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ABSTRACT 

- iwadhwal, N.K. and Thierstein, G.E., 1985. Soil crust and its impact on crop establish- 
ment: a review. Soil Tillage Res., 5 : 289-302. 

Soil crusting is a worldwide problem occurring under a wide range of soil and climatic 
conditions. Soil crusts affect seedling emergence and reduce the infiltration rate causing 
loss of water and crop yield. Considerable research has been done in order to  untler- 
stand the process of crust formation and the factors affecting it. Soil crust strength and 
impedance t o  seedling emergence have been studied in detail and measures to avoid 
crusting and methods t o  ameliorate its adverse effects have been suggested. The findings 
of such studies are summarized in this paper. 

INTRODUCTION 

The successful establishment of a uniform stand of a desired density is 
an important phase of crop production. Crop-stand establishment is adver- 
sely affected by poor emergence of seedlings due to  soil crusts. The problem 
of soil crusting or capping is worldwide; it occurs under a wide range of 
climatic conditions. In many arid and semi-arid regions soil crusting is quite 
common, especially on sandy and loamy soils. In these regions, the rapid 
drying of soil enhances the development of soil crust (Carnes, 1934; Isiumov, 
1938; Hillel, 1959, 1960; Taylor, 1962; Williams, 1963; Heinonen, 1965; 
Cary and Evans, 1974; Miller and Gifford, 1974; Prihar, 1974; Gupta and 
Yadav, 1978; Hoogmoed, 1980). Sometimes the crust restricts the emergence 
of seedlings completely and makes replanting necessary. The effects of the 
crust can be serious when a crust is formed around the base of the seedling 
after emergence and causes the loss of the seedling by girdling (Arndt, 
1965a). Crust on the soil surface, in combination with high intensity rain- 
fall, causes large losses of rain water by run-off. Even in years when rainfall 
is sufficient for crop production, poor yields may be encountered due to  
shortage of water held in soil. 

Soil crusting and seedling emergence has been widely researched; however, 
an inventory of the available information pertaining t o  its various aspects is 
lacking. In this review, information about formation of soil crust, its physical 
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characteristics, impedance to  seedling emergence, methods of crust manage- 
ment as well as measures of encouraging emergence through the crust have 
been gathered and discussed, in order to  provide an insight into the problem 
of soil crusting and its impact. 

SOIL CRUST FORMATION 

A soil crust is a thin hard layer formed on the surface of the soil due to  
dispersive forces in rain drops or irrigation water followed by drying. The 
physical mechanism of crust formation can be summarized as follows. Due 
to  wetting and impact of raindrops the soil aggregates slake, and small 
particles, like clay and silt attached to larger grains (sand) get separated and 
disperse a t  the soil surface. These small particles form a suspension in the 
water and move within the top layer through the voids between grains, 
because of the capillary suction from the underlying layers. The voids 
become choked with fine particles and a thin layer is formed at the surface4 
Densification of the soil surface layer during wetting and subsequent drying 
is enhanced due to: tendency of the platey particles, in a state of semi- 
suspension, to settle with their long axis in a horizontal direction; attraction 
among adjoining particles; retreat of water held in space between particles 
during drying. Cementation of the surface layer takes place due t o  reorienta- 
tion of particles and precipitation of calcium carbonate during the drying 
process (McIntyre, 1958b; Hillel, 1960; Epstein and  rant,' 1967, 1973; 
Morin e t  al., 1981). 

According to  McIntyre (1958a), the crust consists of 2 parts; an upper 
skin-seal, attributed to  compaction due to  raindrop impact, and a deeper 
washed-in region of decreased porosity attributed t o  fine particle movement 
and accumulation. He found that the thickness of the skin-seal and the 
washed-in zone were 0.1 mm and 2.0 mm, respectively. The washed-in layer 
was formed only in soils that were easily dispersed. However, in the case of 
sandy loam loessial soils, Chen et al. (1980) did not find any significant 
downward movement and accumulation of fine particles in the 0.1-2.8-mm 
zone. They classified soil crusts into 2 categories: (1)  structural crusts; (2)  
depositional crusts. The formation of these different types of crusts is 
described in thz following sections. 

Formation of a structural crust 

Structural crusts are formed as a result of water-drop impact. In the 
initial stage the prewetted soil contains large sand particles covered quite 
uniformly with fine particles all over their surface in the upper layer (0-3 
mm). Later, when run-off starts, the sand particles get stripped of the 
fine material, and large naked sand particles are exposed a t  the top of the 
soil. The morphology of the soil a t  a depth greater than 0.1 mm still remains 
the same as in the prewetted soil. During the final formation stage, due t o  



continued rain, the sand particles at the top of the soil get removed and a 
dense thin "skin" of 0.1-mm thickness, composed mainly of fine particles, is 
formed at the soil surface. 

Formation o f  depositional crust 

These are formed by translocation and deposition of fine soil particles. 
The thickness of the crust equals the upper layer of soil which tends to peel 
off spontaneously when the soil dries out. This type of crust is also charac- 
terized by the presence, at the surface of the soil, of a thin 'skin' about 0.1- 
mm thick. No sand particles are present in the skin suggesting that its texture 
is completely different from that of bulk soil. Larger sand particles typical 
of the bulk soil are observed at the 4-5 mm depth, which is where the crust 
gets spontaneously separated from the bulk soil. 

Simulation o f  soil crust 
5 

Simulation of soil crust is generally done to study its effect on seedling 
emergence, infiltration, and run-off (Tackett and Pearson, 1965; Busch 
et al., 1973). A wide range of sprinkling devices were found unsuitable be- 
cause of pattern effects during calm conditions, and drift with wind (Arndt, 
1965a). Rainfall simulators have been designed to approximate drop size 
and distribution, velocity of drops, and intensity of a rain storm. These are 
used to  produce a soil crust under varied rainfall intensities, duration and 
drying conditions. The rainfall simulator can create a crust repeatedly and 
precisely with the same characteristics when desired. Precision in simulation 
is needed for accurate results. Holder and Brown (1974) reported that the 
different durations of rainfall at similar intensities resulted in larger differ- 
ences in the impedance of crust than did different intensities for the same 
duration. 

PHYSICAL CHARACTERISTICS OF CRUSTS 

Soil crusts are characterized and distinguished by their greater mechanical 
strength, markedly low porosity, higher bulk density, lower degree of ag- 
gregation, higher amount of silt and clay, and higher value of cation ex- 
change capacity as compared to  that of underlying bulk soil (Lemos and 
Lutz, 1957; Hillel, 1959; Sharma and Agarwal, 1980). 

A number of investigators have studied the hydraulic characteristics of 
soil crust. It reduces the infiltration rate that leads to  higher run-off and 
reduction in the amount of water stored in the soil. The hydraulic conduc- 
tivity of the deep layers of a virgin soil were found to be about 800 times 
higher than that of the skin seal. In addition, in wet conditions, the crust 
reduced the gaseous permeability of soil, leading to  seedling respiration 
problem. (McIntyre, 1958a; Rose, 1962; Evans and Buol, 1968; Epstein and 
Grant, 1973; Falayi and Bourna, 1975). 



Factors affecting crust strength 

Crust strength is affected by its own moisture content and thickness, rate 
of drying, rainfall intensity and duration, soil texture, type of clay and 
bulk density. The mechanical composition of the surface soil, wetting- 
drying and puddling as well as the frequency and width of cracks that form 
as a result of drying play an important role in determining the strength of 
crust (Hanks and Thorp, 1957; Lemos and Lutz, 1957; Taylor, 1962; Amdt, 
1965a; Qashu and Evans, 1967). A harder and less permeable soil crust 
develops under the following conditions (Hillel, 1960; Hanks, 1960): (1) 
the initial bulk density of the top soil is higher; (2) the soil does not contain 
organic matter and its clay content is higher; (3)  the soil aggregates at the 
surface are smaller prior to wetting; (4) the top layer water content is higher 
and maintained for longer time (slower drying). 

Holder and Brown (1974) found an inverse relationship between mechani- 
cal impedance and percentage moisture content of the crust between 2. 
and 20% moisture. The maximum impedance occurred in the narrow rangt "1 
of 2.2-2.8% moisture. A decrease in impedance associated with crust 
cracking was observed at the moisture content below this range. Hadas and 
Stibbe (1977) found an exponential relationship between crust strength (5) 
and moisture content (Pw) and expressed it as: 

S = B exp (-A Pw) 

Where A and B are constants and both depend on rainfall intensity, total 
amount of rain and drying rate. B is also influenced by soil physical charac- 
teristics. They observed that the natural crust resistance to  penetration was 
greater for the crust that was formed on disked plots than ploughed plots 
on the soils ranging from silty sand to  silty clay. 

Measurement o f  crust strength 

Modulus of rupture, as described by Richards (1953), has been widely 
used as an index of soil crust strength in relation to seedling emergence. 
Arndt (1965a) observed that due to variation in the width and thickness of 
the crust samples the value of modulus will vary from sample to sample. The 
field samples will be irregular in shape, so the estimation of their dimension 
will involve some error that will affect the calculation of modulus. Since 
there is no known way of equating the breaking load or the modulus of 
rupture of free samples with seedling force, it seems much easier to  measure 
the impedance directly than to  seek the additional information needed to 
apply the modulus of rupture approach. Barley and Greacen j1967) also 
made similar observations and suggested relating emergence directly t o  the 
force required t o  break the crust. 

Mechanical probes have been used by many investigators t o  simulate the 
actual seedlings without accounting for the characteristic differences in them 



to measure the force required for emergence, by pushing the probe upwards 
through the soil (Morton and Buchele, 1960; Stout et al., 1961). Arndt 
(1965a,b) designed an instrument that measured the force required for 
emergence of a mechanical probe through crust in the field. The instrument 
was buried in a chamber in the field prior to the formation of surface crust. 
Holder and Brown (1974) modified this method for measuring crust impe- 
dance in the laboratory. They used a probe supported by a balance that was 
raised by means of a jack. Soil was placed in boxes which were equipped 
with guide tubes to allow the probe to penetrate the soil crust from below. 
These techniques proved to be crude and laborious. Goyal (1979, 1982) 
included all the pertinent properties of the soilseed system in a simulation 
study and developed an equation for the seedling emergence force of soy- 
bean as the seedling penetrates vertically through a crusted soil. 

IMPEDANCE TO SEEDLING EMERGENCE 

Soil crust impedes the emergence of young seedlings even when other 
I factors like availability of moisture, oxygen, soil temperature and planting 
depth are not limiting. The crust poses a serious problem to small seeded 
crops, and inhibits emergence of even large seeds such as corn which nor- 
mally have strong emergence force. Usually the crops affected by crusting 
are pearl millet (Pennisetum americanum L.), cotton (Gossypium hirsutum 
L.) grain sorghum (Sorghum bicolor L.), soybean (Glycine max L.), guar 
(Cyamposis tetragonoloba), carrot (Daucus carota L.), mungbean (Phaseolus 
aureus) and cowpea (Vigna unguiculata) (Richards, 1953; Hanks and Thorp, 
1957; Sale and Harrison, 1964; Drew et al., 1965, 1971; Grant and Buckle, 
1974; Chaudhry and Das, 1978, 1980; Gerard, 1980). 

Restriction of seedling emergence takes place due to mechanical resistance 
offered by soil crust to  the emerging seedlings. If the force development of 
young seedlings falls short of the resistance of crust penetration, the seedlings 
cannot push through the crust and bending of the seedlings take place just 
beneath the crust. Arndt (1965a) presented 6 broad cases of crust impedance, 
based on combinations of seedling size and cracking pattern of crust as 
follows: (1) Adequate cracking for fine seedlings that are flexible, but have 
ineffective lifting force. The cracks are sufficiently frequent and wide to 
permit free emergence of most of the seedlings. (2) Inadequate cracking for 
fine seedlings. It causes delayed and partial emergence by detouring. (3) 
Absence of cracks for fine seedlings. The seedlings cannot emerge unless 
the seed density is enough for the combined effort of seedlings to produce 
failure of the crust. (4) Adequate cracking for coarse seedlings that are rigid, 
but have effective lifting forces. (5) Inadequate cracking for free emergence 
of coarse seedlings. (6) Absence of cracks for coarse seedlings. 

The emerging seedlings of cereals and grasses (about 1 mm or less in di- 
ameter) usually displace soil particles by compression and shear until the 
coleoptile tip is near the soil surface. At this stage if the force exerted by 



the coleoptile tip is sufficient to  overcome the tensile strength of the soil 
crust, an inverted cone of soil is ruptured out of the crust (Taylor, 1971). 

Emergence of bean seedlings decreased from 100 to 0% as the crust 
strength increased from 0.10 to 0.27 kg ~ m - ~ ,  whereas the emergence of grain 
sorghum seedlings decreased only when the soil strength exceeded 0.9 kg 
~ m - ~ ,  but ceased above the range of 1.2-1.8 kg cm-2 (Richards, 1953; 
Parker and Taylor, 1965). Emergence of pearl millet and cotton seedlings 
decreased sharply with the increase in crust strength, whereas the emergence 
of guar was reduced to a lesser extent. The limiting crust strength values in 
a sandy loam for one seed per hole were 0.29, 0.23 and 0.72 kg cm-2 for 
cotton, pearl millet and guar, respectively, whereas the limiting crust strength 
for 2 seeds per hole was raised to 0.52 and 0.67 kg cm-2 for pearl millet 
and cotton, respectively (Sinha and Ghildyal, 1979; Sharma and Agarwal, 
1974). The average emergence of cowpea, sorghum, mungbean and guar was 
67%, when the crust strength was below 1.0 kg ~ r n - ~ ,  but it was only about 
21% when the crust strength approached 3.0 kg cmT2 (Chaudhry and Das, 
1980). 

The limiting value of crust strength inhibiting emergence also depends I 

upon soil moisture. At a given crust strength, seedling emergence was lowest 
where the moisture was lowest. The other factors that influence the ability 
of a seed to emerge are crop species, variety, initial seed mass, soil tempera- 
ture and depth of planting. Planting the seed at a greater depth reduced the 
chances of seedling emergence because by the time the coleoptile reaches the 
soil crust, the latter has become harder (Hanks and Thorp, 1957; Williams, 
1956,1963; Jensen et al., 1972; Hadas and Stibbe, 1977). 

These factors add to the difficulties of establishing critical crust strength, 
because of the variations encountered due to the nature of plant, soil tem- 
perature, soil moisture, and water content of crust at the time of emergence. 

Soil crusts have been blamed frequently for the poor rate of gaseous 
exchange due t o  its low porosity and presence of highly-orientated soil 
particles and for limiting the supply of oxygen to the germinating seeds. 
Soil crust, when dry, does not affect aeration because it develops cracks if 
clay is present and pore space is usually adequate if clay is not present. 
Domby and Kohnke (1 956) reported that there was no significant difference 
in the rate of diffusion of air through dry silt loam having different degrees 
of crusting. Surface crust restricted diffusion only at low moisture tensions. 
The wetter the soil, the greater was the influence of crust on diffusion. A 
saturated soil crust could provide a very effective seal against diffusion. 

MANAGEMENT OF SOIL CRUST 

Soil crust is a common problem in unstable soils of arid and semi-arid 
regions. In these regions, the rapid drying of the soil surface enhances the 
rapid development of a highly rigid crust. A number of researchers have 
tried various management techniques to  solve the problem of seedling 
emergence through crust to achieve proper crop stands (Carnes, 1934; 



Isiumov, 1938; Gorbunov and Bekarevitch, 1951; Hillel, 1959; Cary, 1967; 
Taylor, 1971; Mehta and Prihar, 1973; Cary and Evans, 1974; Prihar, 1974; 
Gupta and Yadav, 1978; Page and Quick, 1979). 

Tillage methods 

Tillage practices play an important role in controlling surface crust and 
affecting seedling emergence. Formation of aggregates by tillage, results in 
less crusting and greater seedling emergence. Aggregates formed by rototil- 
ling soils at moisture content higher than the normal working range are 
more stable than normally-occurring aggregates. Intensive tillage causes 
deterioration of soil structure and may cause severe crusting and seedling 
emergence problems if heavy rains followed by sunny days occur immediately 
after seeding. 

A stratified seed bed with finer aggregates in the seed zone covered by 
coarser aggregates near the surface are successful in reducing both the drying 
rate and the adverse effects of soil crusts. The uneven surface consisting of 
coarse aggregates are effective in resisting the beating action of rain and 
minimize the hazards of surface crusts (Rathore et al., 1983a). Generally, 
reduced tillage systems leave an uneven and rough surface that can withstand 
several storms of rain before they seal and develop a hard crust (Kemper 
and Miller, 1974). Researchers have repeatedly concluded that minimum or 
no-tillage systems benefit soil structure and reduce crusting problems sub- 
stantially because these systems are favourable for earthworm activity and 
higher microbial population at the soil surface layer (Doran, 1980). Earth- 
worms secrete gelantinous substances that coat and stabilize soil aggregates. 
Stability of soil aggregates is also increased with water insoluble gummy 
substances secreted by organisms. 

Surface mulch 

Mulch that is spread on the surface of the soil prevents the formation of a 
crust by dissipating the energy of raindrops before they strike the soil sur- 
face (Ekern, 1950). It breaks the direct contact between soil surface and 
atmosphere resulting in reduction in evaporation and thus keeps the surface 
layer at higher moisture content for a longer period. This also helps to keep 
the soil strength low and facilitates emergence (Chaudhry and Das, 1978). 
Bennett et al. (1964) reported that on average only 10% of cotton seedlings 
emerged through a conventional seed bed, whereas 72% of the seedlings 
emerged when rows were covered with black plastic film. Straw mulching 
on the entire surface and strip application of organic additives have been 
found to be beneficial in reducing the crust and increasing the seedling 
emergence (Mehta and Prihar, 1973). 

Although mulching reduces soil crusting, the practice has not been ac- 
cepted by farmers because it frequently hampers the planting operation 



resulting in uneven emergence. The yields are sometimes reduced. Some 
yield reduction has been associated with the phytotoxic compounds formed 
during residue decomposition. A variation on this method combats this 
problem by using an inert mulch such as asphalt emulsion, coal, sand and 
pea gravel (Qashu and Evans, 1967; Ellis, 1965). 

Organic amendments and soil conditioners 

Soil crusting is a severe problem in weakly aggregated soils. Enhancing the 
stability of aggregates provides a key to the development of better tech- 
niques for reducing soil crusting. Improvement in soil structure and stability 
of aggregates can be achieved by using gypsum, calcium carbonate, organic 
amendments (farm-yard manure, crop residue, husk, etc.) and soil con- 
ditioners e.g., certain organic compounds, polyvalent salts and various syn- 
thetic polymers. The organic matter has tremendous effect on increasing the 
resistance of soil aggregates to the destructive impact of rain drops. Organic 
amendments contain ingredients that can improve the physical and chemical 
characteristics of soil. Their composition enable them to act as a binder for 
the soil particles and they also supply energy for the activity of soil organisms 
that can be very effective in soil aggregation. Mixing of farm-yard manure 
and waste products from dates and sugar beets near the soil surface increases 
water stable aggregates significantly (Hardan and Al-Ani, 1978; Chaudhry 
and Das, 1978). Plant residues (leaves, straw, roots, etc.) lose their physical 
strength as they are decomposed. Therefore, the place in which they were 
incorporated in the soil generally becomes a place of weakness. Conse- 
quently, incorporation of organic materials generally decreases crust strength 
as the organic matter decomposes (Kemper et al., 1974). 

The addition of gypsum significantly improved aggregate stability and 
reduced crust strength of red-brown earth, where the original exchangeable 
sodium percentage (ESP) content exceeded ten. The improved aggregate 
stability was associated with replacement of exchangeable sodium and 
magnesium by calcium (So et al., 1978). 

Application of synthetic polyelectrolytes and several other synthetic 
organic soil aggregating agents on crust-forming soils results in increased 
aggregates, aggregate stability, water infiltration and percolation, reduced 
crust and improved seedling emergence (Allison, 1952, 1956; Hedrick and 
Mowrey, 1952; Quastel, 1954). Allison and Moore (1956) studied the effect 
of VAMA (vinyl acetatemaleic acid) and HPAN (hydrolysed polyacrylon- 
itrile) conditioners on soil aggregation, surface crusting, and moisture reten- 
tion of alkali soils. Both types of conditioners were found to be effective in 
ameliorating soil hardness or crusting tendency. In general, the HPAN 
conditioner appeared to be slightly superior to the VAMA conditioners. 
Hemwell and Scott (1962) found that application of 4-tertiary-butyl py- 
rocatochol directly over the seed row caused the soil to fracture linearly 
over the row, thereby permitting the seedling to emerge. Application of 
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water emulsion vinyl resin and water emulsion asphalt reduced crust strength 
and promoted germination and emergence of seedlings (Bennett et al., 
1964). This was due to the increase in soil temperature by 2-3°C over 
that of the normal soil which affected the rate of germination and seedling 
growth. Proper application of soil conditioners does not affect the seed 
germination adversely. 

Sulphuric acid of low concentration when applied over the seeded rows, 
reduced crusting in calcareous soils (Johnson and Law, 1967). Sulphuric 
acid was never recommended because the hazards to man and equipment 
were too great. Agricultural grade phosphoric acid (H3P04) reduced crusting 
and increased stability of a calcareous soil. It increased sugar-beet seedling 
emergence as well as the beet yield. The phosphorus needs of the crop were 
satisfied by the acid (Robbins et al., 1972). Gabriels and DeBoodt (1978) 
tested the effectivenqss of commercially-available soil conditioners such as 
polyvinyl alcohol (PVA), polyacrylamide (PMA), asphalt and butadiene- 
styrene latex over dry soil aggregates and found that these increase the 
stability of aggregates. The effectiveness of the soil conditioners depends on 
the amount sprayed per unit of area. 

The high cost and limited effectiveness of most of these soil conditioners 
have inhibited their extensive use. DeBoodt (1975) estimated that, in case of 
sugar beet, an increase of 8-10% production is required to compensate for 
the expenses of conditioning. 

Measures to  improve seedling emergence through the crust 

Once a crust is formed it should either be wetted frequently or should be 
broken mechanically. Application of water softens the crust and helps in 
emergence of seedlings. This method is of limited use because of the high 
cost and labour requirements. It is not practicable in arid and semi-arid 
regions where water availability is a major limiting factor. 

Heinonen (1965) recommended shallow cultivation to break the crust 
that loosens the top soil surface and leaves it open for faster infiltration of 
water. But shallow cultivation cannot always be done over seeded rows 
because the young seedlings just below the crust may be damaged seriously, 
Kemper and Miller (1974) reported use of a cultipacker for breaking crust 
over seed rows. The cultipacker consists of a series of narrow rings supported 
on a tube. The arrangement allows the weight of the individual rings to 
press on the surface of the ground and each ring is free to follow surface 
contours. The rings crush the surface and break the crust. No quantitative 
information is available about the injury to seedlings. The rotary hoe, 
fingertype weeders and spring tooth harrows have also been tried. These 
types of equipment tend to remove soil, and there is danger of serious 
damage to seedlings. 

A roller-type mechanical soil-crust breaker designed to  break crust over 
seeded rows, improved emergence of sorghum and pearl millet significantly 



without any injury to  the young seedlings (Awadhwal and Thierstein, 1983). 
Emergence of seedlings through crust can be improved by various agron- 

omical manipulations including selection of species and varieties with high 
emergence under temperature and moisture stress. Land-surface modifica- 
tion for planting is also a viable technique. Planting seeds on ridges improved 
seedling emergence because the soil environment remained suitable for 
germination and emergence throughout the entire emergence period (Rathore 
et  al., 1983b). 

Planting seeds in a group (hill) gives a higher emergence force than a 
single seed (Maranville and Clegg, 1977). Edwards (1966) found that the 
seedling emergence force increased from 0.36 to  0.87 kg when the number 
of seeds per hole was increased from 1 to  3. Sharma and Agarwal (1974) 
found higher emergence when they planted 2 seeds per hole as compared 
to single seed per hole. However, the seedlings emergence in cotton under 
one seed as well as 2 seeds per hole was zero when the crust strength was 
greater than 1 kg ~ m - ~ .  

RESEARCH NEEDS 

Considerable work has been done in order to understand the mechanism 
of crust formation, and its effects on seedbed characteristics. Modulus 
of rupture has been used widely as a measure of crust strength, but it lacks 
direct correlation with seedling emergence. Penetrometer techniques have 
been tried wherein the penetrometer is pushed from below the crust. This 
method is useful in the laboratory only. There is a need for a method of 
crust-strength evaluation that can be used in the field and should be directly 
related to  seedling emergence. 

It is possible to minimize the effects of crust by identification and devel- 
opment of cultivars that: (1) have a fast emergence rate; (2) exert more 
emerging force under temperature and moisture stress; (3)  develop a thicker 
pushing coleoptile under stress. The crust can also be combated by: (1) 
developing mechanical crust-breaking equipment that does not injure the 
young seedlings; (2) planting seeds in hills (more than one seed per site); 
(3) development of seed-placement and soil-covering techniques that reduce 
the chances of crust formation. 

Most of the existing methods for minimizing the effects of crust have 
several shortcomings. Research is needed to  remove these drawbacks and 
develop new and more effective means for crust management. Improving 
the stability of soil aggregate is a promising solution to  the soil crusting 
problem, but the use of soil conditioners (synthetic soil aggregating agents) 
is quite expensive, hence the search for relatively cheaper soil conditioners 
and soil additives is needed. Further improvement in crust-breaking equip- 
ment will be of great help in increasing crop establishment in crusting 
soils. The soil management systems need to be developed further to  arrive 
at  a technically-feasible and economically-viable solution to  the problem of 
soil crust and seedling emergence. 
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