@ in response of root 

growth to soi1 strength. 

A number of studies in which roots were grown on pressurized 4 s  containhg 

artficial media, have shown a very sharp deche in root elongation with externaiiy applied 

pressures of less than 0.1 MPa (Abdalla et al 1969, Goss 1977, Russell and Goss 1974). 

These studies reiied on the assumption that the applied pressure was equal to the pressure 

acting on the roots. However, it has been demonstrated that this assumption is grossly 



rnisleading in a non fluid medium, and underesfimates the real pressures on the roots. Richards 

and Gr- (1986) developed a mode1 based on elastic stifkess and plastic yield parameters 

of the mil, and predicted that the pressures on the roots are about one order of magnitude 

larger than the extemal pressures. Bengough and M u l b  (1 990) estimated that difference to 

be between 10 and 40 times, depending on the method used. 

Despite al1 the complexities arising fkom the rigidity of the metal probes, and their 

different shape, size and speed of movement with respect to roots, cone penetrometers have 

proven to be a valuable experimental tool that provides satisfactory anpirical estimations of 

the soi1 mechanical resistance to root gro* partidarly ifcombineci with information about 

the porosity and pore sue distribution. 

2.4.4. Plant Remonses to Hiah Mechanicd h~edance 

Roots, when subject to soil mechanid irnpedance, reduce their extension rates and 

increase their diameter (AtweIl 1 990% Barley 1963, Wdson et al. 1977), bewme distorted 

(Kirkegaard et al. 1992) and at times tend to grow horizontally (Taylor and Burnett 1964). 

The production of lateral roots is highiy stimulated (Veen 1982), particularly on the convex 

side of the curvature (Goss and Russell 1980). Veen (1982) found thai corn root laterals 

formed in response to soil compaction were longer and more branched than the main axes. 

Goss and Russell ( 1980) demonstrated that barley plants subjected to high mil strength 

produced more tillers and nodal root axes than non-stressed plants. AtweU(1 WOa), however, 

reported that wheat plants sufferhg high soil compaction delayed the formation of tillers 

wmpared to plants in non-wmpacted mil. 

The internal concentration of various efements and wmpounds is ais0 altered by soil 



compaction. In a study with wheat plants during early tiUering, Atweil (1 990b) found that 

concentration of sugars near the root tips was increased, and that of amino acids was 

decreased as a consequence of mil compaction. The buildup of sugars was likely due to 

reduced root elongation, and caused an increase in the turgor pressure. The concentration of 

sugars in the shoots was 21 % higher in plants subjected to high compaction than in 

unaffecteci plants. High mechanid impedance also shulates root exudation of different 

substances. Boeuf-Tremblay et ai. (1995) found an increased leakage of nitrogenous 

compounds in corn plants subjected to compaction. 

Several f m s  support the hypothesis that rnorphologicaf changes in roots subjected to 

hi& soi1 resistance are not the consequence of just mechanical processes, but also regulated 

by hormonal mechanisms. Goss and Russeil (1 980) found that corn radicles markedly reduced 

their elongation rate during the 10-minute period afta their tips contacted the soi1 ma* and 

a few minutes latei recovered their initial growth rate. This slowing down did not occur when 

root caps were excised. In another experirnent, the same authors applied extemal pressure to 

barley and sugar beet roots for four days, causing a decrease in theû elongation rate. When 

pressure was relieved, recovery of normai growth was achieved afker a lag penod of three 

days. These responses strongly suggest the involvement of hormones. 

Wilson et al. (1977) analysed the modifications in the various tissues ofbarley roots 

subjected to high mechanical impedance. Their results can be summarkd as follows: a) xy lem 

vessels were not affected, except near the root tip, where their diameter was sornewhat 

reduced; diameter of phloem was Uicreased, mainly because of a higher number of ce&; c) the 

radial length of endodermis ceils was dramatically reduced by up to 80 % of that of 



unimpeded roots and the volume of endodermis cefis decreased by half; d) the tangentid 

length of endodermis cells increased, and co~l~e~uently, so did the surface a m  of endodermis 

per unit length of root; e) the number and total volume of cortical ceiIs was increased, but 

there was a decrease in the size of cells in the inner cortex layer; and h d y ,  f )  both number 

and size of epidermis cells increased. Simiiar results were reported by AtweU (1990a). 

Working aiso with spring barley, Lipiec et al. (1991) found that impeded roots had 

roots with rougher surfaces than those growing in non-wmpacted soils. Such roughness was 

attribut& to distortion in the shape of epidermal ceUs by incrusteci soi1 particles. 

Soi1 compaction also causes changes at the intracelluiar Ievel. Veen (1 982) found that 

soi1 wmpaction, besides changing the shape of cortical cells of corn nodal roots, produced 

the deposition of longituduiai ceilulose microfibrils on the inside of ceil walls. In unimpeded 

roots, these microfibrils were deposited in radial direction. Roots with axially-oriented 

rnicrofibds would restnct longitudinal growth and favour lateral expansion. This change in 

the orientation of cehiose depositions on ceU w d s  in response to mechanical impedance, 

could have only be caused, the authors argued, by the action of ethylene. 

The role of endogenous ethylene in these responses to mechanical impedance was 

suggested by Dawkins et al. (1983), who obsewed higher levels of this gas in irnpeded than 

in unùnpeded roots. The extemai application of dephon, a substance that is readily 

converteci to ethylene, produced similar responses to those observed when high mechanical 

reSiStance occurs (Jackson 1983). Ethylene is formed in plants by oxidation of ACC (1 -amino- 

cyclopropane- 1-carboxylic acid) in respouse to environmental stresses or hormonal signals 

which stimulate the synthesis of ACC synthase (Yang and Ho- 1984). Lachno et al. 



(1982) had found that high mechanical impedance was associateci with increased awrin (Uidol- 

propylacetic acid) concentration in the root tips. Auxin formation in the mot caps could well 

be the first reaction of the plant to mechanicai impedance, although this has not been 

documented so far. 

2.4.5. Plant Resbonses to h w  Aeration 

ûxygen is the normal electron acceptor in the respiratory process occming in soils. 

In waterlogged conditions, oxygen is consumed very rapidly, and other electron acceptors 

have to be used, bringing about the accumulation of a number of substances such as organic 

acids, methane, ethylene, sulphide and carbon dioxide, which may be toxic for plants (CanneU 

and Jackson 1981, Russell 1977). As a consequence of the low efficiency of anaerobic 

respiration, the energy availability for plants is greatly reduced (Vartapetian 1993). 

This anaero bic condition triggers a number of morphological and phy siological 

changes in plants growing in such soils (Kawase 1981). Morphological responses include 

wiiting, epinasty, chlorosis ofleaves, prernature senescence, reduced stem elongation, reduced 

root growtb, and aerenchyma formation (Russell 1977). Roots subjected to flooding are 

straighter, shorter and more profùsely branched than in soils with adequate supply of oxygen 

(Feldman 1984). Wetland plants such as rice present special adaptations both morphological 

(congenitd aerenchyma) and physiological (a more efficient energy metabolism) to tolerate 

anaerobic soil (Vartapetian 1993). 

Nodai roots of wheat grown in weil-aerated soi1 have pore spaces higher than those 

of seminal roots and may be more important for ninrival in conditions of intermittent 

waterlogging (Erdmann et al. 1986). Thomson et al. (1 990) found that both s e d  and nodal 



roots of wheat shorter than 100 mm developed aerenchyma tissue after being exposed to 

anaerobic soil for several hours, but longer roots did not. Aerenchyma is f o d  al1 dong the 

roots by two different processes: by cell lysis, which occurs rnainly in the proxhd regions, 

where cell walls are already rigid, and by radial enlargement of ceifs in the distal region of the 

roots (Erdrnann et al. 1986). 

The ability to increase root porosity in response to anoxia Mers  between (van 

Noordwijk and Brouwer 1993) and within species. Yu et al. (1 969) studied the etTects of 

flooding on the roots of several crop species. Respiration rate per unit mass of root tissue was 

highest for wheat and lowest for barley, whereas corn and sunflower had intermediate values. 

This was inversely related to root porosity, which was ody 2.4 in barley and more than 10 % 

by volume in the other crops. Of the two wheat cultivars tested, one showed a remarkably 

high capacity to fonn aerenchyma in response to anoxia. Erdrnann and Wiedenroth (1986) 

demonstrated that modem wheats and their predecessor and relative species all d u c e  their 

root and shoot growth when subjected to flooding, but the former are the least affecteci 

because of their enhanced capacity to adapt to these conditions rnainly by developing 

aerenchyma in response to anoxia. 

As a consequence of low soil aeration, wheat plants have been shown to accelerate the 

appearance of nodal roots, and the branching of proximal regions of semirial roots 

(Wiedenroth and Erdmann 1985). This cm be interpreted as a mechanism for renovating the 

root system, with new roots growing near the soi1 surface, where oxygen availability is kely 

to be highest. 

There is solid evidence to af&m that ethylene plays a central role in regulating the 



plant responses to anoxia (Jackson 1985). Ethylene is nonnally produced by roots, and in 

weil-aerated soils, it easily &ses away nom the roots. It has been suggested that in flooded 

conditions, however, dittùsion is restricted and root growth inhi'bition occun dong with other 

adaptive responses (Feldman 1984). Ethylene is also produced in flooded soils (Smith and 

Robertson 1969), and this soil-borne ethylene may dso play a role in plant responses. A more 

recent study (Jackson et al. 1994) showed that the amount of ACC, the biosynthetic precursor 

of ethylene, transferred fiom roots to shoots in tomato plants was sharply increased 6 hours 

after the onset of flooding, irnrnediately causing symptoms such as petiole epinasty, thus 

suggesting that ACC was readily oxidized to ethylene in the shoots. 

In rnonocots, however, the evidence for ACC or ethylene levels beuig related with 

adaptive responses to anoxia seems to be weaker. Larsen et al. (1986) did not find any 

changes in the concentrations of ACC nor ethylene in flooded, cornpared to well-aerated 

barley plants. Jackson (1 994) on the other hand, proved a connection between ethylene and 

aerenchyma formation in corn. 

Crops may suffer serious grain yield losses due to waterlogging. Canneil et al. ( 1 984) 

reported that winter barley and winter wheat yielded 30 and 24 % less with winter 

waterlogging than crops growing on well-drained soil. In Australia. Watson et al. (1976) 

reported yield losses due to intermittent waterlogging of 4O,39 and 48 % for wheat, barley 

and oats, respectively. 

2.5. ALLEVIATION OF STRESS IN DIRECT-DRILLLNG SYSTEMS 

Traditionally, diverse tillage practices have been the main tool for mitigating soil 

compaction problems. However, the improvement in structure achieved by tiUing the soil is 



only transient, because there is not a bddup of stable aggregates by chernical b o n d i .  

partirulady in soils with low organic matter contents and poor aggregate stability @exter 

1991). 

The curent trad  to the worldwide adoption of dïrect-drilling systems, which as 

discussed above wiU bring about increased compaction problems, maka it necessary to find 

alternative ways of dealhg with the problem. Current knowledge, and trends for f i e  

developments are discussed in this section. 

2.5.1 . Subsoiling: the Paraplow 

Subsoîlers have been used to reduce soii compaction for a long time. Conventional 

subsoilers cause a great deal of soi1 disturbance and, wnsequently, are not compatible with 

conservation-mage systems. 

The effdveness of mbsoiiing operations, that has been repeatedly demonstrated in 

tilled soiis (Vepraskas and Miner 1986), would still be greater in conservation tillage, as 

shown by Busscher and Sojka (1 987). This may be related to the thixotropic property of soiis, 

as noted by Dexter (1991), by which soils that have been sheared or moulded by tillage or 

t r a c  wheels are weaker than undisturbed soc even at the same water content and density. 

The Paraplow, a subsoiling tool developed in England two decades ago, can be used 

to loosen compacted soi1 up to 50-cm depth with very Linle surface disturbance, therefore 

allowing direct drilhg. It was first introduced by Pidgeon (1982), and dso described later by 

Mukhtar et al. (19851, Erbach et al. (1 992) and others. 

2.5.1 . l .  Desm~tzun of the PmqZow 

The Paraplow consists of shanks or legs mounted on a tool bar which is tilted 45" with 



respect to the direction of advance on the horizontal plane (Fig. 2.1). The shanks are also 

slanted 45" nom the vertical, and have chisel points slightly wider than the shanks. Each kg  

bas also an adjustable shatter plate located above and b e h d  the point (Fig. 2.1). Large disk 

coulters for cunuig through Surface residue are also mounted on the tool bar. 

The slanted leg lifts the soil as the Paraplow moves fornard, causing soi1 fkacturing 

by planes of natural weakness, and leaving the surface minimally disturbed. The shatter plates 

provide additional lifIing and also certain twisting of mil, which after the implement has 

passed, f d s  back acquiring a new structure with no soil inversion. 

Dr& power requirernent as staâed by &ers ofParaplow Vary between 20 and 30 kW 

per shank. There are not many scientific studies evaluating draft requirements. Karlen et al. 

(1 99 1) studied the energy requirements and perfomance of different deep tillage implements, 

including a Paratd, which is sirnilar to the Paraplow, on a loamy sand soil. This irnplement, 

passed at 40-cm depth in dry conditions, required a draw bar power of 16.2 kW at a fonvard 

speed of 0.84 rn-s". Fuel consumption was 22.7 L.haS'. The energy requirement would be 

expected to be less at higher moisture contents, and higher in finer textured soils. 

The Paraplow has been tested in a wide variety of mils nom loarny sands to clay loams 

(Table 2.1). The working depth ofthis implement is up to 50 cm. However, most studies have 

used between 30 and 35 cm. Leg spacing is usualiy 50 cm, and some workers have reporteci 

using up to 76 cm, probably to fit with distsince between crop rows. Almost dl reports Listecl 

in Table 2.1 have demonstrated some positive effect of this subsoiler on soi1 physical 

properties, which lasted for severai months. 



Figure 2.1. Diagram of the Paraplow viewed fkom different angles. Adapted fiom commercial 
brochures. 



Table 2.1 List of pubiished papers reporting on the Paraplow, including soil types used, leg 
spacing, depth of operation and tirne r e s i d u e  of effects. 

Sane clay loam 

Silty clay loam 
Silt 10am 

Loam 

Silty ciay 1- 
Silt loam 
Loam 

Saody clay loam 

Loamy 

Silt loam 

Sandy clay Ioam 

San* loam 

Expansive ciay soil 

Sitt loam 

Loamy- 

Siit clay loam 
Loam 
Silt loam 

Clay loam 

Clay Ioam 

LOam 

Braim et ai. 19&) 

Erbach et al. 1984 

Mukhtar ef al. 1985 

Hipps and Hodgson 1987 

Busscher et al. 1988 

Ehlers and Baeumer 1988 

Hipps and Hodgson 1988 a 

Hodgson et al. 1989 

Touchton et ai. 1989 

Chambers et al. 1990 

Pikul et a[ 1 990 

Karlen et al. 199 1 

Erbach et al. 1992 

Raciford et al. 1992 

Clark et al. 1 993 

35 - Mc Conkw et al. 1997 



2.5.1 -2. Effect of ParqIow on Soil Porosily 

The most obvious &ect of paraplowing would be a decrease in soil buk density 

associateci with the increase in pore space. Nine months after passing the Paraplow on a siit 

loam, Ehlers and Baeumer (1 988) measured a decrease in bulk density due to subsoihg fiom 

1 -4 to 1 -3 Mg m-3 at 3 50-mm depth. Erbach et al. (1 992) detected similar effects on four 

pooriy drained sods in Iowa. 

However, a large number of reports indicate Little or no effect of paraplowing on bulk 

density (Braim et al. 1984, Erbach et al. 1984, Mukhtar et al. 1985, Hipps and Hodgson 

1988a), even though other soil physical p r o p d e s  were affecteci. This couid have been related 

with the lack of a suitable method for bulk density determination in loosened soil which, in ali 

cases, was based on soil cores of relatively md ske. Measuring density by using these 

methods imrnediately after paraplowing would be virtuaily impossible due to the abundance 

of soil cracks. 

The uicrease in porosity caused by the Paraplow is almost exclusively due to the effect 

on large pores. ffipps and Hodgson (1988a) reported an increase fiom 7.8 to 13.3 % in the 

volume o f a  sandy clay loam soil with pores higher than 60 Pm. Pikul et al. (1990) measured 

an increase in soil macroporosity in the spring due to fd-paraplowing on a silt loam. The no- 

tiU treatment had less than 1% of soil volume occupied by macropores, while the Paraplowed 

plots had between 7 and 17 %, depending on soil depth. 

2.5.1.3. Eflect of Pmcq~Iaw on Soi1 Wiirer Infiltration Cupacity 

Another consistent effect of paraplowing is the increase in water infiltration capacity. 

As shown by Hipps and Hodgson (1988a) many of the cracks formed in the sod profle after 



passing the Paraplow couid be traced up to the soil surface. The increase in macroporosity and 

the continuity of this pore system would be the main reasons for the hproved infiltration 

capacity . 

Mukhtar et d. (1985) shidied the effect of various tillage systems on soil water 

infiltration on four ciiffixent soils at several dates during one cropping season. Averaged over 

ail sites and sampling dates, 1-minute cumulative water infiltration was 2.44, 1.24 and 0.80 

cm for Paraplow, moldboard-plow and no-tillage, respectively. Values for 30-minute 

cumulative infiltration were 28 -6, 1 1.7 and 8.5 cm, respectively. The values were higher for 

Paraplow in spite of higher soil moisture contents for this treatment. These trends were 

observed in al1 four soils. Similar treatments were evaiuated by Pikd et al. (1990) on a silt 

loam. In this case, the &al infiltration rates were 23 -5,223 and 9.3 mm h" for Paraplow, 

chisel-plow, and no-Wage, respectively. 

Clark et al. (1993) evahated the infiuence of the Paratill (a subsoiler very similar to 

the Paraplow) fiequency on physical properties of a fine-texture4 eroded soil. Steady-state 

ini6ltration rates were 8.6,4.2 and 1.4 cm h" for the Paratill passed one, two and three years 

eariier, respectively . 

Conventional subsoilers, and even paraplowing in combination with conventional 

tillage (McConkey et al. 1997). also irnprove infiltration capacity. However, due to low 

aggregate stability, slaking of soi1 by rain tends to clog the macropores @exter et al. 1 987), 

and infiltration rate decreases rapidly with time. Ehlers and Baeumer (1988) found that 

constant infiltration rate in the spring on a silt loam was 20 and O cm day" for fàll-Paraplow 

and fd-mouldboard-plow treatments, respectively. 



2.5.1 -4. Ejfect of ParapIow on Soi1 Moisl~re 

The changes in porosity caused by the Paraplow influence the water dynamics of soi1 

in several opposing ways. Firstly, the positive effects on iofiltration rate discussed in the 

previous section will affect the amount of water that enters the soil. Secondly, root activity 

is e h c e d ,  promoting an increase in the use of water by crops, provided there is available 

water in the soil. F i d y ,  the increased porosity favours the dissipation of energy as latent k a t  

by water evaporation, which wodd in tum affect the s d ' s  thermal regime. 

Even though the Paraplow presenes the residue cover to a large extent, some 

destruction is inevitable. Erbach et al. (1984) determined that the soi1 coverage by residues 

was 83 % for no-tiliage, compared with 75 % for Paraplow. This reduction in residue 

coverage wodd aiso increase the amount of radiation energy reaching the soil and therefore, 

increase the probability ofwater loss by evaporation. The same authors did not find sigruficant 

clifferences between treatments in h c e  roughness, although values for Paraplow were 

higher than for the rest. This increased roughness of the soil surface wodd lead to more 

turbulence in the soil's boundary layer, and may cause additional evaporation. 

Paraplowing would thus uicrease simultaneously the imensity of evapotranspiration 

and infiltration. The balance beîween these opposing processes detemiines the soil moishire 

content at a given the .  Probably because of this, there is an apparent Uiconsistency in the 

effects of paraplowing on soil moisture data found in the iiterature. Some authon (Brairn et 

al. 1984, Hipps and Hodgson 1988) have found the Paraplow to be effective in reducing the 

incidence of waterlogging in wet climates. Mers (McConkey et al. 1 997) have noted the 

advantages of the Paraplow for c a p t u ~ g  rnoishire in dry aivironments. 



The r d t s  obtained by Ehlers and Baeumer (1988) illustrate these effects weil. On 

one field experiment, soi1 moistue content at the begmning of the growhg season was higher 

for reduced-tiliage than Paraplow, particularly near the soi1 d a c e .  A month later, after a dry 

period, both treatments had similar moihire contents. And two weeks later, &er a 60-mm 

min, the Paraplow treaîment had more soil moistare stored below 30-cm depth. This was 

attn'buted to iis improved infiltration rate. 

P M  et al. (1 990) determineci a higher overwinter water storage capacity for soil with 

Paraplow than undisturbed soil. They also noticed that during periods of dry, warm winds, 

evaporation £iom soil was also higher fiom the Paraplow treatment. 

Clark et al. (1993) found lower soi3 moisture in the upper 30 cm of soil when a Paratill 

was passed one year before compared to subsoiling two and three years prior to the 

determination This was attribut4 to increased water uptake by the crop. 

A mimber of published papers report no effects of the Paraplow on soil moisture. 

Mukhtar et al. (1 985) and Erbach et ai. ( 1  992) did not find any Wkrences in volumetric soi1 

moisture between no-tillage and Paraplow in various soil types and samphg dates. Similady, 

M o r d  et al. (1992) also reported lack of any eEect of paraplowing on soil rnoisture in a dry 

area in Ausirdia. 

2 .S. 1.5. Effects of Parcpilmv on Soil Strength 

Since the Paraplow modifies soil density and moisture content which, as shown in 

section 2.2.1, are the main factors detennining soi1 strength, an eEect on the latter is also to 

be expected. uideed, most works in the iiterature report decreases in soil penetration 

resistance (PR) on paraplowed as compared to unaed soil (Braim et al. 1984, Erbach ef al. 



1984, Hipps and Hodgsoo 1987, ffipps and Hodgson 1988% Ehlers and Baeurner 1988, 

Touchton et al. 1989, Hodgson et al. 1989, Chambers et al. 1990, Clark et al. 1993). 

Brairn et al. (1984) determineci that the Paraplow was as effective as the moldboard 

plow in reducing soil penetration resistance up to 3 5 cm depth. immediately d e r  passing the 

Paraplow, petration resistance was 0.3 MPa, compared to 1.2 MPa for the undisturbed soil. 

Seven months later, the treatments had PR of 0.6 and 1. t MPa, respectively. 

Characterizhg the effects of paraplowing on soil strength is made difficult by the 

spatial and temporal variability of this parameter. Hipps and Hodgson (1 %Sa) measured the 

volume of soil in dflerent penetration resistance classes eight months d e r  passing the 

Paraplow on a sandy clay loam Subsoiling Uicreaseci the volume of the top 30 cm of soil with 

penetration resistance lower than 1.5 MPa fkom 35 to 87 %. Another way of expressing the 

effects is by the depth to certain threshold level. Hodgson et al. (1989) detennined that 

paraplowing increased the maximum roothg deptb, measured as the depth at which 

penetration resistance reaches 2 MPa, fiom 23 to 32 cm. 

Penetrometers are very convenient for assessing the spatial variability of Paraplow 

effects, and several workers have used them for tbis purpose. Maximum soil loosening has 

usuaily been observed to occur at 20 to 30 cm depth (Braim et al. 1984, Busscher et al. 1988, 

Ehlers and Baeurner 1 988, Hipps and Hodgson 1 988a). There is some disagreement regarding 

the horizontal position of maxioium loosening effect. Busscher et al. (1984) found minimum 

soil strength values right below the insertion point ofthe Paratiil into soil. Kipps and Hodgson 

(1988a) on the other han4 reported that maximum &êct of the Paraplow in the plane at right 

angles nom the direction of travel occwed in an eiliptical tmugh of soi1 Iocated above and 



to the right of the spot where the shanks had passed. 

Busscher et al. (1988) compared the d e c t  of a Paratill with two other subsoiiers, in 

combination with either conventional or reduced tillage, on soil strength of a loamy sand. 

Averaged over bvo seasons and four samphg dates, the Paratill was the most effective 

treatment in reducing soil strength in the direct-seeding sy stem. Another irnplernent ('Super 

Seeder') was superior to the Paratili in tilled-soi1 conditions. 

2 S. 1 -6. Effects of P a r q I w  on Crops 

Several shidies have shown that paraplowing may be beneficial for crop establishment 

in various circumstances. Hipps and Hodgson (1 988b) found that Paraplow passed 1 1 months 

before seeding caused a 7 % increase in plant density o f  barley in two consecutive years. The 

effect was a m i e d  to better seed-soi1 contact and in one year to improved soil drainage. 

Shilar results were obtained by Braim et al. (1984). Erbach et d (1992) working with four 

medium-to-fine textured, poorly-drained soils in Iowa reported that corn plants emerged faster 

with Paraplow than with no-till, but final plant population was not affecteci. They credited this 

effect to a reduced residue wver, which may have increased soil temperature in paraplowing 

conditions. On the other hand, Hipps and Hodgson (1 987), working on a sandy clay loam soc 

found no eEect of the Paraplow on winter wheat plant population, compared to dired cirihg 

without Paraplow. 

Nutnent avaiiability for plants has aiso been shown to hcrease due to paraplowing. 

Braim et al. (1984) found that in subsoiled plots spring barley increased the amount of N 

absorbed. This effect was also shown by mpps and Hodgson (1988b), and may have been 

associated with the fact that paraplowing, as shown in previous sections, increases soil 



aeration and water infiltration, wentuaiiy prornoting soil organic matter mineralkation. In 

other shidies, P and K absorption was also shown to increase d e r  subsoiling, mainly due to 

better soi1 exploration by roots (Ide et al. 1984). 

A major effect of paraplowing is the promotion of root development due to reduced 

soi1 strength. This has been demonstrate. for wimer wheat (Ehlers and Baeumer 1988, ffipps 

and Hodgson 1987, Hodgson et ai. 1989), and spring barley (Br& et ai. 1984, Hipps and 

Hodgson 1 988a). 

The work by Hipps and Hodgson (1988a) provided a comprehensive illustration of the 

effects of paraplowing on roots. In this study, spring barley at the beginning of tillering had 

more root density at 25 cm depth with Paraplow passed eitha 7 or 18 months before seeding 

than the control. At this crop stage, the effect was the higher the longer the soil had been 

under no tillage, and Paraplow plots had less root density than those tiUed with the moldboard 

plow. At the end of tillering, paraplowing increased root density by up to 3000 axes m-2 

(about 100 % increase), but the effkct was restricted to the 5-20 cm depth soi1 layer. Total 

root length at the end of tillering was increased by 12 % on average of two years (from 6900 

to 7700 m m*2). This effect was attributed to reduced soi1 strength; increase in volume of 

pores higher than 60 and 300 Pm diameter, and higher plant density due to better drainage. 

As a consequace of the positive effects of the Paraplow on soi1 physical properties 

and crop establishment and root growth, this subsoiler has usually improved crop productivity. 

Yeld gains have been reported for several crops. In two separate studies, spring barley yields 

increased by 5 (Kpps and Hodgson 1988b) and 19 % (Braim et QI. 1984), and this effect was 

entireIy due to improved tiller SUrVNal and reduced spikelet abortion, both m o r s  having 



resuited in a higher number of grains per unit area. 

Paraplowing produced an increase in corn yieids of 7 to 14 % in poorly-drained soils 

of Iowa (Erbach et al. 1992). In this case, the reason for the &éct was an irnproved plant 

emergence due to higher soil temperature. Reeder et al. (1993) measured a slight 

irnprovement in corn yields due to Paraplow passed 18 months before seeding. In this same 

study, grain yield of soybean grown irnmediately after subsoihg was raised by 6 %. 

The d k c t  on wheat yields have been fXdy variable, and rnainly dependant on the soil 

moisture regirne. Hipps and Hodgson ( 1987) reported a winter wheat yield increase of 6 % 

in one season, associated with reduced waterlogging, and no e f f i  in the other season 

studied. Two studies conducted in relatively dry areas (McConkey et al. 1997, Radford et ai. 

1992) reported no effect of Paraplowing on spring wheat grain yields. Hodgson et al. (1989) 

found that Paraplow passed on a soi1 that had been more than three years without any tillage 

caused a 6 % decrease in d e r  wheat yields, whereas no effkct was detected on plots where 

no-tillage had just been started. 

Soj ka et ai. (1 997) working on Australian soils susceptible to compaction b y grazing 

cade in a moist clirnate, reported that paraplowing increased forage oat yield by 1 8 %. Again, 

avoidance of waterlogging was the main reason for this outcorne. 

2.5.2. Biolonical T a w e  

Another approach to overcome soil physical constraints under direct drilling would 

be to exploit the ability of catain plant species to develop roots in soils with high compaction 

levels. T!is wodd create a system of channels in the soi. which rnay be later used by roots of 

other crops susceptt'ble to compaction. Dexter (1 99 1) proposed the term biological Nage for 



îhis process, bcluding also the action of soil organisms iike earthworms. 

Several plant species have been reported to be suitable for this purpose: alfalfa 

(Blackweii et al. 1990, Radcliffe et ai. 1986), rapeseed (Shaffer et al. 199û), Mefzfofur aiba 

Medik (Bowen 198 1 ), and Lupims sp. (Atwell 1988). The mechanisms responsible for diis 

ability are not known. Materechera et a% (1 99 1 ) suggested that roots of dicots, which have 

large diameters, are more able to penetrate hard soils than roots of monocou. These authors 

(Materechera et al. 1991) cornpared the responses of 22 plant species to high soil compaction, 

and found that root elongation was reduced by 97 % in bartey, wheat and oats, the three most 

susceptible species, and by 88 % in lupin, the species that showed the most tolerance. 

The stability of the root channels wodd relate to their predominantly vertical 

orientation, which would protect them against sealing by compaction forces, which are also 

vertical. The localized compression of charnel w d s  by the radial pressure exerted by roots 

would also contniute to the longevity of the channels if the soi1 is not tilled. Lack of tillage, 

the degree of verticality of  the root system, and the radial pressures exerted by roots lead to 

the creation of adequate, long-lived biochannels in mils. 

The process of biological tillage is undoubtedly very positive in that it improves soil 

water infiltration and gaseous exchange between soi1 and atmosphere, and also ailows for a 

deeper root penetration into the soil. However, whether the created biochannel s would 

support adequate plant growth in highly-cornpacteci soils or not still remains a matter of 

speculation. 

The doubts on the &cacy ofroot channels are based on a number of facts. Fustly, as 

shown by Whiteley and Dexter (1983), roots 'prefer' to grow through cracks or pores rather 



than through high-strength aggregates. This suggests that the volume of soi. that is effdvely 

explored by a root system growing in a compacted soil would be limited. Secondly, it is 

possible to assume that roots of successive aops growing through the same paths may 

deplete Low-mobility nutrients in localized regions of the soil profile. In the third place, it has 

been shown that root tips growing in large pores may sense a poor contact wah soil and send 

certain signals to the shoot that cause growth inhi'bitions ( Stirzaker et ai. 1996, Passioura and 

Stirzaker 1993). A large research effort is needed to elucidate these questions 

2.5.3. Emloitinrr aenetic - variabilitv 

Certain traits aSSOciafed with resistance or tolerance to high mechanical impedance or 

low oxygen availabïiity would have genetic variability. These traits wuld be identifiecl to select 

cultivars to be used in environments with soii physical restrictions. 

The genetics of root systems is only poorly understood due to the relatively reduced 

research efforts that have been made in the past. Zobel(1991) indicated that there is wide 

genetic variability both in root traits and in their response to varying environmerital conditions, 

which are generally controiied by several genes. He stressed the need for new statistical tools 

to separate the genotype by environment interaction and estimate the heritability of various 

root traits. Sharma and Lafever (1992) revealed the existence of large variability in several 

root traits among 42 spring wheat cultivars, and that mot length was controiied by additive 

genetic mechanisms. Masle (1992) also showed important variability among modem cultivars 

and landraces of wheat and barley in root traits associated with tolerance to high soil 

penetraîion resistance. 

Mechanical and aeration stresses cause similar effects on root morphology, probably 



because they both induce the production of ethylene by the plant (Sections 2.4.3 and 2.4.4). 

Since the pathway of ethylene synthesis in plants is well known, and the enzymes ACC 

synthase and ACC oxidase are regdateci by single genes, Ecker (1995) suggesîed the 

possibility of genetically manipulating plants to wntrol ethylene biosynthesis and therefore, 

induce or prevent certain plant responses. 

The rnethodological difliculties for measuring roots, and the fàct that sarnpling of roots 

may destroy vaiuable plant rnaterials, are major obstacles for including root traits in plant 

breeding programs. An alternative approach would be the selection of cuttivars best adapted 

to direct-seedllig conditions. However, due to large genotype by environment interactions, 

the prospects of achieving substantial progress foilowing this approach are only meagre (Cox 

1 99 1, Hwu and Alan 19%). 



3. SOU LOOSE?'JING BY PARAPLOW IN DEFE3ENT DIRECT-SEEDING-BASED 

CROPPING SEQUENCES 

ABSTRACT 

Crops grown in direct-seeding systems in Uruguay may be affecteci by excessive soi1 

compaction, caiised by livestock and machuiery tr&c in wet conditions. The Paraplow is a 

subsoiler that loosens the soi1 without Uiverting if thus permittiog direct seeding. The ability 

of the Paraplow to mitigate soi1 compaction in a fine textured soil managed with direct- 

seeding, and the Paraplow by crop-sequeme interaction on soil physical properties were 

studied during 1 99 1 - 1994 in four field experiments. 

Subsoiling resulted in up to 2 MPa decrease in soil pendration resistance (PR), most 

notably in c i q  soil, in increased water infiltration capacity and reduced fiequency of 

waterlogging. Soi1 loosening occurred over virtudy ail mil volume up to 450 mm depth, with 

maximum eff- at the 200 to 300 mm depth. Spring and faii treatrnents were equally 

effdve,  despite dïfFerences in initial sol moistwe content. Oxygen ditfusion rate at 50-mm 

depth, three days after soil was saturated in the d e r  time, was 0.13,O. 14,O. 17 and 0.25 pg 

4 cni2 mhil for no-Paraplow, spring Paraplow, f d  Paraplow, and double (spring and fd) 

Paraplow treatments, respectively. The effects of paraplowing on soil physical properties 

lasted for more than 20 months. The first crop in the rotation affiected soi1 physical properties, 

in addition to Paraplow treatments. The results obtained provided evidence of decreased water 

infiltration &er sunfiower, as compared to corn, 19 months after these crops were harvested, 

for some Paraplow treatments, suggesting uiat benefits of paraplowing would be more lasting 

if crops with fibrous root systems were grown. 



3.1. INTRODUCTION 

Crops grown in direct-seedllig systems in Uruguay may be affecteci by soil physical 

co~l~traints arising fkom a combination of several fâctors Uicluding high rainfall, low- 

permeability soils, grazhg livestock and machinery tratnc in wet conditions. Soil mechanical 

loosening has been the traditional method of alleviahg excess compaction (Vepraskas and 

Miner 1986). Conventionai subsoilers are not compatible with conservation-tillage systems 

because they tend to m k  the crop residues with soi1 and leave large aggregates on the surface. 

The Paraplow (Fig. 2.1) is a slant-legged subsoiler that loosens the soil without 

inverthg it, thus permithg direct drilling (Pidgeon 1982). This impiement has been successfûi 

in improving the soil physical environment for root growth in a wide range of soiis. The most 

direct enect of Paraplow on soi1 is an increase in porosity (Erbach et al. 1 WZ), partiailady 

in the macropore size range (Pikul et al. 1990). Because the continuity of the macropores is 

also improved, even reaching to the soil surface (Hipps and Hodgson 1988a), the water 

infiltration capacity of soil is greatly increased (Mukhtar et al. 1985, Clark et al. 1993). The 

effed of Paraplow on infiltration capacity can also be more long lasting than that of the 

mouldboard plow (Ehiers and Baeumer 1988). 

Besides improving water infiltration into soil, paraplowing also enhances water 

availability as wmpared to undisturbed soil (Pikul et al. 1990). The effect on soil moishire 

content will depend on the balance between these two opposing processes. 

A major consequace of paraplowiog is a reduction in soi1 strength (B raim et al. 1 984, 

Hipps and Hodgson 1987). In a study cornparhg four nibsoilers in conservation-tillage 

systerns, Busscher et al. (1988) found that the Paratill, an implement having the same soil- 



working tool as the Paraplow, was the most effecfive in reducing soi1 penmation resistance. 

The extent of mil loosening by Paraplow treatment varies with depth and horizontal 

position. Maximum effect has been wnsistently observed at 200-300 mm depth (Braim et al. 

1984), and either right below the point of insertion into the soi1 (Busscher et al. 1988) or 

above and to the right of the shanks (Hipps and Hodgson 1988a). 

Soils loosened by the Paraplow tend to consolidate back to their original date by the 

action of natural agents and t r f i c .  The residual effect of Paraplow on soi1 has been fiom a 

few months to three years (Hipps and Hodgson l988b). From the relatively scarce information 

available in the literaîure (Table 2.1) it is not possible to establish what factors determine this 

residuaihy. 

The objectives of this paper are: (1) to assess the effeaiveness of Paraplow in 

mitigating soii compaction in a fine textured soit, managed with difrent cropping sequences 

with direct-seeding; (2) to evaluate the time residuality of Paraplow effects; and (3) to study 

the possible Paraplow by crop-sequence interaction on soil physical properties. 

3.2. MATERIALS AND METHODS 

Several experiments were conducteci during the period 199 1-94 on a silty-clay Ioam 

(fine, rnixed, superactive, thermic Oxyaquic Argiudoil, or 'Brunosol éutrico tipico' in the 

Uniguayan classification) in SW Uruguay (INW La Estanmela Experimental Station, 34' 20' 

S, 57'4 1' W), to shidy effects of soi1 compaction on crop productivity under zero tillage. Four 

of these experiments (named as R W ,  C13, CI1 and C I 3  were selected for the present study. 

The experiments were physically near one another on the same soi1 type (Table Al). 



3 -2.1. E d e n t  Descrï~tion 

The fint experiment (RTN) had a randornized complete-block design with split-plots 

and 4 replicates. Four treatments were established on main plots: treatment A (paraplowing 

m Oa. 1991), treatment B (paraplowing in May 1992), treatment ABC (paraplowing in Oa. 

199 1, May 1992 and May 1993), and treatment O (control). Four the-crop sequences (Table 

3.1), includuig corn (Zea mqys L) or surdlower (Hei ia ihs  omnrs L.) as m e r  cropq and 

wheat (Triticum aestivurn L.) or bariey (Horrteum vulgmr L.) as winter crops, constituted 

subplots. Subplots were 4 rn x 10 m. 

Experiment CI 4 was identical, but was started one year later. Both Rï7V and Cl4 sites 

had grown forage crops (a mixture of red clover and tail fescue) for three years prior to 

initiation of experiments. Crops on R7i'V were ait for hay, while those on Ci4  were grazed 

by beefcattle. 

The other experiments (Ci3 and C I S )  were conducted to evaiuate the effect of 

paraplowing in spring immediately prior to corn crop establishment. These experiments were 

on the same field as experiment Ci#, and had the sarne previous crops. Only two treatments 

(A and 0) were imposed in a complete randomized block design. 

in C13 there were three repticateq and plot size was 1 1 m x 100 m. In experiment Cl5 

four blocks were established, and plots were 10 m x 80 rn (treatment A) and 5 m x 80 m 

(treatment O). In both experirnents, the longest plot axis was perpendicular to the main siope 

in the field. Experiment C13 was established in Oct. 1992, and C15 in Oct. 1993. Residual 

& i s  of paraplowing in 1992 were evaluated in successive crops in experiment C i3  (Table 

3 4 ,  whereas experirnent Ci5  was terrninated at corn harvest. Crop sequences for alI 



Table 3.1. Diagram of crop sequences in the four experhents. Symbols before crops indicate 
times at which Paraplow was passed. 

(A) Spring - Paraplow 
(BI (C) Faii - Paraplow 



experiments are shown in Table 3.1. 

3 -2.2. Field O~erations 

A 'Howard' Paraplow with three s h a h  spaced at 0.5 m was used. Tractor speed was 

3 -8 lanm, and working depth was 0.45 m. A 'Semeato' PS-8 direct-drilling, triple-disc seeder 

was us& to plant the corn and sunflower, whereas wheat and barley were seeded by using a 

'Semeato' TD-220 direct-drilling, triple-disc seeder. 

In experiments RZV and CI4 corn cv. 'Estmzela Bagurf and sudlower cv. 

' ~ C L I X Z U ~ ~ ~  Y-' were seeded in the first spring. Wheat cv. 'Estamueh Benteveo' and 

barley cv. 'Esrcllzzuela Quebracho' were seeded in the following faii. The soil was fdowed 

with no Mage after wheaî and barley harvest in Dec. 1992 (RI1V) and 1993 (CI-/), und the 

Paraplow was used again on treatment ABC plots in June 1993 ( R W  and May 1994 (CI+ 

The same cultivars of wheat and barley were then seeded again. 

In experiment C13, paraplowing was perfomed on 22 Oct. 1992, and corn cv. 

"Estanzziela Baguaf' was seeded one day later. The crop was harvested on 24 Mar. 1993. 

Wheat cv. "Eslcmzuela Cardemi" was seeûed on 30 hme 1993, and harvested on 6 Dec. 

1993. Sudower cv. "Estanmela Yutgf' was seeded on 10 Jan. 1994. Sunflower plants did 

not reach matwity and were chopped on 25 May 1994. Findy, canola cv. "Tupar" was 

seeded on 1 June 1994 and harvested on 5 Dec. 1994. 

In experiment CI5 only one crop was grown. The Paraplow was passed on 7 Oct. 

1993, and corn cv. "EStmrnreIa Bagual" was seeded on 13 Nov. 1993. Because of 

waterlogging after seeding, the crop failed and had to be reseeded 12 days later. 

Soi1 moishire content at the times of Paraplow treatments varied between 15.1 and 



29.9% by weight (Table 3.2). Spring-paraplowing was usually performed with drkr soil than 

fd-paraplowing. 

3 -2.3. Penetration Resistance Determinations 

Samphg dates for soil physical properties in ali experiments are detailed in Table 3 -3. 

Penetration resistance (PR) was measured by using a Rimik CP 10 haad-held recording cone 

penetrometer. The cone used had an included semiangle of 15 O and a base diameter of 12.8 

mm. PR was recordeci up to 450 mm depth in 15-nw increments. Rate of penetration was 

about 1 O mm s-'. The number of replicates varied arnong sampling dates, but was usually 

between two and four per plot in selected plots (expedents Rlilr and CI-l), and between 10 

and 20 per plot in ail treatments (experiments CI3 and Ci5). in one case (25 June 1993, 

experiment C I 4  PR profiles were detemineci on four 8-m transects across Paraplow passes, 

at 0.1-rn intervals. Transects were laid on plots corresponding to treatment 4 crop sequence 

sudower-wheat-barley, one on every block. 

3 -2.4. Soil Moisture and Bulk Densitv Determinations 

Soil moisture was measured by the gravimetric method, generally paired with PR 

determinations. Soil cores were taken from within 0.1 m of the PR measurement points. In 

one case (14 Oct. 1992), soil cores were extracteci fiom the sarne spots where PR was 

measured. Before Nov. 1993, sarnples were taken by using either a hand-driven soil auger 

(when bulk density was not measured) or a Uhland-type mil corer. Mer that date, a truck- 

mounted Concorde mechanicd curer harnessed with45-mm-intemal-diameter tubes was used. 

Sampling depths were generally from O to 150; 150 to 300; and 300 to 450 mm. In a few 

cases, samples were taken at 0-75 and 75-150 mm depth (Table 3.3). Soil samples were dried 



Table 3.2. Soii moisture content (mean of 0-450 mm depth) at the times of passing the 
Parapiow 



Table 3 -3. Sampling dates for soi1 physical properties in the four experiments. 

Date Penetration Soi1 Bdk Osygen 
Moistrite Density Diffiwioa Rate 

22 May 1992 
11 June 1992 
11-14 Jdy 1992 
27 July 1992 s 
17 h g .  1992 s 
17 Sep. 1992 $ x 
14 Oct. 1992 $ x 
25 June 1993 x 
29 Nov. 1993 x 

24 June 1993 
25 June 1993 
25 Nov. 1993 
7 June 1994 
13-19 July 1994 
f 9 Aug. 1994 
29 Dec. 1994 8 x 

6 May 1993 x 
24 Nov. 1993 s x x 
2 1 Jan, 1994 s x s 
1 June 1994 I x x 

Cl5 

6 W. 1993 x x 1 

23 Nov. 1993 x s x 
20 Jm 1994 x x I 

4 Mar. 1994 x x 
13 May 1994 x x I 

t Measured at 0-75 and 75- 1 50 mm ody 
In PHaplaw treaünents A and ABC. measuremnts were taken only in plois that had been seeded to 
sunfiower. 

8 Measurements were taken ody in plots tbat had been seeded to sunflower. 



for 48 hours, and weighed again. Soi1 moishire conteni was calculateci on a weight basis. Soil 

bulk density was estimated m the same samples by dividing the dry soil weight by the sample 

volume (98 cm-' for Uhland-type sampler or 239 cm3 for the Concorde sampler). 

3 -2.5. Soil Oxvaen W s i o n  Rate Determinations 

The fiow rate of oxygen to a plahum microelectrode with a potential of -0.65 V with 

respect to a Ag/AgCl electrode, was derived fkorn the intensity of the electric current 

generated, according to the method proposed by Lemon and Erickson (1952). Electrodes 

were burieci hto the soil to a depth of50 mm The equilibration tirne was 4.5 minutes. Oxygen 

f i s i o n  rate (ODR) was deterrnined on 1 1 June and 1 1 - 14 Iuly 1992 (experiment RïN) by 

placing 40 equaliy-spaced micro electrodes in each plot on 1-m transects across Paraplow 

passes. Soil temperature at 50-mm depth was detennined by a digital themorneter placed on 

each extreme of the tmnsects. 

In experiment CI4, ODR was rneasured during the wheat emergence penod on plots 

correspondhg to the crop sequence sunflower-barley-wheat between 13 and 19 July 1994. 

In this case, two 1-m transects per plot were established across Paraplow passes, with 

microelectrodes equally spaced at 0.1 m. 

3 -2.6. Statistical Analyses 

Analyses of variance were performed by using the GLM procedure (SAS Institute 

1985). Penetration resistance, soi1 moisture and bulk density data were analysai separately 

for each soit depth. Means were compareci by the LSD test at the 95% level of signincance. 

3.3. RESULTS AND DISCUSSION 

The dinerent Paraplow treatments modined soil structure and interacteci with cropping 



sequences. Soil penetration resistance was the main variable used to mess  the degree of mil 

loosenllig by Paraplow. The statistical sigrilticance of the various treatment dec t s  on soil 

penetration resistance for all experiments is presented in Tables B 1 through B 17 (Appendix). 

The value of PR varied with tirne. Expairnent mean values for the various sampüng dates ui 

the four experiments are shown in Fig 3.1. Soil de~l~ity and water dynamics were also affecteci 

by Paraplow and crop sequence treatments. The statistical sigmficance of treatment effects on 

mil moisture and buk density is presented in Tables B 18 through B3 5 (Appendix). 

3 -3.1- S~atial Pattern of Para~low Effects on Soi1 

The Paraplow affecteci most of the soil volume in the upper 450 mm of soil. Repeated 

measurements of ODR and PR at close space intervals in transects across Paraplow passes 

showed spatial variability in the degree of loosening (Figs. 3.2 and 3 -4). Measurements were 

done on sampling dates when the soil rnoisture content was high enough to ensure that there 

was no interference of the effect of soil moisture on PR measurements (Chapter 5) and to 

ailow ODR determinatioq since hi& soil water content is a requirement of the method used. 

3.3.1 -1. Oxygen Dz#Üsion Rate lErperiment R 

Soil ODR at 50-mm depth was dependent on both Paraplow treatment and spatial 

position (Fig. 3.2). Aeration stahis was best at the midpoint between Paraplow shanks, and 

poorest in the region where shanks were inserted into the soil. This pattern was clearly visible 

in treatments with a single Paraplow pass (Oct. 91 and May 92) and indicated that maximum 

mil loosening near the surface occurred between Paraplow s hanks. Double-Paraplow 

treatrnent presented the sarne trend, but there were some high ODR values near the insertion 

point as weU. 



Figure 3.1. Experiment means of penetration resistance (PR) proiles for various sampling 
dates. a) RI1V; b) CM; c)  C13; d) C i 5  

- - 
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Figure 3 -2. Effkt of Paraplow (PPLW) treatment on soil oxygen difhision rate measured on 
transects perpendicdar to Paraplow passes. Experiment Rm, 1 1 June 1992. The arrow 
indicates the insertion point of the Paraplow shank into the soil. 



Both M-Paraplow treatments had ODR values higher than the undisturbed treatment 

at ail positions. Treatment A (Paraplow in Oct. 9 1 ) had values higher than the check only in 

the hilitops between Paraplow legs, whereas in the depressions associated with Paraplow 

passes, ODR values were lower than in the no-Paraplow check. 

3.3.1 -2. Penetraiion Resisunce (Erperiment Ci 1) 

Soi1 PR profiles at different positions for treatrnent 4 eight months &er paraplowing, 

are shown in Fig. 3.3. The Paraplow loosened the mil at all positions and ail depths 

considered. The c w e  representing the clifference in PR between the control and treatrnent 

4 which is a measure of degree of soil loosening, had a similar shape for all positions. The 

difference was s m d  in the upper soi& with a minimum near zero around 100 mm depth, and 

a maximum at depths varying between 200 and 350 mm. The maximum differmce varied 

between 0.5 and 0.6 MPa, depending on the position. These results are consistent with most 

reports in the literature (Braim et al. 1984, Busscher et al. 1988, Ehiers and Baeumer 1988, 

Hipps and Hodgson 1988a). 

The Merence between the control and treatment A is presented in a manually-drawn 

contour diagram perpendicular to the direction of travel (Fig. 3.4). Maximum loosening 

0ccurre.d at 250-350 mm depth, right below and to the left of the spots where the Paraplow 

shanks passed, which is the depth at which the liftiag wings of the Paraplow were ninning. 

The minimum effect was at 100 mm, right below where the soi1 surface depressions were 

located, and where the vertical portions of the shanks were moving. With legs spaced at 500 

mm, a cornpiete coverage of the soil was achieved, and the spatial pattern of mil disturbance 

was similar to the one reported by Hipps and Hodgson (1 988a), and differed from that found 



Figure 3.3. Soil penetration resistance profiles for treatments A (paraplowing in Oct. 1992) 
and O (control), and their différence, measured at different positions on transects 
perpendicdar to Paraplow passes. Experiment Cf 4 2 5  June 1993. Position O m corresponds 
with the insertion point of Paraplow shanks into soil. 
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Figure 3.4. Contour diagram of the dzerence in soi1 penetration resistance @Wa) between 
treatrnents A and the control on a plane at right angies to the direction of travel of Paraplow. 
Experiment C H ,  25 June 1993. 

Horizontal distance (mm) 
O 100 200 300 400 500 600 700 800 900 



by Busscher et al. (1988) (Section 2.5.1.5). 

3 -3 -2. Paraplow Effects on Soi1 Strength 

When wet, the soil type used in the experiments had PR values lower than the usually 

accepted heshold level for root growth of 2 MPa (Taylor et al. 1966, MartUio and 

Shaykewich 1994) m the portion of the soil profile considered. In dry conditions, soi1 strength 

could reach up to more than 4 Mpa (Fg.  3.1). Paraplowing caused substantial reductions in 

soil PR, thus fàcilitating root development. 

3.3.2.I.Eperiment.s R M d  CI4 

The effects of paraplowing on soil strength varied with tirne, and had very similar 

patterns in these two experiments (Figs. 3.5 and 3 -6). The control had generaiiy higher PR 

levels than dl Paraplow treatments, particularly within the top 300 mm of soil. Exceptions to 

this general behaviour occurred. In experiment RTN, treabnent A had higher PR than the 

control between 60 and 120 mm depth two rnonths a f k  wheat and barley seeding (Fig. 3 . 5 ~ ) ;  

and treatment B had the highest PR three months d e r  seeding (14 Oct. 1992) between 120 

and 285 mm depth (Fig. 3.5d). Aiso, in both experiments, at matunty of the 1 s t  crop, some 
I 

Paraplow treatments had higher PR values than the control near the soi1 d a c e  (Fig. 3 3  and 

3.6d). 

These exceptions may have reflected differences between treatments in the patterns 

of water extraction fkom the soil profile. Variations in soi1 moisture content caused by 

Paraplow treatments lead to changes in soil strength (Greacen 1 960), making it chfficult to use 

PR to assess soil loosening by the Paraplow. One wdd avoid this problem by comparing PR 

profiles when the soil was saturated with water. The condition closest to this ideal was 



Figure 3 -5 .  Soi1 penetration resistance profles for each Paraplow (PPLW) treatment at 
different sampling dates in experiment RZ7V. a) 27 July 1992; b) 17 Aug. 1992; c) 
1992; d) 14 Od. 1992; e) 25 June 1993; and f )  29 Nov. 1993. 
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Figure 3.6. Soi1 penetration resistance profiles for each Paraplow (PPLW) treatment at 
differerrt sampling dates in experiment CI 4. a) 24 June 1993; b) 25 Nov. 1993; c) 7 June 
1994; and 29 Dec. 1994. 
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probably at the beginnllig of the wheat and barley seasons, when soil moisture was usually at 

or above field capacity throughout the soi1 profile, and Merences in soi1 PR should have 

reflected dflerences in soil loosening status. In these cases, all Paraplow treatments had lower 

PR values than the control (Figs. 3 Sa, 3 Se, 3 -6% 3 . 6 ~ ) .  

Double paraptowing in spring and fd (treatment ABC) significantiy reduced P R  

beyond the effect of single Paraplow in the fâll (Figs. 3. Sc, 3.5d and 3 -6b). This difrence was 

visible only in advanced stages of crop development, suggesting that it was more kely due 

to an &ect on water dynamics than to a real Werence in loosening. 

Tiiiage operations are usually more effective when the soil is dry, aithough higher 

traction is required. Soils were dner when the Paraplow was passed in the spring than in the 

fd. However, the quality of subsoiling did not sern better in the spring than in the fa. 

3 -3 -2.2 Ekpenments Cl3  anci CI5 

In experiment CI3, PR &er spring-paraplowhg was consistently lower than in the 

undisturbed check (Fig 3.7). The ciifference was evident at least until 1 June L 994, 1 9 months 

after Paraplow treatment, particularly between 200 and 350 mm, the depth at which effects 

of pamplowing on soil strength were shown to be maximal (Section 3.3.1.2). 

The effects of Paraplow in experiment CI5 were similar to those observed in 

experiment C13. Paraplow in the spring significantiy reduced PR (Fig. 3 -8). The effect was 

very large (0.6 MPa on average), affecting the whole soi1 profile at the beginning of the 

growing season (23 Nov. 1993), and tended to decline with tirne. Mer harvest (13 May 

1994) PR for the control was stiil higher than for treatment A between 60 and 150 mm depth 



Figure 3.7. Soi1 penetration resistance profiles for each Paraplow (PPLW) treatment at 
Merent sampling dates in expexhent Ci3. a) 6 May 1993; b) 24 Nov. 1993; c) 21 Jan. 1994; 
and 1 June 1994. 
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Figure 3.8. Soi1 pmetration resistance profiles for each Paraplow (PPLW) treatment at 
different sampling dates in Scpannent C15. a) 23 Nov. 1993 ; b) 20 J a n  1994; and c) 13 May 
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3 -3.3. Para~low Effects on Soil Water and Air Dvnamics 

3 -3 -3.1. Experimenfs R W  and CI4 

Paraplowing affecteci soi1 porosity (Tables 3 -4 and 3 - 5 )  and moisture content (Tables 

3 -6 and 3.7), and these effeds were highly variable, dependhg on the sampling date. Soil bulk 

density was u d l y  signincantly higher for the control than Paraplow treatments, and this 

effect was restricted to the upper soi1 layers. No effects of Paraplow treatment on bulk density 

were reçorded in June 1993 and June 1994, when soi1 moisture contents were high. This lack 

of effect may have been caused by sample compression effect, which, as shown by Zwarich 

and Shaykewich (1969), is a drawback of the core sampler method for determining bu& 

density used in the present work. 

Even though water infiltration was not measured directly, the observed variabiiity in 

soi1 moisture contents after the heavy rainfalls of Nov. 1993 ( 90 mm two days 

before measurement, and over 400 mm in the previous four weeks, Fig. A3, Appendix) 

reflected variations in the amount of water entering the soi1 and provided an indirect 

measurement of water infiltration capacity of the soil. In experiment R77V.. the total amount 

of water contained in the top 450 mm of soil was 136, 142, 13 1 and 128 mm for treatments 

ABC, B, A and the control, respectively (as calculated f?om data in Tables 3 -4 and 3 -6). The 

values for experiment Ci1 were, respectively, 14 1, 142, 1 3 7 and 1 1 8 mm (Tables 3.5 and 

3.7). The effect on available soi1 moisture was still more dramatic: assurning that water 

content at wilting point for the soil in experiment CI4 was 86 mm in 450 mm of soi1 (Table 

Al), available water was respectively, 5 5, 56,49, and 3 1 mm. 



Table 3.4. Soit bulk density (Mg nf3) at Merent sampluig dates and depths. Experiment 
Rrn. 

No Paraplow (O) 
Corn - Barley 1.30 1.33 
Corn - Wheat 1.31 1.33 
S u d  - Barley 1.32 1.34 
Sud" - Wheat 1.32 1.35 

- 

Paraplow Oct 1991(A) 
Corn - Barley - - 
Corn - Wheat - - 
Sud. - Ba r l e  1.35 1.33 
Sud. - Wheat - - 

Paraplow May 1992(B) 
Corn - Barley 1.32 1.3 1 
Corn - Wheat 1.27 1.34 
Sunf. - Barley 1.26 1.32 
S u d  - Wheat 1.27 1.35 

Triple Paraplow (ABC) 
Corn - Barley - - 
Corn - Wheat - - 
Sunf'. - Barley 1.26 1.30 
S u d *  - What - - 

LSD (pC0.05) 
Paraplow 
Crop sapence 

29 Nov. 1993 

0-150 150-300 300450 



Table 3.5. Soi1 buik density (Mg m-3) at Werent sampling dates and depths. Experirnent C I 4  

DEPTa (mm) 

24 June 1993 

0-70 70-140 

No Paraplow (O) 
Corn - Barley 1.30 1.28 
Corn - Wheat - - 
S M o w e r  - Barley 1.30 1.26 
Sudower - Wheat - - 

Paraplow Oct. 1992 (A) 
Corn - Barley 1.28 1.30 
Corn - Wbeat - - 
Sunflower - Barley 1.27 1.27 
Sudiower - Wheat - - 

Paraplow June 1993 (B) 
Corn - Barley - - 
Corn - Wheat - - 
S d o w e r  - Barley - - 
Suntlower - Wheat - - 

Triple Paraplow (ABC) 
Corn - BarIey - 
Corn - Wheat - 
Sudower - Barley - - 
Sunflower - Wheat - - 

LSD (px0.05) 
Paraplow 0.03 0.06 
Crop secpence 0.02 0.04 

25 Nov. 1993 

0-150 150300 300-550 

7 June 1994 

0-150 150300 3oo-so 



Table 3.5. (continueci) 

19 Aug. 1994 

0-150 150300 HH)-JSO 

- - - 

No Paraplow (O) 
Corn - Barley 1.26 1.32 1.33 
Corn - Wheat - - - 
Suntlower - Barley 1.28 1.3 1 1.36 
Sunflower - Wheat - - - 

Paraplow Oct 1992 (A) 
Corn - Barley 1.23 1.28 1.36 
Corn - Wheat - - - 
Sun£iower - BarIey 1.21 1.2 1 1.23 
Sunûower - Wheat - - - 

Paraplow June 1993 (B) 
Corn - Barley 1.21 1.28 1.33 
Corn - Wheat - - - 
Sunflower - Barley 1.19 1 -24 1.34 
Sunflower - Wheat - - - 

-- - -  - - 

Triple Paraplow (AJ3C) 
Corn - Barley 1.23 1.27 1.29 
Corn - Wheat - - - 
Sunflower - Barley 1.18 1.24 1.32 
Sunflower - Wheat - - - 

LSD (pG.05) 
Paraplow 0.06 0.07 O .  10 
Crop sequence 0.05 0.05 0.05 



Tabie 3 -6. Soii moisture content (% by weight) at Werent sarnpling dates and depths. 

27 July 1992 
6150 150300 300150 

No Paraplow (O) 
Corn - Barley 28.5 29.5 29.1 
Corn - Wheat - - - 
Sunfiower - Barley 28.1 29.8 31.2 
SunfIower - Wheat - - - 

Pvaplow Oct. 1991(A) 
Corn - Barley 27.7 29.2 31.9 
Corn - Wheat - - - 
Sunflower - Batley 28.3 29.0 30.6 
Sunflower - Wheat - - - 

Paraplow May 1992 (B) 
Corn - Barley 29.2 29.5 3 1.3 
Corn - Wheat - - - 
Sudower - Barley 28.9 28.8 3 1.8 
Sunflower - Wheat - - - 

Triple Paraplow(ABC) 
Corn - Barley 29.2 30.4 3 1.8 
Corn - Wheat - - - 
Sunflower - Barley 29.3 30.0 32.0 
Sunflower - Wheat - - - 

LSD w0.05) 
Paraplow 
Crop sequenœ 

Depth (mm) 

14 Au& 11992 

0-150 150300 30 

- 

17 Sep. 1992 
0-150 150300 



Table 3 -6 (continued) 

No Paraplow (O) 
Corn - Bariey 15.7 15.9 
Corn - Wheat 15.0 16.3 
S d o w e r  - Barley 14.9 15.7 
Sunfiower - Wheat 1 19.4 

Paraplow Oct. 1991 (A) 
Corn - Barley - - 
Corn - Wheat - - 
Sunflower - Barley 15.3 16.4 
S d o w e r  - Wheat 15.6 17.0 

Paraplow May 1992 (B) 
Corn - Barley 5 16.6 
Corn - Wheat 16.2 16.0 
Sunflower - Barley 15.9 17.0 
Sunflower - Wheat 15.5 15.5 

- - 

Triple Paraplow (ABC) 
Corn - Barley - 
Corn - Wheat - - 
S d o w e r  - Barley 16.3 16.9 
Sunfiaver - Wheat 15.8 16.4 

LSD w.05) 
Paraplow 2.1 3 -4 
Crop sequence 1 .Q 2.7 

29. Nov. 1993 

0-150 150300 HH)-(50 



Table 3.7. Soi1 moisture content (% by weight) at different sampling dates and depths. 

No Paraplow (O) 
Corn - Bariey 22.8 24.1 
Corn - Wheat - - 
SunClower - Barley 23.1 24.3 
Suuflower - Wheat - - 

- 

Paraplow Oct  1992 (A) 
Corn - Barley 23.2 24.8 
Corn - What - - 
Sunfiower - Barley 24.1 23.5 
Sunflower - Wheat - 

Paraplow June 1993 (B) 
Corn - Barley - - 
Corn - Wheat - - 
Sunflower - Barley - - 
Sudower  - Wheat - - 

Triple Paraplow (ABC) 
Corn - Barley - - 
Corn - Wheat - - 
Sunfiower - Barley - - 
Sunflower - Wheat - - 

LSD w0.05) 
Paraplow 
Crop squence 

25 Nov. 1993 

0-150 150300 300150 

7 June 1994 

0-150 150300 300-150 



Table 3 .7. (continued) 

19 Aug. 1994 

0-150 150300 300-150 

No Paraplow (O) 
Corn - Barley 28.3 3 1.2 3 1.4 
Corn - Wheat - - - 
Sudlower - Barley 27.6 3 1.6 30.8 
Sunfiower - Wheat - - - 

Paraplow Oct. 1W2 (A) 
Corn - Bariey 26.2 31.4 3 1.0 
Corn - Wheat - - - 
Sunfiower - Barley 24.0 31.5 32.3 
Sunflower - Wheat - - - 

Paraplow June 1993 (B) 
Corn - Barley 28.4 29.1 3 1.6 
Corn - Wheat - - - 
Sunflower - Barley 27.8 29.9 3 1.0 
Sunflower - Wheat - - - 

Triple Paraplow (ABC) 
Corn - Barley 28.2 32.5 33.4 
Corn - Wheat - - - 
S d o w e r  - Barley 29.5 32.4 3 1.5 
Sudiower - Wheat - - 

. .. . 

LSD w0.05) 
Paraplow 
Crop sequencc 

29 Dec. 1994 

0-150 150300 300450 



In Nov. 1993, the time interval since the Iast paraplowing had varied f?om 5 months 

(treatment ABC in both experiments) to 25 months (treatment A in experiment Rj7V). As 

shown above, ai l  Paraplow treatments were able to capture a larger proportion of the 

precipitation than did the undisturbed soil. Also, a higher proportion of the water present in 

soil reached deeper horizons, in particdar in treatments B and ABC. In experiment RIU, the 

proportion of the total water present in the 300-450 mm soi1 layer was 32,30,28 and 22 % 

for treatments ABC, B, A and the control respectively. In experiment CI 4 corresponding 

figures were 3 1,33, 23 and 26 %. The deep percolation of water, even where soil moisture 

contents near the soi1 surface were below fieid capacity, suggests a mechanism of preferentiai 

flow through a wntinuous system of macropores and cracks in the Paraplow treatments. 

Previous reports have shown that a major effect of Paraplow is an increase in the volume of 

soi1 occupied by large pores (Hipps and Hodgson 1988a, Pikul et al. 1990). 

Paraplowing also improved soil aeration in excess moisture conditions, which is in 

agreement with previous reports (Braim et al. 1984, Hipps and Hodgson 1988a). in 

experiment R77V, ODR irnrnediately &er wheat and barley seeding was higher for treatments 

B and ABC than for treatment A and the control, except one day after a heavy rainfd 

occurred on 10 Iuly 1992 (Table 3 -8). Similady, at the time of emergence of the last crop in 

experiment C14, both B and ABC treatments had betier aeration stahis and higher soi1 

temperature than the treatment without Paraplow, and also had higher ODR than treatment 

A immediately after a 41-mm rauifd on 17 Jdy 1994 (Table 3 -9). The improvement in ODR 

may have arisen either fiom increased evaporation from the soil surface, or improved deep 

percolation of excess water in treatments with Paraplow . The rapid increase in ODR occurring 



Table 3 -8. Soil oxygen diffusion rate a 50-mm depth for different Paraplow treatments and 
previous crops, at two dates &er wheat and barley seediog in experiment Rm. 

Pnnplow Orygen Diffmion Riate irg O, cmm2 min-') 
Trerttment 11 June 1992 11 Juiy 1992 14 Jdy 1992 

Bt 0.25 b # 0.02 a 0.25 a 
ABC $ 0.34 a 0.02 a 0.17 b 
AS 0.15 c 0.01 a 0.14 c 
oq 0.16 c 0.02 a O. 13 c 

Previous Crop 
Corn 0.16 a 0.02 a 0.19 a 
S d o w e r  0.13 b 0.02 a 0.18 a 

7 Paraplow in May 1992 
# ParapIow in Oa. 199 1 and May 1992. 
5 Panplow in ûct. 199 1 
7 No ParapIow 
# Means followed by the same letter within sampling dates were not statistically dSerent w0.05) 

Table 3.9. Soil oxygen difision rate and temperature at 50-mm depth for different 
Paraplow treatments at three dates, &er wheat and barley seeding in experirnent C I 4  

Treatment 13 Jdy 1994 16 Juiy 1994 19 Juiy 1994 

Oxygen dinusion rate Urg Or cm -2 min -') 

ABC ? 0.07 a # 0.08 a 0.02 a 
0.07 a 0.08 a 0.02 a 

A 9 0.07 a 0.08 a 0.00 b 
0 7 0.05 b 0.06 b 0.00 b 

ABC 
B 
A 
O 

Temperature (0 C )  

8.5 a 12.8 a - 
8.2 ab 12.9 a - 
8.1 ab 12.6 a - 
7.9 b 12.7 a - 

t ParapIow in Oct. 1992 and May 1993. 
$ Parapiow in May 1993 
g ParapIow in ûct. 1992 
7 NoParapiow 
# Meam foiiowed by the same letter within sampling &tes were not statisticaiiy diffèrent (p0.05) 



fiom 1 1 to 14 July 1992 (Table 3 -8) was an indication of improved intiltration, rather than 

evaporation. 

3.3.3.2 Orperirnents C i 3  andCl5 

ui expriment C 13, soil moishire was at leveis near field capady at aii samphg dates 

(Table 3.10). At wheat maturity (24 Nov. 1993), treatment A had 29.0 % soi1 moisture in the 

upper 150 mm, which was siBmficantly lower @<O.OS) than that of the control(3 1 .W). This 

is an additional evidence of the increase in infiltration capacity by paraplowing, since the field 

capacity of this soil is around 29 % by weight (Table Al). The same effect was observeci in 

Jan 1994, where soil rnoisture content was higher in the surface soil and lower in the 

subsurface soil in the control s compared to the Paraplow treatment (Table 3.10). There was 

a transient effect of Paraplow on soil bulk density measured in 150-mm depth increments 

(Table 3.1 1). On 24 Nov. 1993,12 months after paraplowing, the control had a higher density 

(1.34 Mg m-3) than treatment A (1 -28 Mg m-3) in the layer between 1 50 and 300 mm depth. 

No dBerences between Paraplow treatments were detected in subsequent sarnpling dates. 

In experiment C 1 5, soi1 moisture was generally higher for treatment A than the control 

(Table 3-12), Uidicating increased infiltration capacity. Soi1 bulk density was also decreased 

by paraplowhg (Table 3.1 3). On 23 Nov. 1993, soi1 bulk density between O and 450 mm in 

treatments O and A was 1.25 and 1.13 Mg ni3, respectively. The difference decreased 

progressively, presumably due to soil sittmg and on 13 May 1994 values were 1.26 and 1 -2 1 

Mg m-3, respectively. 



Tabb 3.10. Soi1 moime (% by weight) at different samphg dates and depths. Experiment 
c13- 

No Pamplow (O) 31.0 27.5 28.0129.1 26.1 25 .7127 .6  28.6 28.3 
Paraplow Oct1992 (A) 29.0 29.4 28.8 27.4 28.7 26.4 27.3 30.3 29.1 
LSD @<O.OS) 1.7 2.2 2.9 1 1.5 2.6 2.4 1 2.0 2.9 3.3 

1 June 1994 

0-150 150-300 MM50 

24 Nov. 1993 

0-150 150-300 3ûfHSû 

Table 3.1 1. Soi1 bulk density (Mg mJ)at different çampling dates and depths. Experiment 
C13. 

21 Jan. 1994 

0-150 150300 3ûtbl5û 

24 Nov. 1993 I 21 J.a 1994 I 1 Jmae 1994 

a150 150-300 3-50 0-150 150-300 300-450 0-150 lSCL300 MO450 

No Paraplow (O) 1.22 1 1.38 
Paraplow Oct. 1992 (A) 1-19 1.30 1.38 
LSD w0.05)  0.04 0.04 0.06 

1.23 1.33 1.35 
1.23 1.37 1.36 
0.06 0.05 0.06 

1.23 1.31 1.36 
1.28 1.29 1.37 
0.07 0.05 0.06 



Table 3.12. Soil moisture (% by weight) at different samphng dates and depths. Experiment 
C15. 

No Paraplow (O) 30.2 30.5 26.5 
Paraplow Oct. 1992 (A) 3 3.7 32.6 28.5 
LSD w0.05)  4-2 2.1 2.3 

23 Nov. 1993 

0-150 150-300 30045o 

20 Jan, 1994 

0-150 150-300 H)O-150 

Table 3.13. Soil buk density (Mg m-3) at different sampling dates and depths. Experiment 
C1S. 

No Paraplow (O) 12.9 11.7 14.6 
Paraplow Oct. 1992 (A) 13.1 14.8 16.9 
LSD (p4.05) 2.1 2.6 2.3 

23 Nov. 1993 I 20 Jan. 1994 

34.5 30.9 26.2 
35.2 3 1.2 26.1 
2.1 2.0 1.6 

No Paraplow (O) 1.18 1.21 1.37 
Paraplow Oct. 1992 (A) 1 .O 1 1.11 1.26 
LSD w0.05)  0.07 0.08 0.07 

1.19 1-20 1.35 
1.12 1.15 1.26 
0.06 0.04 0.04 

No Parap low (0) 1.2 1 1.24 1.32 
ParaplowOct.1992(A) 1.13 1.26 1 .24 
LSD @<O.OS) 0.06 0.04 0.07 

1. i8 1.21 1.39 
1.11 1.16 1.36 
0.03 0.04 0.04 



3 -3 -4. Residual Effects of PamIowinq 

Paraplowing afkcted the various soil physicai properties measured for relatively long 

periods. Soil PR after parapiowing was wnsistently lower than h the control in & 

experiments and ai i  sampling dates (r:igs. 3.5 through 3 -8). As discussed in Section 3.3.2, 

cornparison of PR between Paraplow treatments may be invalidated by variations in soi1 

m o h e  content, and to avoid this, only PR measiiremems taken in the winter tirne, when the 

soil prome was d o d y  wet, should be used. Considering only PR measurements taken at 

seeding tirne of wheat and barley, effects on soil strength of paraplowing 20 months before 

were still visible in experiments RZN (Fig. 3 Se), CI4 (Kg. 3 -6c) and Cl3 (Fig. 3.7d). At the 

end of experiments RïNand CI$ treatment A (parapIowing 26 months before) still had lower 

PR than the control at certain soil depths, but this dîEerence could have been due to higher 

water extraction fkom soi1 in treatment A. However, in experiment Rm, treatment A 

evidenced a higher water infiltration capacity than the control (Section 3.3.3.1) in Nov. 1993, 

indicating that effects of paraplowing lasted for at least 25 months. 

Effects of paraplowing on soil b d k  density were di visible at the end of qeriments 

R W  (Table 3.4) and Ci4 (Table 3.5). However, treatment A did not diEer fiom the control 

in any sampling date. The most lasting effect of paraplowing on this variable was recorded for 

treatment B in experiment C 14, which differed significamly fkom the control 18 months after 

paraplowing (Table 3.5). 

An additional evidence of the residual effect of paraplowing was derived fiom ODR 

measurement in experiment CI4 Even 20 months after paraplowing, treatment A had higher 

ODR values than the control (Table 3.9). 



SUlllllliiriZing, paraplowing caused improvernents in soil structure, which lasted for at 

least six months in experirnent C15, 20 months in CI4 and C13, and 25 rnonths in RI1V. 

Among several studies that have looked at the tirne residuality ofParaplow effects (Table 2.1 ), 

persistency has varied from six (Busscher et al. 1988) to 20 months (Hipps and Hodgson 

l988a). 

Persisteme of eEects is important considering the high energy cost of paraplowing. 

Karlen et al. (1991) deterrnined that for a loamy sand, a Paraplow passed at 400-mm depth 

had a fuel requirernent of 22.7 L ha-'. In Our work we estimateci a wnsurnption of 25 L ha-' 

operathg at 450 mm depth. It would take a yield increase of 300 to 500 kgha of corn or 

wheat to pay for this. Based on the results obtained, it can be wncluded that there would be 

no need for subsohg e v q  year in the type of soil and system of production represented by 

the present study. 

3.3.5. C r o ~  Semence and its Interaction with Para~Iow Treatment 

Soil PR profiles were markedly a f f i e d  both by crops currently growing and their 

predecessors in experiments R ï7V (Figs. 3.9 through 3.14) and CI 4 (Figs. 3.1 5 through 3.18). 

This effect was generaiiy small when soil was wet (measurements taken in June to August), 

and very large in advanceà stages of the crops, when soil moisture was lacking. This suggests 

that the Merences in PR between crops would have been mainly due to Werences in water 

consurnption patterns by the crops. In this sense, early in the season in experiment R W ,  PR 

under barley was higher than under wheat in the upper 165 mm of soil (Fig. 3.1 1)- very iikely 

reflecting a higher water wnsumption by barley. On the other hand, the opposite was 

observeci in expeRment CI4 very Iate in the season (FE 3.18). in this case, PR below 180 mm 



Figure 3.9. E f F i  of previous crop on soil penetraîion resistance profiles for different 
Paraplow (PPLW) treatments. Experhent R m ,  27 Jdy 1992: a) treatrnent A (Paraplow in 
Oct. 1991); b) treatment B (Paraplow in May 1992); c) treatment ABC (Paraplow in Oct. 
199 i and  ai 1992); d )  treatment O (control). 
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Penetration Resktaice (MPa) 
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Penetration Resistance (MPa) 
O 1 2 3 4 5 

rn CORN 



Figure 3.10. Effect of previous crop on soi1 pendration resistance profiles for different 
Paraplow treatments. Experiment R W ,  17 h g .  1992: a) treatment A (Paraplow in Oct. 
1 99 1); b) treatment B (Paraplow in May 1992); c) treatment ABC (Paraplow in Oct . 199 1 and 
May 1992); d) treatment O (control). 
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Figure 3.1 1. Effect of crop sequence on soi1 peuetration resistance profiles for different 
Paraplow treatments. Experiment R W ,  17 Sep. 1992: a) treatment 4 b) treatment B; c) 
tresrtment ABC; d) treatment O. 

- 

Penetration Flesistance (MPa) 
O 1 2 3 4 5 

a Penetration Resistanîe (MPa) 
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a Penetration Resistance (MPa) 
O 1 2 3 4 5 



Figure 3.12. Effect of crop sequaice on soi1 penetration resistance profdes for different 
Paraplow treatments. Expairnent Rm, 14 Oct. 1992: a) treatment A (Paraplow Oct. 199 1); 
b) treatment B (Paraplow May 1992); c) treatment ABC (Paraplow Oct. 199 1 and May 
1992); d) treatment O (control). 
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Figure 3.13. Effect of crop sequence on soil penetration resistance profiles for different 
Paraplow treatments. Experiment R W ,  28 June 1993: a) treatment A; b) treatment B; c) 
treatment ABC; d) treatment O. 
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Figure 3.14. Effkct of crop sequence on soil peuetration resistance profiles for different 
Paraplow treatments. Experiment RW 29 Nov. 1993: a) trament A (Oct. 9 1); b) treatment 
B (May 92); c) treatment ABC (Oct. 91, May 92, June 93); d) treatment O (control). 
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Figure 3.15. Effect of previous crop on soil penetration resistance profiles for different 
Paraplow treatments. Experiment CI4,24 June 1993: a) treatment A (Oct. 92); b) treatment 



Figure 3.16. Effect of crop sequence on soil petration raistance promes for different 
Paraplow treatments. Experiment CM, 25 Nov. 1993: a) treatment A (Oct. 92); b) treamient 
B (June 93); c)  treatment ABC (Oct. 92, June 93); d) treatment O (control). 

Penetration Resistame (M Pa) 
O 1 2 3 4 5 

p p p p p  - - 

Penetration Resisbnce (MPa) 
O 1 2 3 4 5 

Penetration Rosistance (MPa) 
O 1 2 3 4 5 



Figure 3.17. Effect of crop sequence on soi1 penetration resistance profiles for Herent 
Parapiow treatments. Experimeat Cf 4,7 June 1 994: a) treatment A (Oct. 92); b) treatment 
B (June 93); c) treatment ABC (Oct. 92, June 93, May 94); d) treatment O (control). 
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Figure 3.18. Effect of crop sequence on soi1 penetration resistance profiles for Merent 
Paraplow treatments. Experiment CM, 29 Dec. 1994: a) treatment A (Oct. 92); b) treatment 
B (June 93); c) treatment ABC (Oct. 92, June 93, May 94); d) treatment O (control). 
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was higher under wheat than bariey, probably reflecting the fm that the latter had stopped 

extracthg water a few days earlier than the former. 

The first crop in the rotation (corn or sunflower) significantly & i e d  PR at various 

sarnpling dates throughout the duration of the experiments. In experiment R TN, after seeding 

the second crop in the rotation, soil PR after sudower was significantly higher than afler corn 

at 60-75 mm and 165-240 mm (Fig. 3.9). The same occurred in Sep. 1992 at 45-90 mm depth 

(Fig. 3.1 1). Similarly, in experiment CI-%, PR values d e r  corn were lower than after 

sunflower in June 1993 (at 270 to 375 mm soi1 depth, Fig. 3.1 S),  Nov. 1993 (at most depths 

between 60 and 300 mm, Fig. 3.16) and June 1994 (around 200 mm depth, Fig. 3.1 7). On the 

other hand, there were also cases, partidarly in advanced stages of wheat and barley crops 

in experiment Rm, where PR values after corn were higher than after sudlower (Figs. 3.10, 

3.12 and 3.14). E t  is assumed that differences in PR were caused mainly by ciifferences in soil 

moistue content, it can be concludeci that at times when water diltration into the soil was 

the dominant process (mainiy in the winter tirne, and in Nov. 1993), soi1 &er ninûower 

tended to have lower soi1 moisture content than after corn. These results suggest that corn left 

the soii in a condition more fàvourable for water infiltration than sudower. 

Soil moisture content was also affecteci by crop sequence. By the tirne of fa11 

paraplowing in experiment RM(22 May 1 %Q), soil moisture content after corn (25 -3 %) was 

higher than d e r  sunflower (23 -8 %) in the surface 150 mm. In Nov. 1993, soil moisture in 

the 0-1 50 mm soil layer for treatments A and B (Table 3.6) was higher when s d o w e r  was 

the first crop in the rotation (28.1 %) than in plots that had grown corn (22.5 %). The 

opposite occurred in the 300-450 xnm soi1 horizon, where mil moisture values for d o w e r  



and corn were 18.9 and 26.7 respectively. In experiment CH,  also in Nov. 1993, soil 

moisture after corn (25.5%) was higher than &er ninnower (24.0%) throughout the whole 

soii profile (Table 3.7). Considering the abundant rai&& just before sampiing in both 

experiments in Nov. 1993, it can be concluded that water infiltration capacity was lower d e r  

suinower ttian corn. 

The lower soil moimire fkequently observed after sunfiower could have been due 

either to improved interna1 mil drainage, presumahly because of vertical macropores created 

by tap roots; or to impaired water infiltration into the soi1 due to some factor associateci with 

the nature of d o w e r  plants. The avdable data are not sufficient to indicate which of these 

mechanisms prevailed. The first possiiility7 improved drainage, was not ver- likely, because 

the tap roots were probably still intact by the time the measurements were made. The second 

mechanisrn, impaireci infiltration, could have been caused in twn by some degree of soil 

compaction caused either by m o w e r  tap roots, or by soi1 slaking by rain drops f ahg  on 

land with relatively low residue coverage. The higher ODR observeci afler corn (Fig 3.19), in 

spite of higher moisture content, would support the hypothesis of higher soil compaction after 

sunfiower. 

There are no studies in the literature reporthg on compaction caused by roots 

affecting water infiltration. Wdatî and Sulistyaningsih (1 990) detennined an increase in soil 

strength caused by the presence of nce roots. Several workers have show that radial growth 

of roots cause reductions in the macropores in a volume of soil surroundhg them (Blevins et 

al. 1970, Guidi et al. 1985, Bruand et al. 1996), and it is well known that water flow in a 



Figure 3.19. Effect of prwious crop on oxygen f i s i o n  rate rnea~u~ed on transects 
perpendicular to Paraptow passes in treahment A Experiment RlrlV, 1 1 Lune 1992. The arrow 
indicates the point of insertion of the Paraplow shank into the soil. 

6 Distance (m) 



porous medium is directiy proportional to the pore size squared. Dexter (1 987) developed a 

model, later validated by Bruand et al. (1996), which predicted that the extent of the soi1 

volume affecteci by roots was a hc t ion  of root diameter. It may be speculated that sunflower 

tap roots would compact a larger soil volume than corn roots. The uncertainty remah as to 

whether this may have an impact on a rnacroscopic soi1 property such as infiltration capacity. 

The effects of crop sequence on soil water dynamics often interacted with Paraplow 

freatments. As disnissed above, in the winter &er &est of the first crop, in both Rï??and 

CI4 experiments, mil moisture content f i er  corn was higher than after sunflower, and this 

Meremce was evident only in treatment A (Figs. 3.9 and 3.15). Roots and shoots of both 

crops grew more extensively in Paraplow treatment than the control (Chapter 4), and 

therefore, the effects of these crops on soi1 properties would have been augmented by 

paraplowing. 

In Sep 1992, PR under barley was signincantly higher than under wheat, particulady 

in treatments B and A after sunflower, between 45 and 200 mm depth (Fig. 3.1 1). This would 

have been caused by higher water extraction fiom soil in this combination of Paraplow 

treatment and previous crop, which, as shown in Chapter 4, was the one with highest growth 

of wheat and barley crops. No Merences between wheat and barley were observed in the no- 

Paraplow treatment. 

The soi1 moishue data coliected in Nov. 1993 in expetiment Rï7V (Table 3 4 ,  19 

months after corn and sunflower harvest, indicated a strong interaction between the first crop 

in the sequence and Paraplow treatments. This interaction may have resulted f7om the 

Merent nature of root systems of corn and sunflower. The higher soi1 moisture content in the 



150 mm of topsoil &er sunflower than d e r  corn in Nov. 1993 would have been due to 

improved water infiltration capacity into the soil by large pores left by taproots, that would 

have &&y decomposeci 19 months after W e s t .  in the case of corn, a deeper fibrous root 

system would have left a systern of chmels after decomposition, through which water would 

have perwlated deeper into the soi1 by preferentid flow. The largest Merence in soil 

moisture at 0- 1 50 mm depth was observed in treatment 4 which was the treatment that 

would have promoted extensive root growth in both sunfiower and corn. Treatment B also 

showed a large effèct, while treatments O and ABC showed no ciifference at ail. The effect 

observed in treatment B was in spite of the Paraplow h a h g  been passed d e r  corn and 

d o w e r  were grown. Paraplowing at that tirne would not have destroyed the root systems, 

and very likely promoted their decomposition afterwards. In the case of treatment ABC, 

paraplowing in the third season would have eliminated any effects of corn and s d o w e r  

roots. 

3.5. CONCLUSIONS 

The Paraplow was effective in reducing soil compaction status resulting in Iower 

mechanical impedance to root growth, improved water infiltration capacity and higher 

aeration in times with a high probabiiity of waterlogging. These effects lasted for more than 

20 months, particularly at the positions where soil disturbance was highest. 

Soil loosening by Paraplow was achieved in virtudiy the entire soil volume up to the 

working depth of450 mm. The effect was maximal at 200 to 300 mm depth, and minimal at 

100 mm. There was no evidence of Merences in the effectiveness of subsoiling due to 

variations in soi1 moistiue. 



Crop sequences affecteci soil phpical properties mainly by the differences in water 

consumption pattern among crops, although there were apparent effects on soi1 structure 

other than those related to water use by the crops. Even by the third growing season, some 

combinations ofParaplow treatment and crop sequences had better water infiltration capacity 

than others. Paraplowing pnor to the third crop resuhed in the highest infiltration. Treatments 

involving Paraplow earlier in the rotation (A and B) had good infiltration capacity only when 

corn was the fkst crop. It can be specdated that the ben& of paraplowing were more lasting 

when they were combined with growing a crop with a fibrous root system. 



4. GRAIN CROP RESPONSE TO PARAPLOW AND CROP SEQUENCE IN 

DIRECT-SEEDING SY STEMS 

ABSTRACT 

Crops grown with no-tillage in Uruguay may be & i e d  by high soil compaction 

caused by livestock and machinery t r a c  in wet conditions. The Paraplow, a subsoiler that 

does not mvert the so& was tested at La Estanaiela Expenmental Station d u h g  199 1-1 994. 

Excess compaction negatively affected crop performance in direct-seeding systerns under 

Uruguayan conditions. Paraplow treatmerrts increased crop productivity in 11 out of 14 

experiments, by an average of 102,36, 29 and 14 % in corn, ninflower, barley and wheat, 

respectively. This effect was associated with: a) higher plant populations in corn (56 % 

increase), barley (22 %) and wheat (1 4 %), maidy due to avoidance of wateriogging and 

increased soi1 temperature; b) higher root proMeration in all crops; c) better weed control in 

two experiments with corn; and d) higher nurnber of grains per unit area in wheat and barley, 

due to higher taer s u ~ v d  and reduced floret abortion. A single Paraplow pass caused a 25 

to 53 % increase in the overaii grain production of two-year crop rotations. Subsoiling before 

each crop gave only a marginal yield advantage over single Paraplow treatments. Wheat and 

barley seeded-after corn yielded 4 % more than f i e r  d o w e r ,  independently of Paraplow 

treatment. This effect was due to increased kemel weight, and was partly attribut4 to 

diffaences in soi1 structure aparent up to 18 months ater  corn and sunflower haivest. Wheat 

was superior to barley in the ability to withstand adverse soil co~dition. This was associated 

to preferential ailocation of biornass to the shoot in the vegetative phase, and to higher nodal 

root formation in more advanced crop stages. 



4.1. INTRODUCTION 

Grain crops in Uruguay are grown in rotation with grazed pastures. Conventional 

tillage practised afler the pastures is effective in reliwing soil compaction and d c e  

unevenness caused by grazing animais. Dunng the trznsition f?om conventional to direct- 

seeding systems, crop performance may be affecteci by a combination of poor soil structure, 

water excess in the winter growing season, and soils with high clay content which Linrit water 

Uifiltration and root growth in dry conditions. 

In the long tem, if mils are lefi unplowed, the action ofbiological agents is expected 

to develop an improved soil structure @exter 199 1 ). This process may take a very long rime, 

particdarly if the initial soil condition is deficient. Subsoiling with Paraplow (Braim et al. 

1 984), which improves the soil structure while producing M e  distuhance of the soil sUTface 

(section 3), would be suitable for avoiding productivity cutbacks during that transition phase. 

Paraplowing inmeases the soil porosity (Ehlers and Baeumer I988), especially the 

volume of macropores (Pikul et al. 199 1 ), while preserving the connectivity of the pore 

system w p p s  and Hodgson 1988a). As a wnsequence of this, water infiltration capacity is 

greatly improved (Mukhtar et al. 1985, Pikul et al. 1990), and unlike other subsoilers which 

disnipt soil aggregates, paraplowing benefits typically persist for at least two years (Clark et 

al. 1993). Due to increased soi1 d a c e  roughness and some mixing of residues with soil 

(Erbach et al. 1984), evaporation £kom the soil surface is higher in paraplowed than in 

undisturbed soil (Ehlers and Baeumer 1988). Because of the simultaneous effects on water 

infiltration and waporation, the incidence of wateriogging in humid regions is greatly reduced 

by paraplowing (Hipps and Hodgson l988a). 



Even though crop productivity has usually been increased by paraplowing, the 

mgnitude of the response has not been in accordance with the effects on soil structure. 

Reported yield increases due to Paraplow range fiom ni1 (Radford et al. 1992, McConkey et 

ai. 1997) to 14 % in corn (Erbach et al. 1 WZ), 1 8 % in forage oat (Sojka et al. 1997) and 19 

% in s p ~ g  barley (Braim et 41. 1984). There is even one report of a 6 % yield decrease of 

winter wheat when Paraplow was used in a soi1 that had been under no tillage for more than 

3 years (Hodgson et al. 1989). 

Benefits of Paraplow on crops include Unproved plant emergence in waterlogged 

conditions (Hipps and Hodgson 1988b) and cold soi1 (Erbach et al. 1992); increased speed 

of mot development (Braim et ai. 1984) and root density (Hipps and Hodgson 1988a); and 

higher tiller sunrival and reduced flor& abortion (Braim et al. 1984). 

The objectives of this paper were to evaiuate the effects of Paraplow and crop 

sequence on development and productivity of directIy seeded crops, with ernphasis on wheaî 

and barley, and to assess the persistence of those effects. 

4.2, MATERlALS AND METHODS 

Four experiments (named as R W ,  C13, Cl4  and Clfi) were conducteci during the 

period 199 1-94 on a silty-clay loam (fine, mixed, superactive, thermic Oxyaquic Argiudoll, 

or 'Brunosol éutrico tipico' in the Uniguayan classification) in SW Uruguay (INIA La 

Estaanela E5cpExperimenta.l Station, 34'20' S, 5741 '  W), to study effects of soil compaction on 

crop productivity under zero tillage. The experiments were physically near one another on the 

same s d  type (Table Al). 

The experiments were desmieci in Chapter 3. Crop sequences for all experiments are 



shown in Table 3 -2. 

4.2.1. Field ODerations 

The RTIV site was in f d o w  for one year pnor to starting the experUnent. S p ~ g -  

paraplowing was penormed on 7 Oct. 199 1 (details given in Chapter 3). Pre-emergence 

herbicides were applied on 15 Oct. 1992: atrazine (3 kg ha*') on corn (Zen rnays L.) plots, and 

prometryn (0.4 kg ha-') on sunflower (Helianthus cmmrs L.) plots. Both were appiied in tank 

mix with glyphosate (0.7 kg ha''). Seeding was perfonned one day later by ushg a Semeato 

PS-8 triple-disc seeder across Paraplow passes. Corn cv. cCEstannre/aB~guaf" and d o w e r  

cv. "Estanrueda Yatq7 were seeded at 7 and 4 seeds m-', respectively. Rows were 0.6 m 

apart. Mono-ammonium phosphate was b d e d  withthe seed at 180 kg ha'. 2,4-D amine (0.7 

kg ha-') and urea (1 50 kg ha") were applied on corn plots on 2 1 Nov. 199 1. Due to serious 

darnage caused by pigeons, sunfiower had to be reseeded on 20 Nov. 199 1, after spraying 

again with glyphosate (0.7 kg ha"). Haioxyfopmethyl (0.2 kg ha-') was used as post 

emergence herbicide on sunfiower plots. Urea (1 50 kg ha") was simdtaneously broadcast on 

corn only. Corn and sunflower were harvested on 21 Mar. 1992. Only the central three rows 

of each plot were collected. Residues were chopped and spread on the soil surface. On 28 

Apr. 1 992, glyphosate (1 -1  kg ha-') was applied on the whole experiment . 

Fall Paraplow treatments were applied on 22 May 1 992. Glyphosate (0.7 kg ha-') was 

sprayed again on 8 July 1992, just befôre seeding wheat (Tritimm aestiwrrn L.) cv. 

''Esr~llzzue~a Ben~eveo" and barley ( H o r b  wlgme L. ) cv. ccEstanzueIa Quebracho". Both 

crops were seeded at a rate of 300 viable seeds m-2 in rows spaced 0.16 m. Mono-ammonium 

phosphate (1 50 kg ha-') was banded with the seeds. On 28 Aug. 1992, urea (1 50 kg Ml) and 



chlorsu!hron (0.02 kg ha*') were applied to the crops. Harvest was on 13 Dec. 1992. 

Residues were chopped and spread on the surface, and the soil was left fdow. Glyphosate 

(1 -4 kg ha-') was sprayed on 10 Mar. 1993, and surfàce residues were bumed on 2 1 Apr. 1993 

to avoid interference with the seeding operation. Paraplowing was done on 7 June, and &er 

an application of glyphosate (0.7 kg ha-') crops were seeded on 1 1 July in the same way as 

m the previous year. On 17 Aug. urea (200 kg ha-') was broadcast and chlorrulfuron (0.02 kg 

ha-') was sprayed on di plots. Crops were harvested on Dec. 1993. 

Experiment CI4 was established on a site that had been in grassflegume Pasture for 

three years. Field operations were the same as in the previously described R W  experirnent, 

but performed one year later. 

h experiment C13,2,4-D amuie (0.7 kg ha1) was sprayed on 8 Sep. 1992 to kill the 

red clover (Tn~oiium paterne L.) pashtre. Glyphosate (1.4 kg ha") and atrazine (4 kg ha-') 

were sprayed separately one month later. Paraplowing was performed on 22 Oct. 1992, and 

corn cv. "EstmweIa Baguar' was seeded one day later. Mono-ammonium phosphate (200 

kg ha1) was banded with the seed. Urea (1 80 kg ha') and 2,4-D amine (0.7 kg ha-') were 

applied by rnid-November. The crop was hawested on 24 Mar. 1993. Giyphosate (1.1 kg ha'') 

was applied right after harvest and on 23 June 1993 in tank mLu with 2,4-D amine (0.5 kg 

ha-*). Wheat cv. cbEstrmnre&z Cardemf' was duect-seeded on 30 June 1993 with 200 kg ha-' 

of mono-ammonium phosphate banded with the seed. Urea (1 50 kg ha'') and chlorsulfuron 

(0.02 kg h d )  were applied by mid tillerùig. The crop was harvested on 6 Dec. 1993. After 

spraying glyphosate (0.7 kg ha"). Sunfiower cv " E s t m e l a  Yatw was seeded. The crop 

i?ded to emerge due to dry conditions, and was reseeded on 10 Jan. 1994. Sunflower plants 



did not reach maturîty and were chopped on 25 M a y  1994. Canola (BrasSica napis  L.) cv. 

"Topns" was seeded on 1 June 1994 after spraying with glyphosate (0.7 kg ha-'). Urea (1 50 

kg ha-') and picloram (0.04 kg ha') were applied on 19 Sep. 1994. The crop was straight 

combined on 5 Dec. 1994. 

In experiment Ci5 only one crop was grown on a site that had been on grasdlegume 

Pasture for three years. The Paraplow treatments were applied on 7 Oct. 1993. Three days 

later, glyphosate (1 -4 kg ha-') and atr ine  (4 kg ha-') were sprayed, and corn cv. ' c f i t ~ e k z  

BaguaP' was seeded on 13 Nov. 1993. Because of watdogging d e r  seeding, the crop faüed 

and had to be reseded 12 days later &er spraying with glyphosate (0.5 kg ha-') again. The 

corn was harvested on 13 May 1994. 

4.2.2. Plant Po~ulation Densitv Measurements 

In al1 four experiments, plant population densities were measured immediately after 

fidl ernergence. In wheat and barley crops, eight (experiments R7N and CH) or twenty 

(experiment C13) O. 1 5-m2 areas per plot were sampled. in sudower and corn (R71Vand C I 4  

plant stands were measured in one 6-m2 area per plot. Corn and sudower plant densities in 

experiments Cl3 and CI5 were determineci in ten 3-m2 areas per plot. Canola plants were 

counted in eight Lm2 areas per plot. 

In experiment C M  (1994), soi1 oxygen diffusion rate at 5-cm depth was monitored 

during plant emergence (1 3, 16 and 19 July) on some of the spots where plant stands were 

measured, in plots corresponding to the crop sequence sunflower-barley-wheat (Table 3 -9). 

A linear regression analysis of final plant stand density on ODR (mean of t h e  dates) was 

perfomed . 



4.2.3. Piant Root Measurements 

In experiments RMand C14, wheat and bartey root samples were taken £kom sefected 

treatments in three repliates per experiment. Corn and sudower roots were not measured. 

Treatments sarnpled were: O (ail subplots), B (aii subplots in the first year, and plots including 

ninnower in the crop rotation in the second year), A (only sequences including sunflower) and 

ABC (sequences including suntlower in the first year, and aU subplots in the second). 

Samphg dates were: 1 5 Sep. (tillering), 30 Sep. (end of tilIeruig), 14 Oct . (anthesis), 4 Nov. 

(grain filling), and 1 Dec. (grain nIling) 1992, and 4 Nov. 1993 (grain filling) ( R W ;  and 1 

Dec. 1993 (grain filling) and 28 Oct. 1994 (anthesis) (CI 4). In experiment Cl 3 wheat roots 

were measured on 7 Dec. 1993 (grain @g) in all plots. 

The sampling procedure for wheat and barley root assessments was as foilows: blocks 

of soi1 35-cm deep, 40-cm long and 20-to-25-cm wide, containing a segment of crop row in 

the centre, were dug out with spades, and deposited onto trays with a mesh bottom. Trays 

were soaked in water ovemight and then, soi1 was washed out with pressurized water. The 

number of sampks per plot was one (experiment RZ7V in 1 PX), two (R I1V in 1993 and CH),  

and ten (Cf 3). 

Plants were preserved intact (above and below ground portions). Eight plants (or less 

if there were not enough) per sample were randomly selected to perform the following 

measurements: number of tillers and spikes, number of visible nodes in the main tiller, plant 

height (above-ground), number of spikelets per spike, number of seminal-root prirnary axes, 

number of adventitious-root primary axes, and maximum rooting depth (length of the longest 

rwt). AU were mea~u~ed on a per-plant basis. 



In the samples taken on 14 and 30 Sep. 1992, ail the roots from four plants were 

stained with methyl violet, stored in plastic bags, and fiozen. Seminal and adventitious roots 

were kept separate. Adventitious and seminal mot length and width were then detemineci by 

ushg an image scanner device (Delta T Mark 1 meter). 

Corn roots were measured in experirnent CI5 on 28 Jan. 1994 by the core-break 

method (Bohrn 1979). Five 4 1 -mm diameter soil cores were taken per plot fiom the rnid-point 

between two plants within the rows. Cores were 1.15 m long. The cores were broken at 

5û-mm intervals, and the roots visible on the exposed faces were counted. Roots that were 

visibly dead were not considered. 

4.2.4 Determinations of Grain Yield and Yield Comwnents 

In 1992 and 1994, at wheat and barley maturity, the nimber of spikes per unit area 

was determined in four O. 1 5-m2 areas in every sub-plot. The number of spikelets per spike was 

determitlecl on 20 randomly selected spikes within those areas. Total aboveground biomass 

was detexmîned by nming two Lm2 areas per plot. Plots were then harvested with a plot 

combine (1.4-m by 10-m areas) and grain veld determined &er discounthg the areas used 

for aerial biomass samphg. 

In 1993, wheat and barley crops were heterogeneous due to poor f d e r  

distribution. In this case, crops were harvested by hand in two or three Lm' areas per plot 

selected by their homogeneity. Grain yield and yield wrnponeds were determined fiom these 

samples. The total number of spikes in each sarnple was recorded. The number of spikelets 

per spike was determined in 20 randomly selected spikes. AU spikes were then processed 

using a s tat ioq thresher. 



In a l l  cases, four samples containing approximately 200 seeds were taken fiom each 

plot, and seeds were counted and weighed to detemùne thousand-kemel weight. 

S d o w e r  and corn were harvested by hand and processed using a staîionary thresher. 

In experiments RïïV and CI4 the three central rows of each plot were harvested. In 

experiments CI 3 and CI 5 yields were detennined in ten 3-m' area per plot. Samples were air- 

dried before threshing. Grain yields were expressed on 1 1 % moisture basis. in experiment 

C13, suntlower grain yield was not determined. Instead, the head diameter of each plant in 

sub-plots was recorded. The total head area per ha was used as an estimator of grain yield. 

Canola in experiment Ci3 was also manually harvested. Ten 1 -m2 samples per plot 

were cut at 10 cm height and placed into cloth bags to avoid grain loss by pod shattering. 

Care was taken to avoid loss ofpods during sampling due to tangling with plants from outside 

the sampling areas. Samples were air-dried and threshed manually . Grain was processed by 

a seed-cleaning machine, and grain yields were expressed on a 10 % moisture basis. 

4.2.5. Bird Darnaae 

The barley crop in experiment RKV in 1 992 was afkted by birds, which caused loss 

of grain. The damage was higher on some plots than on others, since birds were selective, 

eating near the edges and those plots in more advanced phenological stages. The percent of 

grains lost was assessed visuaily on every plot by four diierent people, and an average per 

plot was recorded. There was very little variability among the four observers. The percent loss 

did not have a normal distniution. It was converted to a normal variable by calculating its 

square root. The latter variable was used as a hear covariable in the analysis of variance of 

grain yield, which was the only variable affecteci by bird damage. This analysis was done by 



using the LSMEAN procedure in SAS program (SAS uistitute 1985). 

4.3. RESULTS AND DISCUSSION 

Analyses of variaace of the crop parameters evduated in ail experiments are presented 

in Appendix C (Tables C 1 to C 16). 

4.3.1. Plant Po~uiation Densitv 

Paraplowing hproved crop emergence to a variable extent, depending on the crop and 

year (Tables 4.1 to 4.4). The overd increase in com, barley and wheat plant stands was 56, 

22 and 14 %, respectively, whereas no effect was detected in d o w e r .  This effect was 

signincant in three out of four experiments in corn and barley, and two out of four in wheat. 

The response of plant emergence to paraplowing was correlated with improved soil 

aeration. It was already shown that one of the consequences of paraplowing on soil physical 

properties was an incrrase in oxygen diffusion rate (ODR) both in RZ7V 1992 (Table 3 -8) and 

Cl4 1994 (Table 3.9). In these two experiments, emerging plants were exposed to excess 

water as can be derived bom the amount of rainfall(5 1 and 40 mm, respectively) during the 

seeding-emergence periods (Tables 4.3 and 4.4). It was in these two experiments where both 

wheat and barley plant population densities were most responsive to paraplowing. Plant 

emergence of wheat was correlated with oxygen diffusion rate in Ci4 1994 (Fig. 4.1). 

Regression andysis showed that plant density increased linearly with increasing ODR at least 

up to O. 12 pg 4 min-'. 

The lack of effect of paraplowing on wheat plant density in 1993, and also the higher 

plant stands achieved in this year compareci to 1992 and 1994, were associated with low 

rainfd(8 mm) during crop establishment (Table 4.3). In this case, oxygen supply to seeds 



Table 4.1. Effixt ofParaplow on corn plant population density at crop ernergence, and rainfd 
during the seeding-emergence period in four experiments. 

Pi& popaintion &as* (plantdmf) 

Treatment RTN CI4 Cl3 CZS Mean 

t Means foliowed by the same letter within coluxnns were not different w . 0 5 )  

Table 4.2. EEkct of Paraplow on sudower plant population density at crop emergence, and 
rainfkil during the seeding-emergence period in two expefiments. 

Plilnt popdation density @iaots/mf) 

Treatment RTlV CI4 Mesut 

Paraplow 2.5 a t 4.7 a 3.6 

Conîrol 2.3 a 4.6 a 3.5 

7 Means followed by the same letter within columns were not different ( ~ 4 . 0 5 )  



Table 4.3. EEect of Parapiow (ABC= prior to every crop; B=prior to second crop; A=prior 
to fint crop) and previous crop on wheat plant population density, and rainfd durhg the 
seeding-ernergence period, in three experimemts. 

P - P k  Prievi0~9 RTN CI 4 Cl3 RTN CI4 
Treatment C ~ P  1992 1993 1993 1993 1994 

ABC Corn 166 299 - 28 1 2 14 
ABC Sunflower 173 265 - 307 205 

B Corn 160 247 - 283 249 
B Sunflower 1 72 256 - 256 246 

Corn 100 258 3 14 286 2 14 
SUnaower 123 255 - 269 197 

o(c0nhroI) Corn 117 234 292 280 191 
0 (control) Sunfiower 130 248 - 321 200 

-- - 

ABC - 1 7 0 a t  2 8 2 a  294 a 248 a - 
B - 166 b 252 a 270 a 206 ab - 

- Corn 136 a 260 a 303 283 a 217 a - Sunfiower 
150 a 256 a 288 a 212 a - 

t Means foiiowed by the same leüer within columns were not cWerent (pcO.05) 



Table 4.4. Effect of Paraplow (ABC= prior to every crop; B-rior to second crop; Aqrior 
to first crop) and previous crop on barley plant population density, and rainfdl during the 
seeding-emergence period, in two experiments. 

Pîant Population Den- (plantdmf) 
- -  

Paraplow Previoas RTN CI4 RlW CI4 
Treatment C ~ P  1992 1993 1933 1994 

ABC Corn 247 327 239 259 
ABC Sunflower 249 280 234 271 

Corn 222 258 
Sunfiower 248 243 

A Corn 2 13 199 262 238 
A S d o w e r  23 1 2 17 239 230 

O (control) Corn 157 206 240 230 
O (controf) Sunflower 229 1 86 248 197 

ABC - 248 a t 305 a 237 a 265 a 
B - 

235 a 25 1 ab 237 a 227 ab 

- corn 210 b 248 a 244 a 236 a - Sunfiower 
239 a 232 a 240 a 234 a 

t Means foilowed by îhe same letter within columns were not dinerat w0.05) 



Figure 4.1. Relationship between oxygen diniision rate measured at 50-mm depth and finai 
wheat plant population in expefiment CM, 1994. 

O 0.02 O. 04 0.06 0.08 O. 1 0.12 
Oxygen dinusion rate (yg OZlcmZlmin) 

300 
E 
5 
C Cu - 
0 

Pfants/mZ= 23+16lI ODR 
R2 = 0.52** -- -- --- 



would have been adequate. In spite of this, barley responded to Paraplow treatment in CI4 

1993 (Table 4.4), suggesting that some other factor besides ODR would have been involveci. 

Increased soil tempeniture (Table 3.9) may have been one factor explalliing the 

response of plant emergence to paraplowing. SoiI temperature may have decreased the time 

fiom seeding to emergence thus mllllminng exposure to disease and Uisects. 

Barley establishment was more inûuenced by paraplowing than wheat. Considering 

only the situations where subsoiüng was perfomed just prior to seeding the crop, plant 

densities of barley (256 plants m'2) and wheat (245 plants m-9 were 14 and 22 % higher than 

the controi, respectively (Tables 4.3 and 4.4). The higher response of barley to paraplowing 

may be attriiuted to increased soi1 temperature (Table 3.9), since it has been shown that the 

base temperature for seedling growth is higher for barley than wheat (Lopez-Castafieda et al. 

1996). Due to its higher seed size as compared to wheat, badey germination may have 

required more water, which was a iixniting factor in 1993, and oxygen, the limiting factor in 

1992 and 1994. 

The seed to soi1 contact may have been an additional factor related to plant emergence 

and regulated by paraplowing. Subsoihg caused some degree ofsoil surface distubance, and 

consequently reduced the amount of residue on the soil surface. This was not measured in the 

present study, but Erbach et al. (1992) had shown that paraplowing reduced the proportion 

of soil covered by residues fiom 82 to 67 %, as wmpared to no-till. The lower amount of 

residue cover would have diminished the incidence of "hair-pinning" (straw in the s&g 

dot), which has been demonstrateci to cause crop establishment fdures, particularly where 

disc coulters, such as those used in the present work, have been utîlized (Baker et ai. 1996). 



An increase in oxygen supply rnay have a h  been the reason why paraplowuig 

improved corn emergence in experirnent R77V, considering the large amount of rahfàU(84 

mm) failen during crop establishment (Table 4.1). The excess moishire in expriment CI5 

(1 62 mm in the four days foflowing seeding) wouid have equally affectecf both Paraplow and 

control treafments. There are apparently no reasons for the response of corn to paraplohg 

observed in experiments C13 and C I 4  Since the amount of rainfall after seeding these 

experiments was not very large (30 mm), ODR was not likely involved in these cases. 

S d o w e r  crop establishment was not afEected by paraplowing. This crop was not 

subjected to water excess in any of the experiments (Table 4.2). The m o r s  that enhanced 

corn emergence in experiment CI4 would not have applied to sunfiower crops. 

The improvement in corn emergence fiom paraplowing rnay also have been due to 

higher soil temperatura. Soi1 temperature after seeding corn and d o w e r  in CI4 was up to 

5 OC higher in subsoiled plots than control plots, which had midday soii temperatures around 

16 OC (data not shown). Optimum temperature for germination of corn has been found to be 

around 30 OC, with a minimum of 9 OC, below which the process does not occur (Blacklow 

1972, Warrington and Kanemasu 1983). Sudower has an optimal temperature for 

germination of around 25 OC (Gay et al. 199 1) and a base temperature as low as 1 OC (Mwale 

et al. 1994). Therefore, it follows that corn was more responsive to enhanced soi1 temperature 

than sunfiower. 

In experhent R7N 1992, barley had significantly more plants after d o w e r  than 

&er com, particulariy where Paraplow was not used (Table 4.4). Wheat had the sarne trends, 

altbough the Hects of previous crop on plant stands were not sigdicant. Averaged over di 



experiments, wheat plant stands after corn were 9 % lower dian d e r  d o w e r  where 

Paraplow was not passed, whereas no Merence was observed in the other Paraplow 

treatment s (Table 4.3). Despite these ciifferences between treatments with and without 

Paraplow in the eEect of previous crop, the interaction between Paraplow treatment and 

previous crop was not large enough as to be statistically significant in any of the experiments. 

The results in experirnent R M  1992 were observedalthough ODR was higher after corn than 

after sunflower (Table 3.8), and therefore, some factor other than oxygen was involved. Corn 

produced more residue than suntlower and this could have caused more interference with 

operation of seeding machine and reduced soi1 temperature. 

4.3 -2. Root Develo~ment 

4.3.2.1. Rwting Depth 

Rooting depth at the end of tiliering in Rï7V 1992 was less than 20 cm for both wheat 

and bariey and was not affécted by previous crop. Paraplowing signincantly increased rooting 

depth. Maximum rooting depth of wheat at this time was 19.3, 18 -8, 1 7.5 and 16.8 cm for 

treatments ABC, B, A and the control, respectively. Barley roots were shailower than those 

of wheat, and maximum rooting depths were 17.0, 16.3, 15 -5 and 14.8 cm, respectively. 

Below 20 cm depth soi1 moisture content was around 30 and 27 % by weight in mid- 

August and mid-September, respectively (Table 3.6). These moisture contents were well 

above the 20 % level, below which restrictive mechanical impedance would have developed 

in both Paraplow and control treatments in this soi1 (Table 5.6). Therefore, soi1 PR would not 

have been an impediment for deeper growth ofwheat and bariey roots. 

During tillering, air-fiüed porosity below 150 mm depth was always above 15 % by 



volume (assuming that bulk density in 1992 was similar to values reported in Table 3.4 for 

1993), which was higher than the commoniy acceptecf threshold level for root growth of 1 0 

% (Cmel l  and Jackson 198 1). Considering this, lack of oxygen would not have impeded root 

growth either. However, oxygen difision rate, which is the fundamental property defining 

the aeration status of roots (Grant 1993), may have been lirnited by the permanently high 

water content in the upper 150 mm of soi1 (Table 3 -6); by the presence of roots consuming 

oxygen in this upper horizon (Asady and Smucker 1989); and by the low air permeability 

expected for a soil layer with more than 50 % clay (Table Al, Appendix). At the end of 

tillering in experknent R W  1992, both wheat and barley bad a 2-cm increase in the maximum 

roothg depth due to paraplowing, and this may have been related with higher ODR 

Mer tillering, rooting depth in experiment RïN 1992 increased very rapidly, as 

evidenced by the sharp decrease in soil moisture content (Table 3.6, 14 Oct.) and the 

concomitant increase in soil PR (Fig 3.5.d). According to these data, treatments with fd- 

Paraplow would have hduced more root growth at depth than the control. 

4.3 -2.2. Root D e W  

Paraplow treatrnent also significantly affected wheat root length density of both the 

seminal and nodal root components at the end of the vegetative phase in RllV 1992 (Table C7 

Appendix, Fig. 4.2a). The seminal root wmponent accounted for 59 % of total root length 

density. Seminal root length density for treatment O was approximately one half that for 

treatment ABC, and did not dBer fiom treatrnent A The effects of Paraplow on nodal root 

Iength density were similar, although the ciifferences due to treatments were les  dramatic than 

for seminal roots. Total root lmgth density tended to be lower d e r  corn than after sudower, 



although the Werence was not signincant. 

A major &kt of Paraplow on root growth wouid have been through reduction of soi1 

penetnition resistance. Soil mechanical impedance is imown to inhi'bit root elongation (Atwel 

L 993), and penetration resistance (PR) values above 2 MPa are thought to prevent the growth 

of roots that occurs by soi1 matrix deformation (Taylor et al. 1966, Martino and Shaykewich 

1994). In experiment RTN 1992, the moistwe content at which PR equals 2 MPa in the upper 

150-mm of this soil was 17 and 21 % by weight for Paraplow and control treatments, 

respectively (Table 5.6). This irnplies that upon mg, undisturbed soil developed restricting 

mechanical resistance more rapidly than paraplowed soil. Soi1 PR profiles for experiment R 7ïV 

(Fig. 3.5) show that the control treatment had reached PR values of 2 MPa within the top 100 

mm of soi1 very early in the season, whereas treatments with fdParaplow maintained PR 

levels well below this lirnit throughout the vegetative phase. Therefore, the doubting of root 

length density of wheat at the end of tiliering by paraplowing in this experiment (Fig. 4.2) was 

attributed to reduced mechanical resistance. 

In contrast to wheat, barley root length density at the end of tillering in Rï7V 1992 was 

not affected by Paraplow treatment (Fig 4.2b). This observation may be attributed to the 

dissimilar stnitegies followed by these two crop species in response to mechanical impedance 

or oxygen dediciency stresses. Made (1 992) found that a number ofbarley cultivars were able 

to overcome a depression in initial root growth caused by high-compaction conditions, and 

actudy produced more root biomass by the 5-leaf stage than plants grown in loose soil, 

whereas most wheat cultivars experiencing high-strength soil favoured shoot growth at the 

expense of roots. This author did not report data on the effkcts of penetration resistance on 



Figure 4.2. Root length density as &ected by parapiowing (ABC= pnor to every crop; 
B=prior to second crop; A=prior to first crop; O=control) and cropping sequence in 
expriment RZ7V (average of 14 and 30 September 1992). a) Wheat; b) Bariey. 

Sunf Corn Stnf S n f  Corn Surf 

O A B ABC 



root length. Bourge? et al. (1966) had found that when subjected to transient flooding 

conditions five days &er emergence, the shoot-to-root biornass ratio was decreased by 14 and 

43 % for spring wheat and bariey, respectively. 

Near anthesis, soil moisture content in the 150-300 mm soil layer was 18 and 16 % 

for wheat and bariey, respectively, and this difference was sigdicant at p<0.10 (Table 3.6). 

This indicates that root development in advanced crop stages would have wntinued to be less 

affêcted by high soi1 strength in barley than wheat. 

Barley, unlike wheat, had its root length density stroogly a6ected by previous crop in 

R W  1992 (Fig. 4.2). When seeded after corn, barley roots had a length 39 % lower than &er 

d o w e r  @<O.OS, Table C l 2  Appendix). Since barley plant population in this experiment 

was only 21 % lower afker corn than sudower (Table 4.4), this is an indication that root 

growth was even more afEected by corn residues than was crop emergence. Soi1 borne 

pathogens could have caused this effkct, but there is no experirnental evidence to support it. 

Later in the growing season, barley plants seeded d e r  corn compensated for the inÏtial low 

root density by producing more nodal roots per plant than those seeded after sunfiower (Table 

4.6). This also occurred in the other experiments, even where barley plant stands were not 

affecteci by previous crops, suggesting than in these cases, the detrimentai action of 

corn on initial root development would have also occurred. 

Corn root density at the end of the vegetative phase in experiment CI5 was higher in 

Paraplow treatment than in undishirbed soil. This d é e t  was significant (p4.05) between 45 

and 65 cm depth (Fig. 4.3). The Iarge response of corn roots to reduced soil strength has been 

reporteci for Paraplow (Reeder et d. 1993) and other subsoilers (Chaudhary et al. 1 985). The 
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e x t r d y  high value of root axes recorded for treatment without subsoiling at 5-cm depth 

may have been partly due to the presemx ofbermudagrass ( C ' o n  dzctyion L. Pers.) in this 

treatment (see section 4.4.3). The roots of this weed may have been rnistakeniy measured as 

corn roots. 

4.3.2.3. Nodal Root Production in Wheat and B d e y  

Given the fact that most of the min events in SW Uruguay are of very low magnitude 

(Table A2, Appendix), the presence of nodal or adventitious roots is essential for capturing 

this water during advanced wheat and barley crop stages, when soil moisture contents 

normdy becorne very low. The number of adventitious roots per unit area would be a 

measure of this capacity. Paraplowing affécted the production of nodal roots of wheat (Table 

4.5) and barley (Table 4.6). 

Considering individuai wheat plants, the effects of Paraplow treatment were not 

apparently consistent. Treatment O produced the most nodal root axes per plant in R?7V 1992, 

the least in 1993 experiments, and did not m e r  f?om the others in Ci4 1994 (Table 4.5). 

Treatments involving Paraplow tended to produce more nodal root axes per unit area than the 

undisturbed control. On average, wheat produced 6.0,6.2, 5.5 and 4.6 x 103 nodal roots m-' 

in year 1, and 7.1, 7.1, 6.6 and 6.6 x 103 nodal roots m-2 in year 2 in treatrnents ABC, B, A 

and O, respectively. 

The formation of adventitious roots per barley plant was highest for treatrnents 

without Paraplow (A and 0) in 1992 and 1994, and not affectecl by Paraplow in 1993 (Table 

4.6). Regarding nodal roots per unit area, bariey had simüar behaviour to wheat. On average, 

barley produmi 6.0,5 .7,6.3 and 4.5 x 1 d nodal roots m-* in year 1, and 6.2,6.0,5.8 and 5.4 



Figüle 4.3. Root density of corn at different depths at the end of the vegetative phase, as 
affecteci by paraplow (PPLW) in experiment Cl5,28  Jan. 1994. 

Number of root axes cm-2 
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1 +NO PPLW e PPLW OCT 93 1 



x id nodal roots m-* in year 2 for treatments ABC, B, 4 and 0, respectively. 

The evolution of nodal root axes during the growing season was monitored in R7N 

1992. During the vegetative phase, the production of root axes per wheat plant was higher 

@<O. 1 0) with paraplowing than in the control (Fig. 4.4), whereas in barley it was d e c t e d  

by previous subsoiling (Fig. 4.5). The number of adventitious roots per plant increased with 

time util mid-October, near anthesis of the crops. This increase was larger for the control 

treatment than for Paraplow treatments, both in wheat (Fig. 4.4) and barley (Fig. 4.5). At 

anthesis the number of nodal roots per plant was sigmticantly higher (p<0.05) for the control 

than for treatrnent B in wheat (Table C7, Appendix) and barley (Table C 1 2, Appendix). 

The sharp increase in adventitious root initiation observed in treatment O at mid- 

October for both crops would have been in response to stress imposed by drying soil. 

Removal of part of the seminal roots induced an increase in the number of noda root axes in 

barley (Crossett et al. 1975), and wheat (Wiedenroth and Erdmann 1985). The stress hposed 

by hi& mechanical impedance in the control treatment may have caused a d a r  response. 

The m e r  decay of nodal roots recorded in this experiment (4 Nov.) was Likely 

caused by soil surface drying. Crossett et al. (1 975) found that desiccation of the upper 

fiaction of the root system of barley c d  a marked decrease in nodal root numbers, which 

was compensated for by proliferation of deeper roots. The decline in nodal root axes was 

more abrupt in the control treatment O than in subsoiled plots, presumably because roots in 

the former were weaker and shorter. 

The number of adveabtious roots per tiller had the sarne trends with time as the 

number of roots per plant, but in the case of barley, was not affected by paraplowing in the 



Figure 4.4. Nodal root primary axes production during the wheat growing season in 
expriment RTN (1 !HZ), as affecteci by Paraplow and previous crop. Astensks indicate 

ePPLW MAY 92 

+NO PPLW I 



Figure 4.5. Nodal root primary axes production during the barley growing season in 
experiment RiTV (1992), as affêcted by Paraplow and previous crop. Asterisks indicate 
sigdicant ciifferences (** at p<0.05, * at p<O. 10). 

e PPLW MAY 92 
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Both wheat and bariey produced the same amount of nodal root primary axes per unit area 

regardless of preceding crop (Tables 4.5 and 4.6). 

4.3 -3. Grain Production 

4.3 -3.1. Grain Yield 

Paraplowing was effective in improving grain yield in direct-seeding conditions. The 

eE& of Paraplow treatment on grain yield was significant for all crops in all experiments and 

years with the ody exception of wheat in RZV 1992 (Appendk C). Considering only the 

situations where paraplowing was perfomed immediately pnor to seediig, the positive effect 

on yields was significant (FO-05) in 1 1 out of 14 crops (Tables 4.7 to 4.10). 

The major &'kt of paraplowing was to improve the soil physical environment 

(Chapter 3). Therefore, it can be concluded that the structure of the soi1 used in this study was 

restrictive for adequate crop development with no tillage. However, paraplowing rnight have 

also had other secondary &ects which influenaxi finai grain yields. 

Corn was the crop with the highest yield response to the Paraplow (Fig. 4.6). Several 

factors wouid have contributeci to this effkct. Firstly, since this crop has a limited Uering 

capacity, initial plant stand is a strong determinant of the final number of spikes per unit area. 

Therefore, the observed 56 % increase in plant density due to subçoiling (Table 4.1 ) was likely 

responsible for an important part of the effect on yield. Secondly, the ùicreased root 

proliferation recorded in plots with Paraplow (Fig. 4.3) would have allowed a more thorough 

and deeper exploration of the soi1 profile, thus making more water available for the crop. 

Finally, the improved water innltration capacity of the soil due to paraplowing, already 

discussed in Chapter 3, would have also ùicreased the amount of water available for the crop, 



Table 4.7. Effect of Paraplow on grain veld of corn in four experiments. 

Grain yield (tonlha) 

t Means foiiowed by the same letter within coiumns were not different (p<0.05) 

Table 4.8. Effect of Paraplow on grain yield of sunflower in two experiments. 

Grain yiefd (tonha) 

Treatment R T .  Mean 

Paraplow 
ControI 

t Means followed by the same letter within columns were not Merent ( ~ 0 . 0 5 )  



Table 4.9. Effect of Paraplow and previous crop on wheat yield and plant height at harvest in three experiments. 

Plant height at hanlest (cm) 

Paraplow Previouv RTN CI4 Cl3 RTN Cl4  
Treatment Crop 1992 1993 1993 1993 1994 

- - 

ABCI 
ABC 

B 
B 

A 
A 

O (control) 
O 

- - .. 

Corn 80 
Sunflower 80 

Corn 77 
Sunfiower 76 

Corn 75 
Sudower 76 

Corn 76 
Sunflower 75 

ABC ---- 80 a7 92 a ---- 88 a 73 ah 
B ---- 77 nh 88 nb ---- 8 8 0  7 7 a  
A ---- 76 b 85 ah 85 n 88 n 75 ab 
O (control) ---- 76 b 82 b 85 a 84 h 70 h 

---- Com 77 a 87 a ---- 88 a 74 n 
---- Sunflowcr 77 a 87 n ---- 86 n 73 n 

Grain yield (Kg/ha) 

RTN Cl4  Cl 3 RTN Cl4  
1992 1993 1993 1993 1994 

f' Means followed by the same letter within columns werc not differenl (pC0.05) 
$ ABC=prior to every crop; B=prior to second crop; A=prior to first crop 



Table 4.10. Effect of ParapIow and previous crop on bariey yield and plant height at 
harvest in two experiments. 

Plant height at hamest (cm) 
--- -- -- 

Paraplow M o u s  RTN CI4 RIN CI4 
Treatment Crop 1992 1993 1993 1994 

ABC§ Corn 62 77 70 66 
ABC S d o w e r  64 77 67 64 

B Corn 58 77 68 62 
B S d o w e r  58 79 68 62 

A Corn 5 9 68 69 62 
A Sunflower 56 7 1 70 59 

O(canm1) Corn 5 8 62 70 54 
O(wntr01) Sunflower 56 68 68 52 

- - 

- Corn 59a 71a 69a 6 1 a  
- Sunflower 59a 74a 69 a 59a 

Grain yield (Kgha) 

RTlV Cl4 RTN CI4 
1992 % 1993 1993 1994 

t Means followed by the same letter within columns were not different (p4.05). 
f Data correct& for covariabie bird damage. 
SABC=prior to every crop: B-*or to second crop; A-*or to fint crop 



Figure 4.6. Effect of Paraplow on grain yields of corn, sunflower, barley and wheat. Only 
cases where Paraplow was used just before the crop were included. Numbers in parentheses 

CORN 
(4) 

El Control 
O Paraplow 



particuiarly after high-rainfd wents, which were quite fiequent during the vegetative phase 

of the crop (six rains between 24 and 90 mm day"). 

There are at least two factors, other than those related to the soi1 physical condition, 

that may have played a role in the effèct of paraplowing on corn yield. Plots with Paraplow 

generally had lower infestation ofbermudagrass, which was a weed present in ail experiments, 

but most notably in CI3 and C15, where yield increases were the 1argest.hproved soil 

aeration and changes in soil temperature and moisture content caused by parapiowing could 

have trîggered an increase in soil microbiai activity l&g to higher availability of nutrients, 

mainly nitrogen, as shown by Braim et al. ( 1 9û4). This was not assessed in the present study . 

The relatively high fermizer rates used would have minimized this effect. 

Sunûower had in average a 36 % increase in yield due to Paraplow treatment (Table 

4.8, Fig 4.6). Cons ide~g that s d o w e r ,  as corn, grows during the driest Mie of the year in 

Uruguay, the factors discussed above related to root proliferation (which was not measured) 

and water infiltration into soils, would have also operated for this crop. The Iack of effects on 

plant population density of sunflower and on weed infestation (bermudagrass was controlled 

by post-emergence herbicide) mky have been reasons for the lower impact of paraplowing on 

sudower than corn Sojka et al. (1 990) dso showed an 18 % yield increase in sudower due 

to in-row subsoiling in a water-limiting environment. 

In rnost cases, subsoiling aiso increased yields of wheat and barley (Tables 4.9 and 

4.10). However, there were situations where the yields of wheat (RRV 1992 and Ci J 1993) 

and barley (RTN 1993) with paraplowing did not Mer from those without paraplowhg. 

Averaging experirnent s R Z N  and CI 4, wheat yields were 3.5,3.7,3.7 and 3.4 tonha 



for treatrnents ABC, B, 4 and 0, respectively, in year 1; and 4.0, 3.8, 3.5 and 3.1 ton/ha 

respectively, in year 2. Yields of barley for treatments ABC, B, 4 and O were, respectively, 

4.1, 3.9, 3.2 and 2.8 tonha in year 1, and 2.7,2.8, 2.7 and 2.3 todha in year 2. 

The higher yidd increase observed in barîey with respect to wheat (Fig. 4.6) is in line 

with the results obtained by Masle (1992) discussed Ui section 4.3.2.2. When subjected to 

adverse soi1 physical conditions, bariey, as wmpared to wheat, would to a larger extent favour 

rwt  growth at the expense of grain production. When the stress is reliwed, nich as occurred 

in the present work with paraplowing, barley wodd have higher yield increases than wheat. 

The eEêct of previous crop on grain yields was nearly signifiant @<O. 10) only in 

wheat in Rï7V 1992 (Table C7) and barley in CI4 1993 (Table C13). In both cases, yield after 

corn was higher than after nintlower. Even though the effect of previous crop on wheat and 

barley yield was generally not significant, these crops tended to yield more after corn than 

&er sunflower. On average, wheat yields were 3 and 4 % higher after corn than sunfiower 

in year 1 and 2, respectively. The &ect on barley yields was 4 and 5 %, respectively. Higher 

yields after corn than s d o w e r  were ataibuted to improved water infiltration capacity 

(Section 3.3.3.1). 

Given the high energy cost of subsoiling, it is desirable to manmize the time residuality 

of one paraplowing operation. Three of the four experiments reported here have focussed on 

this problem. in experiments RTNand CM, treatments ABC, B and A had a total grain output 

of the crop sequence that was 32, 14 and 25 % higher than the control treatment. The 

Serence between treatmeats A and B was largely due to the fact that summer crops (corn, 

s d o w e r )  were more benefited by paraplowing than winter crops (wheat, barley). The 



relatively srnail ciifference betvmn triple paraplowing (treatmem ABC) and slngle spring- 

paraplowing (treatment A), suggests that the effect of one subsohg operation would last for 

at least two years. This conclusion is also supported by results obtained in experiment C13. 

In ttiis case, totd grain production of four crops grown in two years was increased by a single 

paraplowing by 53 % with respect to direct drilling without subsoiling (Table 4.1 1 ). 

4.3.3.2. Yield Cornponents of Wheat anà Bmley 

The effects of paraplowing on yield components of wheat and barley are shown in 

Tables 4.12 and 4.13. The change in the various wheat yield components caused by 

paraplowing was, on average of all experiments, +9 % (spike density), +3 % (spikelets per 

spike), and + 1 % (kemel weight). Corresponding values for barley were + 16, +6 and -2 %, 

respectively. In both crops the increase in spike density was the most important single factor 

explaining the impact of alleviating soi1 physical compaction. This is in agreement with results 

obtained by Braim et al. (1984) for s p h g  barley, and ffipps and Hodgson (1987) for winter 

wheat . Higher spike density was likely associated with denser plant stands ( 1 6 and 29 % more 

plants for wheat and barley, respectively) and improved mer  survival. 

In the only case where paraplowing did not have any effects on grain yield (wheat in 

Rl7V 1992), spike demity (Table 4.12) was 14 % higher and plant height (Table 4.9) 3 cm 

taller @<O.OS) with than without subsoiiing. This suggests that there was an effect of 

paraplowing which was not reflected in grain yield, very likely because of compensation of 

lower spike number by higher number of grains per spike in the control treatment. 



Table 4.1 1. Plant population densities and grain yields of s d o w e r  and canola in 
experiment Ci3 (1 993/94). 

I?lant population d d t y  
(pl m2 ) 

Treatment Sunfiower Canola Sunflower 1 Canoia 

Head area 
(m2 ha -') t 

Since grain yield was not measured this variable was used as an estirnator. 
# Means foliowed by the sarne letter within coliimns were not dinerent w0.05) 

Grain yield 
(tonha) 



Table 4.12. Effect of Paraplow and previous crop on wheat yield components in three experiments. 

Splke denslty (spikeslm2) 

Paraptow Previous RTN Cl4 Cl3 RTN Cl4 
Treatment Cmp 1992 1993 1993 1993 1994 

mcg 
ABC 

B 
B 

A 
A 

O (control ) 
O (control) 

Corn 
Sunflower 

Corn 
Sun tlower 

Corn 
Sunflower 

Corn 
Sunflowcr 

ABC - 450 ut 407 a - 4 8 4 a  442 a 
I3 - 454a 400a  -- 518a 426ab 
A - 429ab 4 3 9 a  433 a 4 3 6 a  445 a 
O(wntro1) - 398 b 368a 400a  484 o 380 b 

- Corn 4460 3980 -- 467a 415a  
- Sunflowa 419 a 409 a -- 494 o 430 a 

Spike size (spikcletr/spike) 

RTN Cl4 Cl3 RTN Cl4 
1992 1993 1993 1993 1994 

Thousand-kernel welght (g) 

RTN Cl4 Cl3 RTN Cl4 
1992 1993 1993 1993 1994 

f Means followcd by the same lettcr within columns were not djfferent (p4 .05)  
$ABC=prior to every crop; B=prior to second crop; A=prior to first crop 





Paraplowing usually induced increased spike densities of wheat and barley, although 

the efféct was ofken not signifiant (Tables 4.12 and 4.13). On average, wheat had 12 and 7 

% more spikes with paraplowing than the check in year 1 and 2, respectiively. Paraplowing 

increased the spike density of bariey in year 1 ody. The magnitude of the increase was 30 % 

(Table 4.13). 

The size of the spikes, measured as the number of spikelets per spike, was increased 

by Paraplow in experiment Cl-#, but not in Rï7V . Ln C14, wheat spikes were 10 and 5 % 

bigger in Pwp1ow treatment than in the wntrol in year 1 and 2, respectively (Table 4-12), 

whereas in barley the increase was 12 % in both years (Table 4.13). 

The weight of kernels was negatively correlated with the other components, and 

tended to be higher where Paraplow was not used. Howwer, this effect was of low 

magnitude, and was significant only in CI4 1993 for wheat (Table 4-12), and Rï7V 1992 for 

barley (Table 4.13). 

The only yield component that was somewhat aécted by previous crop was kenel 

weight, which tended to be higher fier corn than after sunflower. The Merence between 

preceding crops was significant @<O.OS) in CI4 1993 for wheat (Table 4.12) and Cl4 1994 

for barley (Table 4.13). In these cases, kernel weight after wm was 5 and 4 % higher than 

after sunflower, respectively. These results suggest that the mechanism involved in the 

response to previous crop acted during the later stages of the crop cycle. In this study it was 

found that soi1 water infiltration capacity was lower after sunflower than after corn (section 

3.3.3.1). Water availability would have been a Limiting factor during the grain-filhg period, 

and crops seeded d e r  corn would have received a better supply than after surifiower. 



4.4. CONCLUSIONS 

Paraplowing induceci yield increases in al l  crops tested and in most of the experiments 

conducteci, indicating that crop productivity in direct-seeding systems was affected by soi1 

physical constraints. The response to s u b s u ~ g  depended mainly on the crop being grown, 

on timing of subsoiling, and on the climatic conditions, chiefly the amount of rainfalI, during 

the growing seasons. Weed infestation was also a factor infiuencing the response to Paraplow 

in two experiments. 

Paraplowing increased crop yields by irnproving plant esbblishrnent, root proMeration, 

tiller survival, and by reducing floret abortion. Thethese factors varied with crop, crop 

sequence and year. Plant populations increased due to avoidance of waterlogging, increased 

soi. temperatures, and closer seed to soi1 contact. Root growth was enhanced due to reduced 

soi1 strength, especidy at low moisture contents, improved aeration of the aibsoil, and higher 

water infiltration capacity. Finally, superior tiiier survival and reduced spikelet abortion 

redted fkom higher number of nodal roots per unit area. 

Crops seeded &er corn tended to produce slightly higher yields than those after 

sunflower. This was partly due to the nature of residues left by these crops, but there is some 

evidence that factors related to soil structure would have been important as well. More 

research is needed to assess the effects of crops with contrasting root systems on soil physical 

properties. 

Wheat and bariey had wntrasting responses to adverse soil physical condition. The 

former, when subjected to high soi1 strength decreased root length density in the vegetative 

phase to a larger extent than the lam. During the reproductive stages, both crops d e r e d  



root growth cutbacks, but as evidenced f?om soi1 rnoisture data, bar1ey was still l e s  afFected 

than wheat. Wheat was superior to barley in the ability to produce nodal roots in response to 

a soil stress (such as excess rnoisture in 1993) and this was probably related with the lower 

impact of detrimental soil conditions on grain yield observed in this crop. Assumiog that the 

cultivars used in this study are representative of the species it can be spedated phat wheat 

would be more adapted than barley to grow in adverse soi1 structure. 

One Paraplow treatment irnproved the yields of crops seeded up to two years later, 

and its effects were no difEerent tiom paraplowing before every crop in the rotation. 

Considering the high energy costs of subsoiling, maximum benefit would be obtained by 

paraplowkig on aiternate years. 



5. USING SOIL PENETRATION RESISTANCE TO ESTIMATE SHORT-TME 

VARLATIONS IN S O L  MOISTURE CONTENT 

ABSTRACT 

Soil penetration resistance (PR) variations in the short term are directly related to 

changes in mil moisture content. PR is much easier to measure than soil moisture, and if the 

relationship between the variables for a given soi1 and structurai condition were known, soil 

rnoisture could be conveniently mea~u~ed by means of a wne penetrometer. Saterd thousand 

pairs of soi1 penetration resistance and gravimetric soi1 moistue measurements taken at three 

depths and after different tillage treatments, in three experïments on a silty-clay loam Mollisol 

of SW Uruguay, were used to study the relationship between both variables. Data were 

organized in 14 data sets, each correspondhg to a combination of expriment, soil depth and 

tillage treatment, and fitted to an exponential model. 

In all cases, soil moistue, as well the rate of change in PR with soil moisture, 

increased as PR decreased. When all the data sets were pooled, PR means varied between 0.2 

and 3.1 MPa, as soil moisture varied fiom 3 8 to 15 % by weight. The data was represented 

well by an exponential model, although there was a great deal of random variability around 

the regression curves, due to factors discussed in the text. This random variability tended to 

be lower for dry than for wet soil, and for deep than for shallow soil layers. Validation of 

models indicated that, due to large spatial variability in other soil properties, treatment means, 

rather than individual PR measurements, should be used to predict soil moisture. Linear 

regression anaiyses of predicted on measured soil moishire contents for d experirnents 

yielded intercepts not significantly different fiom zero, and slopes not significantly different 



fiom 1 .O, with ?>O. 69. It was concIuded that PR data should always be reported dong with 

a reference soi1 moisture content. The potential of the PR-soil moisture relationship as an 

indicator of soil quality is discussed. 

5.1 INTRODUCTION 

M e a s u ~ g  soil moisture in the field with standard methods (gravimetric, resistance 

blocks, neutron probes, TDR) can be timeconsuming and tedious, requires disturbing soil by 

digging or installing specid tube-settings, and often does not permit measurements of thin 

depth increments nor nifncient replication to account for spatial variability. On the other hand, 

soi1 penetration resistance (PR) measurements do not disturb soil to a large extent, can be 

made relatively easily, therefore making adequate replication in space feasible; and provide 

information for narrowly spaced depth increments (as srna11 as 0.01 m). 

Soil PR depends d y  on soil texture (Ayers and Penunpral 1982), soi1 particle 

surface roughness (Cruse et al. 198 l), b~& density (Mirreh and Ketcheson 1972) and soil 

moisture content (Taylor and Gardner 1963). The resistance sensed by a cone probe 

penetrating into a soil is the sum of the pressure at the tip of the cone and a fnctional 

component, which includes soil-metal fiction and adhesion. Tip pressure is a fùnction of soi1 

shearing strength -detemillied by cohesion and angle of interna1 fiction- and compressibility 

(Farrell and Greacen 1966). Soil-metal friction can be of high magnitude (Armbruster et al. 

1990) and is offen not reported as a separate cornponent of PR  

Soil moisture content &ects most fàctors deterrnining PR. Cohesion is at its minimum 

in sanirateci soil due to the presence of Eee water in soil pores. As soil moisaire decreases, 

negative water potentials develop, and water held by soil particles acts as a bonciing agent, 



thus increasing cohesion. The contribution of d c  potential to soil cohesion reaches a 

msuUmum at some intermediate soi1 rnoisture content, at which the degree of soil saturation 

is still relatively high. Decreasing degree of saturation by decreasing soi1 rnoisture content 

beyond this maximum value decreases soi1 cohesion (Williams and Shaykewich 1970). In soils 

containhg expansive clay minerds, the increase in bulk density with soi1 drying increases 

whesion (Camp and Gill1969) due to a higher number of contacts between particles per unit 

volume of soii. This counterbdances the decrease in soi1 cohesion expected at lowest moisture 

contents. Soi1 wmpressibdiîy is also highly related to water content (Larson et aL 1980). As 

soil rnoisture increases, the maximum bulk density achieved by a compaction force increases 

up to some water content below saturation. Above this point pore water pressure starts to 

rise, acting against compressive forces, thus reducing compressibiiity (Akram and Kemper 

1979). 

The overall effect of mil moishire on PR depends upon whether the soi1 shnnks on 

drying. If' soil shrinkage and expansion are not involved, the strength parameters and 

compressibility would be the main deteminant of resistance, and the relaîionship would show 

an initial increase in PR with soil moisture, and an exponentia decrease f i e r  a maximum is 

achieved (Ayers and Penimpral 1982). On the other han& if shrinkage is involved, both 

cohesion and fiiction would increase upon dryhg (Camp and Gill 1969) and as a result, PR 

would always decrease with increasing soi1 moisture. 

For a given soÿ short-term variations in soil PR are mostly associated with soil 

moisture changes, since bullc density nomaiiy does not undergo large changes over relatively 

short time periods. Ifthe relationship between soi1 PR and soil moisture content were known, 



then PR data wuld be used to estimate soil moisture contents.This information might be used 

in assessing soil water status and also, as a measure of rwt activity, assuming that short-term 

changes in soi1 moisture content reflect localized water uptake by roots. 

MieIke et al. (1 994) developed empincal models to estimate gravimetric soil moisture 

content nom PR rneasurements over a wide range of soils in laboratory conditions. The power 

hct ion they selected accurately descnied the relationship at hi& soil densities, but showed 

considerable scatter of data when densities fiom a cultivateci field were used. On the other 

hand, Jayawardane and Blackwell(1990) fitted a model estùnating soi1 strength as a iinear 

fiinction of volumetric mil moisture content in field conditions. Their model overestimated 

moisture content in dry soil. 

Severai thousand pairs of mil PR and soil moisture rneasurements were taken at three 

depths and d e r  ciiffient mage  treatments on a silty-clay loam Mollisol of SW Uruguay. The 

information was used to study the relationship between the variables and to assess the 

possibility of predicting soi1 moisture content nom PR detenninations. 

5.2 M A T E W S  AND METHODS 

Several experiments were conducteci during the period 199 1-93 on a silty-clay loam 

(fine, mixed, superactive, therrnic Oxyaquic ArgiudoU, or 'Brunosol éutrico tipico' in the 

Uruguayan clasification) in SW Uruguay (INIA La Estanmela Experirnental Station), to study 

soil compaction effects on crop productivity under zero tillage. Three of these experiments 

(named as R W ,  CI5 and CxT) were selected for the present study. The experiments were 

physically near one another on the same soil type. Selected soil properties for these sites are 

shown in Table A 1. 



5 -2.1 Experïment Description 

Experiments RTN and CI5 were already described in Chapter 3. The third experiment 

(CxT) was set up to shidy the interactions between wheat and barley cultivars and two tillage 

systems (mouldboard plow and zero Mage) on a mil that had been heavily compacted by 

grazing cattle. The experimental design was in complete randornized blocks7 with split-split 

plots. The two mage treatments described above constituted main plots, crops (wheat and 

barley) became subplots and cultivars (four of each crop) were sub-nibplots. Cultivar plots 

were 4 m x 15 m. The experiment was seeded in Juîy 1992. 

5 -2.2 Field ODerations 

In the R77V experiment a the-shank Paraplow was passed to 0.45 m depth on 

October 199 1 (treatment A), May 19% (treatment B), on both dates (treatment ABC), or not 

used (treatment O). Shanks were separated by 0.5 m. Corn cv. 'Estanniela Bagual' or 

sudower cv. 'Estanniela Yatay' were seeded after subsoihg in October. A Semeato PS-8 

direct-drilling, tripledisc seeder was used to plant the crops. Wheat cv. 'Estanzuela Benteveo' 

and barley cv. 'Estanzuela Quebracho' were seeded in July 1992 by using a Semeato TD-220 

direct-drifling, triple-disc seeder. 

The same Paraplow was used in experiment C15. Subsoiling was performed on 7 Oct. 

1993. Corn cv. 'Estamela Bagual' was seeded on 25 Nov. by using the Saneato PS-8 drill 

mentioned above. 

in experiment CxT a mouldboard plow was passed on March 1992 to a depth of 20 

cm. The seedbed was prepared by two passes of disc implements. Both conventional and zero 

tillage treatments were seeded in July 1992. 



5 -2.3 Penetration Resistance Determinations 

PR was measured by using a Riniik CP10 hand-held recording cone penetrometer. The 

cone used had an included semiangle of 15 O and a base diameter of 12.8 mm. PR was 

recordeci up to the 450 mm depth in 15-mm increments. Raie of penetration was about 10 

mm s". The nurnber of replicates varied among sampiing dates, but was usuaiiy between two 

and four per plot. In both Paraplow experiments, half the measurernents were taken on the 

Wtops, and haIfon the depressions associated with Paraplow passes. In the CxT experiment, 

determinations were randomly distriiuted within main plots. Four sets of PR data 60m 

experiment R W ,  four fiom experiment CI5, and two tiom experiment CxT were used in the 

present study, each fiom one of the following sampling dates: 27 July, 17 Aug., 17 Sep., and 

14 Oa., 1992 (Rm experiment); 6 Oct. and 23 Nov. 1993, and 20 Jan. and 13 May 1994 

(CI5 experiment); and 17 July, and 7 Oct. 1992 (CxT experiment). 

PR values were tested for autocorrelation with depth. When autocorrelation was 

detected, data were correcteci according to the procedure described in Chapter 6.  Corrected 

PR values were used to study their relation with soil rnoisture. 

5.2.4 Soil Moisture and Bullc Densitv Determinations 

At the same time as PR soil moisture was meanired by the gravimetric method. Soil 

wres were taken fiom a distance within 0.1 m fiom the PR meastuement points. A truck- 

rnounted Concorde mechanical corer Liarnessed with 45 -mm-intemal-diamet er tubes was use& 

On two occasions (7 and 14 Oct. 1992 samphgs), soil wres were extracteci from the same 

spots where PR was rneasured- Sampling depths were fiom O to 150; 150 to 300; and 300 to 

450 mm. On both 7 and 14 Oct. samples nom the 300-450 mm depth codd not be taken 



because the soil was too dry to hoduce the probe. Soil samples were hermetically aored in 

alumiaum containers, taken to the laboratory, weighed, dned at 105 OC for 48 hours, and 

weighed again. Soil moisture content was dculated on a weight basis. In the CI5 experiment, 

soi1 bulk density was estllnated in the same samples by dividing the dry soil weight by sample 

volume (23 9 cm3). 

5.2.5 Model Used to Descrie the Relationshi~ between Soil Moisture and PR 

Three soil layers were considered in each samphg point, with centres at the following 

depths: 75, 225 and 375 mm. Each PR value was estirnated as the average of three most 

inmediate depths (60,75 and 90 mm were used to estirnate PR at 75 mm; 2 10,225 and 240 

mm were used to estimate PR at 225 mm; and 360,375 and 390 mm were used to estimate 

PR at 375 mm). Each of these PR averages was paired with the corresponding soil moishlre 

values. Data were fitted to the following empirical model: 

where P is the soi1 PR (in MPa), w is the soil moishire content (in percent by weight), u,,,,, is 

an arbitrary soil moisture content slightly lower than the minimum observed value (in percent 

by weight), and a, b, and c are empirical constants. 

The coefficient a is the maximum possible value of P, or P corresponding to Wmn- 

Since w,, is somewhat arbitrary, a can not be thought of as a constant for a given soil, unless 

a fixed, reference w,, is used. 

Both b and c (&O, c X )  are the parameters affecting the rate ofchange in PR with soil 

moisture as well as the shape of the cuve. As b increases (gets closer to O), the rate of change 



of PR with soil moisture (the slope of the curve) decreases. When 6-0, P becames 

independent of W. Therefore, very low b values indicate high sensitivity o f f  to changes in soit 

moisture. HI& c values afso detennine a steep change of P with soil moisture, and low P in 

wet soil. When c tends to O (the fiindon does not exist at c d ) ,  then P becomes independent 

of w, taking the value a 8. In the particuiar case w here c= 1, the fiinction can be made hear 

by the transformation: W = Ina + bw. 

Be*uise b is a linear coefficient, it has the same influence on the relationship between 

w and P at any w level. The influence of c on the other hand, becomes more important as w 

increases. At low moisture contents the effèct of c is almost negligible, and b is the main 

fàctor governing the rate of change in P with W .  in wet soil the effect of c becomes dominant, 

and soils with high c values d l  have low PR lwels when wet, regardless of b. 

5.2.6 Procedure for Mode1 Fittinp, and Validation 

A Merent model was estimatecl for different combinations of soil layers and tillage 

treatments in each experiment . In the RlNexperiment soi1 moisture content values at 3 75-mm 

depth showed little variability and were pooled with the 225-mm soi1 depth data to estimate 

the model. In the CxT experiment, data at 3 75-mm depth were not considered because very 

few points were available and they did not seem to fit the same relationship as in the 225-mm 

soil depth. 

The foilowing 14 data sets were used to estimate the models: 1) RTN expriment: a) 

Treatments B and ABC pooled, 75-mm depth; b) Treatments B and ABC pooled, 225- and 

375-mm depths pooled; c) Treaîments A and O pooled, 75-mm depth; and d) Treatments A 

and O pooled, 225- and 375-mm depths pooled. 2) Ci5 experiment : a) Paraplow, 75 mm; b) 



Paraplow, 225 mm; c) Paraplow, 375 mm; d) Control, 75 mm; e) Control, 225 mm; and f) 

Controi, 375 mm 3) CxT experiment: a) Mouldboard plow, 75 mm; b) plow, 225 mm; c) 

Zero tillage, 75 mm; and d) Zero tiliage, 225 mm. 

nie coefficients were estimateci by the non-linear least squares Gauss-Newton 

method, using the SAS NLM Procedure (Sas Lnsbtute 1985). The boundary conditions were 

H O  and c X .  

Once the coefficients were estimated, the equation above was transformeci to estirnate 

w kom P: 

The derivative of the equation was used to estimate the rate of change in P with w at 

any given w level: 

Predicted soil moisture contents were denved fkom PR and compared with the 

correspondhg measured values by means of a hear regression analysis. This operation was 

performed in two ways: a) by using individual PR values; and b) by using PR treatment means 

for each depth and sampling date. 

5.3 RESULTS 

The sarnpling dates selected in the three experirnents covered a wide range of soil 

moisturt contents and PR' s (Tables 5.1,5.2 and 5.3). In experiment R ZN, PR increased with 



Table 5.1 Numba of pairs (n) and mean and extreme (in parentheses) d u e s  of soil moisture 
and PR for each sampling date and treatment-depth combination in experiment R7U 

Tcwktment Depth (mm) Date n PR ( M W  w (%) 

O-A 75 27 Jd. 1992 32 1.0 (0.5-1.7) 28 (24-34) 
O A  75 17 Aug. 1992 32 1.4 (0.5-2.3) 25 (20-35) 
0.A 75 17 Sep. 1992 48 1.8 (0.9-3.1) 27 (21-33) 
QA 75 11 Oct. 1992 24 3.1 (1.44-4) 15 (13-18) 

0.A 225/375 27 Jul. 1992 64 1.2 (0.6-1.8) 30 (23-34) 
O.A 225i375 17 Aug. 1992 64 1.3 (0.7-1.9) 30 (19-36) 
O.A 225/375 17 Sep. 1992 48 1.4 (0.5-2.6) 23 (19-29) 
O A  225/375 14 Oct 1992 24 2.9 (1.44.1) 17 (13-22) 

B. ABC 75 27 Jui. 1992 32 0-8 (0-4-1.1) 29 (26-34) 
B. ABC 75 17 h g .  1992 32 1.2 (0.5-2.0) 25 (17-31) 
BABC 75 17 Sep. 1992 48 1.2 (0.5-2.7) 27 (18-37) 
B,ABC 75 14 (kt- 1992 24 2.4 (0.54.3) 16 (13-18) 

B. ABC 2251375 27 Jui. 1992 64 l.l(O.5-1.7) 31 (25-35) 
B,ABC 225/375 17 h g .  1992 1.0 (0.3-1.7) 30 (19-37) 
B,ABC 225B75 17 Sep. 1992 48 1.4 (0.5-2.6) 24 (20-33) 
BABC 225/3 75 14 Oct. 1992 24 3.1 (1.44.5) 16 (14-20) 



Table 5.2. Number of pairs (n) and mean and extrerne (m parentheses) values of soi1 moisture 
and PR for each sampling date and treatment-depth combination in experiment ClS.  

Paraplow 
Paraplow 
Parapiow 

Parapiow 
Parapiow 
Faraplow 

Parapiow 
Paraplow 
Parapiow 

Coniroi 
Control 
Control 
Control 

Control 
Control 
Control 
Control 

Control 
Control 
Control 
Control 

23 Nov. 1993 
20 J a n  1994 
13 May 1994 

23 Nov. 1993 
20 J a n  1994 
13 May 1994 

23 Nov. 1993 
20 Jan, 1994 
13 May 1994 

6 (3% 1993 
23 Nov, 1993 
20 Jan. 1994 
13 May 1994 

6 Oct. 1993 
23 Nov. 1993 
20 Jan. 1994 
13 Mây 1994 

6 Ckt. 1993 
23 Nov. 1993 
20 Jan 1994 
13 May 1994 



Table 5.3. Number of pairs (n) and mean and extreme (in parentheses) values of soi1 moistue 
and PR for each sampling date and treatmentdepth combination in experiment CxT. 



the as soi1 became drier, partidarly between 17 Sep. and 14 Oct. samplings. At 75-mm 

depth, PR means ranged between 1 .O and 3.1 MPa for undisturbed soii, and from 0.8 to 2.4 

MPa for paraplowed soil. Soii moisture was very similar for both treatments, ranging fiom 29 

to 15 %. At the deeper soil layers, PR meam did not m e r  between treatments, and ranged 

fiom 1.1 to 3.1 MPa, while soil moisture decreased f?om 3 1 to  16 %. 

In the CI5 site, soil moisture fluctuated during the sampling penod, showing a 

minimum on 20 Jan., except for Paraplow treatment at 75-mm depth, which had nearly double 

the moisture content recorded in any other depth-treatment combination on this date. 

merences between tillage treatments either in PR or soii moisture were evident up to the 20 

Jan. sampling, tendhg to disappear thereafter. PR ranges for paraplowed treatments were 

usuaily narrower than for control, particularly at the 75-mm depth, where they were 0.8- 1.4 

and 1.3-2.5 MPa, respectively. Soil moisture ranges at this depth were 27-38 and 18-30 %, 

respectively. Differences at deeper horizons were generaiiy of lower magnitude. 

The third experiment (CxT) showed the least variability in soil moishire content, with 

means ranging between 23 and 35 %, considering al1 depths and treatments. In spite of this, 

PR varied markedly among sampling dates (from 0 .2  to 2.8 MPa). A strong treatment effect 

was also evident. 

The relationships between soil rnoisture content and PR for each soii depth and tillage 

treatment combination showed that in all cases, as soi1 moisture increased PR decreased. The 

rate ofchange in PR with soil moisture also decreased as soi1 moisture content increased. Data 

were well represented by the mode1 selected (p<O.O5) in ail cases, although there was a great 

deal of random variability around the curves fitted, as revealed by the width of the 95 % 



confidence intervals @gs. 5.1, 5.2 and 5.3). This randorn variability tended to be lower for 

dry than for wet soil, and for deep than for shallow soil layers. 

The magnitude of these coefficients varied greatly &om site to site (Table 5.4). 

Overail, the RZ7V site had the Iowest w,, the highest a values, and the lowest b values. On 

the other hand, the CxT site presented the highest w,, lowest a, and highest b values. The 

coefficients were not independent of each other. Considering ail 14 rnodels together, high w , ,  

values were associated with low a and high b values, and vice versa. There was a close 

relationship between b and c. The relationships between coefncients depended on whether the 

soii was disturbed or not (Fig. 5.4). Each depth at each site had a distinct set of mode1 

coefficients describing the &ect of soi1 moishire on PR (Fig. 5 S). 

The a coefficient tended to be higher in undisturbed than in disturbed soc with two 

exceptions (R7N experiment at 75 mm, and CI5 experiment at 375 mm) (Table 5.3). It also 

tended to increase with depth, particularly where the soii was dishirbed either by mouldboard 

plow or by Paraplow. In both cases, the high a values observeci in disturbed soil were 

compensateci for by low b values (-0.47 and -1.10, respectively), which resulted in a steep 

decrease in P with increasing w above w,,,,. 

Sorne notable points in the estimateci soil moisture-PR nirves are show in Table 5.5. 

The water content at which P-2 MPa and the derivative of the equations at this water content 

were generally higher for undisturbed than for disturbed soil, and showed no clear trend with 

soi1 depth. The maximum soil moisture content recorded in deep soii horizons was lower in 

undistubecl than disturbed soii in Cf5 and CxT sites. 

Cornparisons between measured and estimateci soil moishire contents are presented 



Figure 5.1. Relationship between PR and soi1 moisture content for different combinations of 
mil Iayers and Paraplow treatments in Rli?rarperiment. a) treatments O and 4 depth 75 mm; 
b) treatments O and A, depths 225 and 375 mm; c) treatments B and ABC, depth 75 mm; and 
d) treatments B and ABC, depths 225 and 375 mm. The curves represent the mode1 Wed and 
the 95% interval of confidence. 
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Figure 5.2. Relationship between PR and soi1 rnoisture content for dïEerent combinations of 
soil layers and Paraplow treatments in Cl5 experiment. a) Paraplow, depth 75 mm; b) 
Paraplow, depth 225 mm; c) Paraplow, depth 375 mm; d) Controi, depth 75 e) Coatrol, 
depth 225 mm: and f) Controi, depth 375 mm. The m e s  represent the mode1 fitîed and the 
95 % interval of confidence. 
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Figure 5.3. Relationship between PR and soil rnoisture content for different combinations of 
s d  iayers and tillage treatments in CxT experiment. a) Conventional tillage, depth 75 mm; b) 
Conventionai tillage, depth 225 mm; c) Zero tillage, 75 mm; and d) Zero tillage, depth 225 
mm. The cuves represent the mode1 &ted and the 95 % intemal of confidence. 
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Table 5 -4. Coefficients caiculated for each of the 14 models. 

Experiment Trieritmeat Deptb (mm) n a (MPa) b c W* (%) 

RTN O. A 75 128 4.2 4.18 0.697 13 
RTN 0.A 225f375 187 7.1 4-73 0.3 14 14 
RE%' B. ABC 75 135 4.7 4.47 0.439 13 
Rm B.ABC 225/375 199 6.3 -0.49 0.454 13 

CxT CT 75 24 2.0 -0.13 1-13 23 
CxT CT 225 24 2.7 -0.003 2.52 20 
CxT ZT 75 24 3.8 -0.09 1.14 19 
CxT ZT 225 23 3.9 -0.0 1 1.88 17.5 



Figure 5.4 Relationship between coefficients of the models descnbing the &ect of soil 
moishire on PR a) a and wmin; b) b and a, c) c and 6. Data were divided into tho groups: 
disturbed (mcluding CT and Paraplow treatments) and undisturbed (mcluding ZT and Control 
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Figure 5.5 Curves descnibhg the relationship between soi1 moisture and PR in undisturbed 
soü for Merent sites. a) 75 mm depth; b) 225 mm depth (229375 mm in R7ZV). 



Table 5.5. Selected mil properties d&ved fkom the PR-soil moisture m e s  for each of the 
14 models in this study. 

D e ~ t h  w, w (%) for w (%) for w,, dP/dwfor 
Erperhent Treatmeat (mm) (%) -2MPa PLlMPa (%) w ( F 2 )  

RTN O. A 75 13 21 3 3 35 -0.15 
RTN 0.A 2251375 14 20 36 36 -0.15 
RTN B.ABC 75 13 17 28 37 4 .19 
R7X B.ABC 225/375 13 20 3 1 37 -0.16 

CI5 Paraplow 75 18 19 32 33 -0.23 
CI5 Paraplow 225 15 17 25 3 9 -0.25 
Cl5 Parap10w 375 12 13 35 37 4.54 
Ci5 Control 75 14 24 >42 32 -0.06 
Cl5 Conml 225 16 21 >37 37 4 .12 
Ci5 Conml 375 16 22 >30 30 -0.12 

CxT CT 75 23 23 27 3 7  4.23 
CxT CT 225 20 26 30 35 4.23 
CxT ZT 75 19 25 30 33 -0.26 
CxT ZT 225 18 26 3 1 3 1 -0.28 



in Figs. 5.6,5.7 and 5.8. In aü three sites, when treatment means were u s a  linear regression 

anaiyses (Table 5 -6) indicated that intercepts and slopes did not sïgnifïcandy dBer fiom O and 

1, respectively @<O.OS) with coeflicients of determùiation higher than 0.69. When pairs of 

idhidual PR and soil moistue measurernents were used, dispersion of points was generally 

higher, and in one case (Rm the slope was signincantly lower than 1. In both Rl7Vand CI5 

sites, in the region of wet soil, the models overpredicted at extremely high soil moisture 

contents (Figs. 5.6a and 5.7a). This problem was corrected by using treatment means instead 

of individual rneasurernents. 

The d y s i s  of the interaction of buk density on the relationship between soil 

moisture and PR did not reveal any particular effect. Pairs of data with high and low bdk 

densities seemed to fit in the same curves for each soil depth and treatment combination. In 

the 75-mm depth the higher PR'S were associated with higher bulk densities, but both groups 

of data (hi& and low bulk densities) seemed to belong in the same generd curves (Fig 5.9). 

5.4. DISCUSSION 

The model adequately described the relatioaship between w and P for the soil used in 

this study. This conclusion is supported by two pieces of evidence: 1)  data fitness to model 

was always statistidy significant, and b) the hear regression analyses of predicted on 

measured soi1 moisture content resulted in slope=l and intercm in the three sites. 

Soi1 strength depends on soi1 water potential rather than on percent rnoisture by 

weight or volume (Wiiams and Shaykewich 1970). However, gravimetric soil moisture 

content is easier to mesure in the field, and is proportional to water potential for a given soi1 

type - mage treatment - soi1 depth combination. Therefore, for developing empirical 



Figure 5 -6. Cornparison between estimateci and measured soi1 moisture content in experhent 
R W -  a) moisture values derived f?om individual PR measurernents (1649); b) moisture 
values calcuiated kom treatment means (n=40), each mean being the average of 8 to 32 PR 
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Figure 5.7. Cornparison between estunated and measured soi1 moisnire content in experiment 
CI5. a) moisture values derived fiom individual PR measurements (n=300); b) moisture 
values calculated fiom treatment means (n=24), each mean king the average of 3 to 21 



Figure 5.8. Cornparison between estimatexi and measured soi1 moisture content in experiment 
CxT. a) moisture values derived fiom individual PR measurements ( ~ 9 6 ) ;  b) moishire values 
calculateci fiom treatment means (n=24), each mean being the average of 2 to 5 penetration 
resistance meaSuTernents. 



Table 5.6. Lùiear regression analysis of estimated on measued soil rnoisture contents for 
each site. Values in parentheses are standard erron. 

Erperimeut Data Used n Intercept Slope Standad E m r o f  ij 
Estimate 

- - 

RlN IndMdualPaus 649 7 (6) 0.82 (0.06) 8 0.23 
R77V Treatment Means JO 0 (3) 1.0 (O. 1) 4 0.70 

CI5 InbMQalPalls 300 3 (3) 1.1 (O. 1) 13 0.17 
Cl5 Treatment Means 24 -3 (3) 1.1 (0.1) 3 0.83 

CxT IndMdualFàirs % 3 (2) 0.91 (0.06) 2 0.74 
CxT Treatment Means 24 O (3) 1.0 (O. 1) 2 0.69 



Fipu-e 5.9. Effect of soi1 bulk density (above and below median buk density) on the 
relationship between PR and graMmelnc soi1 moisture content for each combination of soii 
depth and subsoiling treatment in expeciment C15: a) Paraplow, 75 mm; b) Paraplow, 225 
mm; c) ParapIow, 375 ami; d) ControI, 75 mm; e) Control, 225 mm; and f) Control, 375 mm. 
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relationships, gravimetric soi1 moisture can be convenientiy used. 

The relationship between soi1 moisture and PR has been described by various types 

of models, including hear (Gerard et al. 1 982. Jayawardane and Blackwell 199 1 ), inverse 

b a r  (Henderson et d. I988), inverse quadratic (Ayers and Perumpral 1 982) second-degree 

p o l y n o d  (Mirreh and Ketcheson 1 972), and power (Mîelke et al. 1994) hctions. Most of 

them, with the exception of the inverse quadratic hct ion,  are not adequate to describe the 

relationship in the whole range of soi1 moisture contents obsened in soils, which shows an 

increase in PR in the region of dry soil, followed by a sigrnoidai decrease with uicreasing suil 

moishire. 

As stated above, the fiuidarnental property determining mil strength is water potemial 

rather than percent moistue. The latter is usually expresseci as a function of the logarithm of 

water potential (Gupta et al. 1989), and for this reason, the exponential f ict ion selected in 

Our study would be more appropriate than the inverse quadratic modei, which is purely 

ernpirical. The exponential hc t i on  has the additionai advantage over the inverse quadratic 

that the coefficients a, b and c cm provide direct information about maximum PR, rate of 

decrease of PR with soi1 moisture in the dry-soil range, and magnitude of PR in the wet-soi1 

range, respectively. One advantage of the inverse quadratic mode1 is that, unlike the 

exponential, it describes the decrease in PRexpected when soil moisture decreases below w, 

In the experiments reporteci here, such decrease was not observed. 

One major drawback of the approach used here is that sampling dates were scattered 

in a thne span of 10 weeks <R W and CxT) to 7 months (CI5). If soi1 consolidation occurred 

during the time it took to complete ail measurements in one site, PR would have tended to 



increase with tirne. This may have ocumed after soil disturbance either by conventional tillage 

or Paraplow. To avoid this problem, a shorter sampling period would have been desirable. 

in the cases where the 6rst measurernents were performed in the wettest and the last 

in the driest soil condition (RMand CxT), part ofthe increase in PR with decreasing moisture 

content could have been due to soil wnsolidation. The relatively high value of a in experiment 

R77Vfor Paraplow tresttment at 75-mm depth couid be evidence of diis effect. In the CI5 site, 

where soil moisture content was variable dong the sampling periods, consolidation would 

have caused increased random variabiiity. The higher variabihy around the fitted m e  for 

Paraplow treatment with respect to the control observed in Fig. 5.2 seems to support this 

point. 

The reiativeiy large dispersion of points around the Wed curves (Figs. 5.1, 5.2 and 

5.3.) wuid have been due to a number of rasons besides the consolidation effect: a) 

gravimetric soi1 moisture contents measured in 15-cm-deep soi1 wres were paired with PR 

meastueci in 3-cm soil layers and this may have been a source or error where soii moisture 

content varied markedly within the soil core; b) gravhetric moisture content and PR were not 

taken exactly on the same soi1 spot, except for 7 and 14 Oct. 1992, and PR is known to be 

highly variable withUi short distances in space (Selim er al. 1987); c) heterogeneity induced 

by Paraplow or other factors, which may have caused spatial variabiiity in soi1 structure; and 

d) at high moisture contents PR becornes relatively independent of soil moishue content, and 

therefore, variations of PR in this range may have not been associateci with variations in 

percent water. 

Considering al1 14 situations represented in Figs. 5.1 to 5.3, dispersion of points 



around the estimated ames was lowest for tilled soil, which probably represented the most 

homogeneous soi1 condition. In generaI, deeper soil layers had les random variability than 

surface soi1 layers, very likely for the same reason (mil is more heterogeneous at depth than 

near the soi1 d a c e ) .  Paraplowed treatments near the soil d a c e  had the greatest variation 

in PR not explained by soi1 moisture statu. This is in agreement with the fact that Paraplow 

induces a large degree of variability in soi1 structure. 

The empirical coefficients a, b and c (Table 5.4 and Fig. 5.5) were sensitive to 

variations in site, tillage treatment, and soil depth. The fact that mode1 coefficients varied 

markedly among sites, and to a iesser extent within sites, and considering that all three sites 

were on the same soi1 type, suggests that the relationship betweai soil moisture and PR may 

have been more affected by soil physical condition determined by factors other than tillage 

(e.g. previous land use). Thus, one could characterize the soil moisture-PR curve for a given 

site and use it for prediction purposes with certain degree of confidence, even if the soi1 

condition is modified by tiIlage or any other mems. However, the observation that the 

relationships between these coefficients varid according tu suil disturbance (Fig. 5.4), 

indicates that tiliage effects, even being only minor, can also be detected by the soil moishue- 

PR curve. 

The silty-clay-loam soii used in this study contains some expanding clay minerals and 

tends to shrink upon drying. For this reason, this soi1 is expected to show sharp increases in 

PR as soi1 gets dner. Soils with higher clay contents would show higher o values because of 

their high cohesion, and these high a values would be Lely associated with steep decrease in 

PR with soi1 moisture, Le., Iow b vdues. On the other hand, coaser t e W  mils would have 



lower a and high b values because of their iow cohesiveness. 

The models developed in the present study may be used to make inferences about the 

non-limting water range W e y  1985) for different soil Iayers and tillage treatments. PR b e l s  

above 1 MPa wodd restrict root growth into soil aggregates, and those above 2 MPa would 

cornpieteiy stop it (Taylor et al. 1966, Martino and Shaykewich 1994). Soil moisture content 

when PR equals these critical b e l s  can be used as an indicator of soi1 structural quatity. At 

ail three sites, undisturbed soil generaüy showed higher moishire contents at 1 and 2 MPa than 

disturbed soil, independent of soil depth (Table 5.5.)  The rate of change in PR with soil 

moisture at PR=2 MPa, which indicates the ease witb which the soil overcomes high 

mechanical impedance by wetting, was higher for Paraplow than control in R7iV and CI5 

sites, and higher for ZT than CT in CxT site. lidaximum observed soil moisture content (w,,,d, 

which was generaily ùigher for disturbed mil, can be taken as an indicator of water infiltration 

capacity, suice rainfall was abundant in dl t h e  cases. The Merence between w,, and soil 

moisture at PR=2 MPa would be a measure of the usable-water holding capacity. 

The same data used for estimating the coefficients in the models were used for 

validation. Ideally, the models should have been evaluated by using other sets of data, but 

such data were not available. Validation showed that PR wuld be used to estimate soil 

moisture changes in the short tem in the soil used in this study. It can be speculated that tbis 

conclusion could be extended to soils with large rates of change in PR with soi1 moisture, Le., 

soils with hi& cohesion. 

Further study is required to determine minimum nurnber of replicates required for 

estimating soil moisture in a given soîl; and to assess to what extent goodness of fit of the data 



could be improved by measuring both variables on the same soil spot, and at smaiier depth 

intervals. 

5 -5 CONCLUSIONS 

PR as a tool for determinhg soi1 compaction status or mechanicd impedance for root 

growth, ifmeasured without reference to soi1 moisture content, is meaningless. Variation in 

PR due to soil moisture is of much higher magnitude than that due to tillage treatments. The 

PR-soil moishue cuve would be a more usefùl indicator of soil structure than a single 

detennination of PR 

Cone PR could be used as an estllnator of soil moisture content for the silty-clay loam 

of this study, provideci a previous calfiratiori for each soil layer is made, and that soil structure 

does not change significantly between the tirne of diration and the tirne of measurernent. 

A large nurnber of repliates is necessary to achieve reasonable acwacy, particularly when 

the soil is in the high moishire content range. 



6 .  OCCURRENCE AND CORRECTION OF AUTOCORRELATION ACROSS S O L  

DEPTHS IN PENETRATION RESISTANCE MEASUREMENTS 

ABSTRACT 

Cone probes ofstatic penetration have becorne standard instruments for meaniring soil 

mechanical impedance to root growth and for detectllig compacteci soii layen. Penetrometers 

usuaily record resistance values at depth increments as low as 0.0 1 m. However, such fine 

resolution may be invalidated if autocorrelation across soil depths occurs. Several penetration 

resistance (PR) data sets fkom Mage experirnents on a silty-clay loarn in SW Uruguay were 

used to assess the extent of autocorrelation, and to correct measured values. PR data were 

fitted to hear models hcluding experimental design effects, and a third-degree fùnction of 

soîl depth as covariable. Simple and multiple linear regression analyses of residuals at every 

soil depth on residuals at soi1 layers above, spaced every 15 mm, were used to recalculate 

residuals and estimate corrected PR'S. 

When considering all depths simultaneously, unidirectional autocorrelograrns showed 

ranges of 90 to 180 mm. The deeper the soi1 layer wnsidered, the greater was the distance 

over which the dependence of residuals extended. Multiple regression analyses identified 

signifiant effects of up to three lag distances (45 mm). Regression coefficients were highest 

when PR decreased with deptb, independentiy of PR level. Two hypotheses, based 

respectively on variable speed of penetration and downward soii displacement, were 

formulateci to account for this observation. The Merence between corrected and measured 

PR'S was generally low. It was concluded that PR data should be checked for autocorrelation 

whenever abrupt decreases in PR with depth are expected. 



6.1 INTRODUCTION 

Cone probes of static penetration have becorne standard instnimerrts for measurùig soil 

mechanical impedance to root growth and for detecting wmpacted soil layers. Available 

penetrometers are capable of recording resistance values at depth increments as srnail as 0.0 1 

m, to a maximum depth of 1 m. 

As a penetrometer is pushed down into the soi4 the volume of the cone is 

accommodateci by cornpressing the swrounding soil. The volume of soi1 subjected to 

deformation can be spherkal, with radii up to ten times the probe radius, for blunt (included 

semiangle of 30") probes (Farrell and Greacen 1966), or cyhdricai for sharp (included 

semiangle of 5 O )  probes (Greacen et aï. 1968). Because more pressure is required to form a 

compacted sphere than a cyhder, point resistance tends to be higher for blunt than for sharp 

probes (Bengough and M u h s  199 1). The fundamental property one would k e  to determine 

is the point resistance. However, rneasured penetration resistance is the sum of point 

resistance, and a fnctional wmponent, the latter being higher for sharp probes due to a larger 

contact arm between cone and soii. 

Bimt cones compact the soil in the path of the probe, creating a body of soil that rnoves 

ahead ofthe probe, thus artificidy hcreasing the fictional resistance offered by the soil at the 

depths below. To rninimize both soil-metd and soil-soi1 fnctional interferences, cones of 

medium included semi angles are of widespread use. Koolen and Vaandrager (1984) and 

Voorhees et al. (1 975) have f o d  th& lowest cone resistance occurs at semi angles between 

15" and 20". 

The speed at which the cone probe is introduced into the soil is anather factor affecting 



the measured resistance, since soil compression is a tirne-dependent process. Slowly moving 

probes would dow the soil particles being stressed to rearrange and transmit the pressure to 

particles located further away. Thus, one expects a more representative measurement with 

slow than with fast penetration. Also, the probe causes tende failure, which relieves stress 

at 'the tip, and this is dso tirnedependent. Waldron and Constantin (1970) and Voorhees et 

ai. (1975) demonstrated this effkct of speed for slowly rnoving (less than 1 mm/min), fine 

probes. Bradford et al. (1 971) concluded that the &kt was negligible when fine probes were 

driven into the soil at speeds higher than 1 d m i n .  Freitag (1968) demonstrated that 

penetration speed increased cone resistance in fine-grained soils. 

Cone penetration resistance at a given depth is not independent of that at nearby depths. 

This autocorrelation effect has been shown to occur by O'Sullivan et ai. (1987) and 

Christensen et al. (1989), and may be associated with the ways in which petrometers 

deform the soil and the effect of varying speed of penetration as discussed above. The 

occurrence of autocorrelation may affkct the accuracy of measurements taken at short depth 

increment S. 

Soil penetration resistance measurements were performed at various times in tiliage 

experiments cmied out on a silty-clay-loarn Mollisol of SW Uruguay. Several sets of these 

deteminations, taken in a wide range of soil moistue conditions, were used to assess the 

extent of autocorrelation across depths, and to correct observed PR values. The results of this 

study are presented in this paper. 

6.2 MATERIALS AND METHODS 

Several experiments were conduaed during the period 199 1-93 on a siity-clay loarn 



(fine, mixed, superactive, thermic Oxyaquic Argiudoll, or 'Brunosol ANico tipico' in the 

Uruguayan classification) in S W Uruguay (INIA La E s t m e l a  Experimental Station), to 

study effects of soil compaction on crop productivity under zero tiilage. Three of these 

experiments (named as RZV, CI4 and CxT) were selected for the present study. The 

experiments were physically near one another on the same soi1 type. Selected soil properties 

for these sites are shown in Table Al. 

6.2.1 ExDeriment Descri~tion and FieId O~erations 

The experiments Rl7V and CI4 and field operations perforrned on them were descn'bed 

in Chapter 3. Experiment CxT was descnbed in C hapter 5. 

6.2.2 Penetration Resistance Determinations 

P e n d o n  resistance (PR) was measured by using a Rimik CP 1 O hand-held recording 

cone penetrometer- The cone used had an included semiangle of 15 O and a base diameter of 

12.8 mm. PR was recorded up to 450 mm depth in 15-mm hcrernents. Rate of penetration 

was about 10 mm s-'. The number of replicates varied among sampling dates, but was wially 

between two and four per plot. In Paraplow experiments, half the measurements were taken 

on the hilltops, and half on the depressions associated with Paraplow passes. In the CxT 

experiment, determinations were randomly distributed within main plots. Eleven sets of PR 

data were used in the present study, from =ch of the foUowing sampling dates: 27 July, 17 

Aug., 1 7 Sept., and 14 Oct., 1992, and 28 June 1993 (RZ7ii experiment); 1 7-2  1 and 24 July, 

4 Aug., and 7 Oa. 1992 (CxT experiment); and 24 June 1993 (Cl il expenment). 

6.2.3 Autocorretation Test and Correction of Data 

PR data were tested for autocorrelation across depths by using the procedure described 



by Christensen et al. (1 989). This procedure was modifieci in that the effect of the covariable 

(depth) was assumed to be curvilinear rather than linear. The procedure for data analysis was 

as follows: 1) An analysis of variance of PR was performed. Sources of variance were: 

Paraplow treatment, m e n t  and preceding crops, and replications (R7N and CI4 

experiments); tillage treatment, crop, cultivars and replications (CxT experiment). A third- 

degree polynomial equation was included in the models to account for the covariable (depth) 

effea, instead of the hear t e m  used by the authors mentioned above. This modification was 

based on the observation that PR was a curvihear rather than linear fbnction of de* usuaily 

with one or more inflection points. 2) Residuals (i-e., the difference between observed PR 

values and those estimated by the model used) fiom the analysis of variance were calculated. 

3) Simple and multiple regression anaiysee of residuals at a reference depth on residuals at 

depths above separated by dEerent lag distances were performed. Data were fitted to the 

following four models: a) residuals at reference depth on residuds at a distance of 1 5 mm (hg 

1); b) residuals at reference depth on residuals at distances of 15 and 30 mm (lags 1 and 2, 

respectively); c) residuals at reference depth on residuds at distances of 15, 30 and 45 mm 

(lags 1,2 and 3, respectively); and d) residuals at reference depth on residuals at distances of 

15,30,45 and 60 mm (lags 1,2,3 and 4, respectively). 4) Residuals were recalculated based 

on the regression equations obtained in step 3), provided they significantly fitted the observed 

data @<O.OS): residuals at the top soi1 layer (1 5 mm) remained unchanged; residuds at 30 mm 

depth were estimated by model a); residuals at 45 mm were calculated by using model b); 

those at depths 60 mm and below were estimated by model c), since lag 4 never showed any 

significant effects. 5) PR data were wmected by addïng recalculated residuals to each 



measured PR d u e .  

Two data sets (27 July and 14 Oct. 1992) were used to study the influence of the depth 

being considerd on the extent of autocorrelation. The selection was based on the fact that 

they represented extferne vaiues in mean PR. 

6.3 RESULTS 

Autocorrelation was detected in ail data sets. When ail depths were wnsidered 

simultaneously, linear correlation coefficients between residuals were positive and significant 

(p<0.05) up to lags 6 to 12 (90 to 180 mm), depending on the sampling date. The 

autocorrelograms for the 27 Iuly 1992 and 14 Oct. 1992 data sets are show as examples in 

Fig. 6.1. In these cases measurements taken at a given point were positively correlated with 

those within a soil layer 90 and 120 mm thick, respectively, located directly above. Each 

point in the autowrrelograrn in Fig. 6.1 a was estimated from 1,280 to 3,710 pairs of 

residuals, depending upon the iag distance. The distribution of these individual points is 

represented in Fig. 6.2 for lags 1 to 4. Results were very similar for al1 other sarnpling dates 

(not shown). 

The extent of autocorrelation varied with soii depth. Near the soil surface ranges 

extended for 60 mm or less, while at the deepest layers, ranges up to 25 5 mm were recorded. 

The correlation d c i e n t s  increased with depth for al1 lag distances (Fig .6.3). However, this 

increase was srnail for lag 1 (1 5 mm), which had a very large effect in all soii depths. 

Multiple regression analyses showed s iwcant  effects of lags 1 , 2 and 3 in 10 out of 

1 1 data sets (Table 6. l), and of lags 1 and 2 in the rernaining (14 Oct. 1992) data set. Lags 

4 and over did not add significant improvements to the three-variable model. W1th only one 



Figure 6.1 Autocorrelograms of PR across soi1 d e p h .  a) 27 July 1992; values of r higher 
than 0.06 are significant at the 95% level of probability. b) 14 Oct. 1992; vdues of r higher 
than 0.05 (lag 1) or 0.11 (lag 20) are significant at the 95% level of probability. 
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Figure 6.2 Relationship between PR residuals at the depth of reference with residuais at 
different soi1 layers above, for the 27 July 1992 data set. 
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Figure 6.3 Effect of soil depth on the extent of autocorrelation of PR residuals. a) 27 July 
1992. b) 14 Oct. 1992. Arrows indicate values of r at the 95% level of probability. 
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Table 6.1 Multiple regression analyses of PR residuals at a reference depth on residuals at 
depths above separatecl by 15,30, and 45 mm (lags 1,2 and 3, respectively). 

Date Site PR mean n Reeression Coeffkients Intercept RZ 

27 JI& 1992 

17 h g  1992 

17 Sept.1992 

14 Oct. 1992 

28 June 1993 

17 Juiy 1992 

2 1 July 1992 

24 July 1992 

4 Aug- 1992 

7 Oct. 1992 

24 June 1993 

R W  

R r v  

R W  

Rm 

Rm 

CxT 

CxT 

CxT 

CsT 

CxT 

CI4 

MPa 

1 .O5 

1-14 

I .45 

2.8 

1 

0.99 

0.99 

1.11 

1 . î 3  

2.1 

1-01 

kPa 

mS 

4 

Ils 

I1S 

115 

LIS 

ns 

ILS 

ILS 

ns 

N 

t Values in parentheses are standard errors 
$ Not signincimt (p<0.05) 



exception (1 7 Aug. 1992). the intercepts were aot different eom zao @<O.OS). The number 

of pairs of residuals involved in each analysis depended on the data set, and ranged fiom 972 

to 6,048. The models obtained explainecl between 77 and 93% of the variability in residuals 

at the depth of reference (lag O), and were al1 highly significant @<0.01). The 11 data sets 

represented a wide range of situations, with penetration resistance means varyïng between 

0.99 and 2.80 MPa. The coefncients of regression varied significantly (p<O.OS) among data 

sets. This variation was not dependent upon PR level. The negative values of coefficients for 

lag 2 do not appear to have any physical rneaning, but they are only an artifact of the multiple 

regression calculation. 

Analysis of individual soi1 depths (Fig .6.4) showed that there was a relation between the 

regression coefficient of residuds for lag 1 and the rate of change of PR with depth. Low 

regression coefficients for lag 1 (about 0.5) were associated with large increases (>30 

kPa.rnnfl) ofPR with depth. Conversely, high regression wefficients were obtained when PR 

decreased with depth. The lag- 1 regression coefncient was very sensitive to rate of change in 

PR when PR increments were negative. When PR deaeased with depth, residuals at the soi1 

layer below tended to be higher than at the depth above (regression coefficient >1). When PR 

increased with depth, residuals decreased with depth (regression coefficient < 1). When PR did 

not change £kom one soi1 layer to the one below, regression coefficient was approximately 0.9. 

Analysis of variance of wrrected PR showed lower coefficients of variation than that 

of measured PR for all data sets. The difference between measured and correcteci experiment 

means was not very large (Fig. 6.5). The &êct of correction was important for certain 

treatments and sarnpling dates, and negligiîle for others (Fig. 6.6). 



Figure 6.4 Effect of rate of change in PR with depth on simple hear regression coefficient 
for lag 1 (15rnrn). Tfie graph includes 29 pairs of soi1 depths in each of the 1 1 data sets. 
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Figure 6.5 Effect of correction for autocorrelation on experirnmtd means of two data sets. 



Figure 6.6 Effect of correction for autocorrelation for selected treatments of two data sets 
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6.4. DISCUSSION 

A cubic model was selected to account for the covariable effect, iristead of the hear 

model proposed by Christensen et al. (1 989). This means that the curve representing the &ect 

of depth on PR has one d e a i o n  point. Had the linear model been used, the estimated 

fùnction would have srnoothed out some parts of the PR profle. In that case, residuals would 

have shown autocorrelation mainly because PR estimated by the model departs from actual 

PR in entire regions of the soil profile. The use of a cubic model does not ensure complete 

elimination of this problem, but is undoubtedly a better approximation. 

In cases in which there are two or more idection points, a higher-order polynomial 

would provide a more accurate correction. A fouxth-degree polynorniai was tested with the 

27 July 1992 data set, and it was found that corrected PR values did not dzer  From those 

estirnated from the third-degree function (not shown). Therefore, it was concluded that the 

use of the third-degree polynomial was a reasonable choice. 

There are several possible reasons for the observed occurrence of autocorrelation in soi1 

penetration resistance measurements. One would be related to rate of penetratio~ which can 

not be maintaineci constant if the penetrometer is manually operated. If during probe 

penetration the cone tip finds a hard soil layer, it tends to slow down, and this may cause the 

device to register PR values lower than at the intended speed (Freitag 1 %8), and the operator 

to increase the force applied on the penetrometer. This increased force would cause the 

penetrometer to speed up, particutarly if it encounters a low-resistance spot. The fact that 

highest autocorrelation coefficients were found where PR decreased with depth (Fig. 6.4) 

seems to support this explanation. 



The second factor involved is associated with downward soil displacement by the 

penetrometer tip. When a metal cone with an included semi-angle of 15 O is pushed d o m  into 

the soil, it displaces soi1 rnainly by cylindncal expansion, although some spherical soil 

compression may also be involved (Greacen et al. 1968 Farrell and Greacen 1966). If the cone 

h d s  a high-resistance soi1 layer, which would uniaiiy be associated with a high soil density, 

it wouid displace a large mass of soil, causing the device to overestimate resistance at some 

distance below, particularly if the soi1 layer below is highly compressible. The extent of the 

volume of soii subjected to defomation or plastic failure depends upon the compressibility 

of the soi1 layer, which in turn depends upon the basic strength properties, Le. cohesiveness 

and angle of intemal fiction. This eEect of downward soi1 mobilization would have also been 

accentuated wherever PR decreased with depth, because in these cases, the cone moved to 

soil Iayers of higher compressibility, usuaily the result of higher moimire content. 

Besides variable penetration speed and downward soi1 displacement, another possible 

cause of autocorrelation is spatial proximity. PR has been reported to be autocorrelateci in 

space, with ranges of up to 1 m (07Sullivan et al. 1987, Perfect et al. 1 WO), owing to the 

f a a  that measurements taken at close distances are more likely to be similar than those taken 

far apart. This component of autocorrelation would not be related with the rate of change in 

PR with depth and therefore would have not been associated with the effect observed in Fig. 

6.4 However, the fact îhat Fig. 6.4 shows an asymptote of approximately 0.5 reveals that 

some other k t o n  besides those related with rate of change of PR with depth contributed to 

autocorrelation, and spatial proximity may weil have been one of them. 

The analyses by 0'Sulliva.n et al. (1 987) and Christensen et al. (1 989) did not determine 



the spatial extent of autocorrelation nor the &ect of soi1 depth. In the work presented here, 

PR at a reference depth was found to be dependent on that at soil layers located up to 180 mm 

above (Fig. 6.1). This dependence was very large at short ranges, with coefficients of 

determination for lag 1 ranghg between 0.75 and 0.90. and decreased very rapidly with 

distance. For this reason, sequentiai multiple regression analyses only detected significant 

contnhtion to the model up to a distance of 45 mm (Table 6.1). For practical purposes, it can 

be concluded that measurements separated by more than 50 mm were independent of each 

other. 

Correction of residuals was based on a single model per data set, obtained by pooling 

al1 soi1 depths. Based on results presented in Fig. 6.3, it wuld have been argued that a 

different model should have been used for every depth. However, since regression coefficient 

for lag 1 did not change much with soil depth, and moa of the variability of residuals was 

explained by variation in residuals at this lag distance, it c m  be concluded that results obtained 

would not have been much Merent. Also, the use of a different mode1 for each depth would 

have been tedious and less accurate, since the number of pairs would have been reduced by 

a factor of 29. 

Corrected PR values were generally very similar to  those measured. Effect of correction 

was significant oniy in a few cases, particuiarly where PR was high near the soil sunace and 

decreased markedly with depth (Fig. 6.6). 

6.5. CONCLUSIONS 

PR measurements taken at a certain soi1 depth depended on PR values at depths above. 

The range of dependence extended for up to 180 mm, but the soil layer within 45 mm was 



responsible for more than 77% of the iduence. 

Autowrrelation was particularly important wherever measured PR decreased with 

depth. Two hypotheses, based respectively on variable speed of penetration and downward 

soil displacement, were formulated to account for this observation. 

Correction for autocorrelation was treatment-selective, and in most cases did not m o d q  

substantially measured PR values. The latter muid d e l y  be used in most cases in the fine- 

grainai soils used in this study with depth increments of I 5 rmn or more. In cases where high 

PR values near the soil surface are associated with Iowa subsurface PR correction for 

autocorrelation may be required. 



7. SUMPvIARY AND CONCLUSIONS 

The particular combination of soil type, climate and systern of production under which 

agridture is developed in Uruguay impose restrictions for the adequate dwelopment of crops 

with direct seeding. These restrictions occurred at lem during the transition fkom systems 

based on soil tillage. 

Because of their high clay contents, particularly below 20-cm depth, soils in Uruguay 

are very cohesive when dry, and thus impose high mechanical impedance to the growth of 

roots. Under high soi1 moisture conditions, the slow flow of gases into soil causes fiequent 

oxygen deficiency for roots chiefly during the winter season, when rainfall is higher than 

potential evapotranspiration. These soils have dso a reduced water infdtration capacity, which 

is a cnticd property considering that 43 % of the precipitation in Uruguay fds  in rain events 

higher than 30 mm day" . 

AU of these problems are aggravated by the soil compaction caused by grazing and 

machinery traEc, especially on wet soil. Tillage produces a transient alleviation of these 

constraints, and if soil structure is senously degraded, it might be the only alternative to 

achieve acceptable crop yields. 

Technologies other than conventional tiilage are needed to avoid the problem or speed 

up the long-term process of soil structure build up under zero tillage. Two of these 

technologies soil loosenhg by Paraplow and sequence of crops, were addressed in this thesis 

(Chapters 3 and 4). 

The adaptation and development of analytical methods for describing soil structure was 

another objective of this thesis. Two aspects of the use of cone penetrometers of static 



penetration, the occurrence of autocorrelation across soil depths, and the relationship of PR 

with soil moisture content, were shidied (Chapters 5 and 6). 

7.1. ANALYTICAL METHODS FOR SOL STRUCTURE 

Numerous methods and techniques are available for describing different aspects of soil 

structure. Accordhg to Letey (1991) the definition of soi1 structure should include not only 

descriptive, but also fûnctional parameters. This author stresseci the need for establishing more 

quantitative relationships betweea soil physical propexties and their fùnctions of supporting 

roots and storing and transmitting energy, gases and water. niese relationships could be based 

on the concept of 'non-limiting water range' that the same author had proposed More  (Letey 

1985). This concept has been recently redefined by da Silva and Kay (1996) as the 'least- 

iimiting water range' (LLWR), and shows interesthg prospects as a valuable indicator of soi1 

quality for crop growth. 

The detemination of LLWR for a given soil requires, among other inputs a masure 

of the effect of soil moisture on PR. The results presented in Chapter 5 indicated that this 

relationship between soil moisture and PR was affected by soil management practices, =ch 

as conventional tiliage or subsoiling, as well as by the soil depth considered. The empirical 

coefficient b, which descriies the rate of change of PR with moisture at low moisture 

contents, varie- between -0.003 and - 1.10 among the 14 situations analysai (Table 5 -4). High 

b vaiues correspond to soils that do not develop high mechanical irnpedance upon drying, and 

are desirable. The lower Iimit of available water, defined as the soil moisture content at which 

PR equals 2 MPa, was also s h o w  to vary widely with tillage practices (Table 5.5). 

A potential use of the soi1 moisture-PR curve is to estimate short-temi variations in soil 



moime  content with fine depth resolution (10 mm), by means of a penetrometer, which is 

more convenient to use than rnost Uistniments designeci for measuring soil water. Short-tem 

variations in PR such as those observed in Fig. 3. la, would have reflected variations in soi1 

moisture due to absorption by roots. The data presented in Chapter 5, however, showed that 

due to large dispersion of points around the fitted curves, particularly in wet soil, this use of 

PR would be limiteci. More work is needed on sampling methods to assess more klly the 

possibilities of this technique. 

The cone penetrometer was a central instrument in this study. One uncertainty that arose 

when analyshg PR data was on the independence of measurements taken at close depth 

intervals (15 mm) in a single penetration. The occurrence of autocorrelation in PR 

determinations had been reported previousty (Christensen et ai. l989), but no information was 

avaiîable on the extent of this effect. The analysis presented in Chapter 6 dernonstrated that 

PR measured at a certain soi1 depth was afected by PR vahies in soil layers located up to 180 

mm above. However, 77 % of this effect was restricted to a distance of 45 mm. A major 

contribution of this analysis was to demonstrate that the occurrence of autocorrelation was 

associated with soi1 layers where PR decreased with depth. This would be the sÏtuation where 

the soil surface is dner than the subsoil, and it was concluded that correction of PR by 

autocorrelation effect wodd be necessary only in these conditions. 

7.2. PARAPLOW 

Paraplowhg induced yield increases that were very large compared with reports in the 

literature. This corroborates the hypothesis that soil physicd condition seriously impairs crop 

productivity under direct drilling in the soils of SW Uruguay, at least during the transition 



fiom conventional to zero tillage systems. Grain yields obtained with the use of Paraplow 

were similar to those nonnally obtained with conventional tillage. 

The benefits of the Paraplow observed in the experiments reported here can be 

summarized as follows: 

A) There was an increase in crop emergence of corn, barley and wheat, and no effect on 

sunflower. This was d y  due to avoidance of waterlogging and increased soi1 temperature. 

In some cases, a closer seed-soi1 contact may also have been a factor. 

B) Roots grew faster and deeper, and explored the soi1 more fully. This was the consequence 

of a reduction in soil penetration resistance, particularly at low moisture contents in the soil 

layer between 20 and 30 cm depth; irnproved water bfdtration that allowed an increased root 

proliferation; and higher flow of oxygen into the subsoil, which dowed a farter penetration 

of wheat and barley roots into the soil. 

C) Soi1 surface desiccation right after passing the Paraplow allowed for a better control of 

weeds such as bermudagrass, which seriously affécted corn yields without Paraplow in two 

experiment S. 

D) in wheat and barley crops there was higher tiller survival and reduced floret abortion, 

which resulted in higher numbers of grains per unit area. 

The efFects ofparaplowing on soil physical properties rapidly declined with time after 

subsoiling, but lasted for up to 25 months. Effects on crop productivity had similar residuality. 

The additional yield advantage of passing the Paraplow before each crop, compared with one 

p a s  in two years was very smaii compared to the extra energy cost involved. Cumulative crop 

productivity in two years was increased by 25-53 % by one subsoiling operation. Growers 



would take maximum advantage by using the Paraplow on alternate years. 

7.3. CROP SEQUENCE 

The first crop in the rotation had an infiuence on the behaviour of subsequent crops. 

This was partly amibuteci to well-known e f f i s  determineci by the nature of the residues lefi 

by the different crops, which modi6ed the energy balance at the soil surface, and interfered 

with seeding machinery . 

The crop sequences that had sunfiower as the first crop sornehow resulted in reduced 

infiltration capacity of the soil in the subsequent cropping seasons, as compared with rotations 

that started with corn (Chapter 3). This was refiected by a 4 % reduction in wheat and barley 

grain yields, maidy due to lower kemel weight (Chapter 4). The effects of crop sequence 

were particularly strong in Paraplow treatrnents. These results raise the question of what 

effects contrasting root types have on the structure of unplowed soils. The evidence from this 

study would support the hypothesis that plants with fibrous roots such as mm, would be more 

beneficial to soi1 than species with tap roots. 

Wheat tolerated adverse soil physical conditions better than barley. When subjected to 

high compaction early in the season, wheat plants responded by iimiting root development, 

whereas barley roots were unaffecteci. In more advanced crop stages, wheat tended to 

produce more nodal roots than barley in response to a stressful situation, such as low oxygen 

availability in mil. As a result, grain yields of wheat were less affected by soil compaction than 

those of barley. It was wncluded that wheat is a more suitable crop than barley to grow 

during the transition fiom CT to ZT. 



8. FLJTüRE RESEARCH NEEDS 

It was demonstrated in this study that wheat would be more tolerant to soi1 compaction 

imposed by zero-tiiiage than bariey. More comprehensive studies are needed to detennine the 

intra- and inter-specific variability in this tolerance. Masle (1 992) already demonstrated that 

there is variability both in wheat and barley Li their tolerance to soi1 compaction. This opens 

up the oppomuiity for developing plant breeding stratedes to obtaining cultivars Nitable for 

conditions whae soi1 compaction is expected to be a problem. In addition, idonnation on the 

behaviour of different crop species would allow the development of crop sequences that 

mlliimle yield losses caused by adverse soil structure in direct-seeding systems. 

The ability of certain species to perform biological mage should also be considerd as 

a potentidy usehl tool to select the most suitable crops to grow in a rotation. Studies should 

be conducted to iden* species and cultivars capable of creathg root channels in compacted 

soils. In the same sense, more knowledge is needed on the manipulation of soil organisms, 

such as earthworms to improve our capacity to use them as agents of soil structure buildup. 

The creation of these biopores has been repeatedly mentioned as a mechanism which is 

very positive for root and crop development in soils that remain unplowed for a long the .  

However, there are some doubts on their efficacy, in Light of recent research hdings that 

showed poor root growth in large biopores (Stirzaker et al. 1996) related with poor root-soil 

contact, and difnculty in penetrating biopore walls. 

The use of soil conditioners, that mainly improve the water ùifiltration capacity of soils, 

and provide stabiiity to soil structure, is a technique that has been studied for a long tirne 

without much success. Recent reports on the use of polymers applied on soil d a c e  suggest 



that they might be usefùi in zero-tillage conditions, particuiarly in improving the water 

infiltration into mil. Their efficacy in unplowed soils subjected to t r a c  in wet conditions 

neeâs evaiuation. 

Finally, more research is needed to evaluate the long-term effects of the opposuig 

processes acting on unplowed soil: biological mage and soil compaction by animals and 

machinery. The conclusions denved ffom this thesis are valid for the transition phase from 

conventional- to zero-mage syaems only. Long-term experirnents cornparing different crop 

sequences with varying intensity of pasture pzhg, and varying frequency of nibsoiling with 

Paraplow, would provide this valuable Somation. 
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9. APPENDICES 

A- Description of Soi1 and Climate 



Table A. 1 Selected physical and chernical characteristics of mil. 

Horizon Depth Sand Silt Clay pH Organic C Tutai N CEC FC PWP 
m % % %  &kgt g,kgl cmol-kg' %W %W 

RTN Site 
- 

4 <O. 18 9 56 35 5.8 22.4 1.9 32 30 12 
Ba 0.18-0.74 5 U 51 6.4 9.5 1.1 31 3 1  15 
B, 0.74-0.97 5 6 49 7.2 3.4 0.5 29 30 15 
Ca N . 9 7  6 50 44 7.4 1 .O 0.4 29 28 14 

CxT and CI4 Sites 

t not avaiIable 



Figure A 1. Precipitation (mm) at N A  La Estanaiela in 10 - day penods. 



Figure -4.2. Distniution of daily precipitation at INIA La Estanmela in the period 199 1 - 1995 

mm. day -1 



Figure k 3 .  Rainfd intensity in 10-minute intervals on 26-28 Nov. 1993 at INIA La 
Estannieia 

Time (hour) 



Figure A4. Air temperature at INIA La Estanruela in 10-day periods. 



Figure A5. Relative hurnidity of air at LNIA La Estanaiela in 1 Oday periods. 



Figure A.6. Solar radiation (cd mi2 day-l) at ïNIA La Estanzuela. D d y  values. 
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Figure A 7. Real evapotranspiration (mm day-') at M A  La Estanmela in 1 0-day perïods. 



B. Effkcts of Parapiow on Soit Roperties 



Table B. 1. Analysis of variance of penetration resistance at different depths. Experiment REV, 
27 Juiy 1992. 

-- - - 

BLOCK * ?  ns ns 11s ns ns lls L ~ S  

PPLW t *** *** *** *** *** *** *** ** 
P m %  ns Ils ns ** ** I1S tls IIS 

ms § * * ns ns ns IiS Ils Ils 

PREV*POS # 11s 11s IIS IIS 11s ns ns as 
FPLW*PREV # ** ** I1S I1S Ils Ils ns ** 
PPLW*POS # ns as ns Ils ns ** ns IIS 

PPLW*PREV*POS# ns ns ns ns 11s ns ns Ils 

ppppp - 

BLOCK 
PPLW 
PREV 
POS 
PREV*POS 
PPLW*PREV 
PPLW*POS 
PPLW*PRFx*POS 

ns 
**+ 
* 
ns 
Ils 

Ils 

Ils 
* * 

rn 
*** 
* 
* 
as 
LLS 

ns 
LIS 

L1S 
*** 
LIS 
* 
IIS 

m 
us 
ns 

EFFECT 315 330 345 360 375 390 505 120 135 450 

BLOCK 
PPLW 
PREV 
ms 
PREv*ms 
PPLw*PREv 
PPLW*rnS 
PPLW*PREV*POS 

ME2I.N (WPa) 1223 1248 1273 1303 1346 1371 1400 1416 1434 1468 
C.V.(%) 19 20 19 19 19 18 18 18 17 16 

7 IBkcâ o f  Paraplow treatment * Effectsi@cs~~lt@<o.IO) 
f Effect of previous crop ** Effect sigmfïcant (p<0.05) 
§ Mect of position within plots *** Wéct signincant Q60.01) 
7 as E£iêct not sigxuficant @4). 10) # Effècts of interactions between variables 



Table B -2. Aoalysis of variance of penetration resistance at different depths. Experiment Rm, 
17 h g .  1992. 

DEPTH (mm) 
-- 

EFFECT 15 30 45 60 73 90 105 120 135 150 
- - 

BtOCK * ** 
PPILW t * *** *** *** *** 
PREv # *** mi ns [IS ns 
l'os § mi ns llS Lis 

PREV*POS # ns as as ns ns 
PPLW*PREV + 11s 11s as ns * 
PPLW*POS # ns m ns 11s * 
PPLW*PREV*POS # Ils m ns ns I1S 

. . 

BLOCK 
PPLW 
PREV 
POS 
PREVPOS 
PPLW*PREV 
PPLW*rnS 
PPLW*PREV*POS 

Lls 

Ils 
** 
** 
ILS 
* 
ns 
Ils 

940 
25 

-- 

BLOCK * *** *** ** *** ** * ns [1S ns 
PPLW *** *** *** ** ** *** *** *** * * ** 

hfIhw (kPa) 1119 1136 1173 1211 12-88 1289 1317 1341 1361 1376 
C.V.(%) 25 24 21 19 17 15 14 14 14 15 

Effèct of Paraplow treatnient EfEéct sirrnificant @<0. 10) 
f Enéct of previous crop ** Effect signrficant ( ~ 4 . 0 5 )  
$ Enect of position within plots *** E f F '  signincant (pc0.01) 

ns Effect not siPnificant (~4.10) # Effects of interactions between variables 



Table B. 3. Anaiy sis of variance of penetration resistance at different depths. Experirnent R 77V, 
17 Sep.1992. 

BLOîK 
PPLW t 
CROP 2 

§ 
PPLW*mOP # 
CROPPREV # 
PPLWtPREV # 
PPLW*PREV*CROP # 

*** 
*** 
** 
I1S 

lls 

Ils 

LIS 

ns 

LIS 

LIS 

nS 

tu 
* 

lls 
** 

EFFECT 165 180 1% 210 225 24û u 5  270 300 

BLOCK 
PPLW 
CROP 
PREV 
PPLW*CROP 
CROPPREV 
PPL,W*PREV 
PPLW*PREV*CROP 

lts 
us 
* ns ILS 

[IS ILS 

LIS Ils 

ns ns 
ns tlS 

Ds L1S 

ns 
lls 

ns 
ns 
lls 

lls 

BLOCK 
PPLW 
CROP 
PREV 
PPLW*CROP 
CROPIPREV 
PPLW*PREV 
PPLW*PREV*CROP 

ns 
Ils 

IIS 

Ils 
** 
m 
* 

LIS 

N 
lls 

ns 
LIS 

lls 

Ils 

ns 
ns 

MEAN @Pa) 1360 1380 lm1 14% 1411 1418 1436 1453 1483 1515 
C.V.(%) 24 23 2 3 2 3  22 21 20 19 18 19 

7 Effect of Paraplow treatment * Effectsigmfkant@<0.10) 
$ Effect of previous crop ** Efféct signincant @<0.05) 

Eff' of position within plots *** Effect signiflcant (p4I.01) 
7 ns Efkct not simiifimnt @<O. 10) # Wects of interactions between variables 



Table B -4. Analysis of variance ofpenetration resistance at Merent depths. Experiment R W. 
14 Oct. 1992. 

EFFECT 15 30 45 60 75 90 105 120 135 150 

BLOCK 
PPLW t 
CROP $ 
PREV 8 
PPLW*cROP # 
CIROPIPREV # 
PPLWfPREV # 

*'I ns * 11s 

Ils 11s 

ns ** 
I1S tlS 

[LS ns 
n!j LIS 

1170 2018 
75 Sd 

BLOCK 11s LIS ~ l s  11s rn ** * ns ns ns 
PPLW 11s 11s ns as Ils Ils XE ns ns ** 
CROP IE us ns I1S m ns ns m Ils ns 
PREV IIS fis ns as IIS ns * * IIS I1S 

PPL W*CROP I1S 11s ns ns LIS Ils tlS Ils ns ns 
CROPPREV ns Ils Ils llS Ils Ils I1S as Z1S ns 
PPLW*PREV * ns as ns ~ l s  ILS ns 11s 11s ns 

EFFECT 315 330 345 360 375 390 405 420 435 450 

BLOCK ns ns ns ILS ns ns ns ns ns ns 
PPLW ns I1S ns ns LIS ns Ils Ils rE ns 
CROP Ils Ils 11s m ns Ils as ns as 
PREV * * * * ** ** ** ** * * ** * * 
PPL w*cRoP Ils XE I1S I1S LIS QS L1S I1S llS QS 

CROPPREV 11s Ils I1S ILS * * ns ns XE Ils 

PPL W*PREV ns m IIS 11s ns 11s m 11s N 11s 

M U N  (kpa) 2937 2944 2918 2907 2868 2971 2832 2751 2740 2737 
C.V. (%) 19 19 18 18 16 31 19 19 20 20 

t mect of Paraplow trament 
f Enect of current cmp 

Efféct of previow crop 
7 ns Efféct not signincant @<o. 10) 

* E f f a  ~~~ @<o. 10) 
** mect SiguifiCant @<O.OS) 
*** méct signifïcant @<0.01) 

# Effécts of interactions ketwam variables 



Table B.5. Anaysis of variance of penetraîion resistance at different depths-Experiment R W ,  
25 June 1993. 

(-1 

EFFECT 15 30 45 60 75 90 105 120 135 150 

PPLW t 11s * * * I1S ns ns ** * 
CRoP $ ns Ils I1S nS LIS ns * ** ** * 
PREV * *  *** *** *** ** LIS ns L1S Ils ns 
PPLW*CROP # ns tlS X E  ns ** *** ** *** *** * * 
CROPIPREV # *** *** *** *** ** ** * ns LIS 

PPLWSPREV # 11s 11s 11s 11s as RS ns * ** * 
PPLW*PREV*CROP # as LIS LIS 11s ns ns LIS ns ns * 

PPLW * * * * * *** *** *** * *  *** *** 
CROP *+* *** *** *** ns ns ns 11s IIS 

PREV 11s m ns 11s ILS 11s ns LIS ns 11s 

PPLW*CROP * * * * m Ils ILS 11s ns IIS 

CROPPREV ns ns IIS us ns ns 11s LIS ILS m 
PPLW*PREV ns LIS LIS ns * ns LIS ns ~ls * 
PPLW*PREV*CROP ** ** as ns LIS LIS 11s ns ~ls ns 

PPLW *** ** ** *** ** *** * * ** ** ** 
CROP us 11s 11s lis ILS ns 11s as N LIS 

PREV tls ns ns 11s ns ns ns as 11s ns 
PPLW*CROP ** * * * * ** ns 11s 11s ns 115 ILS 

CROPPREV ns Ils Ils * * * * * * *** ** ** 
PPLWSPREV ns ** * * ns LIS ns ns ns 11s IIS 

PPLW*PREV*CROP ns tls 11s ns m rn ILS 11s 11s 11s 

C.v.('?40) 19 20 18 19 18 17 16 15 16 16 

t EEect of Paraplow treatment 
rnectofcurrentcrop 
Effectofpreviouscrop 

g ns mect not SigdicaLLt @a. 10) 
* EffectsigIllfîcant@4).10) 
** Efféct signifiant ( ~ 4 . 0 5 )  
*** EfEîect significant (p4.01) 

# Effects of interactions between variaôles 



Table B. 6. Analysis of variance of penetration resîstance at different depths. Experixnent R ZN, 
29 Nov. 1993. 

DEPTH (mm) 

EFFECT 15 30 45 40 75 90 105 120 135 150 

BLOCK w n s  ns ns ns L ~ S  ns ns 
m w t .  ns ** * us ns ns LIS * 
CROP $ nS ns * ns us ns I1S I1S 

PREV 5 ** ** *** ** ** * * ** LIS 

PPLW*CROP # as n s 1 1 S l l S u s  Ils ns Ils 

CROPFWEV # N n s n s n s n s  11s 11s ns 
FFLW*PREV # ns ~ i s n s n s n s  11s 11s 11s 

PPLW*PREVSCROP # ns n s m n s n s  ns LIS ~ l s  

ns 
0s 

ils 

lls 

ns 
ns 
11s 

BLOCK 
PPLW 
CROP 
PREV 
PPLW*CROP 
CROPPREV 
PPLWSPREV 
PPLW*PREV"@CROP 

* * ns LLS 

ns 11s * * 
as us ns * 
Ils t l s n s n s  
n s I 1 S n s n s  
ns * ** ** 
I l s n s n S I l s  

ns * ns ns 

Ils 
** 
Ils 

Ils 

ns 
** 

11s 

ns 
LIS 

Ils 

ns 

ns ns 
LIS Ils 

llS ns 
IIS ns 
ns ns 
* ** 
LIS nso 
Ils ns 

BLOCK 
PPLW 
CROP 
PREV 
PPLW*CROP 
CROPPREV 
PPLW'PREV 
PPLW*PREV*CROP 

C.V.(% ) 42 34 38 42 37 35 35 34 30 34 

t Efféct of Paraplow treatment * Effect signincant (p<0. 10) 
$ Effect ofcurrent crop ** J3kct signincant (pa.05)  
5 Enectufpreviouscrop *** Efféct signifiant @Q).0 1) 
7 ns Effect not siguifitant w . 1 0 )  # Effects of interactions between variables 



Table B. 7. Analysis of variance of penetration resistance at Merent depths. Experiment CH,  
24 Junel993. 

BLOCK ns§ ns ns m n s n s  m 11s I ~ S  m 
PPLW 7 rn ns ns 13% * ** ** ** *** *** 
PREV $ *t * 11% ns ns ns fis IIS ns as 
PPLW*PREW ns * ns ns as ns ** *** 

MEAN ( k . )  528 822 910 883 829 797 775 767 780 822 
C.V.(%) 46 34 27 23 22 24 25 25 28 29 

EFFEC'I' 165 18û 1% 210 225 24û 255 270 28s 300 

BLOCK ns ns ns 11s 11s IIS 11s as 11s 11s 
PPLW *** *** ** *** *** *** *** *** *** *** 
PREV as 11s m 11s ns 11s ns ** *** *** 
PPLW*PREV ns ns ns ns Ils I1S Lu L1S m LIS 

EFFECT 315 330 345 360 375 390 405 420 435 450 

BLOCK 11s 11s ns 11s [1s ILS 16 ns LU ns 
PPLW *** *** ** ** * * 12% ns ru I1S 

PREV *** *** *** *** * Ils I1S Ils ru ns 
PPLW*PREV ns 11s ns 11s ns ~ l s  ns 11s m ** 

# EBect of pfeyious crop 
ns m i  not significant @<o. 10) 
* J3fectsimrific;int@<0.10) 
** Effécî signiîicant @<O.OS) 
*** Wect significant o . 0  1) 
Effects of interactions between variables 



Table B. 8. Analysis of variance of penetration resistance at different depths. Experiment CI-l, 
25 Nov. 19%. 

BLOCK * y  ns n~ 

t Ils I1S ns 
CROP f LIS as ns 
PREV § m us IE 

PPLW*CROP.# ns as ns 
CROPPREV # * ns Ils 

PPLW*PREV # ** ns Ku 
PPLW*PREV*CROP # ns I l s  ns 

LIS 
** 

Ils 
** 

L1S 

Ils 
* 

BLOCK 
PPLW 
CROP ns 11s 11s 

PREV 11s 11s ** 
PPL W*CROP 11s m 11s 

CRCPPREV ns ns XE 
PF'LW*PREV ns ns ns 
PPLW*fREV*CROP ns ns Ils 

Ils LIS 
* * ** 

Ils 
Ils 

Ils 

ns 

ns 11s 

as Ils 

ns Ils 

IIS ns 

Ils 115 

Ils ns 
ns ns 
Ils Ils 

EFFECT 315 330 345 360 375 390 405 420 435 150 

BLOCK Ils 

PPLW ** 
CROP ns 
PREV 11s 

PPLW*CROP LLS 

CROPPREV ns 
PPLW*PREV ns 
PPLW*PREV*CROP ns 

ns 
** 
[1S 

ns 
ILS 
ns 
Ils 

ILS 

ns 
Ils 

ns 
Ils 

ns 
ns 
ns 
ns 

t =&t of Paraplow treatment * En& significant Q%O. 10) 
$ Enéctofcurrentcrop ** Enect signrficant w0.05) 
8 Efféctofpreviouscrop *** Effect signifïcant (p<O.Oi) 

ns Mect not signifiant @4). 10) # Enects of interactions beîween variables 



Table B.9. Analysis of variance ofpenetration resistance at different depths. Experiment CM, 
7 June 1994. 

- 

EFFECT 15 30 45 60 75 90 105 120 135 150 

BLOCK m q n s  ns ns ~ l s  as 
PPLW t. Ils ILS 0s ns ns Ils 

CRoP $ Lls LIS Ils us * ** 
PREV 8 ns ns ns 11s 11s LIS 

EmW*CROP #. I1S * ** *** *** ** 
CROPPREV # 11s ns ~ l s  11s ILS n~ 

PPLW*PREV # ns ns IIS DS 11s ns 
PPLW*PREV*CROP # * ** *** ** as 

Ils 

ns 
** 

as 
Ils 

ns 

EFFECT 165 180 1% 210 225 240 255 270 285 300 

BLOCK 
PPLW 
CROP 
PREV 
PPLW*CROP 
CROPPREV 
PE'LW*PREV 
PPLW*PREV*CROP 

Ils nS 11s Ils ns 11s 
** ** ** ** *** *** 

EFFECT 315 330 345 360 375 390 44)s 420 435 450 

BLCXX ns ns ILS 

PPLW *** *** ** 
CROP Ils IIS LIS 
PREV ns ns as 
PPLW*CROP * ** 0s 

CROPPREV ~ l s  11s ns 
PPLW*PREV ns ns Ils 
PPLW*PREV*CROP ** * * ** 

ns 
** 
tls 

ns 
as 
ns 
ns 
** 

ILS 
** 
ns 
flS 

ns 
1IS 

Ils 
** 

t of Paraplow treatment * Effect signifïcant @CO. 10) 
t Efkct of cuneat crop ** Efféct sientficant w O . 0 5 )  
§ ~ectofpreviouscrop *** Effect signifîcant (pa.01) 
7 ns not siPnificant (W. IO) # EEk& of interactions between variabies 



Table B. 10. Adysis  ofvariance of penetration resistance at different depths. Experknent CM, 
29 Dec. 1994. 

- -  -- 

EFFECT 15 30 45 60 75 90 105 120 135 150 
- -  

BLOCK us§ ns ** ** KU ns * * * 11s 

PPLW t * * * ** *** *** *** *** *** *** *** 
CRoP $ * ** *** *** *** *** * ns Ils ns 
PPLWfCROPfl os 11s m m m  us 11s LIS * ** 

EFFECT 165 180 1% 210 225 t40 255 270 285 300 
- -- - - 

BLOCK ~ls lis 11s ~ l s  * ** ** * Ils IIS 

PPZW *** *** *** *** *** *** *** *** ** * 

EFFECT 315 330 335 360 375 390 405 420 435 450 

BLOCK lis IE IIS IIS ns as m m ns ns 
PPLW ns ns Ils ILS 1IS as ns ns ns ns 
CROP * Ils ns L1S ns ns m ns Ils * 
PPLW*CROP ns R S n s I l s  ns Ils ns lis ILS ns 

MEAN &Pa) 1243 12% 1251 1246 1264 1300 1340 1372 1414 1440 
C.V.(%) 26 21 21 22 19 18 19 20 22 21 
t Effect of Paraplow treatment 
$ Effectofcurre~crop 
g ns Ef£k!ctnotsipniticant Qs0.10) 

* Efsect significant 10) 
** EnèctSmiificantQ%0.05) 
*** Effect sipntflmnt Q60.01) 
Effects of interactions between variables. 



Table B. 1 1. Analysis ofvariance of penetration resistance at Mirent  depths. Experiment C13, 
6 May 1993. 

EFFECT 15 30 45 60 75 90 105 120 135 150 

BLOCK 
m w t  

BLOCK 
PPLW t 

EFFECT 315 330 345 360 375 390 405 420 135 450 

BLOCK 
PPLW t 



Table B. 12. M y  sis of variance ofpeneaation resistance at different depths. Experiment Cl 3, 
24 Nov. 1993. 

BLOCK 
FTLW f' 

BLOCK 11s 11s LIS ns ~ l s  ns tls tls XE L ~ S  

m w t  *** **4 *** *** ** * * * ** *** *** 

BLOCK 11s IIS as i1s tls i1s ns ns us m 
PPLW t *** * * ** * ** **4  *** *** *** 

ns Enkt not signiticant (pa.10) 
* Effect significant w.10) 
** Effect signibcant @4).05) 
*** Efféct signiflcant @4).0 1) 



Table B. 13. Analysis ofvariance of penetration resistance at different de*. Experùnent C13, 
21 Jm1994. 

BLOCK 
PPLW f 

EFFECT 165 1%0 1% 210 225 244) 255 270 285 300 

BLOCK 
PPLW t 

EFFECT 315 330 345 360 375 390 a 5  420 435 450 

BLOCK 
PPLW t 

ns EfITect not sieriiflcant (p<O. 10) 
* Effect sigrufïcant QNI.10) 
* * En- significant (pC0 .O5) 
*** Effectsignincant v . 0 1 )  



Table B. 14. Analysis of variance of penetration resistance at different depths. Experirnent C13, 
1 June 1994. 

BLOCK 
PPLW t 

EFFECT 315 330 345 360 375 390 JO5 420 435 450 

BLOCK 
PPLW t 

bflEAN (kpa) 1257 1277 1304 1343 1381 1420 1432 1455 1496 1532 
C.V.(%) 32 30 27 26 24 23 21 21 21 23 

t Effect of Paraplow treatment 
$ ns Effect not significant (W. 10) 

* Enm signifim @<o. 10) 
** Efféct significant (p<O.OS) 
*** Enect signincant @4).01) 



Table B. 1 S. Analysis of variance of petration resistance at Werent depths. Experiment CI5, 
23 Nov. 1993. 

- -. . 

EFFECT 15 30 45 60 75 90 105 120 135 150 

BLOCK 
PPLW f 

EFFECT 165 180 1% 210 225 240 255 270 285 300 

BLOCK 11s LIS 11s ns * * * ** *** **+ 
=W t *** *** *** *** *** *** *** *** *** *** 

EFFECT 315 330 345 360 375 390 JO5 420 435 4 9  

BLOCK 
PPLW t 

ns LIS Ils ns ns ns Ils m ILS Ils 
*** *** *** *** *** *** *** *** *** *** 

M J & w  (klPa) 1182 1218 1279 1360 1422 1473 1523 1569 1580 1605 
C.V.(%) 18 19 17 14 13 18 14 15 16 17 

t Enkt of Paraplow treatment 
ns ma not sienificant (FO. 10) 
* mect simiifimnt (p<O. 10) 
** Effectsignincant@<O.05) 
*** EfITect sienificant (p4.01) 



Table B. 16. Analysis of variance of penetration resistance at different depths. Experiment 
C15,20 Jan. 1994. 

%Lm 
PPLW t 

BLOCK 
PPLW t 

EFFECT 315 330 345 360 375 390 405 420 435 450 

BLOCK ns 11s us * ** *** ** *** *** 
PPLW t LIS us as ns ** *** *** *** 

MJL4.N ( k W  1631 1649 1656 1831 1705 1734 1771 1666 1658 1664 
C.V.(%) - 21 22 19 19 19 20 19 18 24 24 

t Efféct of Paraplow treatment 
$ ns Effect not signincaat @<O. 10) 

Effect signifïcant @<o. 10) 
** Effect signincant ( ~ 4 . 0 5 )  
*** Enect signifïcant (fl.01) 



Table B. 1 7. Analysis of variance of penetration resistance at different depths Experiment C l  5, 
13 May 1994. 

BLOCK 
PPLW t 

EFFECT 165 180 1% 210 225 240 U5 270 285 300 

e t o a  
PPLW t 

EFFECT 315 330 345 360 375 390 405 420 435 450 

BL.OCK 
PPLW T 

MEAN (kfa) 1075 1094 1098 1115 1158 1184 1222 1210 1275 1346 
C.V.(%) 38 34 33 32 30 29 2% 27 26 26 

t EfEcî of Paraplow treatment 
f ns EEect not sienificant @<O. IO) 

* mii signincant @<o. 10) 
** Eff" signincanî @<O.OS) 
*** E f f i  significant (p~0.0  1) 



Table B. 18. AnalySs of variance of soil moisture content (% by weight) at Merent depths. 
Experiment R m ,  27 July 1992. 

DElPTH (mm) 

BLOCK 
PPLW t 
PREV 
ms § 
PR€V*POS # 
PPLW*PREV # 
ETLw*ms # 
PPLW*pREV*rnS # 

Effect of Paraplow treatment 
$ mectofpteviouscrop 
5 Effect of position within plots 

ns Effect not simiificant @<O. IO) 
* méct signincant 0 . 1 0 )  
** Effect signiticant w0.05) 
*** mect signifiant @<0.01) 

# Effects of interactions between variables 



Table B. 19. Analysis of variauce of soi1 moishue content (% by weight) at Werent depths. 
Experiment R W ,  1 7 Aug. 1992. 

BLOCK 
PPLW t 
PREV $ 
pas § 
PREVPOS # 
PPLW*PREV # 
PPLW*POS # 
PPLW*PREV*POS # 

MEAN (% by weight) 
C.V.(%) 

Ils 

fls 

t Effécî of Paraplow treatment 
of previous crop 

S E f f a  of position within plots 
7 ns Effiinotsignificant (pa.10) 

* mectSienificant(p<O.lo) 
** Effect simiificant w0.05) 
*** Enéct signifiant QHI.01) 

# E E '  of interactions between variables 



Table B.20. Anaysis of variance of mil rnoisture content (% by weight) at Merent depths. 
Experiment R RV, 1 7 Sep. 1 992. 

**# 
as 
lu 
Ils 
* 

IIS 

fis 

ils 

E l k t  of ParapIow treamient 
EEéct of curent crop 
Effect of previous crop 
Effect of position within plots 
us Effect not significant m. IO) 
* Effect significant (pUI.10) 
** EfEct significant w0.05) 
*** Effect significant m.01) 
Effects of interactions behveen variables 



Table B.21. Analysis of variance of soi1 moishire content (% by weight) at different depths. 
Experiment RïN,  14 Oct. 1992. 

BLOCK 
PPLW 7 
CRoP $ 
PREV § 
POS y 
PPLW*CROP f7 
CRWPREV fl 
PPLW*PREV -ft 
PPLW*POS 
PPLW*PREVfCROP tS 

MEAN (% by weight) 15.7 16.6 
C*V.(%) 8 12 

t Effect of Paraplow treatment 
$ E81éctofcvrentcrop 
g E f f -  ofprevious crop 
7 Effect of position within plots 
# ns mect not significant @<o. 10) 

* mect si@fïcant 0 . 1 0 )  
** Efféct siflcant w0.05) 
*** Effect signincant @<0.01) 

tt Effects of interactions between variables 



Table B.22. Aaalysis of variance of soi1 moisture (% by weight) and bulk density (Mg m3) 
at different depths. Experiment R ïN, 25 June 1993. 

Soi MoWbire Balk Density 

DEPTH (mm) 

EFFECT 0-75 75-150 0-75 75-150 

BLOCK m a  ILS ns ns 
PPLW 7 ns ns * LIS 

O P  $ Ils ns ns * 
PREV 5 ns ns LLS ns 
PPLW*CROP # I1S ns ns ns 
CROPPREW # I1S ns Ils ns 
PPLW*PREV # ns ns 11s ns 
PPLW*PREV*CROP # ns ns * ns 

MEAN (% by weight) 23.1 22.6 1.29 1.35 
C.V.(%) 7 8 6 5 

-f- Effect of Parapiow treatment 
$ Enect of current crop 
5 Effect of previous crop 

ns Effect not sigdlcant @<O. 10) 
* Effect simiificant 0 . 1 0 )  
** Effect sipnificant w.05) 
*** Effect signincant (p4i.0 1) 

# Effects of interactions between variables 



Table B.23. Analysis of variance of soi1 moisture (% by weight) and buik demity (Mg m3) 
at different depths. Experiment R W ,  29 Nov. 1993. 

DEPTH (mm) 

BLOCK 
PPLW 7 
CROP $ 
PREV 9 
PPLW*CROP # 
CROPPREV # 
PPLW*PREV # 
PPLW*PREV*CROP # 

MEAN (% by weight) 25. 1 26.6 21.7 1.29 1.20 1.16 
C.V.(%) 16 13 18 4 8 12 

7 E£Féct of Paraplow treatment 
$ Effect of currcnt crop 
s mectofpreviouscrop 
7 us Effect not signifiant (p4.10) 

* mect siginincant @<o. 10) 
** Enect sigdïcant w0.05) 
*** Effect signiflcant (p4I.0 1) 

# Effects of interactions between variables 



Table B.24. Adys i s  of variance of soi1 moisture (% by weight) and bulk density (Mg m3) 
at Merent depths. Experiment C H ,  24 June 1 993. 

- - -- - - - - - - 

BLOCK 
PPLW t 
CROP $ 
PREV § 
PPLW*CROf # 
CROP+PREV# 
PPLW*PREV # 
PPLW*PREV*CROP # 

SIS 

SIS 

ns 
N 
SIS 

SIS 

ns 
ns 

MEAN (% by weight) 23.3 24.1 1-29 1-27 
CV.(%) I l  6 3 5 

t E f k t  of Paraplow treatment 
Effect ofcurrent crop 

S Effectofpreviouscrop 
ns E3fect na significant @<O. IO) 

# Effects of interactions between variables 



Table B.25. Analysis of variance of soi1 moishire ( O ?  by weigbt) and bullc density (Mg m3) 
at Merent depths. Experiment CI4,25 Nov. 1 993. 

-- 

D~Pl"l'  (mm) 

Cl50 150300 3Ooj50 0-150 150300 300-450 
-- 

BLOCK 
PPLW t 
CROP $ 
PREV 9 
PPLW*CROP # 
CROPPREV # 
PPLW*PREV # 
PPLW*PREV*CROP # 

t Effect of Paraplow treatment 
$ Effectofcurrentcrup 
g mectofpreviouscrop 
7 ns Effect not significant @<O. 10) 

* Effect signifïcant (W. 10) 
** Enect signifïcant (p<0.05) 
*** Effect significant @<O.OI) 

# Effects of interactions between variables 



Table B.26. Analysis of variance of soil moisture (% by weight) and bulk density (Mg m3) 
at cüf5erent depths. Experiment CI4,7 June 1994.. 

Soil Moisture Bolk DenSity 

MEAN (% by weight) 28.7 31 -3 30.4 1.28 1.27 1.35 
CV.(%) 4 8 12 8 7 13 

t Effect of Paraplow treatment 
$ Effect of current crop 
g Efféctofpreviouscrop 
q ns méct not sigdicant @<O. 10) 

* Effect significant @<o. 10) 
** Ef£èct siPniflcant Q.60.05) 
*** Effkct sigmficant @<0.01) 

# Effécts of interactions between variables 



Table B.27. Analysis of variance of soil moisture (% by weight) and buk density (Mg m3) 
at different depths. Experimeut CM, 1 9 h g .  1994.. 

7 Effect of ParapIow treatment 
mectofpreviouscrop 

S ns i3ect not signüïcant @<o. 10) 
* méct SiguifiCant @<o. 10) 
** Efféct significant w . 0 5 )  

fl Effects of interactions berneen variables 

Table B.28. Analysis of variance of soil moisture (% by weight) and buIk density (Mg ai3) 

at diffefent depths. Experiment CI 4 2 9  Dec. 1 994.. 

Soil Moistom Buik Density 

EFFECT 0-150 150-300 3W-450 0-150 150-300 300450 

BLOCK ns§ N ils LE *** * * 
PPLW t ** as rE 11s * * 
CRoP *** *** Ils ns * I1S 

PPLW*CROP f[ us ru ns I ~ S  LE ns 

MEAN (% by weight) 20.2 26.5 29.3 1.19 1.25 1-33 
C.V.(%) 12 7 7 5 4 5 

f Effect of Paraplow treatment 
Effectofcurrentcrop 

g ns Effed not sigilïficant @a. 10) 
* Eff' sigrmant @<o. 10) 
** Effect signincant w0.05) 

7 Effects of interactions between variables 



Table 8-29. Analysis of variance of soil moisture (% by weight) and buik density (Mg m3) 
at different depths. Experiment C13,24 Nov. 1993.. 

EFFECT 75 225 375 75 225 375 

BLOCK 
PPLW t 

MEAN (% by weight) 29.6 29.1 29.1 1.21 1.31 1-38 
C.V.(%) 4 9 Il 3 4 7 

T Effecî of Paraplow treatment 
ns Effect not sigdicant w.10) * Effect SiguifiCant @<o. 1 O) 
** Effectsignificant(p<O.05) 
*** Effect signincant Qla.01) 

Table B.30. Analysis of varÏance of soil moisture (% by weight) and bulk density (Mg m3) 
at different depths. Experiment C13,2 1 Jan. 1994. 

Gravimetrïc Bulk Deosity 

DEPTa (mm) 

EFFECT 75 225 375 75 225 375 

BLOCK ***+ ** *** I1S [1S N + 
PPLW t ** I ls  ru I1S ns ns 

t Effect of Paraplow treatment 
ns Wect not signincant Q%O. 10) 

Effect significant @<O. 1 O) 
** Effect signincant O.OS) 
*** mect signincant QSO.01) 



Table B.3 1. Analysis of variance of soii moisture (% by weight) and buik den* (Mg m3) 
at ciiffirent depths. Experiment Cl3, 1 June 1994. 

EFFECT 75 225 375 75 225 375 

BLOCK w ns IIS 11s ** IIS 

PPLW Ils ns us as lYs IIS 

MEAN (% by weight) 273 30.1 28.9 
C.V.(%) 7 13 11 

t Effect of Paraplow treatment 
g ns Efféct not significant @<O. 10) 

* mect sgniflcant @<o. 10) 
** E f f '  significant (p4 .05 )  
*** mect SigaifiCant @<0.01) 

Table B.32. Analysis of variance of soi1 moisture (% by weight) and bulk density (Mg m3) 
at different depths. Experiment Cl 5,23 Nov. 1993. 

Gravimetric Buik Density 

BLOCK 
PPLW f 

MEAN (% by weight) 31.9 31.6 275 
C.V.(%) 17 9 10 

t Effect of Paraplow treatment 
ns Effect not significant @<0.10) 
* Effect signincant @<O. 10) 
** Effect signincant (pG.05) 
*** Enéct signlfimnt (pal.01) 



Table B.33. Andysis of variance of soil moisture (% by weight) and bulk density (Mg m3) 
at different depths. Experiment CI5,20 Jan. 1994. 

EFFECT 

BLOCK 
t 

t Effect of Rmplow treatment 
$ ns méct na simiificant @<o. 10) 

* ElIèct signinm @<o. 10) 
** EîTéct signincant w0.05) 
*** Enect sîgnincant @<O.OI) 

Table B.34. Analysis of variance of soil moisture (% by weight) and buk dense  (Mg m3) 
at diffkrent depths. Experiment C15,4 Mar. 1994. 

EFFECT 

BLOCK 
PPLW 7 

MEAN (70 by weight) 13.0 13.3 15.8 1.17 1.25 1.28 
C.V.(%) 13 19 20 7 4 8 

t Effect of Paraplow treatment 
$ Ils Enect not signlfïcant Qso.10) 

* meCtsignificant(p<0.10) 
** Wect signifiant w0.05) 
*** Effect significant w0 .0  1) 



Table B.35. Analysis of variance of soi1 moistue (% by weight) and buk density (Mg m3) 
at different depths. Experiment Cl5,l3 May 1994. 

DEPTH (mm) 

BLOCK 
PPLW t 

MEAN (% by weight) 34.9 31.1 26.1 1.15 1.19 1.37 
C.V. (%) 8 6 3 10 12 11 

t Effect of Paraplow treatment 
$ ns mect not signincant @(O. IO) 

* mêct sigxûfïcant @<o. 10) 
** Effect significant w0.05) 
*** Effect significant ( ~ 4 . 0 1 )  



C . Effects of Paraplow on Crop Paramet ers 



Table C. 1 .  Anaysis of variance for corn crop parameters. Experiment Rm, 1 99 1 - 1992 

EFFECT Plant Deasity @Ym3 Grnin Yield (kgnia) 

BLOCK **+ ** + 
PPLW t *** *** 

MEAN 
C.V. (%) 

t Ef5éct of Paraplow treatment 
t ns Effect not signiscaxrt ( ~ 4 . 1 0 )  

* Effect sigdicant (W. 10) 
** Wectsignificant(p<0.05) 
** * mm sgnincant w0.0 1) 

Table C.2. Analysis of variance for corn crop parameters. Experirnent CI4, 1 992- 1993 

EFFECT Plant Density @Um? Grain Yield m a )  

BLOCK w 11s 

PPLW t *** *** 

MEAN 
C.V. (%) 

t Effect of Paraplow treatment 
$ ns EfFèctnoîsignincant m . 1 0 )  

* lx" sienificant @<o. 10) 
** Effectsi@cant@<O.05) 
*** Effect sigaincaut (pC0.01) 



Table C.3. Analysis of variance for corn crop panuneters. Experiment C13, 1992- 1993 

MEAN 
C.V. (%) 

t Efféct of Paraplow treatment 
ns Efféct not sienificant @<O. 10) 
* Esr-t significant (p<O. 10) 
** Mécî simiIfrcant w0.05) 
*** m i  signifiant Qs0.0 1) 

(') Green weight excluding spikes. 

Table C.4. Analysis of variance for corn crop parameters. Experiment CiS, 1993- 1994 

Effect of Paraplow treatment 
$ ns mect not SienifCant @<o. 10) 

* Effect sigrdirant @=O. 10) 
** Efféct significant @<0,05) 
*** Effect signincant @<0.0 1) 

(') Green weight excluding spikes. 



Table C. 5. Analysis of variance for sunflower crop parameters. Experiment RTN7 199 1 - 
1992. 

EFFEXT Plant Density (pUmf) Grah Yieid m a )  

BLOCK 
PPLW t 

MEAN 2.4 1191 
C.V. (%) 7 16 

t Enect of Paraplow treatment 
ns E3%ëct not simiificaat Q%û. 10) 
* E£Féctsienificant@<0.10) 
** Effect sienificmt w . 0 5 )  
*** Effect signi£icant w . 0 1 )  

Table C.6.  Analysis of variance for sunflower crop parameters. Experiment CI4, 1992- 
1993. 

EFFECT Pîant Density @Um? Grain Yield (kgha) 

BLOCK m $  11s 

PPLW t as *** 

MEAN 4.7 2077 
C.V. (96) 17 6 

t Effkct of Paraplow treatment 
$ ns Effect not signrficant @<O. 10) 

* Enéct sipniflcant (p<O. 10) 
** Wect significant (p<0.05) 
*** méct sigtlifïcant W0.01) 



Table C .  7. Analysis of variance for wheat crop parameters. Experiment R?7V, 1 992. 

B m K  nS l l S m t l S  n S * m  m m n s  * m m  
PPLW * ** * ** * * ** ns * * ** * IIS ** 
PREV ns * n s n s  n s n s n s  ns n s m n s  n s n s a s  
PPLW* PREV K l S L I S l S  n S n S n S  DS I 1 S t l S f l S  I 1 S n S n S  

4 Nov. lDcc 

BLOCK tlS tlS i1S 

PPLW ** * IIS 

PREV 11s nS I1S 

PPLW*PREV * ns Ils 

hfEeW 22.8 5.3 3.7 
CV.(Yo) 35 24 28 

f of Parapiow treatment 
$ Eff~ofprwiouscrop 

ns Efféct not signincant IO) 
* Effect significant @CO. 10) 
** EflCect simiificant (@.OS) 
*** Effect signüïcant (p<0.0 1) 

7 Effects of interactions ktween vaxiabIes 

(1) Seminalroots 
(2) Nodal mots. 
(3) Number per plant. 
(4) Number per Mer 
(5 )  Number per m2 



Table C.8. Anaiysis of variance for wheat crop parameters. Experiment C I J ,  1993 

RLOCK = §  Ils ns  * ** ( 1 S L I S I 1 S  

PPLW 7 * * * Ils *** ** * ** * 
P E V  3 ns Ils Ils I1S 4 ns ru ** us 

PPLW PREVJ Wi DS LIS IIS Ils 11s n s I 1 S E i  

t Effëct of Paraplow treatment ( 1) Number per plant 
$ ~ e c t o f p r e v i ~ ~ ~ m o p  (2) Number per tiller 
9 ns Effect not signiîïcant @<O.Io) (3) N&r per rn2 

* Eff- sienificant 0.10) 
** Effect siPnificant (p4.05) 
*** EBkt signincant m . 0 1 )  
Effects of interactions between variables 

Table C.9. Analysis of variance for wheat crop parameters. Experiment CI3, 1993 

Nodd mot ua 

t Enect of Parap1ow treatment 
us Eff- not signincant Q%û. 10) 
* Effêct simiificant (p<0,10) 
** Effect siPnificant (m.05) 
*** méc! signifïcant @<0.0 1) 

( 1) Number per plant 
(2) Number per tilier 
(3) Numberper m2 



Table C. 10. Analysis of variance for wheat crop parameters. Experiment R W ,  1993 

t Wéct of Paraplow treatment 
$ mectofpreviouscrop 
S ns méct not signifïrwit (p<O. 10) 

* mécîsig!ll£icaQt@<0.10) 
** Effécî signifiant w . 0 5 )  
*** Effect simiificant (pc0.0 1) 

7 Elerects of interactions between variables 

(1) Number per plant 
(2) Number per tiller 
(3) Number per m2 

Table C. 1 1. Andysis of variance for wheat crop parameters. Expriment CM, 1994 

N o d r l r w S w s  

B i D î K  = §  * *** Ils ns as ** ns 
PPLW f *** * ** ** * *** ns ns ns 
PREV $ [1S DS lu I1S nS N I 1 S f l S I 1 S  

PPLW PREVI flS IE I1S LIS IIS n s n s n s  

mect of l'araplow treatment 
Efféct of preyious crop 
ns Effect not signifiant @<O. 10) 
* Ef!kctsignifïcant@<0.10) 
** mect Si@cant @<O.OS) 
*** Effect sigaiflcant w0.01)  
Effects of interactions between variables 

(1 )  Number per phnt 
(2) Number per tiller 
(3) Number per m2 



Table C. 12. Analysis of variance for barley crop parameters. Experîment RïN,  1992 

Pbat Tboasmd (;rdn Blid 
eFFECT Dai* m a -  

s* 

@ura3 (-1 - SZ) hI.d=mt M ( 1 )  DanwF (gprircinil) 09 (KJbi) (t 

B m K  =§ ns ** ** *** *** as 
PPLW t *** * * ns as ** 8 

PREV 3 ** m ns ns * Ils 11s 

PPLW PREVT Is lls Ils IIS 0s 
** ns 

BWCK ns n s n s n s  * n s n s  a s a s n s  m m n s  
PPLW ** m * *  n s n s n s  ** ** ** 11s ns 
PREV I1S n S n S n S  ** * * * *  n S n S n S  I 1 S l S I 1 S  

PPLWWPREV * ~ I I S L I S I I S I I S I l S  I I S L 1 S I l S  N I I S n s  

4 Nov. 

CV.(%) 24 2a 34 

t Mect of Paraplow treatment 
$ Effect of previous crop 
g ns mect not sienificant (p4.10) 

* EffectsigniEicant@<O.10) 
* * Effecî signincant QSû.05) 
*** Eff' signincant m.0 1). 
Enects of interactions between variables 

5.6 5.7 
2 1 40 

Data corrected mariable "bird damage" 
Squared root of percent loss 
Number per plant 
Number per tiller 
Number per m2 
Seminal mots 
NodaJ mots 



Table C. 1 3 .  Analysis of variance for barley crop parameters. Experiment CH,  1993 

BLOCK =§ *** I1S *** * * ** * 
PPLW t *** ** *** ** Z1S *** * * 
PREV S ils 11s aS nS Ils * m * n s  

* LE ns ns I1S I Z S [ 1 S I 1 S  * 
PPLW PREV 7 

7 Wect of ParapIow treatment 
$ Effectofpreviouscrop 
3 ns Effect not signifiant (p<O.lO) 

* mect signifiant @<o. 10) 
** Efkt signincant w0.05) 
*** Effect significant (p~0.0  1) 

(1) Numberperpht 
(2) Number per tiller 
(3) Number per m2 

Table C. 14. Aaalysis of variarice for barley crop parameters. Experiment R7U, 1993 

N d  mot ua 

Phnt Phnt S P ~  
EFFEm 

- Pl Till d 
lu.iulw&@ y w  (1) (2) 0) - E- - ~ , ~ )  evm3 (-1 OpdLnhd) W w4w 

BU)CK * * g  ns * ns *** ** ns *** ns 
PPLW t Ils lls flS ns 11s * ns ** ns 
P E V  S IiS I1S * ns Ils m ** ** * 
PPLW PREVI IiS tlS Ils 11s us I1S m m n s  

7 Wcct of Paraplow treatment 
$ Efféct of previous crop 
5 ns Effect not significant @<O. 10) 

* Effect si@cant @<O. IO) 
** Effed significant @<O.OS) 
*** mect significant (pa.01) 

7 Effkcts of interactions between variables 

(1) Numbcr per plant 
(2) Number per tiller 
(3) Numbcr per m2 



Table C. 1 5. Analysis of variance for barley crop parameters. Experiment ClJ ,  1 994 

BLOCK - §  ns *** I1S ns *** Ils Ils ns 
PPLW ** ** as * * * ** * ** 
P m :  IIS ns ns Ils 

** LIS L ? S I l S m  

PPLW PREVI ns ns 11s IIS m I l s m n s  

t EfTect of ParapIow treatment 
Effectof previous crop 

g ns E E i  not sienificant @<O. 10) 
Effect sipntfiul?t @a. 10) 

** Eff' sienificant @<0.05) 
*** Effect significant w . 0  1) 

7 Effkcts of interactions between variables 

(1) Number per plant 
(2) Number per tiller 
( 3 )  Number per m2 

Table C. 16. Analysis of variance for sunfiower crop parameters. Experiment C13, 1993/94. 

Piant DensÏty Head area 5 
Effect (~umf) (m2ha) 

BLOCK 
PPLW t 

Mean 
C.V. (%l 

t Enect of Paraptow treatment 
# ns Effect not signifiant (p4.10) 

* EnectsignlfïcaIit@<0.IO) 
** Effect signific#nt QS0.05) 
*** Effect significant w 0 . 0  1) 

$ This variable was used as an estimator of grain yield 



Table C. 17. Analysis of variance for canola crop parameters. Experiment Cf 3, 1994. 

Mean 
C.V. (%) 
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