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Abstract 
Soil compaction is a significant problem in the Southeastern USA. This compacted 
zone or hardpan limits root penetration below this layer and reduces potential yield 
and makes plants more susceptible to drought induced stresses. Soil compaction in 
this region is managed using costly annual deep tillage at or before planting and 
there is a great interest in reducing and/or eliminating annual tillage operations to 
lower production costs. Deep rooted cool season cover crops can penetrate this 
compacted soil zone and create channels, which cash crop roots, such as cotton, 
could follow to capture moisture and nutrients stored in the subsoil. The cool season 
cover crop roots would reduce the need for annual deep tillage prior to planting, in-
creases soil organic matter, which provides greater water infiltration and available 
water holding capacity. Field studies were conducted for two years with three differ-
ent soil series to determine the effects of tillage systems and cool season cover crops 
on the soil chemical and physical properties, yield responses, and pest pressure. Re-
sults showed that cool season cover crops significantly reduced soil compaction, in-
creased cotton lint yield and soil moisture content, reduced nematode population 
densities, and increased soil available P, K, Mn, and organic matter content com-
pared to the conventional no-cover crop. 
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1. Introduction 

Chronic soil compaction is a significant problem among coastal plain soils in the 
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Southern USA. Although, reasons for compaction are not fully understood, it is as-
sumed that low organic matter content and the nonexpanding clay predispose these 
soils to subsurface compaction [1]. The soil profile in this region is comprised of three 
distinct textural layers: A horizon—sandy to loamy sand, E horizon—yellowish-brown 
sandy to sandy clay, and Bt horizon—sandy clay loam (Figure 1). The E horizon has 
higher bulk density, lower permeability, and lower water holding capacity (less than 0.1 
cm/cm) due to predominantly sandy texture with very low organic matter content (less 
than 1%). This compacted zone or hardpan usually occurs at a depth of 25 to 40 cm in 
the soil profile and ranges from 5 to 20 cm in thickness [2]. Typically, the hardpan layer 
limits root penetration below the plowing depth which reduces crop yield potential 
during drought stress conditions. For optimum crop productivity and yield, the E ho-
rizon must be broken using deep tillage so that roots can reach into the Bt horizon 
where water and nutrients are more plentiful [3]. Soil compaction management in the 
Southern USA relies heavily on the use of annual deep tillage before planting. For ex-
ample, conventional tillage cotton production systems in the coastal plain region of the 
Southern USA require a minimum of three to five field operations at a cost of approx-
imately $90 per hectare. 

There is a great interest in minimizing the use of annual deep tillage operations to 
reduce costs, increase residue cover, and buildup soil organic matter. Our research has 
demonstrated the rapid reconsolidation of the E-horizon hardpan layer after deep til-
lage from one season to another in some sandy soils of South Carolina due to equip-
ment traffic on the soils. However, the residual effects of deep tillage operations were 
extended for several years, using controlled equipment traffic scheme and planting di-
rectly into the previous year’s subsoiler shank furrow [4]. 

The use of cool season cover crops is an increasingly popular sustainable farming 
practice that provides many benefits to the soil and subsequent summer cash crops. 
Cool season cover crops increase soil organic matter or soil humus, which provides 
greater water infiltration and available water holding capacity. Our results from a pre-
vious 4-year study [5] [6] showed that increasing soil organic matter in the sandy soils 
of the Coastal Plain region would significantly increase crop yields (up to 38%). We at- 

 

 
Figure 1. A typical soil profile of the coastal plain in the southern USA. 
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tributed the higher crop yields to improvements in chemical, biological, and physical 
properties of the soil. Scientists in Maryland reported that shoots of both forage radish 
and rye cover crops have the potential to take up significant quantities of P when these 
cover crops are managed for maximum dry matter production [7].  

Deep-rooted cover crops may penetrate compacted soil better than fibrous-rooted 
species; therefore, be better adapted for use in “biological tillage” [8] [9]. Deep rooted 
cool season cover crops, such as rye and “Tillage Radish”, can penetrate the E-horizon 
during the winter when soil moisture is typically higher and create and maintain chan-
nels for the cash crop roots, such as cotton, to follow and capture moisture and nu-
trients in the Bt horizon which is below the hardpan layer. This would reduce and/or 
eliminate the need for annual deep tillage (a requirement in coastal plain soils for opti-
mizing potential crop yields), reduce fuel consumption, and increase soil organic mat-
ter and crop yields. Williams and Weil [9] reported that soybean yields were significant 
greater following a cool season cover crop. Cereal rye produces a thick biomass layer on 
top of the soil, resulting in early season water capture and storage for the summer crop. 
The root channels left by the terminated cover crop provided a low resistance path for 
the soybean roots to capture nutrients and water in the subsoil.  

For agriculture to remain viable and profitable, farming practices that conserve soil, 
reduce crop inputs, and enhance drought resilience must be employed. Residues asso-
ciated with the cool season cover crop have the potential to reduce nitrogen and other 
nutrient requirements in the subsequent cash summer crop [10]. For example, the ter-
minated rye cool season cover crop released plant available nitrogen in to the soil and 
reduced the amount of nitrogen fertilizer required by the subsequent cotton and grain 
sorghum crops [11]. 

Nematodes cause hundreds of millions of dollars in yield losses annually to U.S. cot-
ton, soybean, and peanut production. Each year up to 10% of all U.S. cotton production 
is lost to nematodes [12] [13]. Yield losses in individual fields may reach up to 50%. 
Nematode management relies heavily on the use of nematicides, such as aldicarb (Ag-
Logic 15 G-$74/ha) [14] [15]. However, the most effective tool for managing nematodes 
(aldicarb-AgLogic 15 G) currently is only available in the southeastern USA in limited 
amounts. Small grain crops, including cereal rye, are good hosts or trap crops for 
southern root-knot and Columbia lance nematodes. The opportunity exists to use small 
grains as trap crops for nematodes to reduce their levels in the spring when a row crop 
would be planted. In a study conducted by D’Addabbo [16], wheat straw significantly 
suppressed populations of root-knot nematodes in the soil.  

The objectives of this study were to determine the effects of tillage and deep-rooted 
cool season cover crop on 1) soil chemical and physical properties, 2) nematode popu-
lation densities, and 3) cotton yield. 

2. Methodology 

Replicated tests were conducted for two years (2014 to 2015) in a production field with 
three different soil series: Faceville loamy sand, Fuquay sandy loam, and Lakeland sand. 
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Table 1 shows surface characteristics of the three different soil series. The 2.5 ha field 
was located near Blackville, South Carolina (Latitude 33˚20"N, Longitude 81˚19"W). At 
the initiation of the project, each soil series was intensively sampled using hand probes 
to measure the depth to the Bt horizon and the soil texture. Also, the field was mapped 
for variation in soil texture, using a soil electrical conductivity (EC) measurement sys-
tem (Veris-3100; Veris Technologies Inc., Salina, KS, USA) [17]. Soil texture, organic 
matter, and moisture content were the main factors affecting EC values. The test field 
was then divided into three management zones based on soil series and soil EC values 
and 48 rectangular plots (4-rows by 18 m) were assigned in each zone, for a total of 144 
plots in the test field (Figure 2). The following treatments were replicated 8 times in 
each soil series using a randomized complete block experimental design (2 × 3 factorial 
arrangements): 

Factor A: Tillage (Deep tillage, no-till). 
Factor B: Cover Crop (Rye, Tillage Radish, None). 
Cool season cover crops were planted around mid-November each year, following 

either a deep tillage operation (about 35 cm) using a Worksaver Terra-Max (Worksav-
er, Inc., Litchfield, IL, USA) or no deep tillage operation. Cover crop biomass samples 
were collected from each plot using one meter quadrats and samples were oven dried at 
60˚C for 72 hrs and weighed [18]. Cover crops were rolled using a Brillion Pulverizer 
equipped with Optimizer Wheels (Landoll Corporation, Marysville, KS, USA) and ter-
minated using herbicides based on current Extension recommendations about one 
week before planting cotton. The cotton variety PhytogenTM 495W3RF was planted 
around mid-May in both years (2014 and 2015) in all experimental plots without sur-
face or deep tillage operations using a JD 1700 vacuum planter (John Deere Company, 
Moline, IL, USA) equipped with row cleaners. To eliminate some problems associated  

 
Table 1. Soil classification and surface texture of the test areas. 

Soil series Family Sand (%) Silt (%) Clay (%) 

Faceville Clayey-kaolinitic-thermic, Typic Paleudults 78.3 9.2 12.5 

Fuquay Loamy-siliceous-thermic, Arenic Plinthic Paleudults 85.5 5.6 8.9 

Lakeland Siliceous-thermic-coated, Typic Quartzipsamments 89.5 4.2 6.3 

 

 
Figure 2. Soil series, EC zones, and plot arrangements of the experimental field. 
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with planting cotton into the terminated cover crop, due to interfere of planters/row 
cleaners with crop residue, the grain drill used to plant the cool season cover crop was 
modified by blocking seed tubes every 96 cm to create skip rows for planting cotton.  

To determine the effects of different treatments on soil compaction, a microcompu-
ter-based, tractor-mounted recording penetrometer, equipped with GPS system 
(Figure 3) was used to quantify geo-referenced soil penetration resistance during the 
growing season. Soil compaction values were calculated from the measured force re-
quired pushing a 3.23 cm2 base area, 30-degree cone into the soil. Compaction data 
were collected 6-weeks after planting cotton and at the end of the growing season. 

Twelve sets of EC-5 capacitance moisture sensors (Decagon Devices, Inc.) were in-
stalled at three depths (15, 30, and 45 cm) to determine the effects of the cover crops on 
soil moisture content. In each soil series, four sets were installed in no-till and deep 
tilled cotton plots with and without cool season cover crop. Em50R wireless radio data 
loggers (Decagon Devices, Inc.) were used to automatically read the sensors and store 
soil moisture data every hour. Also, an automatic and a manual rain gauge were in-
stalled in this field to quantify daily precipitation.  

Nematode samples were collected at the initiation of these studies and at harvest each 
year from management zones. Sufficient soil cores (2.5-cm diameter by 20 cm deep) 
were collected to allow nematode assay as well as soil nutrient content, organic matter, 
and pH. Nematodes were extracted from soil using a combination of elutriation [19] 
and centrifugal sugar flotation [20]. Nematodes were identified to genus microscopi-
cally based on morphology and population densities calculated using dilution tech-
niques.  

Cotton was harvested around Mid-October, using a spindle picker equipped with an 
AgLeader yield monitor and a GPS unit to map changes in lint yield within and among 
treatments to determine the effects of cover crop and tillage treatments on cotton yields 
in coastal plain soils. The statistical analysis was conducted using the SAS software 
(Version: 9.4; SAS Institute Inc., Cary, NC, USA) 

3. Results 

We had an excellent cereal rye cool season cover crop in all plots except on Lakeland  
 

 
Figure 3. The tractor mounted soil compaction measurement system. 
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sand soil series. The sand content was very high with very low water and nutrient 
holding capacities. The soil series had a significant effect on the amount of cool season 
cover crop biomass. The cereal rye biomass in test plots averaged at 550, 2528, and 5771 
kg/ha in Lakeland, Fuquay, and Faceville soil series, respectively. In both years, we es-
tablished tillage radish cover crop; however, due to cold winter (below −12˚C), most of 
the tillage radishes died. Therefore, measurements from plots with tillage radish cover 
crop were not included in the analysis of yield or soil health data. 

The effects of cover crop and tillage on soil compaction were measured using a soil 
penetrometer (Figure 3). Cone index values exceeding 2 MPa limit root penetration 
below the compaction layer which reduces crop yields and makes plants more vulnera-
ble to drought stress. In the no-till plots, cool season cover crop significantly reduced 
soil compaction (Figure 4) in the E-horizon (20 - 30 cm depth). This could be attri-
buted to the deep-rooted cool season cover crop (cereal rye) penetrating compacted soil 
layers during the fall and winter when the E-horizon was relatively wet and soft. Aver-
aged over the entire field, cone index values in cover crop plots were below the 2 MPa 
compaction threshold level measured at the end of the production season. In Coastal 
Plain soils with chronic soil compaction, this could help create and maintain open 
channels in the E-horizon for subsequent years. There were no significant differences in 
soil compaction between plots with and without cover crop when a deep tillage opera-
tion was performed at planting of the cool season cover crop. Tillage significantly re-
duced soil compaction compared to no-till. 

Reductions in soil compaction in the E-horizon, due to the cool season cover crop, 
significantly increased cotton lint in the no-till plots (Figure 5). Averaged across three 
soil series, the yield increase was 38%. In addition, since cover crop eliminated the 
hardpan layer for the cotton crop, growers reduced production costs because they did 
not perform deep tillage ahead of planting operations. Soil series had a major effect on 
yield increases due to cover crop. For example, yield increase was 49%, 32%, and 22% 
on the Faceville loamy sand, the Fuquay sandy loam, and the Lakeland sand, respec-
tively (Figure 6). These results were opposite to what we were expecting since the 
Lakeland soil had 90% sand content followed by Fuquay 85%, and Faceville 78%. We  

 

 
Figure 4. Effects of cool season cover crop and tillage on soil compaction. 
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Figure 5. Effects of cool season cover crop and tillage on cotton lint. 

 

 
Figure 6. Effects of cover crop biomass on cotton lint yield. 

 
were expecting that yield increase due to cover crop would be higher in lighter soil tex-
ture, since organic matter would increase soil water holding capacity and subsequently 
increase yield. However, biomass from cover crop rye in Lakeland soil was almost 10 
fold lower than in the Faceville loamy sand soil. Therefore, there was insufficient cool 
season cover crop biomass produced in Lakeland soil to affect cotton lint yield. There 
was a strong linear correlation between cool season cover crop biomass and cotton 
yield increase (R2 = 0.999). 

Figure 7 shows an example of higher soil moisture content due to cool season cover 
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crop in Faceville soil series in 2015. Averaged over the growing season and 3 sampling 
depths (15, 30, and 45 cm), cool season cover crop increased soil moisture contents by 
8.5, 6.2, and 1.4 percentage points in Faceville, Fuquay, and Lakeland soils, respectively. 
However, in the sandy soil (Lakeland) the difference in soil moisture for the same pe-
riod was not significant. This was caused by insufficient cool season crop biomass in 
Lakeland soil to affect soil moisture significantly. Similar results were obtained in 2014. 

Cool season cover crop residue reduced the prevalence of weeds in the cotton plots 
and required fewer herbicide applications compared with the conventional system with 
no-cover (Data not shown). Cool season cover crop positively impacted soil properties 
by significantly increasing soil available P, K, Mn, and organic matter content by 17%, 
26%, 33%, and 46%, respectively, at cotton harvest (Table 2).  

Small grain crops (such as cereal rye) are good hosts or trap crops for southern 
root-knot and Columbia lance nematodes. In 2015, the cereal rye cool season cover 
crop reduced population densities of root-knot nematodes by 66% and 82% in tilled 
and no-till plots, respectively. In addition, galling index for the same treatments was 
reduced by 34% in tilled plots and 31% in no-till plots without a nematicide applica-
tion. 

 

 
Figure 7. Effects of cool season cover crop residue on soil moisture content. 

 
Table 2. Effects of cool season cover crop on soil available P, K, Mn and soil OM (2014). 

 Tillage No-Till 

 Cover No-Cover Cover No-Cover 

P (kg/ha) 264 a 215 b 247 a 211 b 

K (kg/ha) 194 a 133 b 167 a 130 b 

Mn (kg/ha) 33 a 25 b 31 a 24 b 

OM (%) 1.41 a 0.87 b 1.42 a 0.97 b 
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4. Conclusion 

Replicated field studies were conducted for two years with three different soil series to 
determine the effects of tillage and cool season cover crops on soil chemical and physi-
cal properties, crop responses, and pest pressure. These results showed that surface soil 
texture had a significant effect on the amount of cool season cover crop biomass pro-
duced by cereal rye. In no-till plots, cool season cover crop significantly reduced soil 
compaction in the E-horizon (20 - 30 cm depth). Averaged over the entire field, the 
cone index values in the cool season cover crop plots were below the 2 Mpa compaction 
threshold measured at the end of the production season. Reductions in soil compaction 
due to the cool season cover crop, significantly increased cotton lint yield in the no-till 
plots (38%). There was also a strong linear correlation between cool season cover crop 
biomass and cotton lint yield increase. The cool season cover crop positively impacted 
soil properties by significantly increasing soil available P, K, Mn, and organic matter 
content. It also, increased soil moisture content by about 10 percentage points. The 
cover crop significantly reduced population densities and galling index of root-knot 
nematodes without a nematicide application. 
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