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STATEMENTS

In the short term, the positive effecis obtained on soil physical
properties by the incorporation of crops as green manures exceed those
obtained by reduced tillage systems. (This thesis)

It is possible to assess the soil quality with respect to risk of erosion by

quantifying a number of simple and compound soit characteristics. (This
thesis)

The presence of an argillic B horizon is the main constraint in some
Uruguayan soils for water movement in the profiles. (This thesis)

The sealing index expressing the ratio of the saturated hydraulic
conductivity of an unsealed sample to that of a sealed one of the same

origin is a good tool to evaluate the risk of crust formation. (This thesis;
Roth, 1992)

The use of the chisel plough shows positive effects in soils having very
poor physical condifions. The bulk density is lowered, as well as the

resistance to penetration, and the rates of infiltration are increased. (This
thesis)

In Uruguay the assessment of physical status of the soil would be
necessary as a guide for soil management together with the design of
soil conservation measures such as contour lines. The joint efforts
would lead to a real conservation of the resource.

Innovative cropping systems, such as the inclusion of deep-rooted
companion crops, trees and symbiotic legumes into traditional cropping
systems, coupled with effective residue management, erosion control
and improved iillage practices must be developed in order to retard soil
degradation. (Woomer et al, 1994)

There are two fundamental components that have the greatest influence
on decisions: the farmer's production objectives, and his/her perception
of the consequences of various courses of action. (Keensy, 1982)




9. Research in poor countries suffers from several well-known deficiencies
(funds, infrastructure, communication, etc.) but these are sometimes
aggravated by conflicting concepts proposed by scientists, politicians,
communities.

10. Is it necessary in advertising job vacancies io encourage women to
apply? Wouldn't it be better if they were really considered under equal
terms?

11. In bee hives, the labourers are pathetic. To defend themselves they

must die.
12. El final no tiene fin Het slot heeft geen einde

ni tuvo inicio el comienzo en het begin is nooit begonnen

YO vivo siempre en camino, mijn leven is één onderweg

asi lucho, quierc y pienso zo strijd ik, zo heb ik lief, zo denk

ik
Daniel Viglietti (Uruguayan poet)

Ana Terzaghi
Soil management for improvement of soil physical characteristics related to erosion in
Uruguay.

Wageningen, November 13, 1996
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ABSTRACT
Terzaghi, A. (1996}

Soil management for improvement of soil physical characteristics related to erosion in Uruguay.
Ph.D. thesis, Department of Soil Tillage, Wageningen Agricultural University, The Netherlands,
pp. 164, 32 fig., 27 tables, 182 ref.

In Uruguay various seil physical characteristics are studied in three fisld experiments and by
means of several laboratory analyses in order to relate those characteristics to the ability of the
soils to resist the impact of rainfall erosion. The top layer is characterized by measuring several
indicators of structure guality and the results are related to the behaviour with respect to
rainfall, either natural or simulated. The subsoil is studied mainly on its hydraulic properties,
since they are a constraint for water movement. Modelling of rainfall redistribution in layered
profiles is used to obtain fast predictions of water behaviour when soil characteristics are
varied. Based on the above analyses and simulations, we define limits that allow to assess the
ability of the soil to resist erosion. The characteristics found to be most relevant are i) the
presence of an argillic B horizon, ii) the susceptibility for crust formation expressed by a sealing
index, i)} the stability of structure expressed by the wet sieving diameter and iv) the
arrangement of aggregates expressed by the total porosity. Once the quality of the sail is
known, the appropriate management has to be selected according to the limiting factors. A soil
of medium quality can be improved by reduced tillage systems together with cover crops to be
incorporated as green manures. When the quality is low, tilage intensity cannot be reduced
yet. Chiselling has to be considered together with crop incorporation. From our research, the
improvement of physical conditions of the B horizon has been shown as highly relevant, and it
needs to be studied further by means of deep chiseling or subsciling together with crops
especially adapted to deep rooting through the limiting layer.

Additional keywords:. tilage systems, soil water modelling, quality index
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1 INTRODUCTION

This research aims at evaluating the mechanisms and degree of changes in soil
physical properties by soil management and at determining to what degree
these changes influence rainfall erosion. It attempts not only to qualify but also
to quantify those effects, in order to identify threshold soil characteristics
determining erosion risk.

A better understanding is expected of the processes involved in changing the
physical condition of the soil by tilage and crop management, thus allowing
recommendations to be made to farmers. Soil physical condition is directly
related to erodibility, and thus one of the main factors determining its quality for
sustained crop production purposes. The definition of a set of simple laboratory
and field procedures is sought, in order to assess the suitability of a certain soil
in undergoing different management systems, considering the ability of that soil
to prevent damages by rainfall erosion.

Erosion caused by rainfall has increasingly been a problem in the northwestern
region of Uruguay, where this research was conducted. Continuous agriculture
has brought considerable damage to this region, prior to the development and
introduction of adequate control methods. The damage is manifest in the
occurrence of visible sheet erosion, decreased yield of crops, increasing need
for fertilizers, filling up of farm waterways, water reservoirs and even of streams.
Some of these effects are shown in Fig. 1.

Fig. 1. Visible evidence of erosion in Paysandi, Uruguay.
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In some severely eroded areas, rills and gullies are frequent. The general
tendency is to start control measures only once erosion has already begun.
Most of the times, these control measures are not effective since they do not
aim at correcting basic errors linked to soil management and/or tillage activities.
The status of the soil physical properties is mentioned as a main cause of soil
erosion in agricultural areas of the country, but actual evaluation has not been
done.

The Soils Division of the Ministry of Agriculture and Fisheries in Uruguay has
been responsible for the soil surveying of the country, and since around 1970,
for studying the causes of erosion as well as defining the control measures to
prevent further soil losses. In 1978 a description of actual erosion in the country
was published (Cayssials et al., 1978), based on aerial photo-interpretation. It
described a general procedure to be followed in order to prevent erosion, based
on the experience and visual observations of a group of agronomists and
advanced farmers. They stressed the need for research leading to a better
knowledge of the soil - management - erosion relationship. Petraglia et al.
(1982) presented another description of the erosion situation in the country,
based on observations. They demonstrated the partial adoption of erosion
control measures such as grass strips and/or terraces. From this time on,
researchers focused their studies using the Universal Soil Loss Equation
(USLE) as a hasic tool. In 1983 Puentes proposed a methodology to determine
the Land Use Capacity in relation to risk of erosion, for the soil units described
in the 1:1.000.000 scale soil map of Uruguay (MAP, 1976). He followed the
American scheme, and states that results are in agreement with knowledge
obtained by personal experience and cbservations but that locally quantified
data are missing to express the management - ercsion relationship. During the
same period, the Water Division of the Ministry developed a methodology to
quantify the R value (rainfall erosivity) for the USLE (Rovira et al., 1982; Panone
et al., 1983). This was followed by Garcia in 1982, who stressed once again,
the need for local research to obtain values for the C factor (land use and
management) of the USLE.

The research presented here was defined within the above described context,
to study the effects of soii management on physical conditions. The relative
importance of several physical aspects of the soil as well as the presence of an
argillic B horizon have been studied for their effects on risk of rainfall erosion.
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Several steps were followed for the development of this research. Initially, three
experiments and several laberatory methodologies were defined to study the
effects of soil management (tillage, rotations and green manure incorporation)
on soil physical properties. Chapter 2 describes the region where these
experiments were conducted and ends with the presentation of our research
questions. As an additional measure, other laboratory methodologies were
selected to obtain more standardized values to express the relationship physical
status - soil losses by rainfall erosion. These methodologies were performed at
Wageningen Agricultural University. The fast step of the research consisted of
working with a computer simulation model. This allowed the rapid prediction of
the effects of changes in the individual soil characteristics, on the soil water
balance (thus on soil losses due to rainfall erosion). Chapter 3 discusses the
background thecory and methodolegies selected to fulfil the aims of our
research. Chapter 4 includes the actual description of field experiments,
laboratory procedures and the computer model. Chapter 5 presents the results
of every method used followed by a discussion about each method’s ability to
express changes in soil status. Modelling of water movement under the studied
conditions is discussed in Chapter 6.

Chapter 7 proposes an assessment of soil quality, by giving ranges for those
characteristics which showed a maijor influence on behaviour towards erosion in
the sites where this project was carried out. Lastly, the conclusions in Chapter 8
critically refer to the quality of the information obtained through the several
methodologies applied. It discusses the advantage of making available a fast
and quantified test procedure for assessing behaviour of the soil towards risk of
rainfall erosion and refers to the need for further research to make that tool
maore precise.
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2 RESEARCH CONTEXT AND HYPOTHESES

2.1 Description of the region

2.1.1 Location

This research work was carried out in Uruguay, a South American country
situated between Brazil and Argentina (Fig. 2). The latitude varies from 34 to 36

degrees South. The experiments were conducted in Paysand(l, 380 km north-
west from the capital, Montevideo.

URUGUAY

Fig. 2. Map of Uruguay and its location in South America.
212 Climate

Uruguay has a temperate climate with annual rainfall in all seasons. It is
classified as Cfa according to Kdppen's classification system (Kdppen, 1936).
The average temperature is 19°C with a relative air humidity of 65-70%. During
the summer (Dec-Feb) the average temperature is 25°C and during the winter
(Jun-Aug) 13°C, with frost being quite common (Universidad de la Republica,
1971). The average yearly precipitation is 1100 mm, which is fairly evenly
distributed throughout the year. This is shown together with the distribution of
the Elx within a year in Fig. 3. The Elw is the product of the Kinetic Energy (E)
of a shower and its maximal rainfall intensity during 30 minutes. For Uruguay
this was calculated taking into account the showers larger than 13 mm and
more than six hours apart, considered as erosive storms by Rovira et al. {1982)
and Panone et al. (1983). The R-factor of the USLE formula (Wischmeier and
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Smith, 1987), is the sum of all the Elx products of one year and is a good
measure for the erosivity of the rainfall. For Paysanda a value of 659 was
obtained, expressed in J m? mm™ 10°,
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Fig. 3. El,; as % of year total and precipitation per month for Paysandu (Source: Universidad
de la Republfica, 1971 and Panone el al., 1983).

The above mentioned authors show a concentration of total and erosive storms
in spring and summer months. These data are presented in Table 1 for the area
under study. On the average, there are 80 rainy days per year with an average
amount of 15 mm per shower. One third of these showers are considered to be
erosive.

Table 1

Total and erosive storms (expressed as %) occurring in Paysandi, distributed over seasons
(Source; Rovira ef al., 1982 and Panone ef al., 1983)

Season Total storms Erosive storms
{n (%)
Summer 30 Kyl
Autumn 22 21
Winter 22 17
Spring 26 3

213 Soils and topography

Maijor soil types in Uruguay are Phaeozems (FAO - UNESCO, 1974) of varying
textures developed on sediments of the Pleistocene, deposited over several
parent materials depending on the area. In Paysandu these are limestones,
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sandy rocks of the Tertiary Period and Basaltic lavaes. Usually these soils have
an argilic B with unfavourable physical conditions which are frequently
mentioned as a limiting factor for crop development, although there are no
quantified data about the relative influence. Vertisols and vertic profiles are quite
frequent in the basaltic area. Planosols form on sandy parent materials, having
a deep sandy A horizon and a heavy clayey B horizon. Due to their
characteristics the soils are rather wet in winter and dry in summer and
generally nutrient rich although deficient in phosphorus. The scil map of
Paysandu is shown in Fig. 4. Our experiments were placed in the shaded soil
units, Young, San Manuel and Algorta {described in § 4.1). The topography of
the area is undulating, with slopes ranging from 0.5 to 15%.

Youny
;55‘;1 E San Manusl

Fig. 4. Soil map of Paysandu, Uruguay. (Source: MAP, 1976)
214 Land use

Land use types are presented in Table 2, for 1981 (DICOSE, 1981), and 1880
(local information) for Paysandi. The main winter crops are wheat, oats and
barley, while summer crops are sorghum, sunflower and maize. Until around
1970, continuous cropping was the most frequent cultivation system, either with
a winter or a summer crop. From then onwards, the low prices of cereals
infroduced rotations with pastures as normal cropping systems. Variations in
total area dedicated to the different crops occur due to annual price fluctuations.
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Table 2

Land use types in Paysanda for 1981 (DICOSE, 1981) and for 1990 (focal information)

Use 1981 1990

1000 ha % 1000 ha %
Planted grasslands 527 38 60.1 4.8
Natural grasslands 1159.0 846 1046.0 82.8
Improved grazing fields 317 24 249 2.0
Annual forages 236 1.7 27.4 22
Annual crops 741 54 698 55
Planted forest 228 1.7 259 20
Orchards and vineyards 54 04 9.4 0.7

215 Soil erosion and conservation

The situation with respect to erosion in the country for 1978 is presented in Fig.
5.

Gradations of Erosion
zero

]

fight
moderate
severe

Fig. 5. Actual erosion in Uruguay in 1978. (Source: Cayssials et al., 1978)

There are no publications showing present conditions in Uruguay. As land use
has nct significantly changed on a national scale, this map can be roughly
considered as showing the present situation with respect to relative degree of
erosion among the different regions. In all regions there has been an increase
on the area and on the severity of erosion effects. According to information
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presented by MGAP (1979), 30% of the country is to some degree affected by
erosion. This becomes really important when referring to the total acreage of
arable land available. More than 80% of these arable lands are affected.
Physical degradation is reported to be found in about 20% of the country; this
being more an assumption than a quantified conclusion. Historically, continuous
yearly conventional tillage (performed since the beginning of this century mainly
for wheat and maize), has been the reason for a decrease in organic matter
levels and an increase in erosion damage that ranges from moderate to severe,
Conventional tillage impiies one or two times disc ploughing, followed by several
passes of secondary tillage implements (mainly offset disc harrow). In severe
situations, there exist other reasons for erosion besides high intensity use and
steep slopes. These are socio-economic aspects, such as small size of fields
(mainly around Montevideo), low prices for agricultural products that make it
difficuit to incorporate more expensive technology, type of tenancy that does not
give permanency to farmers on the land, and often a lack of knowledge andfor
inappropriate habits.

Only after 1970 some conservation practices were developed, mainly grass
strips following the contour lines. However, these are almost never respected as
guides for the direction of tillage practices so are rather ineffective. Aside from
these, soit conservation practices are limited to small areas of narrow based
temporary terraces, mainly in Paysandi. Only a few big farms which grow
permanent crops such as citrus and eucalyptus are using broad based
permanent terraces.

The incorporation of crop residues into the soil, mainly of sunflower is slowly
being adopted during the last 2 or 3 years. This "cultivo de segunda” (planted at
a time that is late for an optimal development of the crop), was primarily
introduced for economic purposes (oil), while the protection of the soil in
summertime is an additional advantage (covered fallow).

In recent years, some farmers have been experimenting with no tillage, as a
direct result of the lower prices of herbicides compared to previous years. Still,
the direct-drilling technology is not yet adjusted as to be really effective for soit
conservation. The soil is left in a bare condition by use of herbicides during risky
periods (from planting until the crop is covering the soil surface and can act as
an effective protection against rain erosivity). Besides, bariey residues are burnt
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since they have been reported by farimers to negatively affect the next crop.

Conservation practices and cropping systems have been changing in Uruguay
due more o economic reasons than as a result of an understanding of
processes going on. Some innovations, such as grass strips, have been
imposed by credit institutions but refused by most of the farmers, since
investments increase and no profits can be seen in the short term. This leads to
a half-way situation, where the strips are installed but not utilized. Soil structure
of agricultural fields is often deteriorated due to over-intensive tilage and/or
grazing, and physical measures to prevent erosion (like grass strips or termraces)
are not sufficient to prevent further soil degradation. Direct drilling is seen by the
common farmer as a way to reduce the costs of tillage rather than as having a
positive effect on physical conditions.

2.2 Research hypotheses

The influence of soil physical properties on its productivity and performance
towards rainfall erosion risk has been studied for years. Nevertheless, results
are diverse and sometimes contradictory. This research is based on several
hypotheses that combine soil characteristics with management aspects. It is
aimed at giving general answers, working within a framework where different
aspects come together. In this context, the following hypotheses are posed.

- Tilage practices are excessive. Physical improvement and thus a reduction
of soil losses, can be achieved by reduced ftillage together with
incorporation of crop materials. An improvement of the argilic B horizon
when present, is needed to obtain a really relevant change in performance
towards rainfall erosion.

Several researchquestions arise, possibly to be answered here.

- How far can ftillage practices be reduced to promote an improvement on
soil physical status?

- Will burial of green manures benefit the soil quality, in reference to its
behaviour towards rainfall erosion?
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- \What is the relative importance of management (tillage intensity and green
manure incorporation) and of soil characteristics (conditions for slaking,
textural B horizon) on particle detachment caused by raindrop splash and
on water movement through the profiles?

A final aim of this research is the development of a Soil Quality Index that
expresses the ability of a certain soil to resist surface degradation and to allow
water entry and water transfer through the layered profile. This index has to
consider those soil characteristics that can be easily measured and that can
best express changes due to management.
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3 THEORETICAL FRAMEWORK
3.1 Introduction

Since our research is wide and complex, it is not practical to treat it as a whole.
For better identification and understanding of the processes, the following steps
have been defined:

- The first step is to study soil physical changes due to management
systems (tillage, traffic, crop rotations, incorporation of green manure). Scil
degradation results from intensive ftillage operations without proper
replenishment of lost organic matter, and is the main cause of soil loss by
rainfali and of reduced crop vyields. Evidence of soil degradation is
analyzed through structural stability, porosity and resistance to penetration

(§ 3.2).

- The second step is to quantify the effects of the physical status of the top
layer on particle detachment by raindrops (risk of erosion). Sediments
collected in splash cups under natural rainfall and by means of a small
rainfall simulator are viewed at this point, as evidences. One of the results
of degradation of physical aspects is crust development. Its relative
influence to hinder water movement through the soil is also studied by
using a sealing index (§ 3.3).

- The third step deals with the relative influence of the presence of an argillic
B horizon on water behaviour. The pF curve is thought to show the
characteristics of this horizon, making it an impediment for water infiltration
and thus promoting water runoff (§ 3.4).

- The use of modelling to simulate the water balance is reviewed in § 3.5.
The definition of a Soil Quality Index is studied in § 3.6 as a tool to gradate
the risk of erosion, considering the best expressing characteristics.

3.2 Effects of soil management on physical properties and on crop yields

We consider a soil cultivation system (soil management) o be a seguence of
cropping and tillage operations aimed at creating and maintaining good soil
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conditions for high production. This definition involves both short and long term
concepts. On one hand (short term), the conditions that affect crop production
have to be defined and knowledge of how tillage acts is needed in order to
favour these conditions. With reference to the long term concepts, conditions
that affect soil erosion and degradation have to be taken into account, and the
mechanisms by which they are influenced by cropping and tillage systems must
be well understood. Structural evolution is the determining factor for the
agronomic effectiveness of seedbed preparation techniques. The germination
and the emergence of seedlings are closely related to properties for the transfer
of water, gas and heat and to the mechanical properties of crusts that are likely
to form, thus closely related to soil structure.

3.21 Tillage and traffic

A description is given below of both the positive and detrimental effects of tillage
as seen by several researchers. On the other hand, the effects of no tillage are
analyzed, together with its possibilties of success. Traffic is studied, as it
accompanies every farming system and causes negative effects on the soil.
Indicators of the soil status that allow the effects of tillage, no tillage and traffic
to be assessed are described in a last paragraph.

Tillage

The effects of tillage on the soil are linked with those of traffic, often acting as
effects and counter-effects. Tillage tools apply forces to soil which cause
changes in volume, cutting, transport, shear plane formation (crumbling,
pulverisation) and changes in {micro) structure. These changes are favourable
for obtaining a soil condition for enhanced agricultural production by increasing
emergence, improvement of plant rooting, increasing infitration, and controlling
erosion. Schafer and Johnson (1982) present a review of expected changes
due to tillage actions. They mention four types of soil faifure in terms of stress-
strain behaviour; compression, shear, tension and plastic flow. A tillage tool may
transfer a system of forces that creates all four types of reactions. The type and
extent of reactions caused by ftillage determine the soil's final condition. Work
dohe by Ojeniyi and Dexter (1979) points out the importance of number of
passes and timeliness of tillage. They describe two main effects on the soil
macro-structure occurring during each implement pass. The first is that the
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mean aggregate diameter is reduced as a result of fragmentation. The second
is that the aggregates are sorted with the smaller ones tending to sink to the
bottom of the tilled layer and the larger ones tending to rise to the surface.
Although both effects are beneficial, the effect of multiple implement passes on
soil macro-structure is not always positive. In their research, Ojeniyi and Dexter
worked with a sandy soil and recorded moisture content at every pass. They
reported that the first and second tillage passes produce most of the soil break-
up. A second pass produces greater variation in soil structure when done at a
moisture content of about 130% of the plastic limit than when done at a
moisture of about 65% of the plastic limit. A summary of the effects on the soll,
of the main types of tillage implements considered in our research are shown in
Table 3.

Table 3
Effects on the soil of some tillage implements, used under wet or dry conditions

implement

Disc plough Chisel plough Offset harrow

pulverising big:

joosaning : medium:

mixing smaill:

inverting

Tillage systems do not necessarily imply purely tilage operations. Within our
research, conventional tilfage refers to the most widely used combination of
tillage implements utilized in Uruguay for almost one hundred years. It consists
of several passes of a plough (either mouldboard or disc plough) followed by
disc and tine harrowing. Vertical tilfage considers the use of a chisel plough and
a spring tine cultivator, with the least possible number of passes. Reduced
tiifage is a combination of both methods, which aims at using the least possible
passes and selecting the implement according to the actual status of the soil.
Direct drifling or no-tiflage, is a method of planting crops that involves no
seedbed preparation other than the opening of the soil for placing the seeds at
the desired depth.

It is difficult to define one ftillage system that maximizes the efficiency of

23




utiization of soil nutrients, perforrns favourable weed control and at the same
time, takes care of the conservation of natural resources. According to Boone
and Kuipers (1870), it is possible that physical conditions will never become a
limiting factor for certain soils under particular climatic conditions and with
certain crop rotations. Under many other conditions though, the soil will be more
sensitive and limits have to be defined. Other soils might exist where physical
conditions will be a real bottleneck and problems have to be solved in the best
possible way. In this research, we try to define the relevance of physical
aspects for some soils in Uruguay, often mentioned as causing problems but
not yet quantitatively analyzed.

No-tillage

Most authors agree that a nodillage system is the best way to reduce soit
erosion, but that the actual status of the soil must be regarded before adopting
this practice. Van Doren and Triplett (1979) state that the use of the no-tillage
system without pretreatment with some residue and tillage combination is not
always likely to be successful. With no-tillage, crop residues and nutrients
applied to the soil surface remain at or near the point of application. Soil
structure, whether good or bad, tends to change slowly towards equilibrium, and
organic matter and easily decomposed plant materials are mineralized at
relatively slow rates. Decisions on when and how much to till should be based
on whether or not the status needs changing and on the degree of change
desired. In general, the no-illage system tends to preserve the physical
properties of the soil. Hence, in some very poor conditions, an improvement is
needed before starting with it. Bandel (1983, 1984) shows that on some coastal
plain soils in Maryland, generally 3 to 6 years are required for the yields of no-till
com to equal the yields of com grown under conventional tillage. The reasons
he attributes to this are that there is time required for changes in soil physical
properties to develop after beginning with a no-tillage system. The recovery of
the original structure of the soil (lost by continucus cultivation) is needed, by
- development of root channels and active fauna forming interconnected
macropores, thus improving internal drainage. Although Blevins (1984) claims
that the system is suitable over a wide range of soil types and slope conditions
because of the soil and water conservation benefits, he poses doubts
concerning the adaptability of poorly drained soils. Poor growth and emergence
are related to lower soil temperatures, loss of N, disease and insect damages
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during a time of reduced vigour of plants due to low levels of oxygen following
rainy periods. For no-tillage to be effective, a sophisticated level of field
management has to be considered, adapting planting dates, plant populations
and more precise and careful management of N fertilizer.

Traffic

Existing literature points field traffic as one of the most important factors
adversely affecting the physical condition of the arable layer of agricultural soils
which is always linked to mechanized farming. Field traffic causes compaction.
Compaction causes a reduction in air filled porosity, which is important for root
development. With compaction, diffusion of oxygen from the atmosphere into
the soil is reduced. Loosening of the soils by ploughing usually does not
completely alleviate the effects of compaction on seil structure {Arvidsson and
Hakansson, 1993) and the residual effects often largely affect seedbed quality
and roct growth as well as the need for secondary tillage (Hakansson, 1994).
The magnitude of compaction depends on such characteristics of the soil as
structure, texture and hydrologic regime. Compaction acts on the solid phase,
increasing cohesion among particles, and on the porous phase, decreasing it.
Carrasco (1989) reported that extremely sandy and clayey soils are less
susceptible to compaction, due to low cohesion and to a high tendency to self-
muiching respectively, and that soils with 20% clay and 60% sand are the most
susceptible to compaction due to traffic. He worked on field experiments in Sao
Paulo (Brazil) generating increased compaction in soil by successive passes of
machinery on a range of soil types.

In a review of soil compaction by agricultural vehicles, Soane et al. (1982)
presented data on the area covered with wheel tracks and the number of
passes of tractor and implement wheels under several circumstances. For one
growing season of cereals or sugar beets under highly mechanized conditions,
they reported at least 9 machinery passes and at least 75% of the field covered
with wheel tracks. Kuipers and van de Zande (1994) report data obtained by
Van de Zande (1991) for The Netherlands and Halloway and Dexter (1990) for
southern Australia depending on rotation and on farm size. Table 4 presents a
summary of their data, being fraffic intensity expressed after Eriksson et al.
(1974). In Uruguay, although they have not been measured, conditions and data
would fall in between these figures.
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Table 4

Annual coverage with wheel tracks and traffic intensity (after Eriksson et al., 1974) for winter
wheat in The Netherlands and in southern Austrafia. (Source: Kuipers and van de Zande,
1994)

Annual field coverage Traffic intensity
with whee/ tracks t km ha
The Netherlands
<35 ha to 1200 ha 252% 115
Australia
>2000 ha 165% 62.7

Methods of reduced tillage and traffic are intended to avoid high levels of
compaction. Ellis et al. {1982) working in Great Britain on a silt loam series and
Francis et al. (1987) on a silt [oam in New Zealand, reported equivalent or
sometimes higher crop yields under reduced tilage and stubble retention
" systems than with conventional tillage systems over a wide range of
envircnmental conditions.

Indicators

Penetrometer resistance. Lowery and Schuler (1994}, working with two profiles
in Wisconsin (USA), found that compaction effects persisted for more than three
years, from 16 to 46 cm in a silt loam soil, and from 18 1o 34 cm in a silty clay
soil. They define plant height and soil strength {(measured by cone penetration
resistance) as the most reliable methods of evaluating the persistence of subsail
compaction. This is in agreement with results presented by Camrasco in 1985.
Mechanical resistance is highly affected by the state of compactness. When
total porosity and macroporosity decrease, the soil matrix becomes more firm.
The rate of elongation of root and shoct is controlled mainly by the soil strength
over a range of field conditions commonly found (Barley et al., 1965). The main
types of soil deformation caused by volumetric growth of roots and underground
shoots are shear and tensile failure. Penetrometer resistance is related to shear
strength (Tijink, 1988) and is easily measured. Many authors report in literature
that there is no consistent relationship between roat density and penetration
resistance. It has been reported that the presence of a mechanical constraint
negatively affects the development of roots but it does not always result in a
lower yield. Francis et al. (1987), working on a silty loam soil in New Zealand
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and Whiteley and Dexter (1982), working on a fine sandy loam in South
Australia with a heavy clay B horizon, demonstrate the relative ease with which
roots grow along cracks rather than through compacted soil. Although some
authors such as Taylor and Gardner (1963) proved that penetration resistance
is a valuable empirical tool in specific expetiments, others like Ehlers et al.
(1983) invalidated it for general application under different experimental
conditions. This is explained by the complex system of functional relationships
between soil compaction and crop growth (Boone, 1986). According to Burke et
al. {1986), it is not a particuiar property of a soil but rather the summation effect
of several properties, that can point out a problem worth to be studied further
with other methods.

Bulk density and Porosity. These are indicators of compaction. Addiscott and
Dexter (1994) express that, whereas mass is conserved during fragmentation
by tillage, porosity is not. It has been found in soil aggregates collected from the
field that porosity decreases or density increases with a decrease in aggregate
size. Brown et al. (1992) found 1.21 g em? as an optimum bulk density for plant
growth and 1.47 as critical for a silty clay loam with fine montmorillonitic clay
using a regression relationship developed by Jones (1983) for bulk density
versus silt plus clay content. Bulk densities beyond 1.2 have been reported to
significantly reduce comn yields on an alluvial clay soil (Phillips and Kirkham,
1962).

Seedbed quality. Braunack and Dexter (1989) presented a scheme to
characterize seedbed quality which consisted of scoring several aggregate size
ranges from 1 (undesirable) to 3 (desirable), according to their effect on some
principal physical properties of seedbeds. When adding the partial scores, the
obtained summation expresses the quality; the higher the better. The physical
properties of seedbeds that were included in this rating were: lowest
evaporation, greatest inira-aggregate aeration, greatest inter-aggregate
aeration, least wind and water erosion and lowest compactability. When every
physical property is given the same weight, the aggregate size range 1-2 mm
tums out to be the best option. In the case where erosion is a limiting factor, the
2-4 mm aggregate size range is given a weighted factor of 2 and becomes
optimal. According to the authors, this simple scheme represents an attempt to
simultaneously consider the main physical factors influenced by aggregate size,
such as compactability and temperature transmission.
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Stability of structure. The quality of the seedbed is important but it must be
accompanied by an indicator of resistance of the aggregates to external forces.
To quantify the relatively fragile nature of ploughed soils, with their initiafly
greater proportion of coarse porosity, Hamblin (1982} determined the stability of
structure. Boone (1986) reported that even small changes in soil structure that
occur in situations nearly critical for root growth, may have significant
consequences. He stated that the definition of critical values for single factors is
complicated, since many critical field situations often occur by a coincidence of
several near-critical factors. Following this thought, many authors investigated
stability by developing a wet sieving method and reported it to be & valuable
one (Carter, 1992; Kochhann and Denardin, 1992; Thorburm, 1992; Kay et al.,
1994, Rasiah and Kay, 1995). Bickerion {1988) states that the method has good
reproducibility. De Boodt et al. {1961), report a high correlation between this
indicator and crop yield. There are different opinions in literature about the
sampling and pre-treatments to be followed in order to allow the method to
betier express the environmental effects on soil structure. The size, quantity and
stability of aggregates reflect the resulting effect of factors which favour the
aggregation of soil particles (e.g. wet-dry cycles, organic matter amendments)
and others that cause their disruption (soil cultivation, bioturbation). The
measurement of the stability of soil aggregates depends both on the forces that
bind them together and the disruptive forces applied. The former depends on
the environmental history of the soil, and the latter, on the conditions imposed
during soil sampling, preparation and analysis. Several studies done by Kemper
and Koch (1966); Kemper and Roseneau (1986) stress the importance of these
factors and propose a standard procedure for measuring aggregate stahility.
Their method involves air drying and rehumidifying the samples prior to wet
sieving to determine the recovery of aggregated particles on one (250 um
mesh) sieve. This procedure has been broadly applied. Several modifications
have also been attempted. Elliott (1986) used gentle misting and slaking of soils
prior to wet sieving as a means of contrasting differences in aggregate
distributions under different management histories. Others have focused on the
susceptihility of scils to disruption with chemical dispersing agents, such as
periodate and sodium pyrophosphate (Tisdall and Oades, 1979), or with several
degrees of physical disruption, such as ultrasonic dispersion (North, 1976), or
other methods of mechanical agitation in water (Monrozier et al., 1991). These
variations make the specification of the procedure critical to the interpretation of
the data. The sampling method, pre-treatments, and conditions and time of
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storing, define the qualitative condition of the samples for the analysis.

Soil hydraulic properties. They are also indicators of the effects of tillage and
traffic on the soil. The pF curve, the relationship between retention force and
moisture content of the soil, depends mainly on the diameter of the pores.
Macro and medium pores depend on tillage. Decreasing the bulk density, the
total porosity increases and hence, the amount of water held at low soil water
potentials increases while the amount held at higher potentials (larger negative
values) decreases (Unger, 1975; Klute, 1982). It can also show variations
depending on management since this has influence on structure. Kooistra and
Boersma (1994) found that moisture content at saturation is 10% higher in
pasture land than in compacted seils. Volumetric water content was found to be
consistently higher in soils maintained under conservation tillage systems than
under conventional tillage systems (Pidgeon and Soane, 1977; Lindstrom et al.,
1984). The saturated hydraulic conductivity is mainly govemed by the large
pores and lowered by compaction. Many investigators report increased
saturated hydraulic conductivity under no-illage systems and explain it by the
presence of cohtinuous macropores enhanced by root and fauna development
(Chan and Mead, 1989; Wu et al.,, 1992). Other reports in agreement with those
already mentioned are presented in a review by Unger and Cassel (1991).

3.22 Crop rotations and green manure incorporation

Whereas tillage operations are used, among other reasons, to create a range of
transmission pores in surface soils, the stabilty of aggregates is largely
dependent on the organic material added. An increase in organic matter levels
and enhanced biological activity are both characteristic of the changes which
occur in the soil under a pasture. For this reason, management of the soil to
develop optimum physical conditions for arable crop production is unlikely to be
achieved by tillage alone and requires that the soil be managed in such a way
that intemal aggregate conditions are maintained in a fashion similar to those
developed under pasture {(Greenland, 1981).

Torres (1994) working in Uruguay refers to the advantages of avoiding a long,
bare fallow to prevent nutrient losses, weed development and erosion, in order
to efficiently carry out tillage aiming at soil conservation. He stresses the need
for infroducing cover crops and green manure incorporation, together with
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reduced tillage practices. Plants or plant residues influence soil biological activity
by providing protection and a food source. Chisci and Boschi (1988) working in
ltaly with a Vertic Eutrochrept (51% clay at the surface layer), show with respect
to protection against water erosion in hilly areas, that it is more beneficial to
include a perennial forage crop in the rotation (alfalfa in this case) than to
change the tillage practices from up and down the hill to contour ploughing.
Benefits from surface mulching to avoid tillage have been reported by several
authors such as Lal (1975) and Gupta and Gupta (1986). Crop and vegetation
residues protect against raindrop impact, reduce the rate of runoff, modify soil
temperature and drying, and provide a food source for soil fauna. Incorporation
of organic amendments either as farmyard manure or as green materials {crops
being buried at a certain stage of their growing period) has also been shown to
improve yield and soil physical properties (Biswas et al., 1964; Charreau and
Fauck, 1970). Macropores are important for water entry, and it is important to
promote the development of a macropore network through soil horizons
associated with poor physical properties. The biclogical approach is meant to
achieve enhancement of physical properties and is successfully being used in
the humid tropics. More research is needed under other growing conditions, on
biologically-based and ecologically sustainable systems to improve structure by
means of biological processes. In Uruguay, field descriptions always report
meso fauna as almost non-existent in the argillic B harizons and root densities
as low. For these reasons, we tend to agree that conditions in winter are very
difficult for biclogical activity, due to high moisture content that, together with the
swelling characteristics of this layer, result in low levels of oxygen.

A combination of tillage systems and residue handling is desirable to achieve
optimum sail structure status. In Brazil, Kochhann and Denardin (1992) consider
that green manures are necessary to be able to start with direct drilling. They
mention specific crops such as oats, serradela, rye and others, which are sown
and cut at flowering with residues left on top. Doran (1980) showed the effects
that mulching has on increasing microbial populations, through the increase of
soil water near the surface and the addition of organic matter and nutrients.
Working in Nebraska on a silty clay loam (montmorillonitic) scil, he reported an
increase in the number of micro organisms and also in their metabolic activity.
Carter (1992), working on three fine sandy loam profiles, confimed that
minimum tillage systems for cereal cropping have the ability to improve soil
structure stability under humid conditions. In the case of low resistance to
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compaction and limited potential for regenerating adequate macroporosity, it is
necessary to combine improved tillage methods with systems which reduce
excessive soil compaction (controlled trafficy along with an incorporation of
green manure, to obtain positive effects on structural stability.

3.3 Effects of scil management on the surface layer
3.3.1 Infiltration

Surface infiltration depends greatly on textural and structural characteristics of
the top layer. Values of terminal infiltration rates for vertisols in ICRISAT, India,
reported by Klaij (1983), are among the lowest reported in literature. They
average 5 mm day” in soils with 50 to 64% montmorillonitic clay. Water surface
infitration and temporary surface storage are processes directly influenced by
tilage systems and residue cover. Mouldboard and disc ploughing are usually
reported as leaving a greater surface roughness immediately after tillage when
compared to chisel ploughing and no-tillage, thus enhancing the infiltration rate.
When considering residue covers left by the different tilage systems, the
tendency is just the opposite. When a balance is made bhetween both
characteristics, Van Doren and Triplett (1979) report that in several soils being
tested in Nigeria and Chie, rains of up to 20 mm should be equally conserved
by all systems. However, greater rainfall would cause a greater runoff under
mouldboard ploughing, while no-tilage would have an increasingly superior
infiltration capacity due to its ability to maintain actual conditions. In Brazil,
Kochhann and Denardin (1992), found infiltration values decreasing from 136 to
0.2 mm h™ for native forest and after 20 years of mechanical tillage respectively.

Residues on top are regarded as relevant even under no-tillage systems.
Stobbe (1994) reports that with bare soil, infiltration is higher under ploughed
soil than under notillage, but is opposite when residues are on top. Derpsch et
al. (1986) found the same tendency working in several soils in Parana, Brazil.
Their data show the highest values under no-tillage, intermediate under chisel
ploughing and the lowest under conventicnal tillage. They conclude that the
infiltration rate decreased in proportion to the decrease of soil cover. Kemper
and Derpsch (1980/1981) working with Oxisols and Alfisols in the north of
Parana, Brazil, present data showing a consistent increase in infiltration rates
when cover crops are used. Thorbum (1992) concludes that both tillage system
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and stubble retention play a role in modifying roughness and hence infiltration.
33.2 Splash and runoff

The term soil loss, expressed as a quantity per unit area and time, is often used
in literature for small plots. But even in the most erodible situations, soil loss or
sediment yield is limited by the transport capacity of the runoff. According to
Mutchler et al. (1988), as runoff flows through a watershed, the occurring
changes in topography, vegetation and soil characteristics, often reduce the
transport capacity. Gross erosion in a watershed, as predicted from plot results,
must be reduced by a sediment delivery ratio (unique to each watershed) to
obtain the expected sediment vyield. They describe small plots as tightly
controllable, allowing for studies of isolated variables, but cannot consider the
large spatial variability of soil and rainfall. Rainfall simulators are used in small
plots to measure splash and runoff. Different sizes of plots and rainfall
simulators are referred to in literature. Kamphorst (1987) developed a rainfall
simulator to work in plots of 0.06 m® Meyer (1988) describes conservation
research based on big rainfall simulators. Mutchler et al. (1988) describe
research done in big plots (around 2 hectares) with appropriate equipment to
collect runoff and sediment.

Raindrop impact, through its abilty to detach soil particles, along with
weathering, comprise the first stage in the soil erosion process. This force has
to overcome the particle weight and the cohesive force which binds the particles
together. Quansah (1981) states that the interaction between soil and rainfall
intensity is the most influential in particle detachment (splash) while the
interaction between slope and rainfall intensity influences sediment transport
(runoff). Ellison (1944) reported that the resuits of raindrop erosion are most
apparent at the tops of hills where return splash does not balance outgoing
splash. He states that most of the severe sheet erosion found at these locations
is largely caused by raindrop splash, while erosion by surface flow is usually
more apparent near the base of slopes where the greatest amount of surface
flow concentrates.

Kochhann and Denardin (1992), working with soils in Brazil, report that the

simple decision of keeping residues on top, even under conventicnal tillage,
causes a reduction in losses of 70%. Derpsch et al. {1986), working in several
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soils in Parana, Brazil, demonstrate that with no soil cover, total infiitration was
between 20 and 30% of the rain applied, while with 100% cover, infiltration was
100%.

3.33 Crusts

Crusts (final dry form of seals} are formed by raindrop impact causing the
breakdown of soil aggregates. The smaller detached particles are dispersed and
seftle down filling and blocking the larger pores of the soil surface. A process of
compaction of a thin surface layer occurs under the impact of raindrops,
bringing this layer to a higher density and lower porosity, that adversely affects
water infiltration. Zuzel et al. (1990} working on a silt loam in the Pacific
northwest of the United States, claim that surface sealing is more important
than a tillage pan in reducing intake rates and in increasing runoff and soil
erosion. Hoogmoed (1994), differentiates between crusting and sealing, a seal
being a very thin and low strength layer when dry, having no impact on seedling
emergence, but reducing the movement of water through the surface. Seal
formation can occur even in sandy soils, where values of final infitration rates
decrease in one rain storm 10 times with respect to the initial value (Hoogmoed
and Stroosnijder, 1984). Losses of 50-90% of the volume of rain showers can
occur in those cases, which severely influence water balance. As a side effect
on heavier soils, once the seal fums into a dry crust it can become a barrier for
the emerging seeds. In sensitive crops like grain sorghum, soybean and cthers,
this can cause delayed or partial emergence (Awadhwal and Thierstein, 1985).

The susceptibility of the aggregates to rainfall induced surface sealing depends
on a combination of soil physical, chemical and biological processes highly
affected by climatic and soil conditions during seal formation (Bradford and
Huang, 1992). Romkens et al. (1985) report the seal hydraulic conductance to
decrease in an exponential manner with the cumulative rainfall energy. Eppink
(1992) states that aggregates held together as long as the strength of the forces
combining the particles within them exceeds the external forces applied from
the environment in which they exist. Texture is reported as relevant with respect
to crust formation. High silt content favours crusting and crust strength, while a
seal on soils with high clay content restricts the final infiltration rate to a greater
extent (Shainberg, 1992). Smectite clays are more dispersive and therefore,
more susceptible to sealing than kaolinitic clays (Frenkel et al., 1978). Organic
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matter is reported as playing a vital role in aggregate stabilizing since it acts as
a binding agent between particles (Emerson, 1958). Cogle et al. (1894) refer to
soil biota as having an important role in improving the surface structure, mainly
of hardsetting, crusting and sealing soils, by increasing the ability of the soil to
conduct water through the surface soil layer and decreasing runoff losses.

3.4 Effects of an argillic B horizon on water movement

in Hillel {1980), five factors are given on which soil infiltrabiiity depends; one of
them is the presence of impeding layers inside the profile. Layers which differ in
texture or structure from the overlying soil may restrict infiliration, either because
of a lower saturated conductivity (as is the case with clayey layers} or because
of a lower unsaturated conductivity (like sand layers). A main physical
characteristic of an argilic B herizon is a very low saturated hydratlic
conductivity. In literature, values lower than 5 cm day™ are considered to lead to
stagnant water and perched water tables based on an average shower intensity
of 2 mm h™ (Kooistra and Boersma, 1994). An extreme case of argilic B is
presented by Rooyani (1985) for Aqualfs in Lesotho. The A and B in these
profiles are separated by an abrupt, smooth boundary, where gully erosion
starts due to the "pipes"” being formed at that boundary during rainfall.

341 Continuity between A and B

The absence of pore continuity at the hottom of the plough layer is regarded as
negatively affecting the water intake by the soil (Goss et al, 1984). By
ploughing, the conductivity of this layer is reduced by one-third when compared
to direct drilling, and the effects are greatest on clayey soils because of their
lower conductivity. Ploughing causes a disruption of pore continuity at the base
of the Ap horizon which can result from one single ploughing. Goss et al. (1984)
mention the effectivity of a mole drainage system to increase the saturated
hydraulic conductivity in the subsoil layer. This, combined with the use of a
shallow-working tined implement for arable cultivation instead of a mouldboard
plough results in a less rapid decline in the continuity of macropores between
topsoil and subsoll, thus allowing more rainwater to enter the subsoil.






