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Abstract: Cover cropping, tillage and crop rotation management can influence soil nutrient availability
and crop yield through changes in soil physical, chemical and biological processes. The objective
of this study was to evaluate the influence of three years of cover crop, tillage, and crop rotation
on selected soil nutrients. Twenty-four plots each of corn (Zea mays) and soybean (Glycine max)
were established on a 4.05 ha field and arranged in a three-factor factorial design. The three factors
(treatments) were two methods of tillage (no-tillage (NT) vs. moldboard plow [conventional] tillage
(CT)), two types of cover crop (no cover crop (NC) vs. cover crop (CC)) and four typess of rotation
(continuous corn, continuous soybean, corn/soybean and soybean/corn). Soil samples were taken each
year at four different depths in each plot; 0–10 cm, 10–20 cm, 20–40 cm and 40–60 cm, and analyzed for
soil nutrients: calcium (Ca), magnesium (Mg), nitrogen (NO3 and NH4), potassium (K), phosphorus
(P), sulfur (S), sodium (Na), iron (Fe), manganese (Mn) and copper (Cu). The results in the first year
showed that CT increased NO3-N availability by 40% compared with NT. In the second year, NH4-N
was 8% lower under CC compared with NC management. In the third year, P was 12% greater under
CC management compared with NC management. Thus, CC can enhance crop production systems
by increasing P availability and scavenging excess NH4-N from the soil, but longer-term studies are
needed to evaluate long-term effects.
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1. Introduction

Large scale and aggressive tillage practices caused dramatic declines in soil productivity during
the 20th century [1]. The removal of vegetative cover and the use of tillage equipment that mixes
and disturbs the soil environment are the main causes of soil degradation [2]. For many decades,
tillage has been the preferred method of soil preparation for planting, organic matter and fertilizer
incorporation, accelerating soil warming and increasing soil aeration [3]. As a result of increased
aeration and residue mixing encouraged by tillage, Reference [4] reported that the nutrient uptake by
plants is generally greater with conventional tillage compared with no tillage. They also argue that
no-till (NT) encourages physical and chemical stratification, causing more localization of nutrients
near the surface. On the contrary, Reference [5] showed that tillage encouraged large losses of organic
C (SOC) and N from the surface layer. Conventional tillage management has been shown to increase N
concentration and bulk density of the surface soil, as a result of heavy equipment traffic, compared to
the decrease noticed under conservation till management [6,7].
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In a study by [8], they reported that, after 9 years, the mean amount of total N in the top 30 cm depth
declined under conventional and reduced tillage practices but not under no-till practice. They reported
that in the top 30 cm, soil under NT management had 290 kg N ha−1 more than under conventional
tillage (CT) management, with most of it in the top 10 cm of the soil. Similarly, Reference [9] conducted
an experiment on a poorly drained silty clay loam soil, to evaluate the effects that various tillage
systems had on total nitrogen. After 24 years, they observed that the effects of tillage systems on N
concentrations were restricted to the top 50 cm of the soil, and that, on an equivalent soil mass basis,
total N storage under NT practice was significantly higher (40 kg/ha) than under CT practice.

Crop rotations with legumes and cover crops have been reported to influence soil nutrient status.
For example, references Omay et al. (1997) [10] and Sainju et al. (2003) [11] demonstrated that legumes
can add both organic matter and N to the soil and this can increase soil fertility. Nitrogen fertilization
can also increase SOC by increasing crop biomass production and the amount of residue returned to
the soil [12]. Therefore, crop rotations and nitrogen fertilization can influence SOC sequestration in
tilled and non-tilled soils, due to the differences in the mineralization rates of crop residues and soil
organic matter.

As a result of the mobility of certain nutrients, there have been concerns about leaching and water
pollution. This can be exacerbated under management practices that influence soil porosity and water
infiltration [13–15]. Non-leguminous cover crops can reduce nitrogen loss by scavenging the excess
nitrogen in the soil. Tilman et al. (2002) [16] estimated that only 30–40% of applied nitrogen and about
45% of phosphorous is taken up by crops. Wyland et al. (1996) [17] reported a 65–70% reduction in
nitrate leaching from cover crop plots compared with fallow during winter. They attributed this to the
scavenging ability of cover crops.

There have been extensive studies on the influence of tillage and cover crops on soil nutrients [18–21].
However, there are gaps in the understanding of the effects of a combination of soil management practices
on soil nutrients, especially in central Missouri. Therefore, our specific objective was to determine the
effect of the interaction between tillage, crop rotation and cover crop on soil nutrients. As a result of the
increased soil aeration and mixing through tillage and cover crop residue return to the soil, we hypothesize
that a combination of cover crops, tillage and crop rotation will increase soil nutrient availability.

2. Materials and Methods

2.1. Site Description and Experimental Design

The study was conducted at Lincoln University of Missouri’s Freeman farm in Jefferson City.
Its geographic coordinates are 38◦58′16” N latitude and 92◦10′53”, with an elevation of 166 m above
sea level and a slope of 2%. The soil type is a Waldron silt loam (fine, smectitic, calcareous, mesic Aeric
Fluvaquents). The site has a fine sub-angular blocky structure in the Ap horizon at the 0–20 cm depth.
The Ap horizon is underlain by C1 (20–35 cm), C2 (35–43 cm), Cg1 (43–71 cm), Cg2 (71–101 cm) and Cg3
(101–152 cm) horizons, all of a similar structure. Prior to the beginning of this study in 2011, the site
was under a 50-year moldboard plow tillage with corn (Zea mays) and soybean (Glycine max) rotation.
The mean annual precipitation between 2011 and 2013 (years of study) was 990.6 mm, with the months
of May and August usually receiving the highest (1270 mm) and lowest (838.2 mm) precipitations,
respectively. However, 2012 was a particularly dry year, with 752.09 mm precipitation. Some baseline
physical and chemical properties are shown in Table 1.

The experiment was a randomized complete block design on a 4.05 ha field arranged in a
3-factor factorial design with three replicates (a total of forty-eight plots). Each of the plots measured
12.2 m × 21.3 m. The three factors (treatments) were two methods of tillage (no-tillage (NT) vs.
moldboard plow tillage (CT)), two methods of cover crops (cover crop (CC) vs. no-cover crop (NC))
and four types of rotation (continuous corn, continuous soybean, corn/soybean and soybean/corn
rotations). Twenty-four plots were under CT, while twenty-four plots were under NT. Furthermore,
twenty-four plots were under CC management, and twenty-four plots were under NC management.



Agriculture 2020, 10, 225 3 of 14

Twelve plots each were under continuous corn, continuous soybean, corn/soybean rotation and
soybean/corn rotation. These rotations were established in the first year but their effects were only
analyzed during the second and third years, due to the time of soil sample collection. The depth of
CT was from the soil surface to a depth of 15 cm. The soil was tilled every year during April or May.
The CC was cereal rye (Secale cereale). Cover crop was planted in 12 plots of each corn and soybean
during September or October each year. The CC were overseeded at a rate of about 359 kg ha−1.
They were terminated using a 4.15 kg ha−1 acid equivalent of glyphosate (N-phosphonomethyl glycine).
Corn was planted at a rate of 26 kg ha−1, while soybean was planted at a rate of 405,000 seed/ha.
All corn and soybean plots received 26 kg N ha−1, 67 kg P, and 67 kg K ha−1. However, the corn plots
received an additional 202 kg N ha−1 from urea. These fertilization rates were determined based on
the recommendations of [22]. More information about the study site can be found in [23]. Please note
that, due to the differences in N application rates for the crops, N was not compared between rotations.

Table 1. Baseline soil physical and chemical properties at the study site.

Mean Values of Soil Physical and Chemical Properties

Depth
(cm)

BD
(g cm−3)

VWC
(cm3 cm−3)

TPS
(cm3 cm−3)

pH OM
(g kg−1)

CEC
(cmolc kg−1)

0–10 1.24 0.28 0.51 6.71 16.60 14.57
10–20 1.47 0.31 0.42 6.80 16.60 15.09
20–40 1.20 0.30 0.53 6.79 16.50 13.88
40–60 1.18 0.32 0.54 6.85 16.80 14.53

BD: bulk density; VWC: volumetric water content; TPS: total pore spaces; OM: organic matter; CEC: cation exchange
capacity (adapted from Haruna and Nkongolo 2013; 2014 [24,25]

2.2. Soil Sampling and Analysis

Each year, soil samples were collected from the crop rows in the middle of each plot, between
corn or soybean plants. These points were chosen due to the very low human and equipment traffic.
From each of the 48 plots, soil samples were taken using cylindrical cores at four different depths;
0–10 cm, 10–20, 20–40 and 40–60 cm. All soil samples were taken 1 to 4 days after tillage each year.
The samples were air dried for 72 h, crushed and then sieved using a 2-mm sieve. They were analyzed
for their macro- and micronutrient content. Soil properties analyzed were chosen to reflect macro-
and micro-nutrients of importance, per the recommendations of [22]. Soil pH was measured by
potentiometry using an electronic pH meter [26]. Soil organic matter was measured by combustion
(loss on ignition at 360 ◦C) [27]. Nitrate concentration was determined using the nitrate electrode
method [28]. Sulfate (SO4

−) concentration was determined using the turbidimetric procedure in a
spectrophotometer [29]. Available potassium (K), Calcium (Ca), magnesium (Mg), iron (Fe), manganese
(Mn) and copper (Cu) were determined using Melich-3 [30]. Available P was measured using the Bray
I method [31].

2.3. Statistical Analysis

Statistical analysis was carried out using Minitab version 16.2. A test of the variance homogeneity
within different treatments was conducted using the Anderson-Darling test at p = 0.05, to evaluate the
variability in the measurement. The results showed that the data was normally distributed. Tukey
comparison was conducted with respect to moments and coefficient of variation (CV) at the four
sampled depths for each of the plots. Analysis of variance was also conducted by year. The fixed
factors were cover crops, tillage and crop rotation. Year and depth were treated as random factors.
Given that the CC was planted at the end of the first year (2011), and that its effects could be assessed
only in the second (2012) and third (2013) years, the analysis of variance used a two factors (tillage
and depth of sampling) factorial design in 2011, and a four factors (depth of sampling, tillage, cover
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crop, crop rotation) factorial design in 2012 and 2013. Statistical differences were declared to occur at
p ≤ 0.05.

3. Results

The results from the first year of study are shown in Table 2. During the first year of study,
the only treatment studied was tillage. There was no significant interaction between tillage and depth
of sampling. However, there was a main effect of tillage on some macro- and micro-nutrients (Table 2).
Nitrate-nitrogen (NO3-N) levels were about 40% greater under CT management compared with NT.
Furthermore, P and Fe were about 25% and 4%, respectively, greater in CT plots compared with NT
plots. The most abundant essential nutrient on the field was Ca, while Mn was the most abundant
micronutrient on the field. Depth of sampling was not significant for any of the nutrients studied.
However, most macro-nutrients were numerically greater in the 0–10 cm depth, while micro nutrients
were numerically greater in the 10–20 cm depth (Table 2).

The effects of tillage, cover crop and crop rotation on soil nutrients were assessed in the second year
of study (2012) by conducting a four factors (tillage, cover crop, crop rotation, depth of sampling) factorial
analysis of variance with three way interactions. Table 3 shows the results from the second year of the
study. Significant interactions include crop rotation× tillage interaction and crop rotation× tillage× depth
of sampling interaction for NH4-N, and cover crop × crop rotation × tillage interaction for Fe (Table 3).
Iron (Fe) was greatest under CT with CC and a continuous soybean monoculture.

Apart from these interactions, there were significant main effects of tillage, crop rotation and cover
crop on soil nutrients. For example, tillage significantly affected P and S. Tilling the soil caused a 14%
and 15% increase in P and S, respectively.

Planting CC is a way to improve soil productivity and reduce nutrient leaching [18]. Results from
the current study show that planting cereal rye CC reduced Ca, Mg, NH4-N and Cu by 5%, 8%, 8%
and 7%, respectively, compared with NC (Table 3). Depth of sampling was also found to be significant
for all nutrients studied (Table 3) and also for soil pH [7]. Please see the discussion session for more
detailed explanation of these results.

Soil nutrients responded differently to management practices in the third year, compared with
the first two years. The results of the third year of study is showed in Table 4. A four factors factorial
analysis of variance with three-way interaction was used to asses these effects. Most of the significant
interactions noticed in the second year did not persist into the third year of this study. However, some
of these interactions persisted (for example crop rotation × tillage interaction for NH4-N) at different
significant levels.
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Table 2. Effects of tillage and depth of sampling on selected soil nutrients in 2011.

Treatments Ca
(mg kg−1)

Mg
(mg kg−1)

NO3
(mg kg−1)

NH4
(mg kg−1)

K
(mg kg−1)

P
(mg kg−1)

S
(mg kg−1)

Na
(mg kg−1)

Fe
(mg kg−1)

Mn
(mg kg−1)

Cu
(mg kg−1)

Tillage (TL) ———————————————————————————Means——————————————————————————–

No-Till 1851.10a 391.06a 8.22b 5.77a 124.05a 16.97b 9.39a 30.49a 158.57b 166.33a 2.66a
Conventional Tillage 1945.90a 397.32a 13.59a 5.33a 127.20a 22.58a 9.68a 31.55a 165.57a 160.91a 2.64a

Depth of Sampling (DS)

0–10 cm 1863.10a 391.42a 14.27a 5.50a 131.67a 21.21a 9.77a 31.00a 158.67a 159.60a 2.61a
10–20 cm 1990.20a 411.94a 9.47a 5.39a 128.19a 19.71a 9.38a 30.46a 166.83a 170.21a 2.74a
20–40 cm 1812.60a 373.06a 11.50a 5.61a 128.38a 21.15a 9.60a 30.19a 163.54a 163.25a 2.55a
40–60 cm 1928.00a 400.35a 8.38a 5.72a 114.27a 16.83a 9.38a 30.44a 158.92a 161.42a 2.72a

Analysis of Variance

Sources of
Variation df Ca Mg NO3 NH4 K P S Na Fe Mn Cu

Blocks 2 ————————————————————————–p-values———————————————————————————–

TL 1 0.0557 0.6095 0.0041 0.1179 0.5244 0.0002 0.2125 0.3038 0.0171 0.2062 0.6961
DS 3 0.0642 0.1493 0.1202 0.8596 0.0643 0.1173 0.5629 0.4187 0.1282 0.3165 0.1941

Interactions
TL × DS 3 0.3274 0.8483 0.3445 0.6164 0.7756 0.5732 0.9403 0.9669 0.8451 0.8507 0.6315

Error 182 116424 7184.7 163.29 3.7693 1167.9 106.27 2.6091 50.953 386.63 878.50 0.2373
Total 191

Means followed by different alphabet in the same treatment and depth of sampling are statistically significant at the 0.05 probability level. NO3: Nitrate; NH4: Ammonium; S: Sulphur; P:
Phosphorous; Ca: Calcium; Mg: Magnesium; K: Potassium; Na: Sodium; Mn: Manganese; Cu: Copper; Fe: Iron. Please note: Ca, Mg, K, Fe, Mn and Cu are Melich-3 measurements.
NO3-N was measured by steam microdistillation. SO4 was determined by tubidimetry. P is Bray 1.
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Table 3. Effects of tillage, crop rotation, cover crop and depth of sampling on selected soil nutrients in 2012.

Treatments Ca
(mg kg−1)

Mg
(mg kg−1)

NO3
(mg kg−1)

NH4
(mg kg−1)

K
(mg kg−1)

P
(mg kg−1)

S
(mg kg−1)

Na
(mg kg−1)

Fe
(mg kg−1)

Mn
(mg kg−1)

Cu
(mg kg−1)

Tillage (TL) ———————————————————————————Means—————————————————————————————

No-Till 1766.71a 364.09a 6.90a 10.91a 102.70a 16.79b 8.26b 33.67a 161.41a 138.92a 2.36a
Conventional Tillage 1738.43a 378.86a 7.19a 11.03a 106.51a 19.52a 9.70a 36.99a 164.06a 133.69a 2.32a

Crop Rotation (CR)

Continuous corn 1753.20a 378.38a 7.32 11.72 101.44a 16.23a 9.17a 36.88a 158.27a 139.17a 2.32a
Continuous soybean 1728.70a 359.15a 6.83 9.9 100.77a 17.96a 9.60a 38.38a 166.19a 134.65a 2.31a

Corn-soybean rotation 1734.51a 358.52a 6.78 11.02 106.23a 18.96a 8.60a 33.79a 166.02a 133.48a 2.30a
Soybean-corn rotation 1793.74a 389.88a 7.25 11.23 109.98a 19.48a 8.54a 32.27a 160.46a 137.92a 2.44a

Cover crop (CC)

No-Rye 1801.00a 386.40a 7.17a 11.41a 106.73a 17.80a 9.08a 36.65a 164.79a 138.79a 2.42a
Rye 1704.00b 356.56b 6.93a 10.53b 102.48a 18.51a 8.88a 34.01a 160.68a 133.81a 2.26b

Depth of Sampling (DS)

0–10 cm 1624.20b 324.88c 14.70a 12.98a 139.79a 33.27a 10.75a 34.04b 181.50a 145.58ab 2.00c
10–20 cm 1629.40b 341.00bc 6.12b 11.55ab 92.38b 13.83b 8.50b 31.58c 174.69a 149.25a 2.22b
20–40 cm 1709.60b 368.29b 4.33bc 10.16bc 88.27b 13.08b 8.69b 35.92b 148.00b 130.46bc 2.35b
40–60 cm 2046.90a 451.75a 3.03c 9.19c 97.98b 12.44b 7.98b 39.77a 146.75b 119.92c 2.79a

Analysis of Variance

Sources of
Variation df Ca Mg NO3 NH4 K P S Na Fe Mn Cu

Blocks 2 ————————————————————————–p-values————————————————————————————-

TL 1 0.4936 0.1604 0.6882 0.7765 0.2738 0.0385 0.0059 0.3015 0.5108 0.2498 0.4482
CR 3 0.6780 0.0970 0.9299 0.0146 0.2026 0.3116 0.4155 0.5188 0.4031 0.7889 0.2103
CC 1 0.0201 0.0050 0.7423 0.0320 0.2228 0.5884 0.6859 0.4122 0.3089 0.2731 0.0021
DS 3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0012 0.0000 0.0000 0.0000

Interactions
CC × CR × TL 3 0.0846 0.1585 0.7816 0.7827 0.1885 0.1303 0.2103 0.6504 0.0425 0.5837 0.4213
CR × TL × DS 9 0.9936 0.9526 0.3286 0.0496 0.4330 0.3077 0.6418 0.8584 0.9303 0.9894 0.9729

Lack of fit 31
Error 135 81635 5256.0 24.710 7.7910 577.90 81.82 12.681 492.71 778.90 982.68 0.1348
Total 191

Means followed by different alphabet in the same treatment and depth of sampling are statistically significant at the 0.05 probability level. NO3: Nitrate; NH4: Ammonium; S: Sulphur; P:
Phosphorous; Ca: Calcium; Mg: Magnesium; K: Potassium; Na: Sodium; Mn: Manganese; Cu: Copper; Fe: Iron. Please note: Ca, Mg, K, Fe, Mn and Cu are Melich-3 measurements.
NO3-N was measured by steam microdistillation. SO4 was determined by tubidimetry. P is Bray 1.
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Table 4. Effects of tillage, crop rotation, cover crop and depth of sampling on selected soil nutrients in 2013.

Treatments Ca
(mg kg−1)

Mg
(mg kg−1)

NO3
(mg kg−1)

NH4
(mg kg−1)

K
(mg kg−1)

P
(mg kg−1)

S
(mg kg−1)

Na
(mg kg−1)

Fe
(mg kg−1)

Mn
(mg kg−1)

Cu
(mg kg−1)

Tillage (TL) ———————————————————————————Means————————————————————————-

No-Till 1549.53a 342.47b 11.21a 7.73b 107.36a 15.79a 4.95a 16.64a 179.64a 193.16a 2.651a
Conventional Tillage 1557.81a 363.18a 9.17a 8.99a 110.77a 16.89a 4.84a 16.33a 179.31a 175.30b 2.483a

Crop Rotation (CR)

Continuous corn 1552.30a 347.40ab 11.55 8.03 108.65a 16.04a 4.75a 16.79a 179.50a 182.33a 2.42a
Continuous soybean 1493.40b 336.77b 9.85 8.49 107.33a 16.63a 4.94a 15.98a 179.13a 185.27a 2.80a

Corn-soybean rotation 1591.21a 353.33ab 10.90 8.35 107.13a 15.65a 5.04a 16.69a 180.42a 182.96a 2.59a
Soybean-corn rotation 1577.94a 373.79a 8.44 8.58 113.17a 17.04a 4.85a 16.48a 178.85a 186.35a 2.46a

Cover Crop (CC)

No-Rye 1623.70a 373.94a 10.18a 8.68a 108.09a 15.26b 4.85a 16.48a 175.65b 182.92a 2.51a
Rye 1483.70b 331.71b 10.20a 8.04a 110.04a 17.42a 4.94a 16.49a 183.30a 185.54a 2.63a

Depth of Sampling

0–10 cm 1454.70b 318.85c 15.07a 6.80b 130.69a 22.17a 5.48a 15.06b 184.73a 190.17a 2.18b
10–20 cm 1471.60b 335.29bc 7.94b 5.06c 103.44b 14.31b 4.88b 16.10ab 186.31a 196.19a 2.38b
20–40 cm 1598.10a 361.52b 11.17ab 10.74a 103.10b 13.83b 4.60b 17.25a 171.63b 184.73ab 2.60ab
40–60 cm 1690.30a 395.63a 6.57b 10.84a 99.04b 15.04b 4.63b 17.52a 175.23b 165.83b 3.13a

Analysis of Variance

Sources of
Variation df Ca Mg NO3 NH4 K P S Na Fe Mn Cu

Blocks 2 ————————————————————————–p-values————————————————————————

Tillage TL 1 0.7558 0.0051 0.2046 0.0004 0.1610 0.2431 0.2121 0.5847 0.8971 0.0012 0.3686
CR 3 0.0502 0.0044 0.5418 0.6972 0.2590 0.7258 0.0887 0.7327 0.9734 0.9460 0.4793
CC 1 0.0000 0.0000 0.9904 0.0661 0.4216 0.0224 0.3176 0.9850 0.0026 0.6276 0.5239
DS 3 0.0000 0.0000 0.0012 0.0000 0.0000 0.0000 0.0000 0.0072 0.0000 0.0008 0.0031

Interactions
CC × CR 3 0.0129 0.9269 0.3586 0.0429 0.0007 0.0107 0.0105 0.2059 0.3716 0.1487 0.3780
CR × TL 3 0.0231 0.0073 0.9180 0.0408 0.0000 0.0006 0.0000 0.2874 0.4338 0.3969 0.4790

CC × CR × TL 3 0.2476 0.1805 0.3161 0.2393 0.0002 0.0207 0.0037 0.0551 0.1788 0.5005 0.2876
CC × TL × DS 3 0.5048 0.4406 0.5358 0.0026 0.3555 0.6762 0.5585 0.6913 0.7055 0.9705 0.1961

Lack of fit 42
Error 126 34054 2532.4 122.70 5.809 280.20 41.748 0.3311 14.586 298.29 1398.3 1.6749
Total 191

Means followed by different alphabet in the same treatment and depth of sampling are statistically significant at the 0.05 probability level. NO3: Nitrate; NH4: Ammonium; S: Sulphur; P:
Phosphorous; Ca: Calcium; Mg: Magnesium; K: Potassium; Na: Sodium; Mn: Manganese; Cu: Copper; Fe: Iron. Please note: Ca, Mg, K, Fe, Mn and Cu are Melich-3 measurements.
NO3-N was measured by steam microdistillation. SO4 was determined by tubidimetry. P is Bray 1.
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Soil pH significantly affects nutrient availability. Generally, the pH of the experimental field was
moderately acidic to neutral (6.6–7.1) after three years of management [7]. Cover crop × crop rotation
interaction shows that Ca was greatest under NC with corn/soybean rotation, and lowest under CC
with corn/soybean rotation. Crop rotation × tillage interaction on Ca is shown in Figure 1, and it
suggests that NT with most of the rotation cycles had the potential for the increased abundance of soil
Ca. However, NT with crop rotation had the greatest amount of Ca. The results showed that Ca was
significantly lower in continuous soybean plots. Soil Ca was about 9% lower under CC management,
compared with NC management (Table 4).
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Figure 1. Effects of crop rotation× tillage interaction on Melich-3 Ca in 2013. Please note: NT = no-tillage;
CT = conventional (moldboard) tillage.

The interaction between crop rotation and tillage was significant for Mg, and it showed that Mg
was greatest with NT and soybean/corn rotation and lowest with CT and a soybean monoculture.
Tillage improved soil Mg by about 6% compared with no-till management. Soybean/corn rotation had
significantly greater Mg, compared with the other rotation managements. Results also show 11% more
Mg with NC management compared with CC management (Table 4).

Soil NO3-N was only significantly affected by depth of sampling. It was greatest in the upper
10 cm of the soil and lowest in the 40–60 cm depth. Crop rotation × tillage interaction was significant
for NH4-N and it is shown in Figure 2. Soil NH4-N was highest under a combination of CT and
corn/soybean rotation. Cover crop × tillage × depth of sampling interaction showed that NH4-N was
greatest in the 40–60 cm depth of NC plots with CT and lowest in 10–20 cm depth of NC plots with NT.

Figure 3 shows the significant effect of cover crop × crop rotation interaction on K. Soil K was
highest under a combination of NC and corn/soybean rotation. The availability levels of K under
this management were also very similar to that under a combination of CC with a combination of
soybean/corn rotation (Figure 3). Crop rotation × tillage interaction showed that K was significantly
at its greatest with NT and soybean/corn rotation, compared with the same sequence under CT.
The interaction between cover crop, crop rotation and tillage showed that K was greatest under
a management combination of CC, continuous soybean and CT and lowest under a management
combination of CC, continuous soybean and NT. Soil K was significantly greater in the upper 10 cm
and reduced with an increase in sample depth. This will favor plant uptake.
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Figure 2. Effects of crop rotation × tillage interaction on NH4-N in 2013. Please note that NT = no
tillage; CT = conventional (moldboard plow).
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Figure 3. Effects of crop rotation × cover crop interaction on Melich-3 K in 2013. Please note that
CC = cover crop; NC = no cover crop.

Cover crop × crop rotation interaction and crop rotation × tillage interaction for soil P are shown
in Figures 4 and 5, respectively. The interaction between cover crop, crop rotation and tillage show
that P was greatest with a management combination of CC, continuous soybean and CT and lowest
with a management combination of CC, continuous soybean and NT. Soil P was 12% greater with CC
management, compared with NC (Table 4).

The current efforts to reduce the human impact on the climate may lead to SO4 deficiency in the soil,
especially in areas that rely on atmospheric inputs. The current study found cover crop × crop rotation
interaction, crop rotation × tillage interaction and cover crop × crop rotation × tillage interaction
to be significant for soil S (SO4) (Table 4). Soil S was greatest for the cover crop × crop rotation
interaction, under a combination of NC and corn/soybean rotation, and least under a combination
of NC and continuous corn rotation. For the crop rotation × tillage interaction, S was greatest under
the NT management of corn/soybean rotation and least under the NT management of continuous
soybean. The interaction between cover crop, crop rotation and tillage showed that a combination of
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NC, NT with corn/soybean rotation enhanced S, compared to all other management combinations.
Soil S was greatest in the upper 10 cm of the soil, and reduced with an increase in soil depth.

Sodium (Na) was only significantly affected by depth of sampling and it was greatest in the upper
10 cm of soil and least in the 20–40 cm depth. Soil Fe and Mn were significantly affected by cover crop
and tillage, respectively. Cover crop enhanced soil Fe by 4% compared with NC, while NT improved
soil Mn by 9% compared with CT. Both Fe and Mn were greatest in the 10–20 cm depth. In contrast,
soil Cu was greatest in the 40–60 cm depth.
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Figure 4. Effects of cover crop × crop rotation on Bray 1 P in 2013. Please note that CC = cover crop;
NC = no cover crop.
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tillage; CT = conventional (moldboard plow).

4. Discussion

Details of select soil physical and chemical properties during this study can be found in [7,23],
respectively. Since the study site was under a 50-year moldboard plow prior to the establishment of
the current study, the lack of significant depth effect on soil nutrients could be due to homogenization
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caused by tillage, especially within the top 20 cm of the soil. The 40% greater NO3-N noticed under CT
management compared with NT management in the first year of study could be an environmental
problem, under certain conditions. Haruna and Nkongolo (2015) [23] reported slightly more total pore
spaces under tillage management, compared with no-till management at the same site. This suggests
that, since NO3-N is not adsorbed by most soil colloids and tends to remain within the soil solution,
tilling the soil may lead to NO3-N loss from fields into streams with both surface and subsurface
runoff. However, this scenario can be mitigated through the timely application of NO3-N. Furthermore,
NT can reduce NO3-N loss by reducing NO3-N mineralization from soil organic matter (SOM).

During the first year of study, P was about 25% greater under CT compared with NT. Conversely,
Reference [32] reported that total P was greater under NT compared with CT. The contrast between these
studies may be due to the time of soil sample collection or site variability. During the current study, soil
samples were collected during the spring months, when microbial activity is generally greater than during
the fall period, when soil samples were collected during the study conducted by [32]. Thus, by tilling the
soil, anaerobic conditions are reduced, porosity is increased [15,23,33], and this can increase microbial
activity and P mineralization [34]. Phosphorus mineralization from organic matter may have resulted in
the higher P under CT, compared with the NT management noticed in the current study.

During the second year of this study, NH4-N was greatest when the field was under CT
management with a monoculture of continuous corn, compared with any other management for the
crop rotation × tillage interaction (Table 3). Crop rotation × tillage × depth of sampling interaction
showed that NH4-N was greatest in the 0–10 cm depth of tilled plots planted to continuous corn.
The interactions reported above suggest that corn residue burial through tillage can further enhance
the availability of NH4-N. However, this may only occur under a corn monoculture, as demonstrated
in the current study.

There were also main effects of CC on soil nutrients in the second year of study. The lower Ca,
Mg, NH4-N and Cu under CC management suggest that the loss of these nutrients from the soil can be
greatly reduced. These nutrients can be recycled and made available during the next growing cycle,
through the incorporation of the CC residues into the soil. Results also show that CC was able to
reduce the susceptibility of NH4-N runoff by about 8% (Table 3). Other researchers, e.g., [21,35–37],
have also reported similar findings.

During the third year of study, depth of sampling was found to be significant for soil pH with the
soil being more acidic in the upper 10 cm of the soil (see [7]). This suggests that, without mixing the
soil through tillage, the combined effects of nitrogen oxidation, residue decomposition and rainfall are
concentrated in the upper 10 cm of the soil.

Calcium and Mg are two of the most abundant cations in most soils [38]. They have a major
influence on various ecosystems in their exchangeable and weatherable form, by counteracting soil
and water acidification. The lower Ca under continuous soybean management may have resulted for
the greater uptake of this nutrient by dicots, as compared to monocots. Results from the current study
showed an inverse relationship between Ca and Mg and soil depth (Table 4). This may be because most
plant available Ca and Mg are weathered from minerals like dolomite, biotite and hornblende [38].

Soil NH4-N was 14% greater under CT management, compared with NT management (Table 4),
probably due to increased urea mineralization. Tillage has been reported to aerate the soil [23], increase
water evaporation and soil temperature [39]. These conditions can have a positive influence on urea
mineralization. This contrasts with the results of [40–42], who all reported significant loss of NH4-N
with tillage. Soil NH4-N was significantly greater at the deeper depths of sampling (Table 4).

Climate variability has necessitated adaptation of agriculture to suit the changing climate, and this
includes nutrient management, especially during droughts. As an essential macronutrient, K helps
regulate stomatal opening [38], which may be beneficial for crop production during drier growing
seasons. The results of the interaction between crop rotation × tillage show that NT and soybean/corn
rotation can improve K availability. This contrasts with the results of [43], which reported higher
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potassium availability under corn-wheat and corn-wheat-soybean rotations under CT. However,
the result on K in the current study is similar to the findings of [44].

Table 4 shows that CC improved P by 12%, compared with NC management. The reason for the
lower P from NC management could be that P loss is mostly in the particulate form, which is lost with
soil sediments. Cover crops have been reported to reduce sediment loss [45]. P is an essential nutrient
and the global decline in its native occurrence, so farmers and managers rely on synthetic fertilizers for
P input. Results from the current study suggest that CC can reduce the out-of-pocket cost of fertilizers
to farmers. Generally, micronutrients were slightly greater under NT management. Franzluebbers and
Hons (1996) [41] reported similar findings.

Soil Ca and Mg levels decreased from the first year of study to the third year of study. This trend
was true, regardless of management. For example, under NT management, Ca levels were 5% greater
in 2011 compared with 2012, and 16% greater in 2011 compared with 2013. Furthermore, under CC
management, Mg levels were 13% greater in 2012, compared with 2013. However, NO3-N did not
follow this trend. Nitrate-nitrogen reduced from 2011 to 2012, but increased from 2012 to 2013. This is
presumed to be due to CC management. Under NC management, NO3-N levels were 30% greater in
2013, compared with 2012. Under CC management, NO3-N levels were 32% greater in 2013 compared
with 2012. Cereal rye CC was established, in the current study, after soil sample collection in 2011
and so its effects were felt in 2012. The results show that CC was able to scavenge NO3-N in 2012,
and return some of the NO3-N to the soil in 2013 with CC residue return

One important finding from the current study is the complexity of the interacting factors that
influence nutrient availability. This complexity is made more difficult by their unpredictability over
the three years of study. For example, most interaction effects were not consistent for any nutrient
throughout the study. This means that these interaction effects are very difficult to predict. Further
studies are needed on possible ways of predicting interaction effects. This will greatly increase the
ability to predict the sustainability and profitability of current crop production systems.

5. Conclusions

This study was conducted to evaluate the effects of tillage, cover crop and crop rotation on soil
nutrients for three years on a silt-loam soil in central Missouri. The results show that, during the first
year, CT improved P by 25%, compared with NT. This was probably due to higher P mineralization
due to increased aeration. During the second year of this study, the results show that NH4

--N was
greatest when the field was tilled with a monoculture of continuous corn, compared with any other
treatment for the interaction between tillage and crop rotation. During the third year of the study,
the cover crop × crop rotation × tillage interaction shows that P was greatest with a combination of CC,
continuous soybean and CT managements. In general, soil nutrients responded differently to tillage,
cover crop and crop rotation, thus disputing our hypothesis.
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