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Abstract: Adequate knowledge of soil processes is key to ensuring sustainability.
Towards a better understanding of some thermal and hydrological processes
that take place in the soil as a result of the growth period of maize and
cowpea, a concurrent research was carried out in two different locations
with soil textural variation (sandy clay loam and clay loam) at the Federal
University of Technology, Akure. The treatment consisted of bare soil plot,
cowpea plot, and maize plot arranged in a randomized complete block design
in three replicates. The same weed management practice was carried out on
all treatment plots throughout the duration of the study. Data were collected
at 4 weeks after planting (WAP), 8 WAP, and 12 WAP, during which the dry
bulk density, mass wetness, volumetric infiltration rate, saturated hydraulic
conductivity, sorptivity, soil temperature, total energy emitted, wavelength
of maximal radiation intensity, and energy flux were determined. The results
showed that growing maize and cowpea had no significant influence (P >
0.05) on the soil properties measured in the SCL soil. However, significant
difference was noticed in the CL soil at 8 WAP; the crops grown prevented the
formation of excess soil seal and crust when compared to the bare soil plot.
This study shows that soil textural property greatly influences hydrological
and thermal processes in the soil during the maize and cowpea growth period.
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Introduction

Soil sustainability can be said to be achieved if the production and nutritional
quality of crops can be maintained over time without endangering the ecosystem
and biodiversity [1]. The conservation of soil quality is fundamental to this
sustainability. Healthy and productive soils are major to accomplishing about six
of the sustainable development goals (SDG) adopted by the United Nations General
Assembly [2, 3]. Our food systems are sustained by the soil while it filters water,
sequestrates carbon, and supports numerous organisms. However, these soils are
progressively under a lot of pressure from climate change, poor land management,
and population growth [4]. In 2015, the 68" United Nations General Assembly
began an evolution to raise awareness about the life-supporting functions of the soil
[5]. This evolution triggered the need for improved understanding and sustainable
management of this overlooked and abused natural resource called soil.

Land clearing of forested areas for crop production has been said to initiate
processes that cause a rapid loss of carbon [6] and nitrogen from the soil; among
others, this results in decline in soil quality termed as soil degradation [7, 8]. Total
degradation of soil condition is critical because it is not easily naturally reversible
[9]. This is because soil formation and regeneration processes are predominantly
slow [10]. However, soil degradation is a gradual multifaceted process in which
several features of soil deterioration can be recognized. Most of these degradative
processes and their negative consequences can be controlled, prevented, abolished,
or at least moderated if these processes are well understood. This prompted the
need for this research to understand if maize and cowpea, which are commonly
grown in the study area, have direct additional influence on some soil processes
such as soil hydrological and thermal processes, which are majorly influenced
by climate change while being crucial to soil sustainability. These soil processes
are essential dynamic characteristics for assessing the influence of climate and
agronomic management practices on the behaviour of soil. Soil temperature is an
important attribute that influences soil biological, chemical, and physical quality
[11]. It greatly influences the mineralization of various organic substances [12] and
soil water availability [13]. Soil water, in turn, influences the interaction of the
hydrological processes in the earth system [14]. One study claimed that agriculture
threatens more plant and animal species worldwide than urban development and
climate change combined [15]. This threat to biodiversity is a reminder of the
urgency to understand the impacts of food production on the environment.
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Materials and methods

Description of the study area

The study, sited at two locations at the Federal University of Technology, Akure,
Ondo State, Nigeria, was conducted from 21 April to 14 July in the year 2018.
Location 1 was at the Teaching and Research Farm (Longitude: 5.145833; Latitude:
7.298889), while location 2 was at the Obakekere Junior Staff Quarters’ Farm
(Longitude: 5.123889; Latitude: 7.308889). Prior to the study, Location 1 had been
left fallow for a period of 3 years after having been used for various research studies
involving the addition of chemical and/or organic fertilizers, while Location 2 was
used for cassava multiplication project but left fallow for about four years before
the experiment. The major weeds identified on the plots were Tithonia diversifolia,
Sida acuta, Imperata cylindrica, and Euphorbia heterophylla.

Akure is in the humid rainforest zone of south-western Nigeria [16]. The study
area experiences distinct dry and wet seasons. The mean annual rainfall ranges
from 1,405 mm to 2,400 mm [17]. The total monthly sunshine time is about 190
hours, while annual relative humidity is 80% [18]. The mean monthly rainfall,
air temperature, and relative humidity data during the experiment are stated in
tables 1 and 2. Rainfall data was sourced from the ERA5 of the Copernicus Climate
Change Services, as described by [19], while air temperature and relative humidity
data were sourced from the Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2), using the Goddard Earth Observing System
Model, Version 5 (GEOS-5) with its Atmospheric Data Assimilation System
(ADAS), version 5.12.4.

Table 1. Mean monthly air temperature, rainfall, and humidity data during the
experiment at the Teaching and Research Farm
(Longitude: 5.145833; Latitude: 7.298889)

Months Air temperature Rainfall (mm) Relative humidity
(°C) at 2 metres (%)
April 24.90 111.6 86.76
May 25.29 144.8 89.10
June 24.40 208.7 90.95
July 24.09 208.0 90.52

Note: Elevation from MERRA-2 was at 292.62 m for air temperature and relative humidity.
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Table 2. Mean monthly air temperature, rainfall, and humidity data during the
experiment at the Obakekere Junior Staff Quarters’ Farm
(Longitude: 5.123889; Latitude: 7.308889)

Months Air temperature Rainfall (mm) Relative humidity
(°C) at 2 metres (%)
April 25.77 106.5 86.76
May 25.29 147.6 89.10
June 24.37 200.0 90.95
July 24.09 206.4 90.52

Note: Elevation from MERRA-2 was at 292.62 m for air temperature and relative humidity.

Experimental design and land preparation

A land area measuring 60 m x 60 m was ploughed and harrowed. A portion
of the land was then divided into nine (9) experimental units of a total area of
225 m? (15 m x 15 m). Each unit had a dimension of 4 m x 4 m and 1 m buffer
zone between plots and also between blocks. The maize plot resulted in 36 plant
stands per treatment plot at 75 cm x 25 cm standard spacing, while the cowpea
plot had 49 plants per treatment plot at 45 cm x 45 cm standard spacing. The
control plot was left bare.

Planting material

Late maturing cultivar Maize (TZB-SR) obtained from the International Institute
of Tropical Agriculture (IITA) Ibadan, Oyo State, and Cowpea variety 07K-131-
1 obtained from the Seed Bank of the Plant Breeding Unit, Crop Soil and Pest
Management Department, Federal University of Technology Akure, were used
for the experiment.

Experimental procedure

The experiment consisted of three treatments, as indicated in Table 3. The soil
was analysed for its inherent thermal, hydrological, and other essential physical
properties prior to the experiment (before and after ploughing and harrowing),
as stated in Table 4. All plots were put through the same agronomic management
procedure. All weeds were uprooted manually and shaken to remove soil particles
attached to the roots, after which the weeds were placed back on each plot as a
means to recycle nutrients taken up by the weeds. This was done at 2 WAP, 4 WAP
(after data collection), 6 WAP, 8 WAP (after data collection), and 10 WAP.
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Table 3. Treatment number, notation, and meaning

Treatment number Treatment notation Meaning
Treatment 1 BSP Bare Soil Plot (Control)
Treatment 2 CPP Cowpea Plot
Treatment 3 MZP Maize Plot

Determination of soil hydrological properties
Mass wetness

Mass wetness was determined at 4, 8, and 12 WAP in the laboratory using the
soil samples collected by applying the core method. The soil sample’s weight
before and after drying was measured. The water weight is the difference between
the weights of the wet and oven-dry samples.

Mw = Mt — Ms

Mass Wetness(Wm) = (%) * 100,

where Mw is the mass of water in the soil sample expressed in grams, Mt is the
mass of soil sample before drying, in grams, and Ms is the mass of soil sample
after drying, in grams.

Infiltration

Infiltration is the entry of water into the soil through the soil-atmosphere
interface. It was determined using a 10 cm diameter single-ring infiltrometer, as
described by [20]. Cumulative infiltration rate is the total distance moved by water
that entered into the soil in a specific period of time [20]. This was derived in
cm/h basis. Volumetric infiltration rate is the total volume of water that entered
into the soil per time unit. This was derived as described by [21] in cm?®/h basis
using the formula below:

Volumetric infiltration rate = wr? * Cummulative Infiltration Rate
Sorptivity

Sorptivity, being the measure of the ability of the soil to absorb water, was
derived at 4, 8, and 12 WAP for all plots, from cumulative infiltration as a function
of the square root of time for a specific period of time, as described by [21, 20]:

S(em/s™05) = ZLﬁ,
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where S is sorptivity, I is the cumulative infiltration, and t is the time in seconds.
Saturated hydraulic conductivity

Saturated hydraulic conductivity (Ksat) describes water movement through
saturated media. Hydraulic conductivity depends on the intrinsic permeability of
the material, the degree of saturation, and the density and viscosity of the fluid.
It was estimated using the function presented by [22], which is:

Ksat = 1.15741 = 1077 exp(x)

x = 7.755 4 0.0352(%S) + (0.93) — (0.967 x BD?) — (0.000484 * %C?) — (0.000322 * %S?)
0.001 0.0748

o)~ o

—(0.1673 * BD * %0OM) + (0.02986 * %C) — (0.03305 * %5),

) —(0.6431n%S) — (0.01398 * BD * %C)

where %C is the percentage clay content of the soil, %S is the percentage silt
content of the soil, and %OM is the percentage organic matter content of the soil.

Determination of soil thermal properties
Soil temperature

Soil temperature was measured using soil thermometer placed 0-10 cm into the
soil at about 15:00 hrs. The reading was reported in degree Celsius °C.

Total energy emitted

The total energy emitted (Jt) was determined as described by [23] according to
the Stephan—Boltzmann law. The law is represented by the formula below:

J; = eoT*,

where o is a constant which equals 5.670374419e® watt/m?*/K*, ¢ is the emissivity
coefficient — 0.93 (the emissivity value of quartz) was used because quartz is
usually the dominant mineral in soils —, and T is the soil temperature in Kelvin.

Energy flux
The energy flux (E)) emitted in a particular wavelength range (maximal wave-

length) as determined using the Planck’s law, which is represented by the equation
below, was determined at 4, 8, and 12 WAP:
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Ej = Cy/[A°(exp (C2/AT) — 1)],
where T is the absolute temperature of the soil in Kelvin, 4 is the wavelength

at temperature T, C, is a constant which equals 3.74177153e™'* W.m?, and C, is
a constant which equals 1.4387770e2 m.K.

Determination of other physical properties

The particle size analysis of the soil was done using the standard hydrometer
method described by [24], while the particle fraction was calculated using the formulae
and the textural class triangle described by [25]. This resulted in the determination of
the textural class of the soil. The bulk density was determined by core method [26].

Data analysis

The data were compiled into a Microsoft Excel (2016) spreadsheet and then
subjected to analysis of variance (ANOVA) using statistical package for social
sciences (SPSS v. 26), while the means were compared using Tukey’s (HSD) test
at 5% level of probability. The standard deviation values used for the error bars
and all graphical representations were computed using Microsoft Excel (2016).

Results

Table 4. Status of the soils with textural class variation before the experiment

Before ploughing and After ploughing and
harrowing harrowing

Soil properties

Sandy Clay loam Sandy Clay loam

clay loam clay loam

Clay (%) 20.7 37.9 22.9 38.2
Sand (%) 66.1 26.9 63.5 26.4
Silt (%) 13.2 35.2 13.6 35.4
Bulk density (g/cm?) 1.48 1.59 1.29 1.38
Mass wetness (%) 5.52 7.56 6.34 8.21
Volumetric infiltration 1,398 782 1,496 956
rate (cm®/h)
Sorptivity (cm/s*°E-01) 2.89 1.96 3.01 2.02
Soil temperature (°C) 33.24 32.25 35.54 33.46
Total energy emitted 463.81 457.84 477.90 465.15
Energy flux (E-17) 99.04 97.45 102.81 99.39

Note: Mean values are presented in this table.
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Table 5. Soil hydrological properties in sandy clay loam and clay loam soils as
affected by the treatments at 4, 8, and 12 WAP

Sandy clay loam soil Clay loam
Treat- Mass Sorptivity  Volumetric Mass Sorptivity =~ Volumetric
ment Wwetness (cm/s°5E-01) infiltration wetness (cm/s*°E-01) infiltration
%) rate (%) rate
(cm?/h) (cm?/h)
4 WAP
BSP 6.77a 3.20a 1,507.07a 11.14a 2.01a 946.93a
MZzp 7.26a 3.18a 1,497.19a 11.26a 1.87a 879.64a
CPP 7.75a 3.32a 1,566.36a 11.44a 1.88a 886.68a
8 WAP
BSP 6.79a 3.16a 1,491.36a 10.94b 2.07a 978.13a
MZpP 7.27a 3.14a 1,481.48a  11.58ab 2.00ab 944.24ab
CPP 7.75a 3.29a 1,550.65a 11.93a 1.97b 927.22b
12 WAP
BSP 6.93a 3.13a 1,475.65a 12.27a 2.03a 956.26a
Mzp 7.38a 3.09a 1,457.92a 12.43a 2.05a 964.85a
CPP 7.88a 3.24a 1,527.08a 12.59a 2.01a 947.92a

Note: Means followed by the same letters in a column are not significantly (P > 0.05) different
according to Tukey’s Honestly Significant Difference (HSD) test. WAP — Weeks after planting.

Table 6. Soil thermal properties in sandy clay loam and clay loam soils as
affected by the treatments at 4, 8, and 12 WAP

Sandy clay loam soil Clay loam
Treat- Soil Total Energy Soil Total Energy
ment tempe- energy flux (E-17) tempe- energy flux (E-17)
rature emitted rature (°C) emitted
(°C) (watt/m?) (watt/m?)
4 WAP
BSP 35.28a 476.30a 102.38a 32.57a 459.70a 97.97a
MZP 35.20a 475.79a 102.25a 32.83a 461.47a 98.40a
CPP 34.71a 472.78a 101.44a 32.27a 458.00a 97.50a
8 WAP
BSP 35.04a 474.82a 101.99a 33.47a 465.11a 99.37a
MZP 34.96a 474.32a 101.85a 32.30ab 458.11ab 97.53ab

CPP 34.48a 471.38a 101.06a 31.70b 454.63b 96.60b
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Sandy clay loam soil Clay loam

Treat- Soil Total Energy Soil Total Energy
ment tempe- energy flux (E-17) tempe- energy flux (E-17)
rature emitted rature (°C) emitted
(°C) (watt/m?) (watt/m?)
12 WAP

BSP 34.99a 474.49a 101.90a 35.40a 477.17a 102.67a
Mzp 34.91a 473.99a 101.76a 33.17a 463.41a 99.00a
CPP 34.43a 471.07a 100.98a 32.90a 461.77a 98.53a

Note: Means followed by the same letters in a column are not significantly (P < 0.05) different
according to Tukey’s Honestly Significant Difference (HSD) test. WAP — Weeks after planting.

Sandy Clay Loam Soil
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Figure 1. Saturated Hydraulic Conductivity (Ks E-05) in a sandy clay loam soil
as affected by the treatments at 4, 8, and 12 WAP
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Figure 2. Saturated Hydraulic Conductivity (Ks E-05) in a clay loam soil as
affected by the treatments at 4, 8, and 12 WAP
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Figure 3. Dry Bulk Density (g/cm?) in a sandy clay loam soil as affected by the
treatments at 4, 8, and 12 WAP

Clay Loam Soil

1.62

1.60
g 1.58 T
1.56 T N
5 mAWAP
1.54
a SWAP
152 m12WAP
zt
1.48
1.46

Maize Plot Cowpea Plot Bare Soil Plot

Bulk Density (g/

Y
N
1%
3

Note: Error bars correspond to the standard deviation and compared to the control
(0B) (P > 0.05).

Figure 4. Dry Bulk Density (g/cm?®) in a clay loam soil as affected
by the treatments at 4, 8, and 12 WAP

Discussion
Status of the soils with textural class variation before the experiment

The status of the study prior to the experiment is shown in Table 4. The textures
of the soils were sandy clay loam (SCL) and clay loam (CL), although a variation
in individual values of the sand, clay, and silt content were noticed before and
after ploughing and harrowing. The bulk density of the SCL and CL were 1.48g/
cm® and 1.59 g/cm?, resp., before ploughing and harrowing and 1.38 g/cm?® and
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1.29g/cm?, resp., afterwards. The values recorded for the volumetric infiltration
rate, soil temperature, and sorptivity were lower in CL compared with the SCL.

Soil hydrological properties in sandy clay loam and clay loam
soils as affected by the treatments

Maize and cowpea growth influence on soil hydrological properties of the SCL
and CL are presented in Table 5. At 4, 8, and 12 WAP, there was no significant
difference (P > 0.05) among the treatment mean values for mass wetness in SCL.
This means that the presence of cowpea or maize on the plot did not significantly
influence the amount of water stored in the SCL soil throughout the experiment.
However, there was a trend revealing that the cowpea plot stored more water
in the soil (7.75% at 4 WAP and 8 WAP, 7.88% at 12 WAP), while the bare soil
plot had the least amount (6.77% at 4 WAP, 6.79% at 8 WAP, 6.93% at 12 WAP)
despite not being significantly different (P > 0.05). This trend was probably due
to the shading effect of the broad leaves of the cowpea, thereby reducing water
loss. [27] concluded that a decrease in vegetative cover would cause an increase
in soil temperature, which will accelerate moisture loss.

In the CL soil, the only significant difference (P < 0.05) recorded was at 8 WAP.
This was when the highest difference was observed between the control (BSP),
which had the lowest mean value (10.94%), and CPP, which had the highest
(11.93%). This was probably due to an on-site observation, which was noted
while conducting the study. Soil seal and crust formation were noticeable on the
BSP compared to MZP and CPP, thereby probably reducing the amount of water
infiltrated and retained. This phenomenon is in line with the finding of [28]
although the sealing and crusting were kept in check due to leaving uprooted
weeds (organic matter) on the soil surface after the agronomic maintenance of all
plots, as recommended by [29].

Comparing the mass wetness values of the soils of the experimental location,
it was expected that the CL soil would have a higher water content than the SCL
soil. It has been concluded that soils with higher sand percentage would allow
easier drainage of water than storage, while soils with a higher clay content have
a greater ability to adsorb water than soils with higher percentage of sand [30].

The volumetric infiltration rate (VIR) and sorptivity were the inverses of
the mass wetness trend. High mean values for mass wetness resulted in a low
volume of water infiltrated into the soil per hour. This is probably due to the
inherent moisture content of soil being a highly crucial factor when considering its
infiltration capacity [31, 32]. There was no significant difference (P > 0.05) among
the mean values recorded for the VIR and sorptivity as a result of the treatments
on the SCL soil.
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With reference to Figure 1 and Figure 2, MZP and CPP had no significant impact
on the saturated hydraulic conductivity (Ks) mean values recorded in both SCL and
CL soils compared to the BSP. However, there is a difference in trend with regard
to SCL and CL. There was a downward trend in Figure 2, which shows that Ks was
higher at 4 WAP and reduced subsequently at 8 WAP and 12 WAP in CL soils. The
initial increase was probably due to the agitated state of the soil after ploughing
and harrowing, and as the soil settled with time, there was probably a reduction
in the ease with which water moved in the CL soil. Also, comparing the Ks mean
values for the SCL and CL, it was observed the SCL had higher values compared
to CL. This observation could have been accounted for by many factors such as the
level of macroporosity and compaction. Several researchers have concluded that
the hydraulic conductivity of clay—sand mixtures decreases with the increase in
clay percentage [33, 34, 35]. Also, the SCL had a lower compaction level compared
to CL. This was reflected through the mean values of dry bulk density.

Soil thermal properties in sandy clay loam and clay loam soils
as affected by the treatments

Table 6 shows the mean values describing the thermal properties of the soil as
aresult of the treatment. There was no significant difference (P > 0.05) among the
soil temperature (ST) mean values in the SCL soil. However, the trend shows that
CPP had the least mean value for the soil temperature at 4 (34.71 °C), 8 (34.48 °C),
and 12 WAP (34.43 °C) followed by MZP (35.20 °C at 4 WAP, 34.96 °C at 8 WAP,
34.91 °C at 12 WAP), while the highest mean values recorded were for the BSP
(35.28 °C at 4 WAP, 35.04 °C at 8 WAP, 34.99 °C at 12 WAP). This result is in line
with the findings of [36], who concluded that soil temperature was higher for the
plot with sole maize than for the plot with sole cowpea. The trend recorded in the
SCL was replicated in the CL. However, there was a significant difference (P < 0.05)
among treatments in the CL at 8 WAP only. This significant difference at 8 WAP
under thermal properties was the same as with the hydrological properties. It has
been concluded in a previous study that soil hydrological properties and thermal
properties are closely linked [27]. Water has also been found to have a cooling
effect in soils.

The values recorded for total energy emitted (TEE) during the study were directly
proportional to the soil temperature mean values. It is assumed that the same
amount of solar energy was directed at all experimental plots since there was
no form of shading on any section of the total plot area. It can be concluded that
energy not emitted by the soil was absorbed by the plants through a process called
photosynthesis, thereby causing the BSP to have a higher TEE compared to MZP
and CPP. This means that energy received per unit area by the MZP and CPP was
put to good use towards ensuring food security.
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Energy flux (EF) is the rate of transfer of energy in the soil. EF is also presented
in Table 6. There was no significant difference (P > 0.05) among treatments in
the SCL; however, at 8 WAP, there was significant difference (P < 0.05) among
treatments in the CL. According to the mean values recorded, it was noted that the
rate of energy transfer in SCL was higher than the values recorded for CL. This was
probably because moisture stored in the CL was higher than in the SCL, thereby
causing a cooling effect, which reduced the soil temperature.

Other soil physical properties in sandy clay loam and clay loam
soils as affected by the treatments

According to figures 3 and 4, the mean values of the bulk density (BD) for the
SCL and CL soils increased across the weeks for all treatments despite not being
significantly different (P > 0.05).

The CPP had the lowest mean value for BD (1.42g/cm® at 4 WAP, 1.44g/cm?
at 8 WAP, and 1.45g/cm?® at 12 WAP), while MZP and BSP had the same mean
values in the SCL soil (1.44g/cm?® at 4 WAP, 1.46g/cm® at 8 WAP, and 1.47g/cm? at
12 WAP); however, there was no similarity in the standard deviation (SD) values of
MZP and BSP as depicted by the error bars. The values recorded for BSP deviated
more from the mean value compared to MZP.

The same trend as above was noticed for the treatments in the CL soil, where
CPP had the least mean values for BD (1.52g/cm?® at 4 WAP, 1.55g/cm?® at 8 WAP,
and 1.56g/cm?® at 12 WAP) followed by the MZP (1.53g/cm® at 4 WAP, 1.56g/cm® at
8 WAP, and 1.58g/cm? at 12 WAP), while the BSP had the highest recorded mean
value for all weeks (1.54g/cm?® at 4 WAP, 1.57g/cm® at 8 WAP, and 1.59g/cm?® at
12 WAP). However, the same mean values were not calculated for MZP and BSP
in CL soil compared to SCL soil.

The increased bulk density of the soil throughout the week must have been due
to the resettling of the soil to a resting state after the initial ploughing and harrowing
that was done to prepare the land for cultivation. This must have also been aided
by the wetting and drying cycle that the soil went through; this process has been
concluded to stimulate aggregation in a laboratory experiment conducted by [37].
The BD mean values of the SCL were generally lower than the mean values of the
CL soil; this is probably due to the textural component of the soils. In line with
this, [38] discovered that sandy soil was less compacted by harvesting machines
compared to clayey soils.

Conclusions

This study has shown that despite the physiological differences in maize and
cowpea, there is no significant influence on the hydrological and thermal properties
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of the SCL soil measured in this research. However, the crops grown influenced
soil seal and crust formation in the CL soil positively. More soil seal and crust were
noticeable on the bare soil, thereby increasing run-off and reducing infiltration.
Therefore, the soil textural property greatly influences hydrological and thermal
processes in the soil during the maize and cowpea growth period. It can also be
concluded that the soil thermal properties have direct effect on the hydrological
properties of the soil.
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