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Abstract: Fragipans are dense subsurface soil layers that severely restrict root penetration and
water movement. The presence of shallow fragipan horizons limits row crop production. We
hypothesized that the roots of cover crop might improve soil physiochemical properties and biological
activity, facilitating drainage and increasing effective soil depth for greater long-term soil water
storage. To evaluate annual ryegrass as one component of a cover crop (CC) mix for promoting
the characteristics and distribution of soil water, on-farm studies were conducted at Marion and
Springerton in southern Illinois, USA. Soil samples were collected at 15 cm increments to 60 cm
(Marion) and 90 cm (Springerton) depths during the fall of 2022. Both sites had low total soil carbon
and nitrogen contents and acidic soil pH (<6.4). A soil water retention curve was fitted using the
van Genuchten equation. At Springerton, the CC treatment increased saturated (thetaS) and residual
(thetaR) soil water contents above those of the no cover crop (NCC) at the 60-75 cm and 75-90 cm
depths. Changes in volumetric soil water content were measured using a multi-depth soil water
sensor for the Springerton site during late July to early August of the soybean growing phase of 2022;
NCC had higher soil water than CC within the 0-15 cm depth, but CC had higher soil water than
NCC at the 30-45 cm depth. These findings indicate that cover crop mix has the potential to improve
soil water movement for soils with restrictive subsoil horizon, possibly through reducing the soil
hydraulic gradient between the surface and restrictive subsurface soil layers.

Keywords: van Genuchten equation; soil water retention; saturated water content (6g); residual
water content (OR)

1. Introduction

Soils with fragipan as subsurface horizons that restrict root penetration cover a sig-
nificant area of agricultural land in the United States [1,2]. Fragipan horizons are natural
impermeable layers, which constrain water movement through the soil profile [3,4]. Over
11 million hectares that contain soils with fragipan occur in Pennsylvania, Mississippi, New
York, Missouri, and Kentucky and are sparsely found in Arkansas, Illinois, Ohio, Indiana,
and Tennessee [2]. Fragipans are formed in loess, glacial till, weathered clastic rock, and
weathered limestone; they are commonly classified as ‘Fragiudalfs or Fragiaqualfs’, appear-
ing as ‘Btx” with diagnostic horizon ‘x” [5]. Due to their high bulk density, fragipan soils
frequently have a perched water table and exhibit redoximorphic features [6,7]. Fragipans
appearing close to the surface such as within 50 cm normally have a high perched water
table in winter and early spring, leading to excess soil water and shallow rooting. In the
summer, because of a limited rooting depth, crops are prone to drought conditions under
high evapotranspiration (ET) demands. Therefore, crop productivity on fragipans soils
suffers due to extreme hydrologic conditions.

Fragipans influence the near-surface hydrologic process due to the combination of low
drainable porosity and relatively high lateral saturated conductivity [6]. Fragipans have
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a bulk density as high as 1.6 Mg m~3 because of the dense packing of individual grains
(silt and sand) and inter-grain bridging by clay, silica, and iron granules depending on the
genesis [5,8]. At peak ET demand in mid-late summer, a hydraulic gradient is developed
between the soil surface and the fragipan horizon [9]. The hydraulic gradient is wide where
the fragipan is near to the soil surface.

Crop yields can be significantly reduced when the fragipan is close to the surface
or within the rooting depth, typically less than 50 cm [6,10]. Root development and crop
yield can be greatly reduced under soils with fragipans because of restricted air and water
movement, high bulk densities, and soil strength and high acidity [11]. Roots within
the fragipan layer are limited to planar voids between the peds [6]. In West Tennessee,
total root lengths and yields of corn (Zea mays L.) and soybean (Glycine max L. Merr.)
were significantly reduced in fragipan soils, particularly in a year with below-normal
rainfall throughout the growing season [1]. Previously, researchers observed that a decrease
in fragipan depth from 60 to 50 cm caused the greatest reduction in grain yield and
concluded that to maintain the productivity of fragipan soils, a management system
should be designed to preserve a minimum soil thickness above the fragipan of ~60 cm [9].
Management to improve productivity in fragipan soils should target improvements in bulk
density, aggregation, infiltration, and organic carbon in the topsoil and changes in subsoil
properties such as water storage, total porosity, and rooting depth [12].

The amelioration of the subsoil using deep rooting perennials in the rotation or fall-
planted cover crops could be a preferable method over cost-intensive, short-term practices
like deep trenching [13] or deep tillage [14]. Instead, ‘bio-drilling” through the creation of
bio-pores by deeply penetrating tap roots and the subsequent use of these root channels
as low-resistance pathways for the roots of succeeding crops are promising options to
reduce the perched water table and improve water movement through fragipan soils. It
was reported that increasing cover crop root counts reduced penetration resistance [15].
Other researchers found that the presence of ryegrass in fields lowered bulk densities in the
‘Btx1” and ‘Btx2” horizons by 8% and 6%, respectively, compared to a control, attributing
these trends to the solubilization of cementing agents by ryegrass root exudates [3].

In this study, we determined the potential of cover crop mix containing annual ryegrass
to improve soil properties and soil water retention in two on-farm experiments with corn-
soybean production in Southern Illinois. We also compared changes in volumetric soil
water content following the annual ryegrass cropping on fragipan soils. We hypothesized
that the inclusion of annual ryegrass as one of the winter cover crops would improve the
soil physical environment through increasing porosity and facilitating water movement
through restrictive fragic layers of the profile during the growing season.

2. Materials and Methods

All measurements were conducted in existing on-farm experiments near Marion
(37.70, —88.94) and Springerton (38.17, —88.42), in southeast Illinois (Figure 1a). The
climate in southeast Illinois is humid subtropical. During the 2022 growing season, annual
precipitation was 116 cm (above 3 cm than 30-year average); February was the wettest
month (16.5 cm), followed by July (16.1 cm) [16] (Figure 1c). The highest average monthly
air temperature was observed in July (31.8 °C); it was close to normal (31.4 °C).

The Marion site soil is classified as a fine-silty, mixed active, mesic Fragic Oxyaquic
Hapludalf in the Rend soil series, and the Springerton soil is classified as a fine, smectitic,
mesic Aeric Fragic Epiaqualf in the Bluford soil series (Figure 1b) [17]. Based on the Official
Soil Description of soil horizons, Marion has a fragipan horizon (Btx) at 60 cm (~100 cm
thickness) and Springerton has a fragipan horizon (Btgx) at 90 cm (~10 cm thickness). Both
fields have been managed as no-till since 2010 and under a maize (Zea mays L.) and soybean
(Glycine max L. Merr.) rotation. Both growers used a similar cover crop mix containing
annual ryegrass (Lolium multiflorum) with a seeding rate of 6.7 kg ha~!, and Hairy Vetch
(Vicia villosa) and Crimson Clover (Trifolium incarnatum) at the rate of 4.5 kg ha=!. At the
Marion site, field-long strips of dimension ~275 m by 3 m with (CC) and without (NCC)
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cover crop mix were laid out in a randomized complete block design with three replications.
At the Springerton site, there were four replications of field-long strips of ~300—400 m
length and 24 m width with two treatments, CC and NCC, similar to Marion. Plots with
and without annual ryegrass were initially established in 2019 at Marion and in 2013 at
Springerton. Crop phases were synchronized at both sites; all plots were under corn during
2015, 2017, 2019, 2021, and 2023, and under soybean during 2014, 2016, 2018, 2020, and 2022.
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Figure 1. (a) Location of two growers’ fields, Marion and Springerton in southern Illinois,
(b) schematic diagram of soil profile of two dominant soil series, ‘Bluford” and ‘Rend” found at
Springerton and Marion and sites, respectively, and (c) daily high and low air temperatures (°C) and
precipitation (cm) during 2022 growing season in Carbondale, Illinois.

From each site, soil core samples were collected from each plot using a hydraulic
probe in line with a plastic sleeve of diameter ~5 cm during 18-19 October 2022. A total of
fourteen cores were collected, six from Marion (three replications and two treatments, CC
and NCC) and eight cores from Springerton sites (four replications and two treatments, CC
and NCC). After transporting cores to the laboratory, soil core samples were separated into
15-cm increments to the 60 cm depth for Marion and to the 90 cm depth for Springerton.
The differences in depths of separation were due to soil types having different depths
to the fragipan horizon (Figure 1b). Soil samples were dried in an oven at 105 °C for at
least 48 h to determine gravimetric water content and bulk density (BD). Soil samples
were ground and processed to pass through a 2 mm sieve for the subsequent physical and
chemical analyses following standard protocols. Briefly, soil pH was measured using a 1:1
soil:water slurry; total soil carbon was measured using an automated combustion analyzer
(FlashSmart elemental analyzer, Thermo Fisher Scientific, Waltham, MA, USA) as outlined
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by Nelson and Sommers (1996), and Mehlich-3 extractable nutrients were determined using
inductively coupled plasma spectroscopy (Avio 500 ICP-OES, Perkin-Elmer, Shelton, CT,
USA) [18].

Due to time and labor constraints, particle size distribution was measured on only one
set of representative soil samples (from replication one) each for the CC and NCC treatments
from either site. Particle size distribution was determined from a well-dispersed slurry of
soil in a sodium hexametaphosphate solution. The sand was removed and collected by
wet sieving using a 53 um mesh sieve. Silt and clay were determined with a particle size
analyzer (Cilas Particle Size Analyzer (PSA) model 1190) (CPS US Inc. Madison, WI, USA)
using 6 um as the silt-clay cutoff [19].

To measure soil water retention characteristics, 2-mm sieved soil samples were wetted
to saturation overnight on ceramic plates. Gravimetric water contents were determined
at —330, —1000, —2000, —3000, —4000, and —15,000 cm H,O suction using a pressure
plate apparatus [20], and gravimetric water contents were determined. These values of
gravimetric water contents were converted to volumetric water content using the bulk
density values of the respective samples. Soil water retention curves were fitted to the
soil matric potential (h cm H,O) and corresponding volumetric soil water (6) content data
using the van Genuchten equation [21]:

0 =(0s—6;) + [1+ (ah)"] + 6; (1)

where theta$S (85 cm® cm™3) is the saturated volumetric water content; thetaR (8; cm?® cm™3)
is the residual volumetric water content; h (cm H,O) is the tension head; and alpha («,
1/cm HyO), n (), and m (-) are the shape parameters. The soilphysics package [22] in R
version 4.3.3 [23] was used for the curve fitting. Plant available water is calculated by the
difference between thetaS and thetaR and multiplying by the depth increment (15 cm). Soil
water storage was calculated by summing the plant available water for the 0-60 cm and
0-90 cm depth increments for Marion and Springerton, respectively.

At the Springerton site, soil volumetric water content (n = 4) was also measured by
15 cm depth increments up to 60 cm depth, from 4 July 2022 (DOY: 201) to 27 September
(DOY:262), 2022, using a multi-depth soil water sensor based on .ime Domain Transmis-
sometry (TDT) (GROPOINT Profile, RIOT Technology Corp., North Saanich, BC, Canada).
Sensors were attached to a CR-1000 datalogger (Campbell Scientific, Logan, UT, USA). Soil
water storage of the 0-60 cm depth was calculated by multiplying volumetric water content
with soil depth increment and summing the water storage for the 60 cm depth. We could
not measure the soil water at the Marion site due to the failure of soil water sensors.

For the soil water sensor data from the Springerton, the number of days for the soil
water drydown at the 0-15 cm depth was calculated using the following equation:

SWC=Ae VT 40, )

where SWC = the volumetric water content (m® m~3), A = the initial soil water content
mim=3,t= days since a rainfall event, T = the constant that modulates the rate at which
the soil dries, and 6,5 = residual soil water content (m® m—3). Soil water drydown events
are identified in the soil water time series as periods in which the temporal change in soil
water was negative for greater than or equal to five days [24]. For each drydown period,
the equation was fitted to soil water using non-linear least square fitting. We compared the
differences in the rate of drydown between CC and NCC.

Statistical analysis and model fitting were carried out using R version 4.3.3 [23].
A linear mixed model was fitted and summarized using the Ime function of nlme and
emmeans packages [25]. Changes in soil water for different depths were analyzed using day
of the year, treatment, and their interaction as a fixed factor with autoregressive component
(corAR1), and a pairwise comparison of means was carried out using the “Tukey’ method
at the 90% significance level. Pearson correlation coefficient (r) values were calculated to
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determine the relationship between plant available water and soil properties for each depth
increment, separately for both sites (p = 0.10).

3. Results and Discussion
3.1. Particle Size Distribution

The Marion site had a silt loam texture within the 0-60 cm depth (Table 1). The
Springerton site also had a silt loam texture, except 30-60 cm depths under NCC treatment
had silty clay loam and 15-30 cm under CC treatment also had silty clay loam. The
dominant soil series found in Marion and Springerton are Rend and Bluford, respectively;
they occur together in map units and are considered in close association [17]. Both sites
showed an increase in clay content, with soil depth indicating illuviation of clay like other
fragipan soils [26,27]. The major difference between the two sites is that Springerton had
more sand and less silt content compared to the Marion site. The fragipan layer had the
highest packing density (0.74), in which the coarse sand (2-0.2 mm) was more densely
packed than all other horizons [8].

Table 1. Particle size distributions of soils under control (NCC) and with annual ryegrass (CC) at
Marion (n = 3) and Springerton (n = 4), Illinois (p = 0.10). Standard deviation values are in brackets.
Different small letters indicate significant difference between NCC and CC at p = 0.10.

Depth Sand% Silt% Clay%

(cm) NCC CC NCC ccC NCC ccC

Marion
0-15 5.33(0.96) a 5.53 (0.06) a 74.2 (0.62) a 74.3 (0.64) a 20.5(0.47) a 20.1(0.57) a
15-30 4.37(2.25) a 3.73(0.76) a 69.9 (1.85) a 70.3 (1.04) a 25.8 (0.76) a 26.0 (0.70) a
30-45 2.70(1.49) a 2.80 (1.40) a 72.7(0.31) a 70.5(1.47) b 24.5(1.19)a 26.7 (2.03) a
45-60 2.17 (0.57) a 2.33(0.31)a 74.4(0.35) a 74.5(1.95) a 23.5(0.91) a 23.2(1.69) a
Springerton

0-15 11.6 (591) a 13.5(4.54) a 66.7 (4.28) a 66.1(3.98) a 21.7 (2.08) a 20.5(1.04) a
15-30 7.05(3.90) a 6.18 (3.71) a 67.0(2.92) a 66.6 (4.28) a 26.0 (1.18) a 27.2(2.35)a
3045 4.55(2.83) a 7.48 (4.84) a 68.0 (2.21) a 67.0(3.31) a 27.5(091) a 25.0 (1.66) b
45-60 4.65(1.71)a 5.05(5.44) a 68.1(2.97)a 68.6 (3.67) a 27.3(1.53) a 26.3 (2.15) a
60-75 4.88(2.17)a 9.58 (5.59) a 69.5(3.41) a 66.8 (4.02) a 25.7 (2.66) a 23.6 (3.06) a
75-90 13.8 (3.26) a 12.5 (7.95) 62.7 (0.88) a 65.9 (6.19) a 23.6(2.44) a 21.7 (2.94) a

3.2. Bulk Density

At Marion, the highest soil BD value (1.27 Mg m %) was observed at the 15-30 cm
depth for both CC and NCC, but both treatments had similar BD throughout the soil
profile (Table 2). At Springerton, soils under CC had higher BD than NCC for the 15-30 cm,
3045 cm, 45-60 cm, and 60-75 cm depth increments. For the NCC treatment, BD increased
gradually from the surface to lower depths, with the highest value of 1.36 Mg m~3 at
the 75-90 cm depth. However, for the CC, this same trend was interrupted by an abrupt
increase in the BD value from 1.17 Mg m~2 within 0~15 cm to 1.36 Mg m 2 within the
15-30 cm depth. High soil BD could be expected within the compacted fragipan hori-
zon [28]. One possible explanation for this sudden increase at a shallow depth for CC is
that plant roots modify soil water content, pore size distribution, and bulk density [29]. The
compaction of soils around the roots for soils with low microporosity and/or isolated pores
was reported by researchers [29,30]. Previous studies that observed roots in the fragipan
are limited to planar voids between the peds [6]. For this study, we separated soil cores into
conventional depth increments of 15 cm, but this will likely fail to fully separate fragipan
and non-fragipan horizons, particularly for sampling depths below 15 cm.
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Table 2. Mean values of soil properties with (CC) and without annual ryegrass as cover crop (NCC)

within different depth increments at two sites in southern Illinois. Different lowercase letters with

values in bold indicate significant differences between NCC and CC at the 90% significance level.

Bulk Density Total Carbon Total N Mehlich3-P Mehlich3-Fe Mehlich 3-Al
Pegth (Mg m~3) gkg™) gkg ™) (mgkg~") (mg kg (mg kg1)
o NCC cc NCC CcC NCC CcC NCC cc NCC CcC NCC CcC NCC CccC
Marion
0-15 117 a 122a 591a 544a 11.7a 10.2a 140a 127 a 273a 225a 237 a 226 a 616 a 672 a
15-30 127a 127a 640a 6.02a 433a 533a 063a 083a 916a 105a 169 a 173 a 760 a 749 a
30-45 118 a 1.20a 595a 6.14a 3.07 a 273a 0.60 a 0.53a 12.1a 9.00 b 172 a 159 a 897 a 820 a
45-60 125a 120a 522a 55la 240a 203a 053a 050a 92a 103 a 198 a 172a  1018a  892a
Springerton
0-15 117 a 117 a 5.09a 498 a 11.7a 10.9 1.35a 140 a 16.4 a 16.6 a 200 a 208 a 762 a 754 a
15-30 1.22b 1.36a 4.82a 473a 420a 297a 0.68 a 0.58 a 575a 4.67 a 183 a 161 a 1073a 1073 a
30-45 1.22b 1.29 a 4.04a 410a 2.38a 193 a 0.55a 0.53a 2.69a 233a 237 a 213 a 1432a 1403 a
45-60 1.25b 131a 402a 4.02a 420a 165a 0.60a 050a 548a 3.74a 260 a 246a  1362b 1509 a
60-75 1.30 b 1.36a 4.06 a 4.07 a 1.90 a 133 a 0.48a 043 a 844 a 6.56 a 251a 202 a 1253a 1314a
75-90 136a 133a 414a 412a 140a 117a 035a 030a 929a 983a 200 a 186a  1086a 1157a

3.3. Soil pH and Nutrients

The Springerton soil had a pH range of 4.02-5.09, and the Marion soil had a pH range
of 5.22-6.40. At Marion, soil pH increased from 0-15 cm to the 15-30 cm soil depth and
decreased at lower depths. The soil pH of the Springerton site continuously decreased
with soil depth. Soil pH did not vary between CC and NCC at both sites for all depths
(Table 2). Previous studies concluded that fragipan soils are generally acidic in nature due
to a high perched water table and the presence of soluble iron, aluminum, and manganese
ions [26,31]. Researchers also reported pH values of 4.8-4.9 for the Btx horizon, with base
saturation ranging from 45 to 64% [7].

Soil C and N reduced drastically with increasing soil depth and were low at all depths.
Both sites have similar total soil C and N distributions throughout the profile, without any
difference between CC and NCC. Similarly, in other studies of fragipan soils, soil C and N
content were extremely low compared to surrounding non-fragipan soils [1,2,8].

In general, concentrations of Mehlich-3 extractable nutrients were similar for NCC and
CC at both sites. As one exception at Marion, the NCC soil within the 30-45 cm depth had
more Mehlich 3-P than the CC did; we speculate this might indicate P uptake by ryegrass
roots. Fragic properties like brittleness and slaking due to the solubility of particle-bridging
agents might be attributable to the presence of free- or combined-oxide forms of Fe, Al,
and Si [5,31]. Concentrations of Mehlich-3 extractable iron and aluminum were higher for
Springerton than Marion soil, particularly at the 30-60 cm depth. At Springerton, the CC
treatment within the 45-60 cm depth had higher Mehlich-3 extractable aluminum levels
than NCC treatment.

3.4. Soil Water Retention Parameters

Within the 0-15 cm depth, the Marion soil had numerically higher thetaS contents
than the Springerton soil (Table 3), which follows the soil C content differences between
the two sites (Table 2). At Marion, both treatments had similar thetaS and thetaR values
throughout the soil depth increments. At Springerton, CC had a higher thetaS content
compared to NCC at the 60-75 cm and 75-90 cm depth increments, and the CC treatment
also had a higher thetaR content than NCC at the 45-60 cm, 60-75 cm, and 75-90 cm
depth increments. The greater responses of thetaS and thetaR values to cover cropping
at Springerton than at Marion might be due to the greater duration of cover cropping or
shallower fragipan at Springerton. Cover cropping increased soil water content at field
capacity (—100 cm HO), indicating less drainage of water from the field [32]. In this study,
increases in thetaS and thetaR values under CC might result from the penetration of annual
ryegrass root systems into the fragipan layer, inducing changes in pore dynamics. After
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root decay, bio-macropores and root-induced micropores are formed, facilitating water
transport through the soil [33].

Table 3. Mean (£standard deviation) of soil water retention parameters for different soil depth
increments and soil water storage (mm) with (CC) and without (NCC) annual ryegrass at Marion
and Springerton sites in southern Illinois. Different lowercase letters indicate significant differences
at 90% significance level between NCC and CC.

ThetaS ThetaR Alpha n Plant Available
Depth (cm3 cm—3) (cm3 cm—3) (KPa—1) Water (mm)
(cm)
NCC CC NCC CC NCC CC NCC CC NCC CC
Marion
0-15 0454 0434 0.084 0.064 0.014 0.012 2724 2.734 55.84 5464
15-30 0402 04242 0.11@ 0.10@ 0.012 0.012 27742 2994 4442 4734
30-45 0404 0424 0.124 0.104 0.012 0.012 2852 2714 4312 47.82
45-60 0.442 0.452 0.172 0.122 0.012 0.022 2872 2.23b 414° 48.72
Storage 2022 2202
Springerton

0-15 0.342 0.332 0.094 0.094 0.012 0.012 4392 4492 3754 3654
15-30 0.362 0404 0.144 0.124 0.012 0.02 4.062 3.344 3194 4269
30-45 0.394 0424 0.204 0.204 0.012 0.012 5.152 3.25b 29054 3364
45-60 0412 0462 0.17° 0.222 0.012 0.012 3224 2954 3544 36.02
60-75 0.40b 0.452 0.17P 0.212 0.012 0.012 3.622 3292 3442 3632
75-90 0.38P 0422 0.16 0.19° 0.014 0.012 3.672 3.584 3334 35.04
Storage 1842 1982

ThetaS: Saturated water content, ThetaR: residual soil water content, and alpha and n are van Genuchten curve
fitting parameters.

In the van Genuchten equation, ‘n’ is the slope of the water retention curve, and a low
n value indicates a broader pore size distribution [34]. Marion soil had higher 'n” values
than Springerton soil for all depth increments. The NCC soil had higher a 'n’ value than
CC at the 45-60 cm depth at Marion and at the 3045 cm depth at Springerton (Table 3),
suggesting a broader pore size distribution for CC than NCC at these depths. The water
content of soils with smaller n value (a broader distribution of pore sizes) varies more
gradually as the matric suction varies.

Plant available water was similar in between CC and NCC for all depths at both sites,
except only within the 45-60 cm depth at Marion, where CC had higher plant available
water than NCC (Table 3). Although CC had higher soil water storage value than NCC
at both sites, the differences were not statistically significant. This might indicate that the
duration of the cover cropping was not enough to make a statistical difference.

3.5. Relationships Between Plant Available Water and Soil Properties

Pearson’s correlation coefficient between plant available water and soil properties is
presented in Table 4. For the Marion soil, plant available water content within 45-60 cm had
a significant positive relationship with silt content (p = 0.05) and a negative association with
clay content (p = 0.05). For the Springerton site, plant available water showed a positive
association with pH and a negative association with Mehlich 3-Fe within 0-15 cm, a positive
association with pH and BD within the 15-30 cm depth, a negative association with Mehlich
3-P within the 3045 cm depth, and a negative association with Mehlich 3-Fe within the
75-90 cm depth. Plant available water had a different pattern of associations between
Marion and Springerton. At Marion, plant available water content was linked to soil
particle size distribution limited to only the restrictive soil layer of 45-60 cm, whereas plant
available water content was more linked to soil chemical characteristics throughout the
profile. The differences in relationships between the Marion and Springerton soils may be
at least partially driven by the dominant smectitic 2:1 clay mineral content in Springerton.
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Table 4. Pearson correlation coefficient (r) between plant available water (mm) and soil properties at
different depth increments for Marion (n = 6) and Springerton (n = 8) sites at 90% significance level.

Site Marion  Springerton Marion  Springerton Marion Springerton Marion Springerton Springerton
Depth 0-15cm 15-30 cm 30-45 cm 45-60 cm 60-75 cm 75-90 cm
Sand 0.16 —0.41 0.48 0.01 0.10 0.42 —0.07 —-0.12 —-0.21 0.39
Silt 0.23 0.46 —0.70 —0.01 —0.73 -0.27 0.80 0.48 0.51 —0.06
Clay —0.42 0.17 0.35 —0.01 0.60 —0.59 —0.80 —0.57 —0.31 —0.73
BD -0.28 0.36 —0.30 0.66 -0.28 0.50 0.22 0.28 0.60 0.37
pH —-0.49 0.71 —0.55 0.64 0.27 —0.07 0.25 —-0.17 0.26 0.50
Mehlich 3-P —0.06 —0.44 0.26 0.30 0.11 —0.69 0.14 —-0.34 0.33 0.60
Mehlich 3-Al 0.22 —-0.23 —0.46 —0.50 —0.65 —0.18 —0.37 0.49 —0.20 —0.49
Mehlich 3-Fe —0.10 —0.73 0.60 —0.44 —0.40 -0.23 -0.37 0.33 —0.47 —0.67

3.6. Changes in Soil Water at Springerton During Soybean Growth Phase (2022)

At Springerton, changes in soil profile water content (0—60 cm) were significantly
influenced by cover crop (<0.01) and day of the year (<0.01). As shown in Figure 2a, in the
0-15 cm depth the NCC treatment had higher (p < 0.10) soil water content (daily average
0.30 cm® cm—3) than CC (average 0.20 cm® ecm~3) during 25 July (DOY 206)-18 August
(DOY 230), except on 4 August (DOY 216). Within the 15-30 cm soil depth, both treatments
(CC: 0.32 cm® em ™3, and NCC: 0.34 cm® cm—3) had similar mean daily soil water contents.
Within the 3045 cm depth, CC had higher (p < 0.10) soil water content (0.43 cm® cm~3)
than NCC (0.34 cm® cm~3) during 22 July (DOY 203)-1 August (DOY 213), except on
25 July (DOY 206). Within the 45-60 cm depth, CC had higher mean daily soil water
content (0.45 cm® cm~3) than NCC (0.34 cm® cm~2) during 14 September—19 September
(DOY 257-262). As shown in Figure 2b, CC treatment had a shorter drydown time (9 days)
compared to the NCC treatment (24 days) following a rainfall event. These findings support
the hypothesis that the penetration of annual ryegrass into the fragipan might facilitate
the downward movement of water during the early growing season. Soil water storage
(0-60 cm) during the peak growing season and high ET demand period (DOY: 201-262)
was not significantly different between CC and NCC (Figure 2c).

The extent to which water permeates a soil profile is a critical measure of potential
productivity as it partially determines soil’s capability to sustain plant growth [35]. The
seasonal perched water table under fragipan soils rises relatively rapidly in response to
snowmelt and precipitation and falls rapidly during the growing season due to evapotran-
spiration [6]. For a fragipan soil from northeastern Pennsylvania, 63% of the total input
water moved laterally through soil horizons above the fragipan, 10% moved through inter-
connected prism faces within a 50-cm-thick fragipan horizon, and 27% moved vertically
through a 50-cm-thick fragipan horizon [36]. Our results showed that the introduction of
annual ryegrass encourages the vertical water movement through the subsurface layers,
as indicated by lower water content at the surface and higher water within subsurface
layer. Finally, annual ryegrass did not change soil water storage between CC and NCC,
and annual ryegrass did not limit soybean water use.



Soil Syst. 2024, 8, 126

9of 11

a
@ --= CC — NCC
(b) 0.00733
depth: 0-15cm ! !
304
254
- »
mg %
(')\. 320‘
£ =
(8] -
S
S
g .
— 151 °
O
>
0.1
depth: 45-60 cm
05 10+
0.4
0.3
02" ]
0.1, . i i ce NCC
200 220 240 260
Day of year
22 -
(c) S . Jpe—

Soil water storage (cm)

201 211 21

231 241

Day of year

251

261

Figure 2. (a) Changes in volumetric soil moisture content (em® em™3), (b) comparison of drydown

time (days), and (c) changes in soil water storage (cm) with (CC) and without (NCC) annual ryegrass

as cover crop during 2022 (soybean growing phase) at Springerton, Illinois.
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4. Conclusions

Soil properties and water dynamics are markedly different between restrictive soil
layers with fragic properties found approximately at the 60 cm depth in Marion and at the
90 cm depth in Springerton, from the above layers. Due to the perch water table and limited
root penetration, studied soils had poor physical and chemical environments, nutrient
availability, and soil water dynamics. Soils with a restrictive layer and perched water table
are vulnerable to loss of productivity over time. This study showed that the introduction
of annual ryegrass as winter cover crop might improve the water distribution throughout
the profile probably during the peak crop ET demand period of mid- to late-summer. For
shallow fragipan soils, the use of an annual ryegrass cover crop to create a deeper soil
profile reservoir that a main crop can root into to extract water and nutrients offers a
relatively low-cost management tool that could improve farm economics.
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