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I. INTRODUCTION 

Conservation tillage is an ecological approach to seedbed preparation and soil 
surface management. Conservation tillage, in its broad concept, includes many 
different management practices. Therefore, the choice of the best-suited tillage 
system may vary widely among different agroecological environments. 

A. EVOLUTION OF CONSERVATION TILLAGE 

During the 1930s, stubble mulching was developed to deal with the severe 
wind erosion occurring in the Great Plains of the United States and Canada. Crop 
residue left on the soil surface was found to be especially effective in keeping 
the soil in place against wind erosion. Early work on stubble mulching and sub- 
sequent conservation tillage is presented in a comprehensive review by McCalla 
and Army (1961). Keeping the residue anchored at the soil surface proved to be 
equally effective in preventing soil erosion by water. Researchers in the 1940s 
(Ellison, 1944; Laws, 1941) showed that the falling raindrop is the main detach- 
ing agent in sheet erosion by water. Duley and Kelly (1939) noted the develop- 
ment of a thin compacted layer at the soil surface when unimpeded raindrops hit 
the bare soil. This layer reduced the infiltration rate, and it was observed that 
additions of residues on the soil surface improved infiltration and absorbed the 
energy of the falling raindrops. Pioneering studies on the use of mulch in crop- 
ping systems was started in Nebraska by Duley and Russel (1939). 

As early as the late 1940s, attention turned to development of systems that 
required less tillage. Minimum tillage researchers advocated reduced amounts of 
tillage in the late 1940s and began to use plant growth regulators for postemerg- 
ence weed control. The development of new herbicides in the 1960s allowed 
conservation tillage systems to successfully evolve. In the 1960s, M. A. Sprague 
in New Jersey reported successful pasture renovation using chemicals as a sub- 
stitute for tillage. The development of nonselective contact weed control material 
that became commercially available in the mid- 1960s was a major breakthrough 
in making conservation tillage work. 

Refinement of many of the conservation tillage systems we use today in the 
United States can be attributed to early workers such as George McKibben 
(Illinois), D. B. Shear and W. W. Moschler (Virginia), G. B. Triplett and 
D. M. Van Doren, Jr. (Ohio), J. F. Freeman, Harry Young, and S. H. Phillips 
(Kentucky), and W. M. Lewis and A. D. Worsham (North Carolina), to name 
a few. 

By the 1970s, there was a wide range of herbicides available and rapid prog- 
ress was being made to develop machinery to effectively plant in soils with little 
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or without tillage and with minimal disturbance of residues remaining at the soil 
surface. Interest in soil conservation continued to spread throughout the world 
in the 1970s and 1980s. By the 1990s, there was a wide range of machinery 
available specifically developed for conservation tillage. This includes planters, 
disks, sprayers, and tillage equipment especially designed to leave residues at or 
near the soil surface. 

The timing of the successful development of conservation tillage technology 
was ideal for the U.S. farmers. The 1985 and 1990 Farm Bills contained strong 
conservation tillage provisions that require any farmer growing annual crops on 
highly erodible land to have a conservation plan in place by 1990 and fully 
implemented by 1995. One of the provisions of the bill is mandatory compliance 
with the conservation program. Conservation tillage that relies on reduced tillage 
and leaves residues at the soil surface is the most acceptable way for bringing 
highly erodible land into compliance and should be used when possible to avoid 
more costly conservation techniques. 

Conservation tillage has been described by conservationists as the greatest soil 
conservation practice to come along in the twentieth century. As we approach 
the twenty-first century, technology to successfully grow crops using a wide va- 
riety of conservation tillage systems is available to our farmers. The agricultural 
alliance of innovative farmers, research scientists, conservationists, and agri- 
business has transformed crop residue management and conservation tillage from 
a concept to a future-oriented system of tillage and residue management that 
effectively reduces erosion and soil degradation, is cost-effective and will remain 
environmentally acceptable. 

B. DEFINITIONS 

Conservation tillage is a term encompassing many different soil management 
practices. One commonly used definition (Mannering and Fenster, 1983) is “any 
tillage system that reduces loss of soil or water relative to conventional tillage; 
often a form of non-inversion tillage that retains protective amounts of residue 
mulch on the surface.” More recently, the definition adopted by the Conservation 
Technology Information Center (CTIC) is commonly used. CTIC (1992) defines 
conservation tillage as “any tillage and planting system that maintains at least 
30% of the soil surface covered by residue after planting to reduce water erosion; 
or where soil erosion by wind is a primary concern, maintain at least 1,000 
pounds of flat, small grain residue equivalent on the surface during the critical 
wind erosion period.” This definition is more of a working definition that is es- 
pecially useful in evaluating crop residue management and a quantitative method 
of determining if a field meets compliance with the 1985 and 1990 Farm Bills. 

Within the broad umbrella term “conservation tillage” are several contrast- 
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ing tillage systems, but all are designed to protect the soil and water resources. 
The following are commonly accepted definitions of the most important tillage 
systems. 

No-tillage-This involves very minimal mechanical seedbed preparation 
(narrow band where the seed is placed) and reliance on herbicides or cover 
crops or both to control weeds. In no-tillage the soil is left undisturbed from 
harvest to planting, except for possible nutrient injection (CTIC, 1992). 

Ridge tillage-The soil is left undisturbed from harvest to planting ex- 
cept for nutrient injection. Planting is completed in a seedbed prepared on 
ridges with sweeps, disk openers, coulters, or row cleaners. The residue is 
left on the surface between ridges. Weed control is accomplished with her- 
bicides and/or cultivation (CTIC, 1992). 

Mulch tillage-The soil is disturbed prior to planting. Tillage tools such 
as chisels, field cultivators, disks, sweeps, or blades are used. Weed control 
is accomplished with herbicide and/or cultivation (CTIC, 1992). 

Conventional rillage-Generally refers to moldboard plowing (inversion 
of the soil) followed by a secondary tillage operation such as disking and/ 
or harrowing. Weed control may be accomplished by cultivation or through 
the use of herbicides. 

A tillage system commonly used in small grain production systems is stubble- 
mulch farming. Stubble-mulch farming is described by Mannering and Fenster 
(1983) as a system that maintains a protective cover of vegetative residue on the 
surface at all times. Tillage equipment used in stubble-mulch farming includes 
those that mix the soil and those that cut beneath the surface without inverting 
the tilled layer. According to Mannering and Fenster (1983), the stirring and 
mixing machines include the disk, chisel-plows, field cultivators, and mulch 
treader. The noninversion subsurface tillage equipment includes sweeps and ro- 
tary rod weeders. Another form of small grain tillage is the “direct seeding” or 
“no-tillage” system. This system allows the small grain to be seeded directly 
into the residue of the previous crop, and weed control is accomplished with 
herbicides. 

Terminology often used in the past, such as “reduced tillage” and “minimum 
tillage,” may or may not qualify as conservation tillage depending on the level 
of residue remaining at the soil surface after planting. 

C. ADOPTION AND SUITABILITY 

The unique properties of individual soils and their ecological environment 
determine their limitations and suitability for utilizing conservation tillage meth- 
ods. The rapid technological advances in the development of new and more ef- 
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fective herbicides along with the development of equipment that can effectively 
plow or plant through surface residues in relatively undisturbed soils have made 
it possible for different versions of conservation tillage to be developed around 
the world. The increasing interest in and rapid growth of conservation tillage are 
associated with the increasing pressures for food production around the world 
and the continuing concern about soil degradation by erosion, compaction, and 
reduced fertility. 

Conservation tillage is especially well suited for use on sloping lands. These 
systems are also well suited for well-drained and moderately well-drained soils. 
The limiting problem of using conservation tillage on wet soils is the inability to 
remove excess water early enough to allow the soil to warm up in time enough 
to plant the crop. Furthermore, the wet, nearly level soils do not benefit as much 
from the lack of tillage and presence of crop residue on the surface. In fact, this 
system may add to an already existing problem, namely, wetness and cool soil 
temperatures. 

As the world population increases, the demand for food and fiber increases. 
This results in more pressure to use steep, fragile soils that are extremely erosive 
when cropped. Although it is not prudent to grow crops on steeplands, the use 
of conservation tillage and structures such as terraces can at least reduce soil 
erosion losses. 

D. ADVANTAGES AND DISADVANTAGES 

No single tillage system is suitable for all soils and climatic conditions. For 
environments where conservation tillage is ecologically suitable, it offers advan- 
tages over the moldboard plow or other tillage systems that result in soil inver- 
sion or extensive mixing of soil. Advantages include effective soil erosion control, 
water conservation, less use of fossil fuels normally associated with land prepa- 
ration, reduced labor requirements, more timeliness of operations or greater flexi- 
bility in planting and harvesting operations that may facilitate double cropping, 
more intensive use of sloping soils, and less risk of environmental pollution. 

Disadvantages that may be associated with conservation tillage systems in- 
clude higher herbicide costs, more difficulty in controlling certain weed infesta- 
tion (e.g., Johnsongrass), and, for imperfectly drained soils, conservation tillage 
may aggravate the existing wetness limitation. This wetness creates a more an- 
aerobic soil environment. Crop residue mulches left at the soil surface cause 
slower warming of soils during the spring and has been identified as a serious 
problem in the Corn Belt of the United States (Griffith et al., 1977). In contrast, 
the surface residue mulch that may delay germination and early growth in tem- 
perate regions often becomes a positive factor in the tropics by reducing the high 
temperatures that adversely affect plant growth, thereby enhancing germination 
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and growth (Lal, 1982). Conservation tillage is an important component of mod- 
ern agriculture and is aimed at preserving the soil and water resource base. 

11. CONSERVATION TILLAGE AND THE 
ENVIRONMENT 

The lack of soil disturbance and the presence of plant residue cover character- 
ize conservation tillage and are primarily responsible for its environmental bene- 
fits. Ironically, these characteristics are responsible for most of the management 
problems that have been identified with conservation tillage in the field. Major 
environmental benefits of conservation tillage include decreased soil erosion; 
improved water quality, particularly surface water; enhanced soil quality that 
may result in increased soil productivity; and decreased use of fossil fuels. 

A. Son. EROSION 

Conservation tillage decreases soil erosion almost in direct proportion to the 
amount of soil cover left following the tillage practice. The literature abounds 
with evidence of this. An excellent illustration is the research reported by Man- 
nering and Fenster (1977) and shown in Fig. 1. 

Although the relationship is strong between soil cover and soil loss, there 
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Figure 1. Relationship between soil loss and residue cover using moldboard-plow (0). chisel- 
plow (v), and no-tillage (.) systems. (Adapted from Mannering and Fenster, 1977.) 
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appear to be benefits from lack of disturbance per se independent of crop residue. 
Rasnake er al. (1986) reported soil losses of 426 kg ha-' with no-tillage soy- 
beans [Glycine max (L.) Merr.] without a cover crop compared to 9050 kg ha-I 
with conventional tillage (moldboard plowing) soybeans without a cover crop. 
Corresponding values with a winter wheat (Triticum aestivurn L.) cover crop 
were 269 kg ha - I for no-tillage and 1 142 kg ha - I for conventional tillage. Simi- 
lar results were found with no-tillage and conventional tillage soybeans in Ten- 
nessee (Shelton and Bradley, 1987). 

The decreased soil erodibility associated with no-tillage appears to be caused 
primarily by the lack of soil disturbance and its ramifications rather than runoff, 
since runoff is often similar for no-tillage and conventional tillage (Blevins et 
al., 1990). Runoff volume is affected greatly by surface roughness as well as 
residue cover left by the different tillage practices (Romkens et al . ,  1973; Man- 
nering et al . ,  1975; Lindstrom and Onstad, 1984). Soil loss, on the other hand, 
is determined largely by the erosivity of the rainfall and runoff and the erodibility 
of the soil. No-tillage decreases erodibility of the soil in comparison to conven- 
tional tillage. 

B. WATER QUALITY 

Public concern is currently focused on the effects of agricultural practices on 
soil erosion and water quality. Runoff from farmland has the potential to carry 
large amounts of fertilizers, pesticides, and sediments into lakes and streams. 
The surface runoff waters may readily affect the groundwater in some landscapes 
such as karst regions. Much speculation has occurred in recent years about the 
effects of various tillage systems on water quality. Some researchers (Blevins et 
al., 1983a; Wendt and Burwell, 1985) suggested that conservation tillage sys- 
tems create fewer environmental hazards than conventional tillage because it 
reduces runoff and soil erosion losses. Others have suggested that the increased 
infiltration resulting from reduced runoff may increase the potential for ground- 
water pollution with agricultural chemicals. 

1. Surface Water 

Tillage systems affects the amount of water moving both over the surface and 
through the soil. Moldboard or other inversion types of plowing increase the rate 
at which water moves into soil over the short term. However, after several rain- 
fall events, a crust often forms at the surface, reducing infiltration rate. Conser- 
vation tillage reduces soil losses (Blevins et al., 1990; Mostaghimi et al., 1988), 
but does not always reduce the volume of runoff as effectively as it reduces 
sediment losses. 
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No-tillage usually decreases soil erosion and chemical losses in comparison 
with conventional tillage (Angle et al., 1984; Mostaghimi et al., 1988; Blevins 
et al. ,  1990). In contrast, studies by Lindstrom and Onstad (1984) showed a 
higher runoff volume for no-tillage as compared to conventional tillage. 

Because fertilizer and herbicides are commonly applied on the soil surface in 
no-tillage systems, there may be a greater threat of losses of agricultural chemi- 
cals if rainfall occurs soon after application. Johnson ef al. (1 979) reported that, 
even though concentrations of agricultural chemicals were much higher in sedi- 
ments than in water components, 75 to 99% of chemical losses occurred in runoff 
water. Although the reduction of soil sediment losses under conservation tillage 
systems strongly influences total loss of chemicals into surface water, the re- 
duced runoff volumes are the overriding factor determining the lower total 
chemical losses from the field. 

Studies were conducted in Kentucky under natural rainfall using conventional 
tillage, no-tillage, and chisel-plow without secondary tillage (Blevins et al . ,  
1990) to evaluate tillage-water quality relationships. The highest runoff and 
sediment losses were observed for conventional tillage and no differences oc- 
curred between the no-tillage and chisel-plow systems. The ranking of these 
tillage systems from highest to lowest in amount of NO-3, P, and atrazine losses 
was conventional tillage > no tillage > chisel-plow tillage. In this study, chisel- 
plowing across the slope without secondary tillage was as effective as no-tillage 
in reducing runoff and chemical losses. These findings further support the notion 
that a combination of surface roughness and residue left at or near the surface is 
an effective method of reducing chemical losses to surface water. 

The lower runoff volumes from no-tillage or conservation tillage methods pro- 
duce lower total chemical losses, not only because soil losses are far less, but 
also because the amount of pesticide transported offsite is proportional to total 
runoff volume (Laflen et al., 1978). 

2. Groundwater Quality 

Today, potential chemical movement from agricultural land into groundwater 
are a concern to our society. The agricultural community is being asked to de- 
velop management practices that minimize losses to groundwater. Most interest 
on nutrient contamination of groundwater is focused on nitrate; however, phos- 
phate is not without scrutiny also. The tendency for nitrate to leach rather than 
being absorbed to soils is due to most soils having a net negative charge. Con- 
sequently, nitrate is repelled from the soil surface and readily leached. 

Although NO - 3  transport through soils has been extensively studied, research 
on the effect of tillage practices under field-scale conditions is seriously lacking. 
Work in Kentucky (Thomas et al . ,  1973; Tyler and Thomas, 1977) demonstrated 
greater NO - 3  leaching with no-tillage than with conventional tillage sys- 
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tems.They concluded that no-tillage enhanced the preferential leaching of NO - 3  

through macropores. W. M. Edwards er al. (1992) reported that the intensity of 
rainfall following fertilizer or pesticide applications plays a significant role in 
leaching losses. A light rainfall following chemical application promotes move- 
ment into soil micropores, thus partially immobilizing the chemical for subse- 
quent rainfall. In this scenario according to Kanwar et af. (1983, the macropores 
facilitate the bypassing of water-filled micropores, thus reducing the leaching of 
NO - 3  and other mobile compounds relative to displacement of NO -]-rich micro- 
pore water. 

Tyler et af. (1992), reporting on a joint field study from Tennessee and Ken- 
tucky, found a high preferential flow out of the root zone in winter and early 
spring when NO -3-N and herbicide concentrations were low. No-tillage ap- 
peared to reduce NO-3 leaching under corn and under soybean-wheat-corn ro- 
tation during the wheat-corn period of the rotation. Infiltration rates on the Ten- 
nessee site were relatively low with insignificant differences between no-tillage 
and conventional tillage. 

The environmental issues of pollution of natural water are a major concern in 
the United States where the land area under conservation tillage has dramatically 
increased. Consequently, the use of pesticides, especially herbicides, has also 
increased. Herbicide use is especially heavy for corn and soybean production 
regardless of the tillage system that is practiced. 

Although conservation tillage usually decreases surface runoff and erosion, it 
is known to increase leaching and subsurface movement of water in some soils 
and climatic zones. This potentially higher rate of infiltration and higher subsur- 
face drainage in conservation tillage creates a situation that may result in deeper 
leaching of agricultural chemicals applied to the soil. The presence of large num- 
bers of earthworm channels in no-tillage soil environments serves as passage- 
ways that conduct water (Edwards et d., 1988). Water moving through such 
macropores carries dissolved chemicals in aqueous phase to subsurface horizons 
and may pollute the groundwater. Consequently, water leaching through conser- 
vation tillage managed soils has the potential to transport more NO - 3  and pesti- 
cides than water from plowed treatments. 

How conservation tillage affects the movement of fertilizers and pesticides is 
related to other factors as well, such as time of their application in relation to 
time of land preparation, occurrence of rainfall, and nature of the rainfall. High- 
intensity rainfall often results in rapid surface losses and deep leaching by pref- 
erential flow. Volatilization of herbicides is also influenced by tillage systems 
that leave residues at the surface. Glotfelty (1987) reported that larger quantities 
of pesticides are lost by volatilization than by deep leaching or runoff. Accord- 
ing to Wagenet (1987), leaching is the third major source of pesticide losses from 
the root zone. The surface soil in conservation tillage contains relatively more 
organic matter than that in conventional tillage. Therefore, the retention of 
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herbicides such as paraquat, atrazine, and metolachlor is likely to be greater. 
This partly offsets the effects of macropores that expedite deep leaching (Wage- 
net, 1987). 

There is substantial research that supports the conclusion that conservation 
tillage systems that leave substantial residues at the soil surface in conjunction 
with surface roughness will reduce the total losses of agricultural chemicals from 
a field by way of surface runoff because of both less sediment losses and lower 
runoff volume. How conservation tillage affects our groundwater as compared to 
potential pollution from conventional tillage is less clear at this time. It is difficult 
to determine the full effects of deep leaching with the limited research now avail- 
able. This is a research area receiving high priority today with numerous in situ 
leaching research studies in progress. 

C. SOIL PRODUCTIVITY 

The tillage system affects soil productivity mainly through its influence on soil 
organic matter, soil erosion, and soil water supply. The relationships between 
tillage and these three soil properties are discussed elsewhere in this chapter. 
Here we will discuss how these soil properties affect soil productivity. 

1. Soil Organic Matter 

Soil organic matter contains plant nutrients that are mineralized as it decom- 
poses. What effect these nutrients might have on soil productivity is clouded by 
the fact that some of the plant nutrient requirements are usually supplied by 
commercial fertilizers and other inorganic amendments and some are supplied 
by soil minerals. Therefore, most farmers are not dependent on nutrients in soil 
organic matter to grow their crops. Certainly, increasing soil organic matter in- 
creases the nutrient-supplying capacity of the soil and decreases the need for 
inorganic amendments. 

2. Soil Erosion 

Soil productivity factors that are usually diminished by soil erosion include 
direct loss of soil fertility, loss of soil organic matter, deterioration of soil struc- 
ture, and decreased water-supplying capacity (capacity to provide water to 
growing plants). The primary seat of fertility of many soils is the topsoil. Direct 
loss of soil fertility occurs when surface-applied fertilizers or available plant 
nutrients attached to soil particles are removed during runoff and erosion. Indi- 
rect loss of soil fertility occurs in the organic matter that is lost when topsoil 
erodes. Burwell et al. (1975) found that sediment transport accounted for more 
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than 95% of the N and P lost and most of the K lost from fallow, continuous 
corn, and rotational corn treatments. A classic study in Missouri (Miller and 
Krusekopf, 1932) showed that nutrients removed by erosion, expressed as a 
percentage of the amounts removed by continuous corn, were N, 55%; P, 90%; 
K,  605%; Ca, 550%; and Mg, 290%. A rotational cropping system of corn- 
wheat-clover markedly decreased soil erosion and reduced nutrient losses to 22, 
36, 214, 212, and 97%, respectively, of the N, P, K, Ca, and Mg removed by 
the crops. 

As these data illustrate, loss of soil organic matter by erosion causes a dispro- 
portionate loss of several nutrients. Organic matter is the most abundant indige- 
nous source of N and some secondary nutrients and micronutrients, especially in 
strongly weathered soils. Generally, eroded soils have higher acidity and lime 
requirements than uneroded soils (Frye et al.,  1982). Soil erosion often results 
in replacement of topsoil with more-acid subsoil, selective removal of the base- 
forming elements (K, Ca, and Mg) from the topsoil, and removal of applied lime 
before it reacts to neutralize soil acidity (Frye et al., 1985). 

Soil fertility and lime requirement can be corrected so readily by soil amend- 
ments that it is difficult to claim soil productivity benefit through these parame- 
ters directly from controlling soil erosion. However, the added costs of maintain- 
ing productivity with purchased amendments is an obvious disadvantage. 
Furthermore, substantial productivity is often sacrificed before nutrient and lime 
deficiencies are discovered. 

Deteriorating soil structure during soil erosion contributes to diminished pro- 
ductivity in at least two important ways-decreased infiltration and storage of 
available water and impaired root exploitation of the soil. Lower organic matter 
and higher clay contents associated with erosion make soil more susceptible to 
compaction. If it does not actually decrease the available water-holding capacity 
of the soil, compaction reduces infiltration and restricts plant root growth. Both 
decrease the water-supplying capacity of the soil and diminish the soil’s yield 
capacity. 

Erosion decreases the soil’s water-supplying capacity in still another way. Ac- 
celerated erosion removes soil from the surface much more rapidly than the soil 
profile deepens. Thus, the rooting depth rapidly decreases in soils that are shal- 
low to a root-restricting layer such as a bedrock or hardpans (Frye et al., 1983). 

3. Water-Supplying Capacity 

The effects of water-supplying capacity on soil productivity are highly depen- 
dent on the amount and distribution of rainfall during the growing season. The 
water-supplying capacity has little effect on crop yields when rainfall is abundant 
and well distributed, but has a profound effect during droughty seasons. Soil 
water is discussed more thoroughly in Section II1,C. 
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D. ENERGYUSE 

Conservation tillage, especially no-tillage, along with N fertilizer manage- 
ment, offers farmers one of their greatest opportunities to conserve energy in 
crop production. Moldboard plowing to a 20-cm depth requires an estimated 17 
liters ha-' of diesel-fuel equivalents (DFE = 41 MJ per liter) of energy. In 
contrast, chisel-plowing to 20 cm requires 1.18 and disking requires 0.64 liters 
ha-l DFE (Frye, 1984). In no-tillage, of course, tillage is eliminated, and this 
energy is conserved. Some, but not all, of the energy conservation is offset by 
slightly greater need for herbicides in no-tillage. 

Frye (1984) assigned energy values for corn production under conventional 
moldboard-plow tillage, chisel-plow tillage, and no-tillage based on inputs and 
practices outlined by Wittmuss and Yazar (1981) for those tillage systems. 
These values are shown in Table I. Tillage operations used 7% of the total pro- 
duction energy required in the conventional plow system and 4% of that re- 

Table I 

Energy Analysis of Corn under Three Tillage Systems in Nebraska" 

Tillage system 

Mold- 
board Chisel- No- 
plow plow tillage 

Operation or input DFE (liters ha ~ ' )  

Moldboard plow 17 
Chisel-plow II 
Disk 12 6 
Apply herbicides I I 1 
Plant corn 4 4 5 
Herbicides (manufacturing) 22 22 22 
Machinery (manufacturing and repair) I7 15 6 
Fertilizer (168 kg N h a - ' )  238 238 238 
Harvest grain 15 15 15 
Dry grain 80 80 80 

Production energy (total of above) 413 399 374 
Energy in grain 2030 2030 2030 

Chop stalks 7 7 7 

Energy output : input ratio 4.9 5.1 5.4 

"From Frye ( 1 984). 
'Based on 16 Megajoule kg - I  of grain and 41 Megajoule liter ~ I of 
diesel fuel. Grain yields (3-year average) were approximately 5200 kg 
ha I for all tillage systems. 
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quired in the chisel-plow system. Total production energy values for chisel-plow 
and no-tillage, respectively, were about 97 and 91% that of the conventional 
system. 

111. SOIL PHYSICAL, PROPERTIES 

For a crop production system to be widely accepted, it must maintain the soil’s 
physical quality. Soil physical factors that influence water infiltration and soil 
erodibility include organic matter content, aggregation, porosity, and density. 
The amount of mechanical mixing and levels of residue left on or near the soil 
surface directly influence these soil properties. 

A. BULK DENSITY AND COMPACTION 

Soil physical properties and conservation tillage are influenced by surface and 
internal drainage, nature and amount of clay, climate, drainage, physiography, 
vehicular traffic, and soil and crop management systems. Because of the varia- 
tion in climate and soils, it should be no surprise that contradicting data appear 
in the literature, particularly regarding the relationships of tillage and cropping 
systems to bulk density and compaction. 

In Kentucky, for example, we found no significant effect on bulk density after 
20 yr of corn production comparing no-tillage and moldboard-plow tillage (Table 
11). The surface 0 to 5 cm of the no-tillage soil had slightly lower bulk density 
than the surface of the moldboard-plow system. These plots were sampled in 
April prior to tillage. The moldboard-plow plots had reconsolidated following 
the tillage operations performed 11 months earlier. In contrast, Gantzer and 
Blake (1978) in Minnesota found significantly higher bulk densities of a clay 
loam soil in no-tillage than in plow tillage. A similar study on a poorly drained 
Haplaquoll in Minnesota reported a higher proportion of macropores in un- 
tracked zones of no-till as compared to conventionally tilled plots. Hill and Cruse 
(1985) reported no significant effects of tillage methods (no-tillage, plowing- 
tillage, and minimum tillage) on bulk density of a loess-derived Iowa soil. 

Contradicting results have been reported also for wheel traffic impact on soil 
properties. Wheel traffic in no-tillage has been demonstrated in some cases to 
cause compaction, resulting in high bulk density and low infiltration in tracked 
soil zones (Voorhees, 1983). In contrast, Lindstrom et al. (1981) observed no 
significant effects of wheel tracks on infiltration rate in no-tillage treatment. 

Regardless of the ecological region, compaction and crusting are major pro- 
duction constraints to intensive row-crop agriculture (Lal, 1989). Some soils in 
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Table I1 

Bulk Density of Soil after 20 Years 
of Continuous Conventional Tillage (CT) 

and No-Tillage (NT) Corn" 

Bulk density 

Soil depth Undisturbed 
(cm) CT NT soil 

0-5b 1.27 1.17 1.15 
5-156 1.27 1.36' 1.28 
15-30 1.47" 1.47' 1.41 

'Adapted from Ismail et al., 1993. 
"Sampled as single increment in CT. 
'Significantly higher than value above in same col- 
umn by LSD ( p  < 0.05). 

Africa and India in aridhemiarid regions are naturally compacted and restrict 
root growth. Mechanical loosening as a part of conservation tillage may be re- 
quired to improve crop growth. Soil compaction is caused by wheel traffic at the 
soil surface and by formation of a plow-pan in subsurface layers (Lal, 1985). 

One strategy to deal with traffic-induced compaction is the adoption of no- 
tillage or reduced tillage (conservation tillage) methods so the number of opera- 
tions with equipment is reduced. Guided traffic is another approach for dealing 
with compaction, in which farming operations are organized such that tractor 
wheels always follow the same tracks, thus reducing the volume of soil influ- 
enced by wheels. 

Soils susceptible to compaction occur in nearly all agroecological zones. How- 
ever, upland soils in the tropics may be more susceptible to compaction than 
equivalent soils in the temperate zone (Lal, 1989). This is due to the antecedent 
low level of organic matter, lack of ameliorative effect of freezing and thawing, 
and predominance of low-activity clays. 

B. SOIL AGGREGATION AND INFILTRATION 

Soil aggregation involves the binding together of several soil particles into 
secondary units (Unger and McCalla, 1980). Soil aggregates, especially water 
stable aggregates, are of special importance for high water infiltration and good 
soil structure. These properties help determine soil quality and directly influence 
soil and water conservation. For soils and environments where conservation till- 
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age is ecologically suitable, the system usually maintains or improves the physi- 
cal quality of the soils. 

Water-stable aggregation is often used as a measure of soil structure and is 
a suitable index of soil resistance to dispersion and compaction. Plant emer- 
gence, water infiltration, and soil erosion are directly influenced by aggregate 
stability. Results from soil aggregation studies on four Indiana soils by Man- 
nering et al. (1975) are given in Table 111. As tillage intensity increased, soil 
aggregation decreased. Aggregation was highest in the 0- to 5-cm layer of no- 
tillage-treated soil. 

Tillage studies on silty soils in Germany (Ehlers, 1979) showed that no-tillage 
improved aggregate stability of surface soil under no-tillage. They attributed the 
improved structure to increased concentrations of organic matter in the surface, 
resulting in less slaking during heavy rains. Even though total porosity was in- 
creased by tillage, the macropores connecting the soil surface to the subsoil were 
enhanced, thus improving infiltration. 

Douglas and Goss (1982) found that after repeated direct seeding in Britain, 
aggregate stability of the topsoil was improved. Again, the improved structure 
was thought to be related to an increase in organic matter at the soil surface. 
Research on a poorly drained soil in northern Ohio (La1 et al., 1989) showed 
that median aggregate size tended to be higher (about 22%) for no-tillage treat- 
ments than for plow-till treatments. They concluded that higher organic matter 
content and lack of mechanical soil disturbance in no-tillage may be responsible 
for relatively higher percentage aggregation, larger median aggregate size, and 
more kinetic energy required to disrupt aggregates as compared to plow-tillage 
treatments. 

Generally, much of the observed improvements in soil structure observed in 
conservation tillage are attributed to high biotic activity, especially earthworm 

Table Ill  

Effect of Tillage on Soil Aggregation 
of Four Indiana Soils after 5 Years" 

Aggregate index 

0- to 5-cm 5- to 15-cm 
Tillage system depth depth 

Moldboard plow 0.35 0.47 
Chisel-plow 0.46 0.56 
Till-plow 0.47 0.56 
No-tillage 0.77 0.70 

"Adapted from Mannering er al. (1975). 
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activity. Earthworms flourish in a no-tillage or residue-managed system. Ehlers 
(1975) attributed the higher infiltration rate of loess soil in Germany to the 
greater number of worm channels and to their continuity, which was better in no- 
tilled soil than in plowed soil. Edwards et d. (1988) concluded that no-tillage 
effectively preserve the macropores during the intercrop period, whereas tillage 
disrupts many of them. 

C. SOIL WATER 

The capacity of a soil to supply water to plants during periods of water stress 
(i.e., its water-supplying capacity) is determined by the soil’s available water- 
holding capacity, infiltration and percolation rates, evaporation rate, effective 
rooting depth, position on the landscape, and depth to the water table (if within 
the rooting zone). Of these, tillage can significantly affect infiltration and evapo- 
ration in essentially all soils and affect available water-holding capacity and ef- 
fective rooting in some soils. 

I. Infiltration 

Tillage loosens soil, creating large openings that water can move into rap- 
idly. It also leaves the surface rough with many microbasins that retain water 
on the soil surface, allowing more time for infiltration before runoff occurs 
(Blevins et al., 1990). Thus, a recently tilled soil has higher infiltration rate than 
the same soil that has not been tilled recently. However, in the case of moldboard 
plowing, the enhanced infiltration may be relatively short-lived. Rainfall may 
cause a crust to form at the surface and that crust reduces the infiltration rate. 
Infiltration rates with chisel-plow tillage and no-tillage are more likely to be 
sustained throughout the growing season, thereby enhancing the water-supplying 
capacity. 

Two major factors contributing to the sustained infiltration rates with conser- 
vation tillage are improved soil aggregate stability mentioned earlier and the 
effects of plant residue cover. The plant residues left on the soil surface with 
conservation tillage protect the soil from raindrop impact, thereby preventing 
crusting. They also slow the flow of surface runoff, permitting greater infiltra- 
tion. Tillage systems, then, affect the amount of water moving both over the 
surface and into and through the soil. That is largely why the tillage system has 
such a great influence on soil erosion and water-supplying capacity. It also has 
implications in leaching and potential groundwater contamination as discussed 
in Section II,B above. 
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2. Evaporation 

The plant residues left on the soil surface slow the rate of water evaporation 
under conservation tillage relative to conventional tillage. Plant residues shade 
the soil from solar radiation, insulate the soil from heat in the air, and impede 
movement of water vapor from soil to air, thus developing high humidity and 
permitting condensation within the residue mulch (Bond and Willis, 1969; Phil- 
lips, 1984). The mulch slows the rate of evaporation but does not change the 
amount of water that can ultimately be removed from the soil. Therefore, the 
mulch provides protection against short-term but not long-term droughts. Ac- 
cording to Bond and Willis (1969), the protection lasts 7 to 14 days. It is most 
effective during the early part of the growing season when evaporation rather 
than transpiration is the primary avenue of water loss from the soil. 

Utomo (1986) found that the effect of a mulch from a killed hairy vetch (Vicia 
viffosa Roth) cover crop on soil water in the 0- to 15-cm depth was apparent 
virtually throughout the entire 1985 corn growing season (Table IV). Clearly, 
no-tillage was superior to conventional tillage (Table V). Part of that effect may 
have arisen from enhanced infiltration, resulting in more water in the soil. 

When fertility, particularly N, is adequate, the improved soil water status 
usually results in higher crop yields for no-tillage than for conventional tillage 
(Phillips et al., 1980; Frye er al., 1988). Below optimum N levels, however, 

Table IV 

Gravimetric Soil Water at 0- to 15-cm Soil Depth 
in 1985 as Affected by Hairy Vetch Cover Crop 

with No-Tillage Corn 

Soil water (kg kg-') 

Sampling date Fallow Hairy vetch 

14 May 0.23 0.21 
31 May 0.27 0.27 NSd 
14 June 0.28 0.27 NS 
20 June 0.23 0.28 
27 June 0.22 0.27' 

8 July 0.21 0.26' 
20 July 0.15 0.19b 

5 Sept. 0.20 0.23 NS 

"Adapted from Utomo (1986). 
"Significantly higher at 5% level. 

"NS, not significantly different. 
Significantly higher at 10% level for that date. 
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Table V 

Gravimetric Soil Water at 0- to 15-em Soil Depth 
in 1985 under Conventional Tillage 

and No-Tillage Corn with Hairy Vetch Cover Crop" 

Soil water (kg kg - I ) 

Sampling date Conv. tillage No-tillage 

14 May 
31 May 
14 June 
20 June 
27 June 

8 July 
20 July 

5 Sept. 

0.20 
0.24 
0.23 
0.22 
0.19 
0.18 
0.13 
0.18 

0.21 NS" 
0.27' 
0.27E 
0.28' 
0.27' 
0.26' 
0.19' 
0.23' 

OAdapted from Utomo (1986). 
"NS, not significantly different (p > 0.05). 
'Significantly greater ( p  < 0.05). 

conventional tillage usually outyields no-tillage because the plowing speeds up 
N mineralization from soil organic matter. 

D. SOIL TEMPERATURE 

Colder soil temperature in the early spring can be a serious drawback to the 
adoption of conservation tillage. The less the soil disturbance, the more residue 
that is left on the surface and the colder the soil in the spring. Of course, the 
greatest soil temperature problem is likely to be with no-tillage. The problem 
occurs mostly with early planted crops when the soil is still cold. The few de- 
grees colder temperature under conservation tillage can make a profound differ- 
ence in seed germination and plant growth. A common observation is conven- 
tional tillage corn, for example, emerging sooner and growing more vigorously 
than no-tillage corn early in the season (Phillips, 1984). Later in the season, the 
lower soil temperature turns beneficial, especially as it affects water-supplying 
capacity. Moody et al. (1963) in Virginia found that soil water in the 0- to 
46-cm depth averaged 2.1 cm more under 6.8 Mg ha-' of straw mulch than in a 
bare soil. Maximum soil temperatures were 1.0 to 3.0"C cooler under the mulch 
in May and 3.2 to 3.8"C cooler in June. Corn yields averaged for the 3 yr of the 
study were 4.15 Mg ha-' for bare soil and 7.02 Mg ha-l for the mulched soil, 
a clear benefit from the additional soil water. The additional soil water is, of 
course, only partly attributable to lower soil temperature. 
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Another advantage of cooler soil later in the season is the slower rate of or- 
ganic matter decomposition (Utomo, 1986). With slower decomposition, the 
mulch remains effective longer, and soil organic matter content increases with 
time. 

Utomo (1986) measured soil temperatures at 5-cm depth daily from corn 
planting to 1 mo. later. His measurements, averaged weekly, are shown in Table 
VI. Differences between conventional tillage and no-tillage ranged from 1.5 to 
4.9"C cooler under no-tillage without a cover crop (corn residue only), 1.7 to 
5.5"C cooler for no-tillage under a killed hairy vetch mulch, and 1.9 to 3.9"C 
cooler for no-tillage with a mulch from a rye (Secule cereale L.) cover crop. 
Differences between no-tillage and conventional tillage grew larger with time. 

Utomo's measurements were made between the rows, thus under plant resi- 
dues in no-tillage and bare soil in conventional tillage. When readings were taken 
in the row of no-tillage directly in the slit made by the no-tillage planter, the 
temperature values were about halfway between values from between the rows 
of no-tillage and values from conventional tillage. Thus, Utomo (1986) con- 
cluded that the temperature of the environment of the seeds and seedlings in no- 
tillage was not as different from that in conventional tillage as had previously 
been thought based on between-the-row measurements. 

A number of techniques have been developed to ameliorate the early-season 
soil temperature problem in no-tillage. Most of these techniques involve remov- 
ing or redistributing some of the plant residue to permit radiation energy to reach 
the soil and facilitate drying and warming. 

Munawar er ul. (1 990) experimented with early-killed versus late-killed rye 

Table VI 

Weekly Averages of Daily Maximum Temperatures at 5-cm Depth in 1985 

Soil temperature ("C) 

Corn residue Hairy vetch Rye 

Date CT NT* CT NT CT NT 
_ _ ~ _ _ ~ ~  

5/23-5126 22.1 21.2 NS' 23.2 21.5 NS 23.8 21.9 NS 
5121-612 21.3 23.1d 28.9 23.4d 28.4 25.9d 
613 - 619 21.1 24.1d 28.3 24.9d 27.8 25.gd 
6/10-6/16 21.3 24.5 NS 26.1 24.1 NS 25.6 24.5 NS 
6/11-6123 30.4 25.5d 29.7 25.9 28.7 24.gd 

"Adapted from Utomo (1986). 
bCT, conventional tillage; NT, no-tillage. 
'NS. no significant difference between CT and NT. 
dSignificant difference (p  < 0.05) between CT and NT on a particular date. 
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cover crop as a means of reducing the amount of mulch and permitting earlier 
warm-up of the soil. Early kill (killed with herbicides 3 wk before corn planting) 
resulted in 1 to 2°C higher maximum daily soil temperatures at 5 cm than late 
kill (killed at corn planting on May 14). By late June, the soil temperatures were 
essentially the same for the two treatments. They concluded that early killing of 
the rye had no significant effect on soil temperature. Soil water was generally 
greater in the early-kill treatment, which would tend to suppress the temperature 
differences between early-killed and late-killed rye. 

Row cleaners are designed to attach to no-tillage planters and remove the plant 
residue from the rows as the crop is planted. Some row cleaners also till a narrow 
band of soil, In Kentucky, Murdock et al. (1992) used row cleaners to remove 
residue from a 25-cm strip into which corn was planted no-tillage. Soil tempera- 
tures were 0.5 to 1.7"C warmer where row cleaners were used, but corn yields 
were about the same as for no-tillage without row cleaners and for conventional 
tillage. These efforts are probably more beneficial on soils that tend to be wet 
and cold at corn planting time, for example, moderately well or somewhat poorly 
drained soils, soils with fine-textured A, horizons, and soils farther north. 

Efforts to warm up the soil earlier are generally effective in raising the soil 
temperature by a small amount; however, in the end, they seem to make little or 
no difference in yield, at least not under Kentucky's climatic conditions. That is 
consistent with observations that no-tillage crops overcome the early season set- 
back and overtake or surpass conventional tillage crops as the season progresses. 
It is consistent also with the earlier statement that cooler soil temperature be- 
comes an asset as the season progresses. 

IV. SOIL CHEMICAL PROPERTIES 

Long-term effects of tillage on soil chemical properties are of concern to farm- 
ers, agronomists, and environmentalists. No-tillage creates a different soil envi- 
ronment and management needs from the plow-tillage. First, in no-tillage there 
is no mixing of soil amendments. Since most fertilizers, lime, herbicides, and 
other chemicals are applied to the soil surface, one would expect a change in soil 
profile distribution because of their concentrations at the soil surface. Also, in 
conservation tillage systems that maintain residues at the soil surface, the mulch 
changes the evaporation rate of water from the soil surface. The higher soil water 
near the soil surface enhances root growth and diffusion of nutrients in this zone 
where fertilizers were applied. 

In a continuous no-tillage system, distribution of nonmobile ions will be far 
from uniform. The surface application of fertilizer may result in more losses of 
N by ammonia volatilization and more loss of nutrients in surface runoff than 
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when fertilizers are incorporated annually by plowing under. Plowing under the 
previous year's crop residue results in more uniform distribution in the plowed 
layer. 

A. S O I L ~ H  

Numerous studies conducted in temperate climate zones show that no-tillage 
results in the acidification of the surface layer when continued for several years 
(3 to 5 ) .  Findings from a classic long-term tillage study in Ohio on Wooster silt 
loam (Typic Fragiudalf) indicated significant acidification of the surface 0 to 7.5 
cm under no-tillage (Dick, 1983; Dick et al., 1986). Moschler et al. (1973) also 
reported increased acidification of the surface layer under no-till. In Kentucky, 
Blevins et af. (1977) observed that soil pH was lower with no-till than plow- 
till. The rapid acidification of surface soil under no-tillage is more prevalent 
in the eastern portion of the United States, where there is usually an excess 
of rainfall over evapotranspiration for part of the year. The accelerated acid- 
ification related to no-tillage has been attributed in part to decomposition of 
the concentrated layer of organic residues at the surface with subsequent leaching 
of resultant organic acids into mineral soil, mineralization and subsequent nitri- 
fication of organic nitrogen, and losses of basic cations such as Ca and Mg by 
leaching. However, the major source of acidification in no-tillage corn produc- 
tion is the nitrification of NH,' from acid-forming N fertilizer applied to the soil 
surface. 

Soil pH changes after 10 yr no-tillage and conventional tillage corn production 
in Kentucky are shown in Table VII. These data illustrate the principle that in- 
creased increments of acid-forming N fertilizer are strongly correlated with the 
lowering of soil pH and that no-tillage results in a greater acidification of the 
surface soil horizon, particularly the 0 to 5 cm. As soil pH declines, a decrease 
in exchangeable Ca and an increase in exchangeable A1 and Mn can be expected 
(Blevins ef  af., 1983b). In this study, soil pH declined rapidly during the first 5 yr 
without a significant influence on corn yields. However, between 5 and 10 yr, 
exchangeable Al more than doubled and crop yields were significantly reduced 
on unlimed treatments. 

The decrease in soil pH associated with no-tillage described here does not 
happen in all ecological regions. In contrast, Alfisols in southwestern Nigeria 
have shown lower rates of acidification in no-till than in plow-tillage systems 
(Lal, 1989). How conservation tillage influences soil pH will vary with the sys- 
tem employed. Use of mulch tillage and other systems intermediate to no-tillage 
versus moldboard plow-tillage will be affected differently. The degree and depth 
of mixing of soil will influence whether or not an acid surface layer develops. 
Systems where crop rotations are used and the amount of acid-forming fertilizers 
is reduced generally retard acidification. 
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Table VII 

Effects of 10 Years of Continuous No-Tillage (NT) 
and Conventional Tillage (CT) Corn 

on Soil pH of Maury Soil in Kentucky“ 

Soil pH 

Unlimed Limed 
Depth N rate 
(cm) (kg ha-’)  NT CT NT CT 

0-5 0 5.8 6.4 7.3 6.9 
168 4.8 5.8 7.0 6.6 

5-  I5 0 6.0 6.4 6.9 7.0 
I68 5.6 5.9 6.6 6.6 

15-30 0 6.2 6.6 6.6 7.0 
168 6.2 6.2 6.6 6.8 

“Adapted from Blevins er 01. (1983b). 

It is encouraging that the acidification problem occurs in a thin layer at the soil 
surface so neutralization is made easier. Application of agricultural lime to the 
soil surface can ameliorate the problem, as shown in Table VII. The no-tillage 
treatments receiving periodic lime applications have surface (0-5 cm) pH values 
greater than those under conventional tillage where the lime gets mixed through- 
out the upper 0- to 15-cm zone each year during tillage operations. 

B. DISTRIBUTION OF NUTRIENTS IN THE SOIL 

The undisturbed soil in a no-tillage system tends to accumulate the relatively 
immobile ions at the soil surface. Phosphate and potassium can be expected to 
concentrate at the surface when fertilizers containing these ions are added regu- 
larly. Calcium and Mg introduced as liming materials move to deeper layers 
(Table VIII), but very slowly compared with mobile ions such as nitrates. Tracy 
et al. (1990) determined that no-tillage wheat research plots after 16 yr accu- 
mulated greater NO,-N, SO,-S, and PO,-P in the 0- to 2.5-cm soil depth than 
plowed plots. Mineralization of organic N, P, and S can be a major source of 
plant-available nutrients near the surface of no-tilled soils. 

The presence of higher levels of Mehlich extractable P (Table VIII) is a com- 
mon phenomenon observed in no-tillage soils. Because of the high inherent level 
of P in Maury soils in Kentucky, P fertilizer was not applied during the study. 
The higher P in the 0- to 5-cm layer of no-tillage is attributed to greater storage 
and cycling of P in organic matter of no-tilled than conventional tilled soils 
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Table VIII 

Mehlich Extractable P and Exchangeable K, Ca, and Mg at Three Soil Depths 
as Affected by Tillage and N-rate after 20 Years of Continuous Corn Production" 

Mehlich 
Ext. P Exch. K Exch. Ca Exch. Mg 

(mg kg-l)  (mg kg- ' )  (mg kg- ' )  (mg kg- l )  
N rate 

( k g h a - ' )  CT' NT" CT NT CT NT CT NT 

0-5 cm 
0 I08 150 215 340 1073 1304 175 221 

168 I06 134 224 26 1 909 1184 154 226 

5-15 cm 
0 I06 80 140 129 1094 1051 I78 140 

168 101 76 141 117 998 974 187 136 

15-30 cm 
0 I09 95 100 81 1032 923 146 85 

I68 I17 102 89 78 966 933 159 91 

'Adapted from Ismail el al., 1993. 
*CT, conventional tillage (moldboard plowing and disking). 
CNT, no-tillage. 

(Ismail et al.,  1993). Also, the solubility of P is known to be enhanced by the 
presence of organic matter as in the case of no-till. 

Again, data from Kentucky showed that exchangeable K was not significantly 
affected by N rates (Table VIII); however, it was greater in the 0- to 5-cm depth 
of no-tilled than conventional tilled soils. Without mechanical mixing, K con- 
tinually accumulated near the surface of no-tillage plots, whereas conventional 
tillage resulted in mixing of K in the surface 20- to 25-cm depth depending on 
the depth of plowing. 

Exchangeable Ca and Mg were strongly influenced by fertilizer rates, decreas- 
ing with increasing N fertilizer (Table VIII). The Ca and Mg that had accumu- 
lated in the surface 0- to 5-cm after 20 yr was probably resulted from lime appli- 
cations made after 1980. In contrast, unlimed plots (Table IX) after 10 yr had 
lower Ca and Mg in the 0- to 5-cm layer of no-tillage plots. Below 5 cm, extract- 
able P and exchangeable Ca, Mg, and K were higher for conventionally tilled 
treatments. 

The surface layer of long-term no-tilled soils is characterized by higher or- 
ganic matter and organic N,  which can be a valuable N source. Mineralization 
of organic N in this zone can make significant contributions to nutrition of crops 
grown on these soils. The availability and N transformations associated with this 
zone are discussed in detail in Section VI. 
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Table IX 

Effects of 10 Years of Continuous No-Tillage (NT) 
and Conventional Tillage (CT) with Corn on Exchangeable Ca, 

Mg, and K of Maury Silt Loam Soil in Kentucky' 

Ca M g  K 
(cmol, kg - I )  (cmol, kg - I )  (cmol, kg ~ ') 

Depth N rate 
(cm) (kg ha-')  NT CT NT CT NT CT 

0-5 0 5.48 7.84 0.33 0.70 0.68 0.39 
168 2.61 6.13 0.47 0.59 0.44 0.34 

5- 15 0 5.96 7.48 0.62 0.72 0.34 0.43 
168 4.74 6.19 0.55 0.55 0.21 0.37 

15-30 0 6.61 7.49 0.58 0.71 0.21 0.29 
168 6.10 6.91 0.54 0.63 0.20 0.21 

"From Blevins et al. (1983a). 

C. SOIL ORGANIC MATTER 

When conservation tillage and conventional tillage are compared under similar 
conditions, conservation tillage, especially no-tillage, results in soils having 
higher soil organic matter contents after a few years. That is not to say that 
conservation tillage always increases the soil organic matter content of soil or 
that conventional tillage always decreases it. If the soil organic matter content is 
high (e.g., long-term grass-legume sod) at the start of the comparison, it may 
decrease under both tillage systems, but it is likely to decrease faster and to a 
lower level under conventional tillage. If, on the other hand, the comparison is 
made on a soil that is initially low in soil organic matter, the organic matter 
content will usually increase with conservation tillage, but remain fairly con- 
stant, or perhaps decrease further, with conventional tillage (Frye et al.,  1985). 

Because there is less soil disturbance with conservation tillage than with con- 
ventional tillage, plant residues, fertilizers, and other soil amendments do not 
get mixed into the soil as much and plant roots tend to proliferate in the top few 
centimeters. Furthermore, this surface layer is usually wetter, cooler, less oxi- 
dative, and more acid (Blevins et al . ,  1977; Doran, 1980; Rice et al., 1086). 
These conditions tend to cause the organic matter content to increase or to de- 
crease at a slower rate compared to under conventional tillage. 

By comparison, conventional tillage increases aeration, mixes plant residues 
into the soil where they decompose faster, and exposes previously protected soil 
organic matter. These conditions tend to speed up organic matter decomposition. 
Additionally, soil erosion may be increased by conventional tillage, removing 
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Figure 2. Organic C content to 30-cm depth in Maury soil under conventional tillage (CT), no- 
tillage (NT), and bluegrass sod in 1975, 1980, and 1989. (From Ismail er d., 1993.) 

soil organic matter at an accelerated rate because the organic matter is concen- 
trated in the eroding topsoil. 

In the long-term (23-year) conventional tillageho-tillage experiment in Ken- 
tucky mentioned above, we determined the soil organic matter content after 5, 
10, and 20 yr (1975, 1980, and 1989). Figure 2 shows the organic C content in 
the top 30 cm of soil under conventional tillage and no-tillage in comparison to 
adjacent plots that remained in bluegrass (Pou prutensis L.) sod. Clearly, the 
organic matter content decreased with both tillage systems during the first 5 yr 
out of sod, but no-tillage did not decrease as much as conventional tillage. Both 
remained stable during the next 5 yr. From 1980 through 1989, the organic 
matter under both tillage systems returned to about its initial level, the same level 
as in bluegrass sod. 

These data are consistent with the theoretical considerations discussed earlier 
and are corroborated by the work of others. They further suggest that soil organic 
matter can be maintained or increased at a high level with conservation tillage 
and a cover crop annually; in this case, it was rye. 

V. SURFACE MULCH MANAGEMENT 

Crop residues are valuable resources that can be used as an important agricul- 
tural tool to conserve soil and water, improve the physical properties of soils, 
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improve the quality of water running off agricultural fields, and, in some cases, 
increase soil fertility. Crop residues are also useful for nonagricultural purposes, 
such as energy sources, industrial materials, and environmental protection. In 
the tropics, there is increasing competition for use of crop residues for livestock 
feed, fencing, roofing, and household fuel (Lal, 1989). Residue management 
currently involves several approaches, including harvesting as hay or haylage or 
use by grazing animals. Straw from small grains is commonly baled and sold for 
bedding. In the semiarid tropics, most of the straw or stover is removed and used 
for purposes other than a surface soil mulch. In some farming systems in Europe 
and the southeastern United States, the residue is often burned before establish- 
ing the next crop. Plowing under as a green manure crop and chemically burning 
down any live vegetation before planting the next crop are other approaches 
commonly used. 

Considerable technological progress has been made during the past two de- 
cades in developing equipment and farming systems that allow more crop resi- 
dues to remain on the soil surface. In the United States, there is an additional 
urgency for farmers to use better management strategies in response to the con- 
servation compliance provision of the 1985 Food Security Act. 

A. BENEFITS FROM CROP RESIDUES 

Numerous researchers have documented the dramatic reductions in soil ero- 
sion on cropland that can be obtained by leaving portions of the residue from 
previous crops on the surface of a field (discussed in Section 11). Judicious use 
of crop residues is the best means of controlling both water and wind erosion in 
both tropical and temperate regions (Lal, 1989). In the tropics, the benefits from 
crop residues include water conservation and amelioration of the negative effect 
of high soil temperatures. 

On well-drained soils of temperate regions, the utilization of crop residues in 
conjunction with conservation tillage significantly reduces soil erosion, results 
in equal or higher crop yields, conserves soil water, reduces labor requirements, 
conserves nutrients through recycling, improves biological activity, and allows 
farmers to maintain or improve the productivity of the soil. 

Advantages for using crop residues as surface mulch are similar over a wide 
range of soils and climatic zones. For example, use of a mulch resulted in a 
significant yield increase of maize in the eastern Amazon region (Schoningh and 
Alkamper, 1985), and under much drier conditions in Texas, significant benefits 
of mulch on water conservation and grain yields of sorghum were observed (Un- 
ger, 1978). 

Conservation tillage systems utilizing crop residue as a surface mulch are less 
beneficial to crop yield in regions of high rainfall than in zones of lesser rainfall. 
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Under certain soil and climatic conditions, yields may be reduced by no-tillage. 
These areas include soils with slow drainage and northern latitudes that result in 
slower warming of the soil in spring. Under these conditions yields are often 
lower for tillage systems that leave residues at the surface as compared to plow- 
ing under residues. 

Even though the cropping/tillage systems that leave residues at or near the 
surface have been extremely successful, they cannot be used for all soils, crops, 
and climates. In arid regions, mulch material is not always available in sufficient 
quantity to effectively control wind erosion and to reduce excessive evaporation 
losses from the soil surface. It is important to determine the amount of mulch 
required for different soils and climates in order to select which conservation 
tillage system is most appropriate for a given environment. 

€3. EFFECTS OF TILLAGE ON RESIDUE COVER 

Choice of tillage method is crucial in managing crop residues. Residue man- 
agement may be approached by looking at the phases involved. Factors to con- 
sider are (1)  the quantity and kind of crop residue left on the soil immediately 
after harvest of the crop; (2) the amount of over-winter reductions of remaining 
crop residue; (3) soil- or residue-disturbing operations such as removal, chop- 
ping, or shredding; and (4) use of tillage equipment that mixes and incorporates 
residues. These factors determine the amount of residue cover remaining for the 
next year’s crop. Also, some crops leave fairly sparse levels of residue following 
harvest. For example, soybean, cotton, and many vegetable crops leave low resi- 
due levels as compared to high-yielding wheat or corn. 

To maintain at least 30% mulch cover at the time of planting the next crop 
may require no or limited tillage following soybean production. Small grain and 
corn crops produce residues that decompose more slowly than legume crops. 

Whether the remaining crop residues are left partially standing, shredded and 
uniformly distributed on the soil surface, or partially incorporated influences its 
decomposition rate. Rice (1983) concluded that placement of corn stalk residues 
had more influence than tillage on decomposition. Residues buried to a depth of 
15 cm decomposed twice as fast as residues left at the surface. Wilson and Har- 
grove (1986) showed that the rate of N disappearance from crimson clover (Tri- 
fulium incurnuturn L.) residue was more rapid under conventional tillage than 
no-tillage. 

Studies in Kentucky where corn stover was left on the plots and a rye small 
grain cover crop was seeded in the fall following corn harvest show 95 to 98% 
cover at planting time for the following year’s crop under no-tillage and 40 to 
60% ground cover where spring tillage included either chisel-plowing with 
straight points or disking with a tandem disk to prepare the soil for planting 
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Tillage method 
Figure 3. Percentage of surface covered by residue 3 week after corn was planted at Lexington, 

Ky. Residue include residue from previous corn crop and a rye winter cover crop. CT, conventional 
tillage; DT, disk tillage; CH, chisel-plow tillage; and NT, no-tillage. 

(Fig. 3). Less than 3% residue remained after moldboard plowing and two disk- 
ings. Griffith et al. (1986) presented excellent data showing how different tillage 
equipment and the number of passes affected residue cover remaining after plant- 
ing (Table X). These values are lower than those reported in Fig. 3, but the 
Kentucky data included a rye winter annual cover crop in addition to corn stover 
from previous years. The data in Table X indicate that, under the soils and cli- 
mate of the Corn Belt, chisel-plowing followed by disking does not leave enough 
cover to meet the minimum standard of 30% cover at planting to qualify as 
conservation tillage. Shallow disking (one pass) left 40% cover following corn 
production and 45% following small grain, but only 20% after soybean. 

The challenge in surface mulch management is to conduct tillage operations 
while maintaining surface cover. This may require no-tillage in some situations. 
Chisel-plows have been used extensively in the Great Plains for many years. 
They provide shallow primary tillage without inverting the soil. As use of chisel- 
plows moved into higher-rainfall areas, they were modified to till deeper and to 
accommodate higher amounts of residue (Johnson, 199 1). Delaying chiseling 
until spring rather than employment at fall tillage allows farmers to maintain 
more soil cover during the winter and spring. Sweeps are the most common 
ground-engaging tools. Use of sweeps often results in 5 to 15% more cover than 
twisted shanks on the chisel-plow that partially invert the soil (Johnson, 1991). 
Field cultivators work better when multiple passes are required. They have the 
ability to move some of the mulch buried by previous tillage passes back to the 
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Table X 

Residue Cover Remaining afler Planting for Typical Tillage versus 
Previous Crop Combinations" 

Previous crop 

Corn Soybeans Grain Sod 

Tillage system % Surface cover 

Moldboard plow, disk, field 

Chisel ( 10-cm twisted points) 

Chisel (5-cm straight points) 

Primary tillage disk (deeper than 

cultivate 

+ disk twice 

+ disk twice 

10 cm) 
+ disk twice (standard 

+ disk once, field cultivate 

Shallow disking (less than 10 cm) 

tandem) 

once 

once (standard tandem) 
twice (standard tandem) 

Till-plant in ridge 
In-row subsoil, plant 
No-tillage plant 

5 2 5 10 

15 2 10 20 

20 5 15 25 

10 5 15 20 

20 10 20 - 

40 20 45 50 
20 10 25 30 
30 20 
70 50 80 85 
80 60 90 95 

- - 

"From Griffith er al. (1986). 

surface. Disking cuts mulch material into smaller pieces and buries more of it 
with each subsequent pass across the field. 

C. GROWING COVER CROPS FOR MULCH AND NITROGEN 

The most effective way to ensure a mulch cover for conservation tillage is to 
grow a winter cover crop. Cover crops may be leguminous or nonleguminous, 
depending on their purpose. Generally, nonleguminous crops, that is, mostly 
small grains, are easier and less costly to grow than legumes. However, legumes 
have the advantage of providing both mulch and N to the system. 

1. Adaptability of Cover Crops 

After determining the purpose of a cover crop, selecting the cover crop is the 
first and most important management decision. The cover crop must be well 
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adapted to the climate and management conditions. Small grains that are most 
commonly used are rye, wheat, oat (Avena sativa L.), and barley (Hordeum 
vufgare L.). Annual forage grasses are sometimes used as cover crops also. 
Hairy vetch and crimson clover are the legumes that seem best suited as cover 
crops in the middle and southeastern two-thirds of the United States. Hairy vetch 
is more winter hardy and has performed well in experiments in Delaware, Mary- 
land, Kentucky, Tennessee, and Nebraska (Frye et al., 1988). A growing num- 
ber of states are being added to that list as research progresses. Crimson clover 
appears to perform better than hairy vetch under more southern climatic condi- 
tions (Touchton et a f . ,  1982; Hargrove, 1986). Many other crops, both legumi- 
nous and nonleguminous, may be adaptable for various areas as cover crops for 
conservation tillage (USDAKSRS Sustainable Agriculture Research and Edu- 
cation Program, 1992). 

2. Seeding Cover Crops 

Seeding is the main cost of growing a cover crop, and an adequate stand that 
survives the winter is, of course, essential to the effectiveness of the cover crop. 
Several planting methods have been successful. Aerial interseeding by surface 
broadcast into a standing summer crop (e.g., corn, sorghum, soybean) just be- 
fore the beginning of leaf-drop is one of the most successful methods used in 
Kentucky. Adequate plant residues from leaf-drop or previous crops to cover the 
seed and adequate soil water or rainfall for germination and seedling growth are 
crucial elements to the success of this method. 

A no-tillage drill places the seed into the soil, where the environment is more 
favorable for germination than on the surface, but it has the disadvantage of 
delaying planting of the cover crop until after the summer crop is harvested. This 
decreases the effectiveness of the cover crop and may make it more susceptible 
to winterkill. 

On the basis of work in Kentucky, we believe that earlier planting date is a 
more important factor than seed placement. We compared no-tillage drilling after 
corn harvest with aerial interseeding 3 wk before corn harvest (Frye et al., 1988) 
(Table XI). Brown et a f .  (1985) did a similar study with cotton (Gossypium 
hirsutum L.) in Alabama. Both methods were successful in establishing a cover 
crop stand, but the earlier planting was superior in both dry matter and N pro- 
duction. Differences in Alabama were even more dramatic than in Kentucky 
(Table XI). 

Other successful seeding methods include techniques such as seeding behind 
the last cultivation of the corn (Nanni and Baldwin, 1987) and broadcast seeding 
after corn grain harvest and disking lightly or shredding stalks to ensure seed 
cover. In Kentucky, we drilled hairy vetch and crimson clover into wheat stubble 
in late July with great success. Dry matter and N production before freezing- 
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Table XI 
Effect of Planting Method on Dry Matter Yield 

and N Production of Cover Crops' 

Dry matter Nitrogen 
yield content 

IS b D" IS D 

Cover crop Mg ha ~ I kg ha- '  

Kentucky 
Hairy vetch 3.16 3.06 I33 104 
Bigflower vetch 2.74 2.31 98 85 
Rye 2.31 2.14 21 19 

Alabama 
Hairy vetch 2.96 I .83 133 75 
Crimson clover 4.38 1.33 133 44 
Rye 2.84 I .90 27 21 

"Adapted from Frye era/. (1988). 
blS.  interseeded early September before harvest in Kentucky and 
approximately September 25 before cotton defoliation in Alabama. 
'D, drilled after crops harvested-mid-October in Kentucky and 
early November in Alabama. 

down of the plants about November 1 are shown in Table XI1 (unpublished data). 
The crops were winter-killed completely, leaving an excellent mulch cover in 
which to plant no-tillage corn the next April, one month earlier than normal for 

Table XI1 

Fall Production of Dry Matter and Nitrogen 
from Hairy Vetch and Crimson Clover 
Planted Late July into Wheat Stubble 

at Lexington, Kentucky' 

Dry matter Nitrogen 
(kg ha - I )  (kg ha- ')  

H. C. H. C. 
Date sampled vetch clover vetch clover 

I Nov. 1990 3493 3353 122 114 
19Oct. 1991 6105 5863 195 188 

"Unpublished data. 
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planting into a legume cover crop. Grain yields without N fertilizer averaged 8.1 
and 9.1 Mg ha-l with hairy vetch and crimson clover, respectively, in 1991, and 
11.6 and 10.9 Mg ha-', respectively, in 1992. 

3. Self-Reseeding Cover Crops 

Perpetuating an annual legume cover crop by a self-reseeding technique seems 
to be a very practical way of providing a legume cover crop in conservation 
tillage. There are disadvantages, however, that should be considered. Crimson 
clover and bigflower vetch (Vicia grundiJora var. Kitaibeliunu W. Koch) are 
particularly well adapted to such management (Frye et al . ,  1988). 

The most obvious advantage of this practice is to eliminate the need to plant a 
cover crop each fall, thus saving the high cost of annual seeding. The disadvan- 
tages include the need to either delay planting the crop or to spray strips with 
herbicides, first over the rows at planting, then between the rows after seed ma- 
turity. Thus shielded spraying is required. A stand of bigflower vetch has been 
maintained in this way for about 10 yr in experimental plots in Kentucky. Our 
experience, however, indicates that the legume stand slowly loses its vigor be- 
cause of what we believe is loss of inoculation with an effective Rhizobium 
species. 

4. Killing the Cover Crop 

Where the cover crop is used to provide mulch for conservation tillage, it is 
necessary to kill it with herbicides to prevent it from competing with the summer 
crop. We know of no research supporting the practicality of growing summer 
row crops in a living mulch for a sustained period of time. A number of different 
herbicides are used in conservation tillage, and the only special requirement that 
a cover crop imposes is a bum-down herbicide in the mixture, such as glyphosate 
[N-(phosphonomethyl)glycine] or paraquat (l,l-dimethyl-4,4-bipyridinium ion). 
Where a triazine-sensitive legume is to be established in the fall for a cover crop, 
cyanazine (2- [ [4-chloro-6-(ethylaminso)- 1,3,5-triazin-2-y1] amino] -2-methyl- 
propaneitrile) is often substituted for at least part (usually one-half to all) 
of the atrazine [6-chloro-N-ethyl-N-( 1 -methylethyl)- 1,3,5-triazine-2,4-diamine]. 
Farmers have reported complete success using 2,4-D (2,4-dichlorophenoxy) ace- 
tic acid to kill the legume cover crop in the spring (Illinois Sustainable Agricul- 
tural Network, personal communication, 1992). 

Droughty conditions during the spring may result in excessive depletion of the 
soil water by a cover crop (Utomo et a f . .  1986). An easy way to lessen this 
problem is to kill the cover crop earlier in the spring, usually 2 to 3 wk before 
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planting the summer crop. Early killing may conserve soil water and help facili- 
tate soil warm-up, as discussed earlier, but considerable dry matter yield and N 
production (if a legume) may be sacrificed. In North Carolina, Wagger (1987) 
found that hairy vetch produced about 2.00 Mg ha-l dry matter with 58 kg N 
ha-' during about 2 wk, from the third week of April to the first week of May. 
Corresponding values for crimson clover were 1.57 Mg ha-' dry matter with 26 
kg N ha - I .  So, the decision to kill early or at planting time should be dictated 
by weather conditions and stage of development of the cover crop. If dry weather 
appears imminent, early killing would be advisable. Conversely, during a wet 
spring, the cover crop can help dry the soil for earlier planting. When a cover 
crop passes a certain optimum stage of maturity, it rapidly loses value as a mulch 
and N source. We have observed this problem in crimson clover. 

VI. NUTRIENT MANAGEMENT 

A. EFFICIENT USE OF NITROGEN 

One of the most crucial aspects of conservation tillage is N management. The 
lack of tillage profoundly affects the soil environment as it relates to N transfor- 
mations. As tillage is decreased, the soil tends to be wetter, cooler, less aerated, 
less oxidative, and more acid (Blevins et al. ,  1977; Doran, 1980). Organic mat- 
ter decomposition slows, thus decreasing nutrient mineralization rate. This is 
more important in the case of N than for most other nutrients. Also, other N 
transformations that are 0,-dependent are greatly affected, for example, nitrifi- 
cation, dinitrification, and immobilization. 

As pointed out by Doran (1980), the microbial biomass is greater under no- 
tillage than conventional tillage ( I  .58 times greater in the 0- to 7.5-cm depth), 
but the population is more anaerobic under no-tillage. The expected result of 
such conditions would be slower mineralization and nitrification and greater im- 
mobilization and denitrification. Generally, that is what has been found by sev- 
eral researchers (Doran, 1980; Rice and Smith, 1982, 1984). 

There are a number of practical implications associated with these conditions. 

Indigenous and added organic matter decompose more slowly. Soil or- 
ganic matter tends to increase, as mentioned earlier. 

Slower decomposition may result in more favorable timing of the release 
of N from a legume cover crop in conservation tillage (Peterson and Power, 
1991), causing the legume to be, in effect, a slow-release N source. 

Applied fertilizer N is likely to be immobilized to a greater extent under 
conservation tillage. This could cause a temporary deficiency in the crop, 
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but it may immobilize NO - 3  that might otherwise leach to the ground water 
(Peterson and Power, 1991). 

N tends to remain in the NH+4 form longer before being converted to 

N is more likely to be lost by denitrification, especially in fine-textured 
N O - 3 .  

soils or when the soil is wet from extended rainfall. 

B. MANAGEMENT OF FERTILIZERS 

Differences in fertilizer management in conservation tillage and in conven- 
tional tillage can generally be traced to the lack of soil disturbance and the vege- 
tative mulch cover. 

1. Nutrient Distribution in Soil 

In modem agriculture, most solid and liquid fertilizers are surface-applied. 
Additionally, nutrient cycling brings nutrients to the soil surface. Conventional 
tillage with moldboard plowing mixes the surface 15 to 25 cm of soil, whereas 
conservation tillage mixes much less to essentially none. Thus, fertilizer nu- 
trients and nutrients in organic matter get mixed into the soil annually under 
conventional tillage but tend to accumulate near the soil surface under conser- 
vation tillage. In the latter case, the mixing process is dependent largely on 
natural mixing forces, such as freezing and thawing, earthworms, and other natu- 
ral forces of disturbance. 

Clearly, our results in Kentucky after 20 yr of no-tillage and conventional 
tillage illustrate these principles (Table VIII). Soil-test P, K, Ca, and Mg are all 
higher in the 0- to 5-cm depth of no-tillage soil than in the conventional tillage 
soil, but are higher in conventional tillage at the 5- to 15- and 15- to 30-cm 
depths. Other research shows similar effects of tillage or no-tillage on soil-test 
nutrient values (J. H. Edwards et al.,  1992; Prasad and Power, 1991). 

These data tend to lead to the conclusion that surface-applied soil amendments 
and plant residue would be less effective in conservation tillage than in conven- 
tional tillage. But, under most circumstances, the concentration of nutrients and 
soil organic matter near the surface seems to have little, if any, influence on their 
effectiveness. In fact, nutrient uptake may be enhanced by conservation tillage 
compared to conventional tillage. Hargrove (1986) reported enhanced uptake 
of several nutrients by corn planted no-tillage and no-tillage with in-row chisel- 
ing compared to conventional moldboard-plow tillage. Grain yields were also 
enhanced. 

This enhanced nutrient efficiency is quite understandable when one considers 
that the moist, nutrient- and organic matter-rich zone of soil is more conducive 
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Table XI11 

Comparison of Corn Root Density in No-Tillage 
and Conventional Tillage Soil (Root Samples 

Taken 15 cm from Center of Rows)” 

Conventional 
tillage No-tillage 

June 10 July 6 June 10 July 6 

cm of root per cm of soil 
Soil depth 

(cm) 

0-5 1.6 1.9 21.2 21.0 
5-15 6.9 5.1 5.2 5.3 

15-30 2.5 8.4 1 .o 2.6 
0-30 3.9 6.2 5.8 6.6 

“From Phillips (1984). 

to plant root growth. Research shows that plant roots indeed proliferate there 
(Table XIII). Therefore, nutrient availability to plants is usually not diminished 
because of their accumulation near the soil surface, and fertilizer needs and man- 
agement, with the exception of N discussed earlier, are essentially the same for 
both tillage systems. 

2. Methods of Fertilizer Application 

Surface broadcast application of fertilizers, under most circumstances, is a 
satisfactory practice (Thomas and Frye, 1984; Prasad and Power, 1991). Subsur- 
face band placement of P and K may be somewhat more effective where the soil- 
test values are low, and subsurface or surface banding of N fertilizer may im- 
prove its efficiency. 

Nitrogen fertilizer efficiency is jeopardized to some extent by surface broad- 
cast application where there is a heavy mulch cover of residue on the soil either 
from the previous crop or from a cover crop, especially a nonlegume. Efficiency 
may be lost in several ways. The fertilizer N may be immobilized by the micro- 
bial population decomposing the residue, lost by denitrification in the less aero- 
bic environment of conservation tillage, lost by NH3 volatilization from the sur- 
face of the residue on soil, or lost by leaching of NO-3. 

These processes, which are generally more prevalent in conservation tillage 
than conventional tillage, along with the typical differential yield response to N 
in the two tillage systems, have led some researchers to conclude that more 
fertilizer N is required for optimum crop yield with conservation tillage. In gen- 
eral, that appears to be true; however, optimum yield under conservation tillage 



68 R. L. BLEVINS AND W. W. FRYE 

is, in most cases, greater than that under conventional tillage. This may result in 
a considerable advantage for conservation tillage at optimum N rates (Frye et 
af., 1981). The increased yield has been attributed to the enhanced soil water 
status brought about by conservation tillage. 

3. Improving N Efficiency 

Several practices have been developed to improve the efficiency of fertilizer N 
under conservation tillage. Denitrification is more likely to occur early in the 
growing season when rainfall is usually more frequent, the soil is wetter, and the 
soil environment is less oxidative. The best practice to lessen the potential for 
denitrification loss of N is to delay application of most, if not all, of the N 
fertilizer until later in the season (Thomas and Frye, 1984). For corn, this means 
applying most or all of the N 4 to 6 wk after planting. The N may be banded as 
a sidedress application or broadcast as a topdress. In areas where irrigation is 
practiced, the N can be applied in the water as a fertigation application. 

Delayed or split application of N fertilizer has become so widely adopted that 
it is almost a general practice for N conservation and efficiency, especially for 
no-tillage corn (Thomas and Frye, 1984). In addition to decreasing denitrifica- 
tion losses, the practice also should provide benefits in decreasing NO-3 leach- 
ing. Since the N is applied when the soil is likely to be drier, and the application 
more closely coincides with rapid N uptake by plants (NaNagara et al., 1976), 
this leaves less time for loss before uptake occurs. 

Immobilization of N can be decreased greatly by placing the fertilizer below 
the mulch, especially when injected into the soil below the zone of high micro- 
bial activity (Bandel, 1986). Such placement of solid urea and urea-ammonium 
nitrate (UAN) solution also prevents volatilization loss of NH3, a common oc- 
currence during urea hydrolysis in surface applications of these fertilizers. 

The practicality of subsurface placement of fertilizers in no-tillage, for ex- 
ample, is questionable when the additional fuel, horsepower, equipment, time, 
and labor requirements are considered in comparison to the requirements for 
surface broadcast application. Thus, the improvement in N efficiency and the 
somewhat lower N rates they permit may not offset the loss of convenience and 
advantages of surface broadcast applications. 

Research in Kentucky by Murdock and Frye (1985) showed that urea surface- 
applied early May or before was about as effective as ammonium nitrate for 
fescue (Festuca arundinacea Schreb) fertilization. However, when applied later 
than early May, a significant reduction in effectiveness resulted compared to 
ammonium nitrate. So, it appears that NH, volatilization loss would not be of 
great concern if urea or UAN were applied fairly early in the season while tem- 
peratures are still cool and rainfall is fairly frequent. However, N fertilizer has 
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been shown repeatedly to be more effective when applied 4 to 6 wk after planting 
no-tillage corn, as discussed earlier. Therefore, delayed application of urea or 
UAN on the surface would be at a time when the probability of NH, volatilization 
loss is high. 

In later research, Frye et al. (1990) eliminated the differences in efficiency 
between ammonium nitrate and urea by using a urease inhibitor, N-(n-butyl) 
thiophosphoric triamide (NBFT). With urea, the NBPT increased fescue yields 
by an average of 13% and no-tillage corn yields by 17% over urea alone. 

Nitrogen and P losses in surface runoff are ordinarily very small regardless of 
tillage system. In Kentucky, we measured less than I %  of the surface-applied N 
or P in the runoff from conventional tillage, chisel-plow tillage, and no-tillage 
(Blevins et al., 1990). Loss tended to be greatest from conventional tillage be- 
cause runoff was greatest there, but the differences among tillage methods were 
not significant. 

VII. PEST MANAGEMENT 

A successful pest management program must adopt a multidisciplinary, multi- 
crop approach to be successful. Integrated pest management is an approach that 
is gaining in popularity and use. This technology must be effective in controlling 
pests and at the same time be economically and ecologically sound. Use of cover 
crops and conservation tillage has been shown in some situations to have a bene- 
ficial influence on reducing weeds, insects, and pathogens (Bezdicek and Gran- 
atstein, 1989). Crop rotation is another useful management tool in controlling 
weeds and other pests. 

A. WEED CONTROL 

One of the primary benefits of soil tillage in crop production over the years 
has been weed control. With the evolution of weed control technology and de- 
velopment of new herbicides, there is less and less need for primary tillage. 
When producers shift from crop production systems that depend heavily on plow- 
ing to conservation tillage systems, there is a greater reliance on herbicides to 
effectively control weeds. 

Different ecosystems and the presence of certain weeds may dictate tillage for 
seedbed preparation. In such cases, conservation tillage may not be the best 
choice (Lewis and Worsham, 1989). Within the last few years, the arrival of 
herbicides on the market that selectively control perennial weeds in corn as well 
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as soybean has been a significant breakthrough in weed science. Some of these 
herbicides require only small quantities of material (few grams per ha) because 
of their high efficacy. Weed management in crops planted by conservation tillage 
methods depends largely on foliar- and surface-applied herbicides because seed- 
bed preparation is reduced or eliminated and cultivation may not be practical. A 
mixture of a “burn-down’’ herbicide plus one or more residual herbicides is 
normally used. In some cases, a postemergence herbicide may be required for 
control of certain broadleaf weeds or grass. 

Any tillage system that leaves a substantial mulch at the surface provides shad- 
ing that may suppress weeds because the environment is unfavorable for germi- 
nation of some weeds. Research has shown that rye killed in spring inhibits the 
growth of weeds (Smeda and Weller, 1988). The effectiveness of rye is decreased 
if its residues are tilled into the soil rather than left on the surface. No-tillage 
planting into rye residue maximizes potential allelopathic weed control. Subter- 
ranean clover (Trijolium subterraneum L.) has been shown to be effective for 
controlling weeds when used as a living mulch in no-tillage vegetable production 
(Ilnicki and Enoche, 1992). as has hairy vetch (Schonbeck and Doherty, 1989). 

Herbicides such as the sulfonylureas and imidozolinone are now used to con- 
trol weeds in soybean, since soybean is very tolerant to these herbicides. More 
recently, compounds such as nicolsulfuron and primisulfuron have made possible 
postemergence control of troublesome perennials in corn, such as Johnsongrass. 
These chemicals are effective yet are required in only small quantities. The re- 
duction in amount of herbicide materials applied to a crop should reduce the 
potential for the material to eventually pollute the groundwater. As mentioned in 
Section 11, herbicides such as triazines are appearing in groundwater sources 
because of their widespread use as a residual herbicide for corn. Prudent use and 
management of herbicides is a challenge that farmers and weed scientists cur- 
rently face. Postemergence herbicide applications allow the use of an integrated 
weed management approach and applications can be made on the basis of eco- 
nomic threshold levels of weeds. 

€3. DISEASES AND INSECTS 

As conservation tillage evolved in the 1960s and 1970s, there was concern 
about how such a revolutionary cultural practice would affect the severity of 
insect infestation and disease incidence. At that time, most pest control recom- 
mendations were based on deep coverage of residues by plowing. 

There are two differing viewpoints on the overall influence of residue manage- 
ment and conservation tillage on pest management. First, conservation tillage 
may generate a more favorable habitat for soil- and surface-dwelling insects and 
pathogens. The residue left at the surface reduces water loss, moderates tem- 
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perature extremes, and provides food resources for the pest (House and Crossley, 
1987). Second, the burial of residue containing root pathogens does not seriously 
reduce the levels of inoculum produced. For this reason, conservation tillage that 
leaves the residue at the soil surface where it is subject to drying out may actually 
provide a less favorable environment for these organisms to multiply. 

There is an ongoing effort by researchers to understand the possible interac- 
tions of conservation tillage with soil organisms. According to Fortnum and Kar- 
len (1985), crop residue and tillage affected nematode species differently. A 
Meliodogyne incognita population did not change significantly with tillage, but 
S. bruchyururn populations were significantly higher in conservation tillage treat- 
ments where crop residues remained on the surface. In contrast, S. bruchyurum 
populations were lowest for conservation tillage plots when 90% of the residue 
was removed or incorporated. Thus, residue management seems to have more 
influence on nematodes than does tillage per se. 

Cook et ul. (1978) described the environment produced by conservation till- 
age and its influence on incidence of plant diseases. They reported that, for many 
plant pathogens, residues provide a source of food, a place to live, and a place 
to reproduce. A significant proportion of root-infecting organisms, for example, 
depend on crop residues for survival in soil. Moldboard plowing to bury the 
residue does not necessarily reduce the levels of inoculum produced and the 
potential for disease incidence in the next cropping system. 

Root diseases caused by Pythium species are favored by wet soils and cool 
temperatures, especially in corn production. Root disease damage has been re- 
ported to be greater under no-tillage treatments for a fine-textured, poorly 
drained soil in Ohio (Van Doren et ul., 1976). A beneficial effect of crop residues 
in conservation tillage systems is the reduction of stalk rot in soybean in 
Nebraska. 

Mycophagous springtails (Collembola) have been used as a biocontrol for Rhi- 
zoctonia soluni by reducing the inoculum density. Rickerl and Touchton (1989) 
reported that no-tillage systems resulted in 29% more Collembola than conven- 
tional tillage, but populations were not high enough for effective control of Rhi- 
zoctonia soluni. 

Tyler et a f .  (1983) found lower nematode counts in no-tillage than conven- 
tional tillage soybean in Tennessee. They speculated that higher residue levels at 
the surface in no-tillage may have increased the population of organisms that 
feed on nematodes. In the same study, they showed a greater incidence of brown 
spots on leaves of conventionally tilled than no-tilled soybeans, but stem canker 
was a greater problem on no-tillage soybeans. 

Although the soil-insect complex may present a problem in conservation till- 
age, the problems are manageable. Furrow application of systemic insecticides 
has shown promise in moderating soil insect stress and certain foliar insects. 
Many of the insect problems are unaffected by tillage methods. Musick and 



72 R. L. BLEVINS AND W. W. FRYE 

Beasley (1978) reported that wireworms cause more damage in no-tillage sys- 
tems, however, in most situations, the previous crop and management may affect 
insect damage more than tillage methods themselves (All and Musick, 1986). 

Research on cotton in Georgia showed that infestation of tobacco thrips on 
seedling cotton is reduced for up to 21 d in no-tillage as compared to surface 
tillage (All et al., 1992). The lesser cornstalk borer is found in fewer numbers 
in no-tilled corn than in conventionally tilled corn. Research in North Carolina 
indicates that biological control of cutworm larvae, corn earworm pupae, and 
corn rootworm eggs and larvae by predatory mites and beetles occurs more often 
under no-tilled soybeans (Van Duyn and House, 1989). 

VIII. CONCLUSIONS 

As we approach the twenty-first century, the technology to successfully grow 
crops using a variety of conservation tillage systems is available to our farmers. 
The alliance of farmers, scientists, and agribusiness has transformed crop resi- 
due management strategies and tillage methods from an idea to a system that 
effectively reduces erosion, reduces soil degradation, is cost-effective, and is 
environmentally acceptable. Soil properties and their ecological environment de- 
termine the limitations and suitability for using conservation tillage methods. 

A. PROGRESS IN CONSERVATION TILLAGE 

The development of new and more effective herbicides allows flexibility in 
choice of crops, crop rotations, and tillage methods. As a result, different ver- 
sions of conservation tillage are being used around the world. The systems vary 
from large-scale farming operations in the Corn Belt of the United States and 
grain-producing areas of Argentina and Brazil to the small hill farmers in Central 
America. These systems range from agroforestry systems in Costa Rica and In- 
donesia to rice farmers in Bangladesh that direct-plant wheat into their rice fields 
just before harvesting and at the beginning of the dry season. Variations in cul- 
tural practices are necessary because of ecological and socioeconomic factors. 
Even though conservation tillage has many facets, the basic principles include 
the management of mulches, a reduction in mechanical tillage, and adoption of 
cropping combinations that will preserve the soil resource base and still produce 
satisfactory yields. 

Rapid progress in technology has been made during the last two decades in 
developing equipment to till, plant, and spray and yet allow the farmer to leave 
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crop residues at the soil surface. The use of sweeps, field cultivators, and other 
equipment that incorporate less residue has made mulch tillage a viable version 
of conservation tillage that is being successfully used in many areas of the United 
States. Use of conservation tillage in conjunction with a residue management 
strategy has become the primary approach and management method to reduce 
soil erosion. 

B. FUTURE NEEDS AND DIRECTION 

An area of current concern is the role that conservation tillage may have in the 
movement of agricultural chemicals into our natural waters. We still do not have 
a clear understanding of how herbicides react with the soil, the transport pro- 
cesses involved, and the fate of the herbicides if they reach the groundwater. 
Long-term multidisciplinary field studies that include direct measurements from 
surface water and groundwater are needed immediately so the potential problems 
can be addressed with a research data base. 

To reduce chemical inputs, we need to develop and refine integrated farming 
systems that include alternative tillage methods, cropping systems, and pest 
management strategies. The use of biocontrols for pest management has poten- 
tial but needs a lot of research and testing before it can be used effectively at the 
farm level. Any successful approach to conservation tillage must be profitable 
and sustainable, protect our soil and water resources, and be environmentally 
sound. 

Better use of previous crop residues that may include winter annual cover 
crops when needed will be part of a viable system that gives us the best protec- 
tion for our soil and water resources and is usually cost-effective. There is an 
urgent need to determine the amount of mulch required for different soils and 
climates in order that we may select conservation tillage systems that are most 
appropriate for given site-specific environments. 
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