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southeastern cropping systems vary from 1.6 to 9.6 Mg ha-1 depending on
cropping sequence and tillage practices (Sojka et al., 1984).

Conservation tillage became a practical possibility in the late 1970s with
the development of integral subsoil-tillage/planting systems capable of plant-
ing crops into heavy plant residues (Harden et al., 1978). Several such sys-
tems are now available (Fig. 1). The SuperSeeder* (one of the earliest suc-
cessful commercial implements) allowed planting into crop residues or living
mulches that were controlled with broad spectrum herbicides (e.g. paraquat
or glyphosate, which became widely available in the late 1970s). The term
"no-till plus" was coined by implement dealers in the Coastal Plain to de-
scribe the use of subsoiling into residue at planting to break up subsoil bar-
riers to rooting which had made earlier efforts at no-till on these soils
unsuccessful.

A number of additional problems associated with further development of
CT systems were quickly recognized. These included reducing water loss from
cover crops, improving stand establishment, assessing nutrient and water
management requirements, determining optimal subsoiling strategies, under-
standing long-term effects of CT on soil properties, effects of crop residue
removal (for on-farm energy production), and determining the interaction of
CT tillage systems with pests and beneficial organisms. While wind erosion is
an occasional problem on some bare conventionally tilled fields the combi-
nation of frequent rain and low prevailing wind velocities in the southeast has
not yet sustained an interest in wind-erosion abatement. Therefore, with ini-

Fig. 1. An in-row subsoiling system for conservation tillage produced by the Kelley Mfg Co
(KMC) utilizing Case-IH series 800 early-riser planters.

*Names of trademarks are provided for the benefit of the reader and do not imply endorsement
by the Department of Agriculture.
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tial rooting and weed-control problems largely solved, extensive applied and
basic research was initiated in 1979 at the USDA-ARS Coastal Plains Re-
search Center in Florence, SC, to extend the understanding of CT principles
and their applications in the region. This paper synthesizes and interprets
much of the Center's published findings related to CT from then until the
present.

Soil water

Because the first CT system that was actively promoted consisted of spring
planting of com (Zea mays L.) or soybean (Glycine max (L.) Merr.) into a
fall-planted rye (Secale cereale L.) cover crop, initial work focused on cover-
crop water use. The rye, whose grain had little cash value, was often grazed
by livestock over the winter and then killed with paraquat at spring planting.
Although the rye canopy reduced soil loss from intense late-winter and early
spring rain, it often desiccated the soil profile by evapotranspiration (ET) in
late spring during planting and early com or soybean crop development. This
usually reduced com yield, but had no negative effect on full-season, deter-
minate soybean yield (Campbell et al., 1984a,b). The more frequent occur-
rence of problems with CT in com than in soybean had not been anticipated
from research in other regions (Sojka et al., 1984) but was a consistent year-
to-year response in the Coastal Plain (Campbell et al., 1984a,b; Sojka and
Busscher, 1989). Results from a long-term tillage study (Sojka and Busscher,
1989) demonstrated that com yields were always slightly greater in tillage
systems that had some form of surface tillage.

Poor com yield in CT plots was attributed by Karlen and Sojka (1985) to
erratic emergence and slow early season growth. In their study, stand count
of CT 7 days after planting was half that of conventional tillage, and although
counts were not statistically different by 17 days after planting, plant size of
CT plants remained smaller and more variable in size. Late-emerged CT plants
remained stunted but continued to grow, although ultimately producing little
or no grain. These retarded com plants robbed water and nutrients from their
productive neighbors and were termed "com weeds". Low soil temperature
in CT systems had caused similar stand problems at northern latitudes (Gupta
et al., 1983), but Karlen and Sojka (1985) showed this was not the case in
the Coastal Plain, where temperatures at 5 and 15 cm depths were never more
than 1°C (2°P) different for conventional and CT seedbeds (Table 1). Water
was thought to be the most limiting factor for Coastal Plain soils. In later
~ ork' Karlen (1989) confirmed that erratic seedling emergence in his no-till

s stem was the result of poor placement and coverage of the seed using con-

v ntional John Deere Aexi planters behind the subsoiling implement in heavy
r sidue. This resulted in soil and seed desiccation in some parts of the CT
s edbed. An additional water-related consideration was the fact that most
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TABLE

Influence of pre-plant disk and conservation (non-disk) tillage on 08:00 hand 15:00 h soil tempera-
tures (OC) at depths of 5, 15 or 30 cm during the 28 days after planting corn on Norfolk loamy sand
near Florence, SC in 1981, 1982 and 1983 (adapted from Karlen and Sojka, 1985)

PreplanP
surface tillage
operation

Growth period
after planting
(days)

08:00 h Depth in cm 15:00 h Depth in cm

5 15 30 5 15 30

1981
Disked
Non-disked
Disked
Non-disked

1982
Disked
Non-disked
Disked
Non-disked

1983

Disked
Non-disked
Disked
Non-disked

0-14
0-14
15-28
15-28

15
14
18
17

16
15
18
18

16
16
19
18

25
24
33
31

23
21
27
26

19
20
22
21

0-14
0-14
15-28
15-28

13
13
16
16

14
14
18
17

16
16
20
19

23
23
34
32

19
19
28
26

16
17
23

0-14
0-14
15-28
15-28

14
14
19
18

16
16
20
19

18
18
21
20

29
26
29
27

25
22
26
24

22
19
23
')1

'Soil temperatures were not significantly different between tillages at P~O.O5.

Coastal Plain Ultisols are sandy textured and frequently retain less than 10
cm of plant-available water per meter of profile (Beale et al., 1966). Further-
more, even though surface residues can conserve several days' equivalent ET
by reducing soil evaporation during the growing season, this gradual benefit
does not accrue rapidly enough to overcome early season profile depletion by
a cover crop and growth retardation in corn resulting from competition be-
tween productive plants and "corn weeds".

Where full canopy coverage had been achieved by the time of flowering,
determinate soybean yields were not reduced by cover cropping or CT. An
effective management solution to the problem of cover crop water use was to
kill the cover crop 2-3 weeks before planting corn or soybean. This halted soil
water extraction, providing an opportunity for soil profile recharge (Camp-
bell et al., 1984a,b; Karlen, 1989). In studies where prolonged drought oc-
curred in soybean during the reproductive period, CT increased yields slightly
compared with conventional tillage. The magnitude of yield increases de-
pended upon the timing of the dry period relative to the length of the repro-
ductive period.

A long-term comparison of results from several variations of possible CT
systems for corn, soybean, and double-cropped wheat showed mixed results
(Sojka and Busscher, 1989). Soybean yields were favored by CT in row crop-
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Fig. 3. Soil strength contours that show breaking up of the 15-36 cm deep E horizon by the
Superseeder in April (a) soon after the deep tillage and in August (c), compared with disked
plots in April (b) and August (d). Some remnants of deep tillage from previous years can be
seen in the disked plot. .Indicates the row position. (Busscher and Sojka, unpublished data.)

Fig. 4. Pressurized spray nozzle for deep fertilizer placement behind coulter and subsoil shank
of a subsoil planter used for CT.
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Even though the most widely accepted practice to combat compaction in
CT became the use of in-row subsoil/planting systems, energy costs in the late
1970s caused farmers and researchers to question the need for annual sub-
soiling (Threadgill, 1982). The persistence of subsoil disruption in Coastal
Plane soils was evaluated for several deep-tillage methods (Busscher et al.,
1986). In-row subsoiling in this and subsequent studies reduced soil strength
more effectively than disking, chiselling, and mold-bQard plowing, thereby
providing root access to the B horizon with its higher clay content and water-
holding capacity. This could be seen dramatically in two-dimensional contour
plots of soil profile penetration resistance (Fig. 5). Although the location of
a subsoiling operation was still identifiable after 2 years by probing with a
penetrometer, none of the implements maintained cone indices below recog-
nized limits to rooting for more than I year (Busscher et al., 1986). Further-
more, without precise traffic control, aligning planting over the previous sea-
son's subsoiling was not possible.

As in-row subsoiling became widely adopted in the Coastal Plain, several
implements became available for use in CT. Although the deep disruption
patterns for the Brown-Harden Superseeder, the Tye Paratill, and the Kelly

Fig. 5. Rooting pattern of corn in a Norfolk soil which was planted using in-row subsoiling, and
showing root proliferation in the B horizon. The area inside the strings had no roots because of
higher soil strength (R.B. Campbell, unpublished data).
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Fig. 7. Deformation of an ASAE standard cone-tipped penetrometer, hydraulically driven into
a Norfolk sandy loam soil.

to bulk density and water content were found to depend also on texture and
organic matter. Coarse textured Ultisols with low organic matter required less
compactive force to produce high bulk densities and high probe resistances
(Spivey et al., 1986; Busscher et al., 1987) than the same soils with higher
organic matter levels. These studies also showed a negative correlation
(R2=0.85) between Proctor soil strength and organic matter content. The

textural component was also important with a positive correlation (R 2 = 0.85)

between increasing silt content and flat-tipped probe strength of soils with
< 1 % organic matter. Making soil strength comparisons in the field is com-
plicated by water content and bulk density variability. Statistical and mathe-
matical techniques were developed to assess absolute strength differences
(Busscher and Sojka, 1987, 1990; Sojka and Busscher, 1988) reducing treat-
ment-confounding effects such as strength dependence on measurement date,
treatment location, or water regime. These techniques were ultimately uti-
lized to show that in-row subsoiling was more effective when combined with
CT than with conventional tillage (Busscher and Sojka, 1987). In these com-
parisons disking between se~sons contributed to greater subsoil compaction,
whereas these compactive episodes were eliminated from the CT systems.
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Soil biota

Initially, very little was known about the interaction of CT with soil orga-
nisms. Crop residue level and tillage affected four nematode species (Melio-
dogyne incognita, Scutellonema brahyurum, Pratylenchus scribneri and Para-
trichodorus christiei) differently (Fortnum and Karlen, 1985). Meliodogyne
incognita and P. christiei populations did not change significantly with tillage,
but S. brachyurum populations were significantly higher in CT treatments
where crop residue remained on the surface. In contrast, S. brachyurum pop-
ulations were lowest in CT plots where 90% of the crop residues were re-
moved or were incorporated. The study of crop residue removal was prompted
by the search for on-farm renewable energy sources following the oil embargo
of the mid 1970s. As concern for global climate change creates new interest
in renewable carbon sources, and as world oil reserves drop, this concern is
resurfacing. These studies identified a high value of preserving soil organic
matter despite residue effects on nematode populations.

Organic matter content is an indicator of the long-term accumulation and
decomposition of substrate by the resident soil microbial population. For
sandy Coastal Plain soils, increased organic matter can eventually enhance
productivity by improving both water and nutrient retention and ameliorat-
ing strength problems. Long-term CT effects on several soil-test parameters
in one study were examined after 8 years. In the upper 20 cm, there was a
trend toward, but not a significant increase of organic matter (Mehlich I soil
test values) of CT over disked treatments. Organic carbon over the 8 years
increased from 0.5 to 1.0% for the disked treatment and from 0.5 to 1.2% for
CT (Karlen et al., 1989).

Conservation tillage also affected the environment of beneficial organisms.
Profitable soybean production depends greatly on providing a favorable en-
vironment for the symbiotic interaction of soybean and Bradyrhizobium ja-
ponicum. Yield was not affected despite subtle tillage X strain X culti var inter-
actions that altered nodular occupancy, N2 fixation by specific cultivar and
strain combinations, and plant N distribution (Hunt et al., 1985). In a re-
lated greenhouse experiment in which understory surfaces were varied inde-
pendently from soil properties, early stem growth was greater for a straw-cov-
ered surface than for a bare surface, but nodulation was unaffected (Hunt et
al.,1989).

Insect pressure in southern agricultural systems is significantly greater than
in more temperate climates, and particular concern has been focussed on the
need to understand CT impacts on insect dynamics. Tillage reduced emerg-
ence of H eliothis species in insect studies. Compaction without tillage stabi-
lized insect burrows; compaction after tillage sealed the burrows and dam-
aged the pupae (Roach, 1981; Roach and Campbell, 1983). Therefore, less
intensive tillage treatments resulted in greater emergence of Heliothis.
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Alternative cropping systems

Because the growing season of the South Atlantic Coastal Plain is long and
winters are mild (in excess of 300 frost-free days throughout the region) new
crops could be grown if an appropriate niche existed in the region's cropping
practices. The periods of greatest potential soil loss for the region occur from
late fall through early spring when bare soil is exposed to high intensity rain-
fall. One approach to soil conservation during this period is to maintain crop
residues on the surface. Another approach is to maintain a live vegetative
cover. The most widespread expression of this practice in the region has been
the production of double-crop (i.e. winter grown) small grains, primarily
wheat (Triticum aestivum). However, other cropping alternatives also exist
which provide a significant extension of the period of effective vegetative
cover. Sojka and Karlen (1988) reported on the potential for winter produc-
tion of rapeseed (Brassica napus L.) for which demand is rapidly increasing
in the American oilseed market. In addition to being economically competi-
tive with wheat production, the rapeseed crop was shown to provide effective
ground cover up to 2 months earlier than any of the small grains, while still
allowing harvest in late May for double-crop soybean production. Existing
herbicides can control volunteer rapeseed in the following soybean crop. Sojka
et al. (1989, 1990) explored a similar strategy for the production "'Of sunflower
(Helianthus annuus L.) either before soybean, planting as early as March, or
following corn, planting as late as mid-August. Yields and quality were highly
dependent on planting date, but both early spring and mid-summer planting
allowed production potentials on a par with or exceeding more northerly
growing regions. Again because of rapid canopy coverage, double-cropped
sunflower has the potential to extend significantly the period of vegetative
soil cover for the region.

Water quality

Many leading scientists see water quality as one of the greatest concerns of
civilization as we approach the new millennium. Development of farming
practices that preserve or improve groundwater quality and limit erosion and
surface-water pollution will be a major component of water-quality research.
Use of CT poses new questions and offers potential for new solutions to water-
quality concerns. Experts disagree as to whether CT introduces fewer or more
agricultural chemicals into the environment. Although CT holds chemicals
against runoff and erosion, the presence of crop residues usually creates en-
vironments that support higher insect populations and pathogen inoculum
levels. This could prompt greater use of pesticide chemicals. In all the studies
reported in this paper weed control for both conventional and CT systems
used pre-emergence surface-applied herbicides that relied on activation by
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irrigation or rainfall. Pre-emergence chemicals had the same formulation and
rate among tillages. Tillage regimes differed in the use of mechanical cultiva-
tion for conventional treatments and contact or systemic directed sprays for
CT treatments prior to canopy closure. No comparisons of differing formu.,
lations or rates were conducted in these studies.

Another unresolved issue is whether the stimulation of macropore forma-
tion and stabilization by CT systems positively or negatively affects ground-
water quality. Macropores more easily transmit surface waters to the Vadose
zone, but also allow more prolific root penetration and resulting soil solute
uptake. Water moving rapidly through macropores also has less contact op-
portunity to leach chemicals held in micropores. In the South Atlantic Coastal
Plain soil strength could have a major impact on water quality because of its
effects on water infiltration, rooting, and required amelioration practices, such
as increased nitrate additions in the absence of subsoiling, or increased trans-
mission of nitrate to groundwater resulting from subsoiling, which is a nec-
essary component of CT on most Coastal Plain soils. Resolution of these un-
answered questions is a major new focus of the programs of the Coastal Plain
Soil and Water Conservation Research Center.

CONCLUSIONS

The Coastal Plains Soil and Water Conservation Research Center in Flor-
ence, SC, has made a concerted effort to understand the advantages and
shortcomin,~s of ( r Jor t1 :: South Atlantic Coastal Plain. This has included
the interaction of CT with water loss from cover crops, stand establishment,
water and nutrient m~magement, soil strength matlagement through deep til-
lage or intensively managed irrigation, crop residue removal, long-term ef-
fects on soil properties, and pests and beneficial organisms. The complex na-
ture of these interacting factors and the diversity of specific conservation
systems has resulted in both positive and negative impacts of CT within the
scope of the many parameters studied. Nonetheless, understanding these ef-
fects on conservation tillage has improved the viability of CT as a manage-
ment alternative in the SC Coastal Plain and surrounding states within the
physiographic region.
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