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Abstract

Tillage alters soil physical properties and impacts soil water regime, crop’s relative water content (RWC), and
root distribution. Thus, a field study was conducted to characterize and correlate root distribution and assess
RWC of corn (Zea mays L.) with soil physical properties under two tillage systems i.e. no-till (NT), and
conventional tillage (CT). The RWC, determined four times during a course of the day at two growth stages (VS8,
i.e. 60 days after planting; and R2, i.e. 90 days after planting), was significantly different (P < 0.05) among two
tillage treatments. Corn grown under NT had significantly higher RWC than that under CT during both growth
stages. At the V8 growth stage, the RWC ranged from 73.2 to 95.4 % under NT compared with 60.9 to 89.6 %
under CT. Further, during the afternoon measurements, RWC was 15 % higher under NT than CT. A similar
trend was observed during the R2 growth stage but with lesser RWC values probably due to the lower soil water
content at that time. Higher root mass density (RMD) i.e. 0.50 Mg m™ was measured in 0-10 cm depth under NT
than under CT (0.34 Mg m™), and the opposite was true for 10-20 cm depth. Due to the presence of a compacted
layer (plow pan) in CT, roots were concentrated mostly in 10-20 cm depth. Further, higher RMD was measured
along the row than within row.

Keywords: relative water content, corn root distribution, soil water content, moisture stress, no till, conventional
tillage

Abbreviations

CT = conventional tillage; NT = no-till; PR = penetration resistance of soil; RMD = root mass density; RWC =
relative water content of leaves.

1. Introduction

Understanding the physiological aspects of crop response to soil water deficit is important to identifying
management options for optimizing agronomic production. Leaf water status is one of the most sensitive and
readily measurable parameters for assessing the impact of drought stress (Malarvizhi et al., 2010). Maintenance
of higher leaf water potential under drought is important to stabilizing physiological processes and agronomic
yield (Kumar & Kujur, 2003). Thus, monitoring soil-water-plant relations is an important strategy of an efficient
crop production system. The water status of a plant can be assessed on the basis of its water content or on the
energy status of water in the plant (Kirkham, 2005; Guiterrez et al., 2010).

The relative water content (RWC) technique, formerly known as relative turgidity, was originally described by
Weatherley (1950, 1951) and is widely accepted as a reproducible and meaningful index of plant water status
(Barrs & Weatherley, 1962; Barrs, 1968; Esparza-Rivera et al., 2006). Leaf tissues are commonly used for RWC
determination, which is a useful indicator of the water status of a plant, essentially because it expresses the
absolute amount of water which the plant requires to attain full saturation, i.e. turgidity (Gonzalez &
Gonzalez-Vilar, 2001). Leaf water status is related to several leaf physiological variables, such as leaf turgor,
growth, stomatal conductance, transpiration, photosynthesis and respiration (Kramer & Boyer, 1995). Leaf water
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content is used to quantify the water deficits in leaf tissues. Flexas et al. (2006) observed that leaf and shoot
RWC decreased by 75 % under water stress. Similar observations were also reported by Siddique et al. (2000);
Tatar and Gevrek (2008) and Keyvan (2010). Measurements of water content expressed on a tissue fresh or dry
mass basis have been mostly replaced by those based on the maximum amount of water a plant tissue can hold.
These measurements are referred to as RWC (Equation 1).

EW-DW 100

RWC = TW_DW €]

where, FW, DW, and TW are the fresh, dry and turgid weights of the leaf tissue, respectively. Sometimes, the
relationship between leaf water potential (y) and its RWC is used for evaluation of the magnitude of water
deficit in the plant tissues and cells, and for predicting tissues resistant to desiccation resulting from the water
deficit (Ferrat & Lovatt, 1999; Neyestani & Azimzadeh, 2003; Khan & Stoddard, 2005; Aminzadeh & Eshghi,
2006).

Drought stress is the largest single factor limiting crop productivity globally (Pennisi, 2008), and is influenced
by tillage because of its impact on rooting depth and root density distribution (Dwyer et al., 1988; Barber &
Kovar, 1991). The distribution of water within the soil profile, an important determinant of corn root
distribution, is also affected by tillage (Lahai & Ekanayake, 2009). Rooting is often shallower in no-till (NT)
than in conventional tillage (CT) because of favorable soil water conditions (Vyn, 2008). Higher soil water
storage is normally observed under NT as compared to CT (Diaz Zorita et al., 2002; He et al., 2006;
Bhattacharyya et al., 2008), and higher root length density (RLD) is observed under straw mulch than unmulched
plots (Hossain et al., 2008). Mechanical impedance, the resistance offered by the soil matrix against deformation
by a growing root, is also a major factor inhibiting root growth (Amato & Ritchie, 2002; Duruoha et al., 2007).
Diaz-Zorita et al. (2005) observed quadratic response of RLD decrease with increase in soil bulk density. Root
elongation occurs when root pressure exceeds mechanical impedance. In general, soil compaction inhibits plant
root growth through increased mechanical resistance, and altered water and nutrient supply (Himmelbauer et al.,
2010). Compaction in one portion of the soil profile may decrease RLD in underlying non-compacted layers.
Taboada and Alvarez (2008) observed 40-80 % decrease in root abundance below 10 cm depth under CT. In
general, root elongation rate decreases in response to both increasing penetrometer resistance and decreasing
matric potential of soil (Bengough et al., 2011). In this regard surface soil properties are more important than
tillage itself in terms of root growth, which in compacted soil is restricted when macropores are absent (Micucci
& Taboada, 2006). If macropores exist, preferential root growth occurs resulting in a clustered root system
(Logsdon & Allmaras, 1991; Tardieu, 1994). Root growth can be restricted due to increase in penetration
resistance, which primarily results from increase in tension in water film between the soil particles on drying
(Whalley et al., 2005; Whitmore & Whalley, 2009; Whalley et al., 2005; Mckenzie et al., 2009; White &
Kirkgaard, 2010; Yamaguchi & Sharp, 2010). The data presented in the literature on root distribution as affected
by NT and CT are not consistent. Some have reported that root length and weight may be more prolific under NT
than CT (Newell & Wilhem, 1987; De Vita et al., 2007; lijima et al., 2007; Martinez et al., 2008), others have
reported just the opposite response (McGonigle & Miller, 1996; Karunatilake et al., 2000), and yet some have
observed similar root distribution under the two tillage systems (Raczkowski, 1988; Hughes et al., 1992).

There is a lack of process and effect-oriented research data regarding relationship between RWC and root mass
distribution of corn with soil water status and mechanical impedance under different tillage practices. Therefore,
the objective of this field experiment was to study variations in RWC and RMD under NT and CT practices. The
study was designed to test the hypothesis that NT improves mechanical and hydrological characteristics of the
soil which enhances RWC, stomatal opening and RMD as compared to CT.

2. Materials and Methods
2.1 Site

The field experiment was conducted on Omulga fine silty Oxyaquic Fragiudalfs at the South Centers of the Ohio
Agricultural Research and Development Center (OARDC) at Piketon, OH (39.13 N, 83.01 W; 176 m above
mean sea level). The soils are moderately drained and drainage pipes are installed at lower soil depths in each
plot. The soil has pH, electrical conductivity (dS m™), organic carbon (%), total carbon (%) and total porosity
(%) 0f 6.2,0.2, 1.3, 0.45 and 44.6 respectively. The climate of the region is temperate and on average the highest
and the lowest temperature recorded were 18.5 and 6.1 °C (with an overall average of 12.3 °C) during the study
year. The annual rainfall of the region is 800 mm (www.oardc.ohio-state.edu/weather/). A total of 490 mm of
rainfall was received during the crop growing season from May to September. The experimental field is situated
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on land with a gentle slope gradient of ~ 2 %. Individual plots with NT and CT have been managed under
continuous corn since 2004. The CT plots were moldboard plowed followed by disking twice every season
before sowing, where as the soil under NT plots was maintained undisturbed.

2.2 Experimental Design

The experiment was laid out as a Randomized Complete Block Design (RCBD), with three replications, with the
individual plot size of 15 x 30 m. A buffer zone of 15 m was maintained between adjacent plots. The corn was
planted in the second week of May with a seeding rate of 67400 seeds per ha and row to row spacing of 75 cm.
With the exception of tillage, other crop management practices were similar in all plots. During the 2010
growing season, measurements and samples were obtained from each plot to quantify the soil-plant-water status
according to the procedures described below.

2.3 Determination of Volumetric Soil Moisture Content (8), Bulk Density (py) and Soil Matric Potential (¢)

Soil samples for determination of gravimetric soil moisture content (®) were obtained in triplicate by a tube
sampler (2.2 cm diameter) between the corn rows. Measurement of ® was made at 10 cm increment to 90 cm
depth at V8 and R2 growth stages. Soil samples were oven dried at 105 °C for 24 hours. Undisturbed soil cores
were used for p, determinations (Blake and Hartge, 1986). The volumetric soil moisture content () was
computed from the ® and p, values as follows: 6 = .p,/ py, Where, p,, is density of water. The ¢ was measured
by installing tensiometers at 20, 40, 60 and 80 cm soil depths. Tensiometers equipped with suction gauges and
calibrated in KPa were installed between the rows.

2.4 Determination of Soil Penetration Resistance (PR)

Soil PR was measured by a hand-held digital cone (12.8 mm diameter) penetrometer (Field Scout, SC 900 Soil
Compaction Meter; Spectrum Technologies, Inc., Plainfield, IL, USA) at four randomly selected locations within
a plot. Soil PR readings were recorded at 15, 30 and 45 cm depths. The measurements were made in the
beginning of the experiment along with simultaneous measurements of soil moisture content.

2.5 Determination of Relative Water Content (RWC) and Stomatal Closure Time

The RWC was determined according to the method described by Barrs and Weatherley (1962) and later
modified by Esparza-Rivera et al. (2006) (See Equation 1). Three plants were randomly sampled from each plot
to determine RWC of leaves at V8 and R2 growth stages of corn. The RWC determination was accomplished by
excising 1 cm discs from the uppermost, medium and lower leaves with two discs from each leaf, thus making a
total of 6 discs per plant. These disks were collected in plastic vials and weighed immediately, providing a
measure of fresh weight (FW). After weighing, the disks were soaked in de-ionized water for 4 h and then
weighed again to obtain a fully turgid weight (TW). Finally, the leaf discs were dried at 80 °C for 24 hrs and
weighed to obtain the dry weight (DW). For determining the stomatal closure time, the leave discs collected in
triplicate from NT and CT plots were air dried in the lab and weighed at regular time intervals of 15 minutes
until the constant weight.

2.6 Determination of Root Mass Density (RMD)

The RMD was measured in triplicate up to 90 cm depth using a tube sampler of 2.2 cm diameter at 15 cm
distance along and across the corn rows. Roots from all treatments were sampled during the R2 growth stage,
when maximum root mass was developed. Cores were divided into 10 cm depth increments. A soil sample was
placed in a clean 5 liter plastic container. About 2 liters of clean water was gently poured into the container while
slowly stirring the soil by hand to loosen the roots from soil and floating the roots. The supernatant was carefully
passed through a pair of sieves with mesh size of 0.5 mm and 0.29 mm to capture all the roots. The captured root
material in the sieves was washed again to remove any remaining soil. The material in the sieves was transferred
to a basin with clean water for ease of separating live and dead roots and any other materials. Live roots were
distinguished by their light color and flexible rather than friable nature. A magnifying glass and pair of forceps
were used to pick out the live roots. These roots were then transferred into small petridishes and dried in an oven
at 60 °C for 48 hours. The roots were weighed on a four digit balance and the RMD was calculated as the ratio of
dry mass of roots and the core volume.

2.7 Exponential Equations for RMD Estimation
The RMD data for different depths were fitted to an exponential equation:
Y =Yoe™ )

and a modified exponential equation (Dwyer et al., 1995) as:
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Y=Yoe®+C 3)
where, Y is RMD (mg cm’3), Yo is RMD extrapolated to X = 0, B is a shape coefficient, C is a coefficient that

represents the RMD (mg cm ) in the deepest increment, and X is soil depth (cm). Data were fitted to both
equations to determine the one that best represented RMD distribution with the depth.

2.8 Statistical Analysis

Statistical analysis was performed using one way ANOVA test and CPCS1 program (Cheema and Singh, 1990).
Mean separation among treatments was obtained using the least significant difference (LSD) test at P < 0.05.

3. Results
3.1 Leaf RWC as Affected by Tillage and Time of Measurement

The RWC of leaves varied significantly (P <0.05) among tillage treatments as well as the times of measurement
during a particular day. The RWC was higher during the morning (800 hr), and progressively decreased during
the rest of the day (i.e., 1100, 1400, 1700 hrs). During V8 growth stage the RWC ranged from 95.4 to 73.2 % in
NT and 89.6 to 60.9 % under CT for measurements made at 800 and 1700 hrs respectively (Table 1). Significant
differences in RWC were observed for measurements made at 1700 hrs, when RWC was 15 % more in NT than
in CT. Relatively a stronger decline in RWC was observed in CT than in NT in the afternoon. A reduction in
RWC from 74.1 to 60.9 % was observed under CT, compared with a decrease from 78.1 to 73.2 % in NT for
measurements made at 1400 and 1700 hrs, respectively. Similar observations were recorded during the R2
growth stage (Table 2).

Table 1. Tillage effects on leaf relative water content (%) at V8 growth stage of corn

Tillage treatment Time of measurements (hrs)
0800 1100 1400 1700

NT 954 808 78.1 732
CT 89.6 78.6 741 60.9
LSD (< 0.05) Tillage = 0.48

Time = 0.68

Tillage x Time = 0.96

(NT= no-till; CT = conventional tillage)

Table 2. Tillage effects on leaf relative water content (%) at R2 growth stage of corn

Tillage treatment Time of measurements (hrs)
0800 1100 1400 1700

NT 82.6 72.1 659 603
CT 80.9 69.6 625 514
LSD (< 0.05) Tillage = 2.21

Time = 1.56

Tillagex Time = NS

(NT= no-till; CT = conventional tillage)

The leaf RWC was significantly correlated with the matric potential (¢) of the soil (Figure 1). There was a
significant decrease in RWC from 95.4 to 82.6 % (NT) and from 89.6 to 80.9 % (CT) with increase in ¢ (KPa)
{means more negative or decreasing soil water content value} from 59 to 70 (NT) and 68 to 77 (CT) for the
measurements made at 800 hrs during V8 and R2 growth stages, respectively. During the afternoon, there was a
three times more decrease in RWC value as compared to the measurements made during the morning. Similarly,
significant correlations were observed between water content of the soil (o) and RWC (Figure 2). The maximum
variation in ® was observed between NT (23.6 %) at V8 growth stage and CT (14.1 %) at R2 growth stage.
The RWC decreased by 44% with 8% decrease in .
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Figure 1. Relative water content as affected by no-till (light colored lines), conventional tillage (dark colored
lines) and soil matric potential at V8 (solid lines) and R2 (dashed lines) growth stages. (Different markers A, m,
¢ and erepresent measurements made at 800, 1100, 1400 and 1700 hrs). Bars show LSD (<0.05) values
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Figure 2. Relative water content (%) as affected by no-till (circle markers), conventional tillage (square markers)
and soil water content at V8 (solid lines) and R2 (dashed lines) growth stages

Changes in volumetric water content (8) with depth among tillage practices during V8 and R2 growth stages
(Figure 3) indicate that 8 ranged from 0.22 to 0.34 m® m™ and 0.12 to 0.22 m® m™, respectively. More significant
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variations in 6 among tillage treatments were observed during R2 than V8 growth stage (under drier soil
condition).
Volumetric water content (m3 m-3)
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Figure 3. Volumetric soil water content as affected by no-till (circle markers), conventional tillage (square
markers) and soil depth at V8 (solid lines) and R2 (dashed lines) growth stages. Bars show LSD (< 0.05) values

3.2 Stomatal Closure as Affected by Tillage

A significant variation in the proportionate decrease in RWC with increase in time after air drying of leaf discs
was observed among both tillage treatments (Figure 4). Large and significant differences in RWC were observed
at the beginning and the differences diminished towards the end of the experiment (i.e. after 240 minutes). The
maximum variation in initial RWC was observed between NT (85.8 %) and CT (79.3 %) during the V8 growth
stage. A similar trend was observed but with lower values of RWC at R2 growth stage. Due to severe soil water

stress during the R2 stage, stomata closed sooner in CT as was indicated by the constant RWC achieved earlier
in CT than in NT.
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Figure 4. Proportionate decrease in relative water content as a function of time under no-till (circle markers) and
conventional tillage (square markers) at V8 (solid lines) and R2 (dashed lines). Bars show LSD (<0.05) values
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3.3 Corn Root Distribution

The RMD varied significantly (P < 0.05) among tillage, soil depth and row positions (Tables 3 & 4). The RMD
declined markedly with increase in soil depth beyond 30 cm. Maximum RMD along the row for 0-10 cm depth
was observed in NT (0.50 Mg m™) and the least in CT (0.34 Mg m™). Approximately 90 % of total RMD
occurred within the upper 50 cm, and decreased with depth under NT (Figure 5). A higher RMD was observed
for 10-20 cm depth in CT (0.65 Mg m™) than in NT (0.37 Mg m™). Similar observations were recorded across
the row measurements. No significant differences in RMD were observed among tillage practices for both row
positions below 30 cm depth. However, due to lesser water availability in the surface soil under CT, there was
more root penetration into deeper layers in CT than in NT. For in-row measurements in the 60-90 cm depth,
RMD varied from 0.014-0.107 Mg m™ and 0.006-0.089 Mg m™ under CT and NT, respectively. A similar trend
was observed across the row measurement, except for relatively lesser values. There is a probable development
of plow pan under CT, since higher bulk density and penetration resistance were measured in CT compared to
those under NT (Figures 6 & 7). However, among row positions, the maximum RMD was observed along rather
than across the row. More significant (P < 0.05) variations in percent RMD were observed in the upper than in
lower soil layers. Further, RMD decreased by about 15 % in across compared with along the row measurements.
Further, RMD estimated through exponential equation (Equation 2) correlated well with the observed values
(Figure 8). However, when the equation is modified (Equation 3) by adding the RMD values for the last depth, it
over predicted the measured data by 15 %.

Table 3. Percent distribution of root mass density under different tillage systems along the row at different soil
depths

Tillage practice Soil depth (cm)

10 20 30 40 50 60 70 80 90

NT 353 219 181 96 54 42 24 22 09
CT 20.1 359 134 123 50 52 50 20 1.1
LSD (P<0.05) 1.9 25 23 NS NS NS 04 NS NS

(NT= no-till; CT = conventional tillage)

Table 4. Percent distribution of root mass density under different tillage systems across the row at different soil
depths

Tillage practice Soil depth (cm)

10 20 30 40 50 60 70 80 90

NT 302 229 132 122 103 48 39 20 0.6
CT 194 373 115 79 95 62 46 28 08
LSD (P<0.05) 45 62 NS 32 NS 12 NS NS NS

(NT= no-till; CT = conventional tillage)
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@ Exponential equation B Modified exponential equation
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Figure 8. Calculated values of root mass density through exponential equation (solid line) and modified
exponential equation (dashed line) against observed values

3.4 Volumetric Water Content (6)

The data on 0 as affected by the date of sampling, soil depth, and tillage treatment (Figure 9) indicate that 0 was
significantly affected by tillage (P <0.05). The maximum variation in 6 was observed under NT (0.28-0.39) and
the least under CT (0.12-0.19) throughout the soil profile under the wettest and the driest periods of the cropping
season, respectively. Further, 0 varied more significantly among tillage treatments during the dry periods
throughout the soil profile. In general, 0 increased with increase in soil depth up to 50 cm and it decreased with
depth thereafter. Among tillage treatments, significantly (P < 0.05) higher 6 was observed in surface soil under
NT for most of the sampling dates. Significant temporal variations in 6 were observed during the cropping
season (Figure 9).

Volumetric water content (m3 m3)

0.00 0.10 0.20 0.30 0.40 0.50
0 : : . . :
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20 -
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80 -
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—%— NT(8/17/2010) —e— CT(8/17/2010) NT(9/17/2010) CT(9/17/2010)

Figure 9. Volumetric soil moisture content as affected by different tillage practices, soil depth and time of
measurement
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4. Discussion

Tillage significantly affects soil mechanical and hydrological properties, which subsequently affect plant growth
parameters, particularly root growth and water uptake. Soil water availability and mechanical impedance are the
two main parameters that directly affect plant growth and biomass. The data obtained in the present study
indicates that tillage significantly (P < 0.05) affects RWC, stomatal closure and RMD. The higher soil water
content measured under NT increased RWC, while the lower soil water reserves under CT decreased RWC.
Further, there were considerable variations in RWC within treatment for the measurements made during different
times of the day. A sharp decline in RWC was observed in CT for the measurements made at 1400 hrs and 1700
hrs. Similar observations were also reported by Zhang et al. (2008), probably because of a higher evaporative
demand and lesser availability during the afternoon. Zhang and colleagues also observed that a higher leaf
temperature than ambient temperature under CT than NT may be another reason for this response of RWC.
Lower RWC under CT indicated that corn plants were subjected to higher degree of drought stress than those
under NT. Thus, plants grown under NT system were better able to meet the transpiration demand than those
under CT. Further, the reduction in transpiration was less under NT than under CT. The early morning RWC
measurements in this study followed the same trend as did the soil water reserves. Li-Ping et al. (2006) observed
that RWC of corn was reduced from 92.8 % to 79.9 % under adequate water to severely stressed conditions at
silking stage of corn growth. The ultimate destination for most of the soil water moving into a plant is the leaf
surface, where it is lost as vapor through the stomatal pores. The driving force to move the liquid water from the
root to the leaf is the water potential gradient. The RWC decreased significantly with decrease in soil matric
potential (¢). Crop growth may be reduced by increasing compaction of soil, limiting the volume of soil water
accessible to the plant, as well as the overall lack of water. The RMD is higher under NT in surface soil due to
more availability of water and nutrients in this soil layer. Also, the extensive colonization of the root areas under
NT indicates that the quality and structure of soil may have improved under NT. For better root proliferation to
lower soil depth there is a need to check hard pan formation, so that roots can extract more nutrients and water
from the sub soil. Roots in CT did not penetrate into the soil below this depth because of the hard soil layer
(plow pan) as indicated by high bulk density and PR measurements. The maximum PR was observed under CT
(3.52 M Pa) and the least under NT (2.83 M Pa) at 15-30 cm depths (Figure 7). In the surface soil layer, there
was no significant difference in PR among tillage treatments. In general, PR increased significantly (P<0.05)
with increase in depth for all treatments, particularly for the CT treatment. The differences in PR among
treatments were more drastic beneath 30 cm depth. Stewart et al. (1999) also observed that up to 80 % of roots
were located in and around the macropores. However, among row positions, the maximum RMD was observed
along than across the row. The present results of a higher RMD closer to the row were also reported in earlier
studies (Liedgens & Richner, 2001; Qin et al., 2004; Qin et al., 2006). There were few roots below 50 cm depth.
Similar, observations were also recorded by Dowdy et al. (1993) and Qin et al. (2006). Since there was an
adequate soil water for crop growth in the top 60 cm soil profile, hence a shallow rooting depth was adequate.
Ball-Coelho et al. (1998) reported that root length density in the top 10 cm of soil depth was higher under NT
(17 km m™) than CT (7 km m™), while in the 15 to 30 cm layer it was 4 km m™ lower under NT than CT. The
root weight was distributed more horizontally under NT than CT, which shows that both equations could be used
for estimating the RMD under different tillage practices if rooting depth and root mass density at the surface
layer are known (Dwyer et al., 1995).

5. Conclusions
The data presented support the following conclusions:

e  Higher soil water content was observed throughout the soil profile under no-till than conventional tillage.
However, bulk density and penetration resistance were observed to be more in the sub-surface soil layer under
conventional till than those under no-till.

e  No-till maintains significantly higher relative water content of corn leaves even during drought conditions
due to high soil water reserves as compared to conventional tillage.

e  Under drought conditions, stomata close much earlier under conventional tillage than under no-till
treatment.

e  Tillage also significantly impacts root mass distribution: higher root mass density observed in the surface
soil layer under no-till may be due to higher soil water content than in conventional tillage. Formation of plow
pan in conventional tillage restricted root growth to the surface layer, thus plants were subjected to drought stress
more than those grown in no-till system.
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