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A B S T R A C T

Context: Long-term contrasting tillage practices have been shown to change physical properties of the soil, in
fluence corn (Zea mays L.) and soybean (Glycine max L.) grain yield, nutrient removal, and thus nutrient balances, 
all of which have implications for sustainable crop management in the Midwest, USA.
Objectives: To evaluate the long-term effect of tillage on soil physical properties, corn and soybean yields, nutrient 
dynamics, and their relationships.
Materials and methods: This study reports six years of corn-soybean rotation data (2013–2018) from a long-term 
tillage experiment established in 1970 at the Belleville Research Center in Belleville, IL. Four tillage treatments 
arranged in a randomized complete block design were: (1) moldboard plow (MP) to 15–20 cm; (2) chisel disk 
(CD) using spring disking to 15 cm followed by chisel-point cultivator to 15–20 cm; (3) alternate tillage (AT) 
which was 2-yr of no-till (NT) followed by MP for 1 yr; and (4) continuous NT without soil disturbance except for 
planting.
Results: Soybean yields were higher in NT (3.47 Mg ha− 1) and AT (3.57 Mg ha− 1) than in MP and CD (3.25 Mg 
ha− 1), while corn yield was unaffected by tillage. Across the rotation, P removal exceeded application, resulting 
in a negative cumulative P balance (-92 kg ha− 1), whereas K balances remained positive (114 kg ha− 1). Soil test P 
declined by 32 % and STK by 44 % over the six years, irrespective of tillage. Compared with MP and CD, NT 
reduced soil penetration resistance at the plow depth (30 cm), lowered bulk density (1.34 vs 1.45 g cm− 3) and 
increased mesoporosity (0.115 vs 0.092 cm3), water stable aggregates, and available water capacity.
Conclusions: No-till was associated with higher soybean yield, soil organic matter, larger sized aggregates, and 
mesopore space indicating continuous NT improves soybean yield and soil physical properties while maintaining 
corn grain yields in rotation.

1. Introduction

Sustainable agricultural production in the Midwest, USA, relies 
heavily on optimizing long-term tillage practices to maintain soil health, 

enhance crop productivity, and ensure nutrient use efficiency. Tillage 
operations fundamentally alter soil physical properties, which in turn 
influence critical processes such as water infiltration, nutrient cycling, 
and losses, and root development (Blanco-Canqui and Ruis, 2018; Lipiec 

Abbreviations: AT, Alternate tillage; AWC, Available water capacity; BD, Bulk density; CC, Continuous corn; CD, Chisel disk; CEC, Cation exchange capacity; CUM- 
R, Cumulative removal; CUM-B, Cumulative balance; θFC, Field capacity; GDD, Growing degree day; IAWHC, Intact available water holding capacity; LOI, Loss-on- 
ignition; MGDD, Modified growing degree days; MP, Moldboard plow; MWD, Mean weight diameter; NT, No-till; θPWP, Permanent wilting point; PCA, Principal 
component analysis; RAWHC, Repacked available water holding capacity; SHC, Saturated hydraulic conductivity; SOM, Soil organic matter; SPR, Soil penetration 
resistance; STK, Soil test potassium; STP, Soil test phosphorus; SWR, Soil water retention; WSA, Water-stable aggregates; ΔP, Difference between 2013 and 2019 STP; 
ΔK, Difference between 2013 and 2019 STK.

* Correspondence to: 1205 Lincoln Drive, Crop, Soil, and Environment Program, School of Agricultural Sciences, Southern Illinois University, Carbondale, IL 
62901, USA.

E-mail address: amir.sadeghpour@siu.edu (A. Sadeghpour). 

Contents lists available at ScienceDirect

Field Crops Research

journal homepage: www.elsevier.com/locate/fcr

https://doi.org/10.1016/j.fcr.2025.110210
Received 24 July 2025; Received in revised form 17 October 2025; Accepted 19 October 2025  

Field Crops Research 336 (2026) 110210 

Available online 30 October 2025 
0378-4290/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0003-2611-2396
https://orcid.org/0000-0003-2611-2396
mailto:amir.sadeghpour@siu.edu
www.sciencedirect.com/science/journal/03784290
https://www.elsevier.com/locate/fcr
https://doi.org/10.1016/j.fcr.2025.110210
https://doi.org/10.1016/j.fcr.2025.110210
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fcr.2025.110210&domain=pdf


and Hatano, 2003; Weidhuner et al., 2022). Over extended periods, 
these changes can significantly impact corn (Zea mays L.) and soybean 
(Glycine max L.) grain yield, nutrient removal, and overall nutrient 
balances, with profound implications for regional crop management 
strategies (Houx III et al., 2014; Thilakarathne et al., 2025).

The impact of tillage on corn and soybean yields has been extensively 
studied, yet findings remain inconsistent. While some global meta- 
analyses suggest an average yield reduction for corn under no-till (NT) 
compared to conventional tillage (Pittelkow et al., 2015), other 
long-term studies report comparable or even higher yields in NT sys
tems, particularly during years with cold temperatures or limited soil 
moisture (Daigh et al., 2018; Nouri et al., 2019; Walia et al., 2018). 
Beyond NT, other widely used tillage systems include moldboard plow 
(MP), chisel disk (CD), along with alternate tillage (AT), where different 
crops in the rotation are managed with different tillage approaches 
(Cook and Trlica, 2016). Previous studies have reported higher corn, and 
soybean yields in NT than in CD system after 20 and 22 years, suggesting 
that following an initial transition period, NT yields can match or exceed 
those of conventional systems (Houx III et al., 2014; Houx et al., 2016). 
Likewise, Cook and Trlica (2016) observed that NT produced yields 
comparable to AT, CD and MP. These discrepancies highlight the com
plex interplay between environmental conditions, soil type, and man
agement practices, underscoring the need for site-specific, long-term 
investigations. Despite the recognized soil conservation benefits of 
reduced tillage, a prevailing perception persists that these advantages 
may be offset by lower yields and economic returns, especially on poorly 
drained soils, where planting date can be delayed by excessive soil 
moisture due to both the soil type and lack of tillage (Pittelkow et al., 
2015; Triplett and Dick, 2008). This perception is particularly relevant 
in regions like the Midwest, where poorly drained soils are common, and 
understanding long-term NT performance under such conditions is 
crucial.

Beyond yield, the influence of long-term tillage on nutrient removal 
and balances, defined as the difference between nutrient inputs and 
outputs via grain harvest, is less comprehensively understood, particu
larly for phosphorus (P) and potassium (K) in corn-soybean rotations. 
While some research indicates that tillage may not significantly affect 
corn grain nutrient composition (Houx et al., 2016), others suggest an 
impact on soybean grain composition, possibly due to altered soil 
nutrient distribution (Houx III et al., 2014). The consistent observation 
that crop yield, rather than nutrient concentration, primarily drives 
nutrient removal differences among tillage systems (Houx et al., 2016) 
emphasizes the importance of evaluating long-term nutrient balances as 
a tool for sustainable nutrient and soil resource management 
(Sadeghpour et al., 2016). Maintaining marginally positive nutrient 
balances is crucial for optimizing yield without nutrient limitation while 
minimizing environmental risks associated with nutrient accumulation 
and loss (Sadeghpour et al., 2018; Sharpley et al., 2013). Soil test 
phosphorus (STP) and potassium (STK) are vital indicators for assessing 
these balances, although establishing consistent relationships, especially 
for K, can be challenging due to complex soil dynamics and rapid 
equilibrium processes (Franzen et al., 2021; Sadeghpour et al., 2017).

Soil physical properties are intrinsically linked to tillage practices 
and are fundamental to understanding both agricultural productivity 
and environmental sustainability. Tillage significantly affects soil 
compaction (soil penetration resistance [SPR] and bulk density [BD]), 
porosity, aggregate stability (water-stable aggregates [WSA] and mean 
weight diameter [MWD]), and hydraulic properties (Çelik et al., 2019; 
Strudley et al., 2008). Comparative studies also show that NT and CD 
systems often exhibit higher surface compaction than MP due to cu
mulative traffic pressure (Çelik et al., 2019), though such differences do 
not always translate into yield penalties (Li et al., 2019). While NT is 
generally expected to improve soil structure, increase soil carbon and 
nitrogen, microbial activity, and enhance water retention (Mondal and 
Chakraborty, 2022; Liptzin et al., 2022, 2023; Rieke et al., 2022a; 
Weidhuner et al., 2021), the literature presents conflicting results 

regarding the magnitude and consistency of these effects across different 
soil types and climatic conditions (Blanco-Canqui et al., 2017; Li et al., 
2019; Miller et al., 1998). For instance, while NT often leads to higher 
surface SPR (Busscher et al., 2000), its overall impact on root growth 
and water infiltration at deeper profiles requires further investigation, 
especially in long-term systems. The long-term effects of tillage on soil 
hydraulic properties, such as saturated hydraulic conductivity (SHC), 
also remain inconsistent (Strudley et al., 2008), highlighting the need 
for comprehensive studies that integrate multiple soil physical 
indicators.

Despite decades of research, a critical knowledge gap persists 
regarding the holistic, long-term (multi-decade) impacts of contrasting 
tillage systems on the integrated plant-soil system, particularly in poorly 
drained soils, common in the Midwest. Previous studies have often 
focused on shorter durations or a limited set of parameters. This study 
leverages a unique, 50-year continuous tillage experiment in southern 
Illinois, providing an unparalleled opportunity to assess the long-term 
effects of MP, CD, AT, and NT on a poorly drained silt loam soil.

Therefore, the objectives of this study were to evaluate the long-term 
effects of tillage on: (i) soil physical properties (SPR, BD, porosity, 
aggregate stability, and hydraulic properties); (ii) corn and soybean 
grain yield, nutrient removal, and nutrient balances; (iii) soil test 
phosphorus (STP) and potassium (STK) dynamics; (iv) the relationship 
between cumulative P and K balances with changes in STP and STK; and 
(v) the interrelationships among soil properties and crop yield. We hy
pothesized that long-term continuous NT, even under poorly drained 
conditions, would progressively improve soil physical properties, lead
ing to comparable or superior corn and soybean yields compared to 
more intensive tillage systems, and that these improvements would in
fluence nutrient dynamics and balances over time. This comprehensive 
investigation aims to provide critical insights for developing sustainable 
tillage and nutrient management practices in similar agroecosystems.

2. Materials and methods

2.1. Experimental site

A field trial was initiated in 1970 to study the effect of different 
tillage and fertility applications at the Belleville Research Center in 
Belleville, IL (38.519179◦ N, 89.843248◦ W). From 1970–1990, corn 
was planted continuously (CC). Starting in 1991, the CC rotation was 
changed to a corn-soybean rotation and has been maintained to the 
present (Cook and Trlica, 2016; Kapusta et al., 1996). The trial was 
arranged in a randomized split-plot on a somewhat-poorly drained 
Bethalto silt loam (fine-silty, mixed, superactive, mesic Udollic Endoa
qualf) (Soil Survey Staff, 1999) or a Stagnic Albic Luvisol (Aric, Cutanic, 
Endoloamic, Ochric, Episiltic) (IUSS Working Group WRB, 2015) with a 
0–2 % slope. Initial soil pH (1 soil: 1 water) and SOM content (loss on 
ignition; 360 ºC) in 2013 were 6.2 and 20.7 g kg− 1, respectively. Initial 
STP (Bray-1 P) and STK (Mehlich-3 K) were 41.8 and 277.3 mg kg− 1, 
respectively.

Daily weather data, including daily maximum and minimum air 
temperatures and daily precipitation amounts were collected at the 
Belleville Research Center facility site (Table S1). Daily maximum and 
minimum air temperatures were used to calculate modified growing 
degree days (mGDD) using 10 ºC as TBASE and 30º C as TMAX (McMaster 
and Wilhelm, 1997).

2.2. Experimental design and treatments

Tillage treatments were conducted in a randomized complete block 
design with four tillage treatments, each replicated four times since 
1970. Tillage treatments applied were: (1) moldboard plow (MP) to 
15–20 cm; (2) chisel disk (CD) using spring disking to 15 cm followed by 
chisel-point cultivator to 15–20 cm; (3) alternate tillage (AT) which was 
2-yr of no-till (NT) followed by MP for 1 yr; and (4) continuous NT 
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without soil disturbance except for planting (Fig. 1). Completely ran
domized tillage strips were 40 m long and split-plot fertility application 
was divided into five fertility treatment plots. We only selected the N-P- 
K treatment for this study (standard farmer practice) and therefore, the 
number of plots was 16. Each plot was 8 m long and 6 m wide. Corn and 
soybean row spacing was 76 cm, and each plot had eight planted rows. 
Due to tillage being applied in strips, wheel-traffic compaction was 
controlled by ensuring that all farm implements followed the same 
tracks each year and drove in only one direction across the field. After 50 
years, these wheel tracks are clearly visible, and all sampling was 
avoided in these areas.

2.3. Cultural management practices

During the corn growing years, each tillage treatment was fertilized 
with 196 kg N ha− 1, 24 kg P ha− 1, and 140 kg K ha− 1. Soybean growing 
years did not receive any fertilizer. Typical weed and disease manage
ment practices for the Midwest were used and are well explained in 
(Cook and Trlica, 2016). Table S2 shows corn and soybean hybrids used 
and their planting and harvesting dates from 2013 to 2018 in this trial. 
Soybean years were 2013, 2015, and 2017, and corn years were 2014, 
2016, and 2018.

2.4. Corn and soybean harvest

To harvest corn and soybean, a Case IH 2144 combine (Case, 
Watertown, SD) was used. Dates of harvest are reported in Table S2. 
Within each plot, all plants from the four middle rows were counted to 
determine stand density at harvest. The two middle rows were har
vested, and a grain subsample from each experimental unit was 
collected for P and K analysis.

2.5. Corn and soybean P and K removal and balances

Corn grain P and K concentrations (in 2014 and 2018) were analyzed 
using inductively coupled plasma spectrophotometry following micro
wave digestion. Laboratory analysis was performed by Brookside Labs 
(New Bremen, OH). In 2016, P and K concentrations for corn were 
estimated based on our yield data in 2014 and 2016, combined with 
values reported in (Villamil et al., 2019). In soybean years, all three 
years were estimated using values reported in (Villamil et al., 2019) but 
validated by a 2019 data set. Removal of P and K was calculated as corn 
and soybean yields (dry matter basis) × P and K concentrations, 
respectively. Only grain removal was considered; nutrients contained in 
crop residues were assumed to be returned to the soil. Phosphorus and K 

balances were calculated as “P applied – P removed by the crop” and “K 
applied – K removed by the crop” as shown in Sadeghpour et al. (2016).

2.6. Soil sampling and analysis

2.6.1. Soil sampling for STP, STK, and soil organic matter
Eight soil samples were collected randomly from each experimental 

unit in mid-May 2013 and 2019 (prior to tillage or planting disturbance) 
with a soil probe to a depth of 0–15 cm. Samples were initially ho
mogenized, air dried, and then sieved to 2 mm. Sieved soil samples were 
sent to Brookside Laboratories (New Bremen, OH) to evaluate Bray-1 
extractable STP (Bray and Kurtz, 1945) and Mehlich-3 extractable STK 
(Mehlich, 1984).

2.6.2. Soil penetration resistance and bulk density
A Field Scout SC 900 digital compaction meter (Spectrum Technol

ogies, Aurora, IL) was used to evaluate SPR over four depths (0–10, 
10–20, 20–30, and 30–40 cm) for all tillage treatments when the soil 
was at field capacity (θFC) with 10 subsamples per experimental unit in 
spring (May) 2019.

To measure BD, four 7.6-cm diameter soil cores were collected at a 
depth of 5.08 cm from MP, CD, and NT treatments and kept intact using 
plastic sleeve in each experimental unit in early spring (March) 2019. 
Two of the four cores were kept intact for measuring BD and θFC. The 
other two cores were sieved to remove coarse fragments greater than 
2 mm and used to calculate soil BD (Blake and Hartge, 2018). For 
experimental units with coarse fragments greater than 2 % by weight, 
BD was calculated as the mean of two composited cores, following 
removal of and adjustments for coarse fragments (Blake and Hartge, 
2018).

2.6.3. Aggregate mean weight diameter and water-stable aggregates
Prior to soil disturbance, soil samples (n = 5) from 0 to 15 cm depth 

were randomly collected with a flat spade from each experimental unit 
on May 1st, 2018. Samples were air-dried and sieved with a 4.75-mm 
sieve. Sieve sizes of 0.053, 0.25, 0.5, 1, 2, and 4.75 mm plus a 
dustpan were stacked on a mechanized shaker (Humboldt Mfg. Co., 
Chicago, IL, U.S.A.). Approximately 130 g of soil was placed in the 
center of the top sieve and shaken for six seconds (Weidhuner et al., 
2021). The mass of the contents of each sieve was recorded using an 
electronic scale. The percentage of the soil fraction composed of each 
aggregate size was then calculated as a fraction of the initial soil.

We used the data obtained in each aggregate class from Weidhuner 
et al. (2021). The aggregate MWD was determined using the dry sieving 
method, and computed as follows: 

MWD =
∑n

i=1
Xi • Wi 

where Xi is the mean diameter (mm) of size class, and Wi is the soil mass 
fraction remained on the sieve (g g− 1).

To evaluate WSA, a wet-sieving apparatus (Eijkelkamp Agrisearch 
Equipment, Giesbeek, Netherlands) was used. The WSA were deter
mined using the wet sieving method, following the detailed protocol 
described in (Weidhuner et al., 2021).

2.6.4. Soil porosity
Soil porosity was only evaluated for three tillage practices (MP, CD, 

and NT). Pore spaces greater than 1 mm were assumed to evacuate after 
equilibration was reached on a gravity table, which allows free drainage 
of water under gravitational force. Mesopore spaces were estimated 
after equilibrium on a tension table (which applies controlled suction to 
soil cores), with pore spaces greater than 10 µm assumed to evacuate 
after equilibration at − 33 kPa on a tension table. Soil porosity was 
calculated using moisture loss (Topp et al., 1993).Fig. 1. Tillage practices at year 48 of the long-term study (one of the four 

replicates). MP: molboard plow; AT: alternate tillage between 2-yrs of no-till 
(NT) and 1 yr of MP; CD: chisel disk; and NT: no-till.
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2.6.5. Soil hydraulic properties
Soil hydraulic properties were only evaluated for three tillage prac

tices (MP, CD, and NT) on March 27th, 2019, prior to soil disturbance. 
Two saturated hydraulic conductivity (Ks) measurements were collected 
in situ for each plot using SATURO™ infiltrometers (Meter Group, Inc., 
Pullman, WA, USA). This automated tool employs the two-ponding head 
analysis method (Reynolds et al., 2000). The SATURO reference guide 
was consulted to configure the settings to accommodate field-specific 
soil conditions. The 5 cm infiltrometer ring was used for sampling.

Undisturbed soil samples were used to measure soil water retention 
(SWR) at matric potentials of 0, − 0.30, and − 33 kPa on a tension table. 
Sieved (<2 mm) soil samples were used to measure SWR at − 10 and 
− 1500 kPa. Duplicates for each sample were used. Volumetric values for 
SWR were calculated from the gravimetric measures of BD. Gravimetric 
water content at permanent wilting point (θPWP) was measured on a 
ceramic plate (Klute and Page, 1986) using repacked soil from the 
composite sample (explained in BD section). For each experimental unit, 
two replicates were measured, and the mean was calculated to represent 
θPWP.

The air-dried composite sample was passed through a 2-mm sieve. 
Soil was repacked into rubber rings and held on a ceramic plate until 
moisture content equilibrated at − 1500 kPa.

Gravimetric water content at θFC was measured on both intact cores 
using a tension table (Hao et al., 2008; Topp et al., 1993). The mean of 
the two intact cores represented θFC for each experimental unit. Both θFC 
and θPWP were calculated by multiplying gravimetric water content by 
BD for each respective core, assuming a water density of 1.0 Mg m− 3.

Available water holding capacity was calculated as the difference 
between θFC and θPWP as demonstrated in (Klute and Page, 1986).

2.7. Statistical analysis

All univariate data were analyzed using a PROC MIXED, with tillage 
treatments defined as a fixed effect and block as a random effect (SAS 
Institute, 2017). When subsamples were taken per plot, data were 
averaged prior to mixed model analysis. Each dependent variable 
ANOVA was checked for normality and homogeneity of variance to meet 
ANOVA assumptions. Where these assumptions were not met, data were 
transformed to meet these assumptions and back-transformed for 
reporting. Treatment results were considered significant at P ≤ 0.05 and 
differences among least square means were separated using Ken
ward-Roger’s degrees of freedom and Tukey’s means separations 
(Kenward and Roger, 1997; Tukey, 1949).

To evaluate changes in soil and yield over time, data were analyzed 
using a repeated measures approach (PROC MIXED, SAS). Soil data and 
yield were run as main effects and treatment nested within block as a 
random effect. Date of sampling was defined as a repeated statement. 
Least square means and standard error were extracted using the 
LSMEANS option in PROC MIXED.

The repeated measures approach was also used to measure soil 
penetration across depth in PROC MIXED with penetration depth, 
treatment, and their interaction as main effects, and block and treatment 
nested within block as random effects. Additionally, an autoregressive 
covariance structure was specified for plots being repeatedly measured 
over depth to remove the artifact of significance from adjacent depths at 
the same time point.

Graphics were created using R’s ggplot2 package (R version 4.1.1). 
Multivariate data were analyzed in JMP Pro 15.0.0 (SAS Institute, 2017) 
using a principal component biplot on correlations to evaluate tillage 
treatment effect on yield and soil nutrients, and physical characteristics. 
The first two principal components (PCs) explained more than 50 % of 
variation in the data.

3. Results

3.1. Corn and soybean grain yields

Year, but not tillage, had a highly significant (P < 0.0001) influence 
on corn grain yield (Table 1). Across all tillage treatments, corn grain 
yield ranged from 10.38 Mg ha− 1 in 2016–12.46 Mg ha− 1 in 2014 
(Table 1).

Soybean grain yields were significantly influenced by year 
(P < 0.0001) and tillage treatment (P < 0.05), and unaffected by the 
interaction between year and tillage (P = 0.33) (Table 1). Soybean yield 
in 2017 was approximately 30 % higher than in 2013 and 2015. Overall, 
soybean yield differed among all tillage treatments (P = 0.05), with 
highest yields in AT and NT, compared to MP and CD (Table 1). Soybean 
yield was 9 % higher in NT, compared to the conventional tillage sys
tems (MP or CD), but did not differ significantly from AT.

3.2. Phosphorus and potassium removal and balances

3.2.1. Within corn years
During corn growing years, 24 kg P ha− 1 was applied annually in all 

tillage treatments. However, P removal exceeded application, resulting 
in negative P balances (Table 2). Phosphorus removal operated as a 
function of yield (r2 = 0.61; RMSE = 0.72) and therefore, similar to corn 
grain yields, was statistically significant among years, but was insig
nificant among tillage treatments. Following the same pattern as corn 
yield, phosphorus removal ranged from 31 kg P ha− 1 in 2016–36 kg P 
ha− 1 in 2014. Annual, slight negative P balances showed corn was 
removing more P than what was added. Within corn years P balances for 
MP, AT, CD, and NT were − 30, − 28, − 32, and − 30, respectively.

Potassium application (140 kg K ha− 1) exceeded removal, resulting 
in positive annual K balances (Table 2). Potassium removal was lower in 
2016 than in 2014 and 2018. Potassium balances were positive each 
year, resulting in K balances of 122, 109, 118, and 107 for MP, AT, CD, 
and NT, respectively during corn years (Table 3).

3.2.2. Within soybean years
Phosphorus removal during soybean years was also correlated to 

soybean yield (r2 = 0.73; RMSE =0.25), and both P and K removal were 
significantly affected by year (P < 0.0001) and tillage (P = 0.05) 
(Table 2). By year, P removal was highest in 2017, and lowest in 2015. 
Averaged over the three years, P removal in MP, AT, CD, and NT was 20, 
22, 20, 21 kg P ha− 1, respectively. Comparatively higher removal in NT 
and AT resulted in more negative balances compared with CD and MP.

Table 1 
Corn and soybean yield response to four tillage treatments over a 6-year period 
in southern Illinois.

Year Corn grain yield (Mg ha− 1) Soybean grain yield (Mg ha− 1)

2014 12.46 a -
2016 10.38c -
2018 11.52 b -
P-value p < 0.0001 ​
2013 - 3.00 b
2015 - 2.86 b
2017 - 4.32 a
P-value ​ p < 0.0001
Tillage ​ ​
MP 11.48 a 3.23 b
AT 11.30 a 3.57 a
CD 11.43 a 3.27 b
NT 11.62 a 3.47 a
P-value p = 0.80 p = 0.05

Tillage treatments include moldboard plow (MP); 2-yr no-till and 1-yr MP (AT); 
chisel disk (CD); and no-till (NT). As there were no significant differences due to 
tillage, letters denote differences across years. Same letters indicate no signifi
cant differences (P ≤ 0.05).
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Potassium removal ranged from 49 kg K ha⁻¹ in 2015–74 kg K 
ha⁻¹ in 2017, with total removal of 167, 184, 169, and 179 kg ha⁻¹ for 
MP, AT, CD, and NT, respectively. Averaged over the three years, K 
balances were negative each year across all the tillage treatments (-56, 
− 61, − 56, − 60 for MP, AT, CD, and NT, respectively).

3.3. Cumulative P and K balances

Across all tillage treatments, cumulative P removal from corn was 
34 kg ha⁻¹ on average-41 % higher than the average P removal from 
soybean (Table 3). Total six-year cumulative P removal was 
163 kg ha⁻¹ (Table 3), exceeding the cumulative P applied during corn 
seasons (72 kg ha⁻¹) and resulting in a negative P balance of 
–92 kg ha⁻¹ averaged across all tillage practices. In contrast, cumulative 
K removal over the six-year period was 309 kg ha⁻¹ -less than the total K 
applied during corn seasons (423 kg ha⁻¹) resulting in an average posi
tive K balance of 114 kg ha⁻¹ across all tillage treatments (Table 3).

3.4. Relation between STP and P balances

Bray-1 extractable STP was not significantly different among tillage 
practices (P = 0.19), but differed significantly between 2013 and 2019 
(P < 0.0001). In 2013, STP was 32 % higher than concentrations 
measured in 2019 (Table S3). Although STP declined in all treatments, 
the magnitude of this decline (ΔP) was not statistically different among 
tillage treatments: − 6 mg kg⁻¹ in AT, − 17 mg kg⁻¹ in MP, 
− 18 mg kg⁻¹ in CD, and − 14 mg kg⁻¹ in NT (Table 2; Table S3). The 
relationship between cumulative P balances and ΔP values suggests that 
approximately 5 kg ha⁻¹ of P removal is required to decrease STP by 
1 mg kg⁻¹ (Table 3).

3.5. Relation between STK and K balances

Similar to STP, Mehlich-3 extractable STK concentrations were not 
different among tillage practices (P = 0.32), but they were significantly 
different between sampling years (P = 0.0001). Soil test K in 2013 was 
44 % higher than in 2019 (Table S3). The STK declined among the 
tillage treatments, however the magnitude of this decline (ΔK) was not 
statistically different (P = 0.38): − 70 mg kg⁻¹ in AT, − 108 mg kg⁻¹ in 
NT, − 116 mg kg⁻¹ in CD, and − 118 mg kg⁻¹ in MP (Table 3).

3.6. Penetration resistance

Penetration resistance was significantly influenced by the interaction 
between tillage and soil depth (P = 0.002; Fig. 2). Across all tillage 
treatments, the lowest and highest SPR was recorded at 0–10 cm 
(0.79 MPa), and the highest at 30–40 cm (1.66 MPa), confirming a 
linear increase in SPR with depth (0.05 MPa per cm; regression not 
shown). At the surface (0–10 cm), MP (0.63 MPa) and AT (0.70 MPa) 
exhibited lower SPR than CD (0.91 MPa) and NT (0.93 MPa). At 
10–20 cm depth, CD had the highest SPR (1.28 MPa), though differences 
were not statistically significant. CD values were 14–26 % greater than 
those in NT, AT, and MP. At 20–30 cm depth, NT (0.97 MPa) CD 
(1.14 MPa) and AT (1.20 MPa) had lower SPR than MP (1.38 MPa). 
Beyond 30–40 cm, SPR values were similar across the treatments.

3.7. Soil bulk density and porosity

Soil bulk density (BD) was significantly affected by tillage treatments 
(P = 0.001). The highest BD was recorded in MP (1.48 g cm− 3) which 
was 3 % higher than CD (1.43 g cm− 3) and 9 % higher than NT 
(1.34 g cm− 3) (Fig. 3A).

Table 2 
Corn (C) and Soybean (S), P and K removal (R) and balance (B) by year and tillage method.

2013 - S 2014 - C 2015 - S 2016 - C 2017 - S 2018 - C

Tillage R B R B R B R B R B R B

P (kg ha− 1)
MP 16 − 16 35 − 11 17 − 17 30 − 7 26 − 26 36 − 12
AT 20 − 20 36 − 12 19 − 19 28 − 5 27 − 27 34 − 11
CD 18 − 18 36 − 12 17 − 17 31 − 8 26 − 26 36 − 12
NT 20 − 20 35 − 11 17 − 17 33 − 9 27 − 27 34 − 10
†mean 18c − 18c 36a − 12b 17c − 17c 31a − 7a 26b − 26d 35a − 11b
K (kg ha− 1)
MP 45 − 45 42 98 48 − 48 41 99 74 − 74 48 92
AT 55 − 55 44 96 53 − 53 37 103 76 − 76 46 94
CD 50 − 50 46 94 47 − 47 39 101 72 − 72 48 92
NT 56 − 56 46 94 48 − 48 42 98 75 − 75 46 94
†mean 51b − 51b 45b 96a 49b − 49b 40c 100a 74a − 74c 47b 93a

Tillage treatments include moldboard plow (MP); 2-yr no-till and 1-yr MP (AT); chisel disk (CD); and no-till (NT). All tillage treatments received -N:196, P:24, K:140 kg 
ha− 1. LSD interaction for P removal and balance is 2.83. LSD interaction for K removal and balance is 5.74. Differing letters indicate significance at P ≤ 0.05.
† Rows are averages of corn and soybean nutrient removal and nutrient balance and means of columns are averages of nutrient balance of tillage treatments.

Table 3 
Cumulative P and K removal (R) and balance (B) as a factor of tillage treatments.

P K

ΔP CUM-B CUM-R CUM-B/ ΔP ΔK CUM-B CUM-R

​ mg kg− 1

MP − 17 − 89 160 5 − 118 122 298
AT − 6 − 94 164 16 − 70 109 311
CD − 18 − 93 164 5 − 116 118 302
NT − 14 − 94 166 7 − 108 107 327
†mean − 17 − 92 163 5 − 108 114 309
p-value 0.62 0.42 0.42 0.38 0.09 0.09

Tillage methods include moldboard plow (MP); 2-yr no-till and 1 yr MP (AT); chisel disk (CD); and no-till (NT). All tillage treatments received: N:196, P:24, K:140 kg 
ha− 1. Cumulative removal (CUM-R) and cumulative balance (CUM-B) were calculated from Table 2.
†Rows are averages of ΔP, cumulative removal (CUM-R) and cumulative balance (CUM-B), as a factor of tillage methods.
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Both mesoporosity and macroporosity were significantly influenced 
by tillage treatments (P = 0.01; Figs. 3B, 3C). NT exhibited the highest 
mesoporosity (0.115 cm3), significantly greater than both CD 
(0.094 cm3) and MP (0.090 cm3) (Fig. 3B). In contrast, macroporosity 

was similar between CD (0.022 cm3) and NT (0.020 cm3), but signifi
cantly lower under MP (0.014 cm3; Fig. 3C).

3.8. Water-stable aggregates and aggregates mean weight diameter

Tillage treatment had a significant effect on the percentage of WSA in 
the small aggregates fraction size (0.25–2 mm; P = 0.002; Table S4; 
Fig. 3D). The highest WSA was recorded in NT (51 %), which was 15 % 
and 23 % greater than CD and MP, respectively.

Soil aggregate MWD was significantly different among tillage treat
ments (P = 0.03; Fig. 4). As expected, NT increased aggregate MWD 
compared to CD. Interestingly, MWD values were similarly high in both 
NT and MP treatments.

3.9. Soil hydraulic properties

Soil water retention characteristics were significantly affected by 
tillage treatments at saturation (0 kPa) (P = 0.03) and gravitational 
potential (-0.30 kPa), with both comparisons yielding P = 0.03 
(Table 4). At saturation, NT retained more water than MP and CD, 
representing 8 % and 7 % increases, respectively. Similarly, at − 0.30 
kPa, NT retained 0.460 m3 m− 3 of water, which was 7 % higher than 
both MP and CD.

Tillage treatments did not significantly affect water retention at θFC 
(-33 kPa) using intact soil cores or at − 10 kPa and θPWP (-1500 kPa) 
using repacked cores (Table 4). Saturated hydraulic conductivity 
differed significantly among treatments (P = 0.04; Table 4). CD showed 
the highest SHC, significantly greater than NT, while MP was 
intermediate.

3.10. Principal components analysis

Principal Component Analysis (PCA) was conducted to explore 
multivariate relationships among soil physical properties, nutrient 
metrics, and crop yields across tillage treatments. Principal component 1 

Fig. 2. Penetration resistance as a factor of tillage treatments across different 
soil depths. Tillage treatments include moldboard plow (MP); 2-yr no-till and 1- 
yr MP (AT); chisel-disk (CD); and no-till (NT). Same letters within each soil 
depth indicate no significant differences (P ≤ 0.05) and “ns” signifies non- 
significance. Overall penetration resistance followed a linear trend with depth 
(0.54 + 0.05*depth).

Fig. 3. Bulk density (A), mesoporosity (B), macroporosity (C), water-stable aggregates (D) measured to 15 cm as a factor of tillage treatments. Tillage treatments 
include moldboard plow (MP); chisel-disk (CD); and no-till (NT). Means with different letters are significantly different (P ≤ 0.05).
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(PC1) accounted for 35.7 % of the variation and was driven by SOM and 
aggregate size distribution (Fig. 5). Along this axis, NT and CD treat
ments were visually distinct. NT clustered with higher cumulative soy
bean yield, greater SOM content, larger aggregates (1–2 mm and 
2–4.75 mm), and higher mesopore volumes. In contrast, CD was asso
ciated with increased proportions of smaller aggregates (<0.053 mm to 
0.5 mm) and higher compaction at 20 and 45 cm depths. Notably, cu
mulative soybean yield and cumulative soil K removal were closely 
aligned with each other.

Principal Component 2 (PC2) explained 24.8 % of the total variation 
and was alternatively driven by differences in BD, macroporosity, 
mesoporosity, and SPR at 10 cm depth. MP and AT separated most along 
this component. MP was associated with a higher BD and SPR at 30 cm 
(the depth of tillage of MP), while AT corresponded with increased 
macroporosity and mesoporosity.

4. Discussion

This 50-year study on a poorly drained Bethalto silt loam in southern 
Illinois provides novel insights into the long-term effects of tillage 
practices (MP, CD, AT, and NT) on soil physical properties, corn and 
soybean yields, and nutrient balances. Our findings confirm the hy
pothesis that continuous NT improves soil physical quality and supports 
comparable or higher crop yields compared to conventional tillage, even 
in poorly drained soils, challenging the widely held belief that intensive 
tillage is necessary for productivity in such consistently saturated 

systems (Rusinamhodzi et al., 2011). This study fills a knowledge gap 
about the long-term effects of tillage in poorly drained Midwest 
corn-soybean rotations by combining soil physical characteristics, 
nutrient dynamics, and crop performance over an exceptionally long 
timeframe.

4.1. Corn and soybean yield and their relation to soil properties

Corn yields were unaffected by tillage but varied significantly by 
year, likely due to differences in planting dates and weather conditions 
(Table S1). In contrast, soybean yields were 9–10 % higher in NT and AT 
compared to MP and CD. The PCA revealed strong correlations between 
soybean yield, SOM, and larger aggregates in NT, indicating that 
improved soil structure contributed to higher productivity (Fig. 5; 
Table S5). These results agree with Blanco-Canqui and Wortmann 
(2020), who reported enhanced soil aggregation and water retention in 
long-term NT systems.

The absence of tillage effects on corn yields aligns with Blanco-
Canqui and Ruis (2018), who found an indifference of corn yield across 
tillage systems in similarly poorly drained soils after 20–30 years. 
However, the soybean yield advantage in NT and AT is a novel finding 
for poorly drained soils, where NT is often avoided due to concerns 
about compaction and waterlogging (Rusinamhodzi et al., 2011). Our 
data suggests that higher mesoporosity and water retention at saturation 
in NT (Table 3) enhanced soybean resilience under variable weather, 
consistent with the idea that NT’s benefits accumulate over decades, 
offsetting the initial yield penalties that tend to occur during the tran
sition period (Pittelkow et al., 2015). Although greater water retention 
at saturation might initially seem detrimental in poorly drained soils, 
our results indicate otherwise. The increase in retained water under NT 
coincided with higher mesoporosity and aggregate stability rather than 
a loss of microporosity (Table S4; Fig. 3B), suggesting that the additional 
water was structurally stored rather than stagnant. Moreover, SHC 
values remained within optimal ranges (Table 4), implying that 
drainage capacity was maintained. Thus, the elevated water retention 
under NT likely reflects improved pore connectivity and soil structure, 
not impeded drainage. The PCA’s clustering of NT with SOM and larger 
sized aggregates (Fig. 5) further supports our hypothesis that long-term 
NT improves soil physical quality, contributing to higher soybean yields 
despite poor drainage and the issues associated with it.

4.2. Nutrient removal and balances

Phosphorus (P) removal during corn years was greater than P 
application, which led to negative P balances (Table 2), but higher K 
application than removal resulted in positive K balances. In soybean 
years, P and K removal was correlated with yield, with higher removal in 
NT and AT (Table 2), reflecting their greater yield productivity. While K 
balances were positive for all treatments, cumulative P balances were 

Fig. 4. Mean weight diameter (MWD) as a factor of tillage treatments sampled 
to 15 cm. Tillage treatments include moldboard plow (MP); 2-yr no-till and 1-yr 
MP (AT); chisel-disk (CD); and no-till (NT). Means with different letters are 
significantly different (P ≤ 0.05).

Table 4 
Soil matric potential and saturated hydraulic conductivity (SHC) as a factor of tillage treatments.

Matric potential of water (kPa)

Tillage treatment 0 -0.30 -33 -10 -1500 †IAWHC ††RAWHC SHC

​ Soil water (m3m− 3) cm h− 1

MP 0.442 b 0.428 b 0.338 0.574 0.097 0.240 0.476 14.65 ab
CD 0.449 b 0.427 b 0.333 0.559 0.090 0.242 0.469 26.70 a
NT 0.481a 0.460 a 0.345 0.586 0.102 0.243 0.484 2.97b
CV (%) 5.02 4.87 2.98 5.30 16.34 4.40 3.91 85.32
p-value 0.03 0.03 0.27 0.42 0.48 0.84 0.47 0.04

Means with the same letter are not significantly different (P ≤ 0.05).
Tillage treatments include moldboard plow (MP); chisel disk (CD); and no-till (NT).
†Intact Available Water Holding Capacity (IAWHC) is the difference between soil at field capacity (θFC) in intact cores (-33kPa) and permanent wilting point (θPWP) 
(-1500kPa).
†† Repacked Available Water Holding Capacity (RAWHC) is the difference between soil at field capacity (θFC) in repacked cores (-10 kPa) and permanent wilting point 
(θPWP) (-1500kPa).
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negative, suggesting possible soil P depletion. The negative P balances 
are consistent with Mallarino et al. (2011), who reported P drawdown in 
Midwest corn-soybean rotations with reduced P inputs. However, our 
study’s 50-year perspective shows that STP stayed above the critical 
threshold (20 mg kg− 1) despite a 32 % decrease from 2013 to 2019 
(Table S3), suggesting that historical P applications provided a legacy 
effect that sustained yields. Another reason could be the fact that the 
study site is located in a high-P supplying power and thus, while P is 
being removed through negative P balances, the rate of removal is not 
quick to deplete P below the critical threshold of 20 mg kg− 1.

The positive K balances align with Sadeghpour et al. (2016), but the 
44 % STK decline (Table S3) indicates complex K dynamics, possibly due 
to leaching during heavy 2019 rainfall or K fixation in clay interlayers 
(Franzen et al., 2021). The PCA’s alignment of cumulative K removal 
with soybean yield in NT (Fig. 5) suggests that higher productivity 
drives nutrient removal, rather than tillage-induced stratification, as 
fertilizers were uniformly broadcasted since 1970, despite stratification 
tendencies in P and reduced water movement in K fertilizations. This 
study’s novelty lies in quantifying nutrient balances over 50 years, 
indicating that NT maintains nutrient uptake without compromising 
yields in poorly drained soils. Unlike Rehm (1995), who emphasized 
nutrient stratification in NT, our results suggest that uniform fertilizer 
application mitigates stratification effects, with yield-driven removal 
being the primary factor influencing balances.

4.3. Soil test phosphorus and potassium

Cumulative negative P balances indicate the decline in STP from 
2013 to 2019 (Table 3). Approximately 5.4 kg ha− 1 of P removal was 
required to reduce STP by 1 mg kg− 1, consistent with Dodd and Mal
larino (2005). Despite positive K balances, the decline in STK might be 
attributed to K leaching or fixation, complicating STK predictions 
(Franzen et al., 2021). These findings highlight the challenge of main
taining soil fertility in long-term rotations. The lack of tillage effects on 

STP and STK suggests that nutrient availability was sufficient to support 
yields across treatments, supporting our hypothesis that NT sustains 
productivity despite poor drainage. However, the declining STP and STK 
trends highlight the need for adjusted fertilization strategies to prevent 
long-term depletion, especially in high-yielding NT systems.

4.4. Soil physical properties and their agronomic implications

In our study, NT significantly improved soil physical properties, with 
lower BD, higher mesoporosity, greater WSA, and increased water 
retention at saturation compared to MP and CD (Fig. 3; Table 4). The 
reduction in BD under NT reflects improved air and water flow, and 
gradual increase in SOM under NT (Weidhuner et al., 2021). These 
changes reflect long-term SOM accumulation (Fig. 5) and align with 
previous reports of soil structural improvements after 20–30 years 
(Bagnall et al., 2022; Blanco-Canqui and Ruis, 2020). In a continental 
assessment of tillage practices effect on soil properties, Bagnall et al. 
(2022) reported a reduction in BD with NT. This finding supports the 
idea that NT’s positive effect on SOM and aggregation creates a buffer 
against compaction over time (Rieke et al., 2022b).

An interesting finding of our study was that even after five decades of 
NT, the proportion of microaggregates (<0.053) did not increase 
(Table S4). This supports the aggregate hierarchy concept Oades and 
Waters (1991), which proposes that macroaggregates form first through 
the binding action of roots and OM, with microaggregates subsequently 
developing within macroaggregates as OM becomes occluded. Inter
estingly, CD had a higher proportion of microaggregates than NT, likely 
due to mechanical pulverization of soil. Although NT favors aggregation 
at the macro scale, promoting microaggregate formation may require 
complementary practices such as cover crops that protect OM and foster 
long-term stabilization. Blanco-Canqui and Ruis (2020). The lower SHC 
in NT compared to CD suggests increased water storage capacity, which 
can help support crop drought resilience (Fu et al., 2021; Stone and 
Schlegel, 2010).

Fig. 5. Principal component analysis of soil physical characteristics and nutrients, cumulative corn and soybean yield, and nutrient balances as a factor of tillage 
treatments. Tillage treatments include moldboard plow (MP); 2-yr no-till and 1-yr MP (AT); chisel-disk (CD); and no-till (NT). Colored ovals are for visual aid only 
and do not represent significance. Organic matter (OM) reflect 6-yr averages (2013–2018): MP= 22; AT= 23; CD= 24; NT= 32 g kg− 1.
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Interestingly, MP showed a high aggregate MWD similar to NT 
(Fig. 4) this reflects “false aggregation”, where dry soil pulverization 
during MP produces large clods that mimic stable aggregates in size yet 
rapidly slake upon wetting, lacking the true water stability of biologi
cally mediated NT aggregates (Blanco-Canqui and Ruis, 2018; Weid
huner et al., 2021). Similar findings reported by Phefadu and Munjonji 
(2024), with no significant differences in MWD between NT and con
ventional tillage after 40 years. The higher SPR in NT at the surface 
(0–10 cm) compared to MP indicates surface compaction, but values 
stayed below the 2 MPa threshold for root growth restriction (Fig. 2). In 
line with Lipiec et al. (2006), MP had higher SPR at 20–30 cm suggesting 
subsurface compaction from annual plowing. PCA results reinforced 
these differences, with NT associated with SOM and stable aggregation 
and MP with BD and plow-layer compaction. Collectively, these findings 
show that NT improves soil physical conditions in ways that support 
yield stability and soil function, even under hydrologically constrained 
conditions.

4.5. Summary of key findings and broader implications for sustainable 
agriculture

This long-term study offers an empirical assessment of tillage impact 
on poorly drained soils where NT systems are often viewed as unsuitable 
due to concerns about compaction and poor drainage (Rusinamhodzi 
et al., 2011). Contrary to these assumptions, our 6-year dataset from a 
50-year experiment demonstrates that NT maintains corn yields and 
significantly improves soybean yields, largely through gradual, 
long-term improvements in soil physical quality. These findings chal
lenge the usual dependence on conventional tillage and provide strong 
evidence for the viability of NT as a sustainable practice even in hy
drologically constrained environments.

By integrating soil physical properties, nutrient balances, and crop 
yields over five decades, this study reveals that NT systems can support 
sustained productivity without compromising nutrient uptake, despite 
declining STP and STK concentrations. The multivariate insights derived 
from PCA further highlight the linkage of SOM, aggregate stability, and 
soybean yield under NT. This provides a system-level understanding of 
soil-crop interactions over time.

The broader implications of this study for sustainable agriculture are 
clear: improved soil physical properties under NT suggest that reducing 
tillage intensity can decrease environmental impacts such as erosion and 
nutrient runoff which are key contributors to downstream water quality 
issues (Rabalais et al., 2001). At the same time, the observed negative P 
balances and declining STP and STK point to the need for adaptive 
nutrient management in NT systems (Havlin and Heiniger, 2020) to 
prevent depletion in productive NT systems. Our findings also call for 
future research into integrating NT with novel cover cropping design to 
enhance nutrient retention and further improve soil conditions to pro
vide resilience to climate extreme events which are becoming more 
common.

5. Conclusions

Our data indicated that corn yields were similar among all tillage 
practices, but soybean yields were higher in less disturbed treatments 
(NT and AT). This suggests that continuous NT can maintain crop pro
duction after almost 50 years, aligning with farmer practices of using NT 
during soybean years and tillage during corn years. We also found that 
the application of P at rates lower than crop removal reduced STP, yet as 
long as STP remained within the optimal range, neither corn nor soy
bean yield were affected. This supports a maintenance-based soil 
fertilization strategy.

After nearly 50 years, NT significantly improved BD, macro- and 
mesoporosity, and WSA. Generally, the trend in soil improvement fol
lowed the order of tillage intensity: NT > AT > CD > MP. No-till was 
particularly associated with higher soybean yields, greater SOM, larger 

aggregate sizes, and increased mesoporosity. Although we hypothesized 
that improvements in soil physical characteristics would increase 
nutrient uptake and removal (P and K), and therefore alter fertility 
needs, this was not observed, likely due to the above agronomic 
threshold of STP and STK. Therefore, we conclude that continuous NT 
provides long-term benefits to soil structure and function, while sup
porting stable corn yields and improved soybean yields in a 
corn–soybean rotation. Future research should assess farmer-focused 
research with alternating NT in soybean years and CD or strip-till in 
corn years.
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and Jérôme Juilleret for his assistance in identification of international 
soil taxonomy.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.fcr.2025.110210.

Data availability

Data will be made available on request.

References

Bagnall, D.K., Morgan, C.L., Bean, G.M., Liptzin, D., Cappellazzi, S.B., Cope, M., 
Honeycutt, C.W., 2022. Selecting soil hydraulic properties as indicators of soil 
health: measurement response to management and site characteristics. Soil Sci. Soc. 
Am. J. 86 (5), 1206–1226. https://doi.org/10.1002/saj2.20428.

A. Weidhuner et al.                                                                                                                                                                                                                             Field Crops Research 336 (2026) 110210 

9 

https://doi.org/10.1016/j.fcr.2025.110210
https://doi.org/10.1002/saj2.20428


Blake, G.R., Hartge, K.H., 2018. Bulk density. Methods Soil Anal. Part 1 Phys. Mineral. 
Methods 363–375. https://doi.org/10.2136/SSSABOOKSER5.1.2ED.C13.

Blanco-Canqui, H., Ruis, S.J., 2018. No-tillage and soil physical environment. Geoderma 
326, 164–200. https://doi.org/10.1016/J.GEODERMA.2018.03.011.

Blanco-Canqui, H., Ruis, S.J., 2020. Cover crop impacts on soil physical properties: a 
review. Soil Sci. Soc. Am. J. 84, 1527–1576. https://doi.org/10.1002/SAJ2.20129.

Blanco-Canqui, H., Wortmann, C.S., 2020. Does occasional tillage undo the ecosystem 
services gained with no-till? a review. Soil Tillage Res 198, 104534. https://doi.org/ 
10.1016/J.STILL.2019.104534.

Blanco-Canqui, H., Wienhold, B.J., Jin, V.L., Schmer, M.R., Kibet, L.C., 2017. Long-term 
tillage impact on soil hydraulic properties. Soil Tillage Res 170, 38–42. https://doi. 
org/10.1016/j.still.2017.03.001.

Bray, R.H., Kurtz, L.T., 1945. Determination of total, organic, and available forms of 
phosphorus in soils. Soil Sci. 59, 39–46. https://doi.org/10.1097/ 
00010694–194501000-00006.

Busscher, W.J., Frederick, J.R., Bauer, P.J., 2000. Timing effects of deep tillage on 
penetration resistance and wheat and soybean yield. Soil Sci. Soc. Am. J. 64, 
999–1003. https://doi.org/10.2136/sssaj2000.643999x.
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