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Abstract

Influence of Chicken Manure amendment on the thermal properties of se-
lected Benchmark soils in Zambia was investigated in the laboratory under
soil column experiments. Five benchmark soils were exerted to four chicken
manure amendment rates of 0% (control), 2%, 4% and 6% on a weight basis.
Soil temperature profiles were monitored in soil columns exerted to artificial
heat source and generated data was used to compute the thermal properties
of the soils. The effect of manure application on the soil thermal properties
was strongly related to soil type and application rate. Significant differences
(p < 0.05) were observed in volumetric heat capacity, thermal diffusivity and
damping depth among the benchmark soils. The volumetric heat capacity va-
ried from 3.87 MJ-m>-c”' (Mushemi series) to 8.62 MJ-m™-c”! (Makeni series)
and attributed to differences in soil characteristics. Thermal diffusivity varied
from 0.028 m?s™' (Makeni series) to 0.069 m?s™' (Mushemi series) a reverse
trend to thermal conductivity. A similar trend was observed with damping
depth however thermal conductivity was not significantly different among the
benchmark soils. The studied soils showed significant differences (p < 0.05)
in their thermal properties with chicken manure amendment. Thermal con-
ductivity (1), thermal diffusivity (D,) and damping depth (d) decreased while
volumetric heat capacity (Cv) increased with increased chicken manure addi-
tion. The differences in these thermal properties were attributed to differenc-
es in soil properties. These results suggest that chicken manure application
can be an important intervention in regulation of the thermal properties of
the soil and consequently the thermal regime of the soil.
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1. Introduction

Thermal properties of soils are important attributes to heat transfer in the soil
through conduction, convection, and radiation [1] hence dictating the soil surface
energy budget [2] [3], hydrologic processes [4], and greenhouse gas emissions [5].
These thermal properties dictate the retention and transmission of heat within and
out of the soil and influence temperature and heat flux with time and depth [6].
Although soil temperature measurements are routine, in situ measurements of
thermal properties of soil are rare. In agriculture, thermal properties play an im-
portant role to ensure optimal emergence and crop growth [7]. The measurement
of thermal properties is also necessary for determining mass and energy exchange
processes which take place in the soil-plant-atmosphere continuum. Therefore,
investigating soil thermal properties helps evaluate optimum conditions for plant
growth and development, and is important for controlling soil thermal moisture
regime [8].

The use of chicken manure as an organic amendment improves soil quality.
The need and utilization of chicken manure are attributed to its high content of
nitrogen, phosphorus and potassium [9] and increased organic matter content
[10], rarely mentioned in improved thermal properties. A benchmark soil is one
of large extent within one or more major land resource areas (MLRA), one that
holds a key position in the soil classification system, one for which there is a
large amount of data, one that has special importance to one or more significant
land uses, or one that is of significant ecological importance.

Benchmark soils are important in the soil classification and provide a good
basis for understanding soil properties. These soils data presents a special signi-
ficance to farming, engineering, forestry, urban development, wetland, and other
uses [11]. Information about Benchmark soils can be extended to those soils that
are closely related to classification and geography [12]. However, current inves-
tigation on soils shows there is limited research on the influence of chicken ma-
nure amendment on the thermal properties of selected benchmark soils in Zam-
bia. Hence, this study aimed at assessing thermal properties (thermal conductiv-
ity, volumetric heat capacity, and thermal diffusivity) of selected benchmark
soils and evaluating the influence of chicken manure amendment on the same

thermal properties of selected benchmark soils.

2. Materials and Methods
2.1. Site Description

The Benchmark soils also referred to as soil series used in the study were col-
lected 0 - 0.2 m soil depth from five (5) sites located in Agro-ecological region
(AEZ) IIa of Zambia (Table 1, Figure 1). These soil types are well defined, cha-

racterized and representative of the main productive soils in Zambia [13].

2.2. Preparation Soil and Chicken Manure Samples

Composite soil samples were collected from five benchmark soil series while at
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Table 1. Classification and location of Benchmark soils used in the study.

Soil Series Soil Classification (USDA) Location
Chelston Fine, Mixed, Isohyperthermic Typic Kandiustalf Liempe Farm (S15.394602°, E28.467914°)
Nakambala Fine-Loamy, Mixed, Hyperthermic Oxic Paleustalf Mazabuka (S15.815495° E27.808566°)
Mushemi Clayey, Kaolinitic, Isohyperthermic Ustic Kandiustalf Kabwe (514.395517° E28.497046°)
Makeni Fine, Mixed, Isohyperthermic Udic Paleustoll Lilayi Farm (S15.515227° E28.284358")
Kashinka Fine, Mixed, Isohyperthermic, Ustic Paleustalf Mumbwa Road (S15.423820° E28.045540°)

Figure 1. Location of selected benchmark soils used in the study.

same time the undisturbed soil samples were collected using standard core rings
(diameter = 0.05 m, height = 0.05 m) for selected soil hydraulic characterization.
Extra 100 kg of soil was collected from the five-soil series at a depth of 0 - 20 cm
for use during laboratory column experiments.

Chicken manure samples were collected from the chicken farmhouse within
the School of Agricultural Sciences at the University of Zambia. The samples

were air-dried and sieved through a 2 mm sieve.

2.2.1. Soil Chemical Analysis

The soil pH for the five (5) selected Benchmark soils was determined using Wa-
ter Proof Tester Model pH Meter by Hanna Instruments in 0.01 M calcium
chloride using soil to solution ratio of 1:2.5. Measurements of the EC were esti-
mated from measurements of a saturated extract of 1:5 soil water extract. Or-
ganic matter content was determined by Walkley-Black Dichromate reduction
method [14] [15]. Total N in the soils was determined using the micro-Kjeldahl
method. Available Phosphorus (P) was determined by using the Bray 1 method
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[16] and measured using a JENWAY 6305 UV Spectrophotometer. The exchan-
geable bases which include potassium (K), sodium (Na), calcium (Ca) and mag-
nesium (Mg) were extracted with a 1 N neutral (pH 7) ammonium acetate solu-
tion using a soil: solution volume ratio of 1:5. The K and Na in the extract were
read using flame emission on the Atomic Absorption Spectrophotometer Perkin
Elmer analyst 400 model. Calcium (Ca) and Magnesium (Mg) concentrations
were also measured using the Atomic Absorption Spectrophotometer (AAS).
The micronutrients in the soil were extracted using Diethylenetriamine Patraa-
cetic Acid (DTPA) solution and determined on the Perkin Elmer analyst 400
model Atomic Absorption Spectrophotometer. Separate soil samples amended
with different amounts of manure (0%, 2%, 4% and 6%) were also analyzed for

organic matter using the Walkley and Black method [14].

2.2.2. Soil Physical Analysis

Soil water content at field capacity and soil bulk density was determined from
undisturbed core samples collected from a depth of 0 - 20 cm by the core me-
thod [17]. The quantitative determination of the distribution of the particle sizes
was done using the procedure of the Standardized Bouyoucos Hydrometer Me-
thod [18]. The USDA textural triangle was used to determine the textural class.
Moisture content and bulk density were determined on separate soil samples af-
ter manure (0%, 2%, 4% and 6%) application and were measured on a weight

per weight (w/w) ratio.

2.2.3. Chicken Manure Analysis

Chicken manure samples were air dried, sieved through a 2-mm sieve and
chemically analyzed. The chicken manure pH was determined in 1:5 chicken
manure-water ratio. Organic matter content was determined by Walkley-Black
Dichromate reduction method [14]. Total N in the manure was determined us-
ing the micro-Kjeldahl method [19]. Percentage (%) of available P in chicken
manure was measured by first complete combustion of the sample and digest-
ing the ash with 1 M Nitric Acid solution and finally determined using the Bray
1 method [16]. Percentage (%) of K in chicken manure was measured by di-
gesting the ashed sample with 1 M Nitric Acid solution. The concentration of
potassium (K) was determined using the Atomic Absorption Spectrometer. Ash
content of chicken manure was determined through dry combustion in a muffle
furnace. Moisture content in the chicken manure was determined on weight

basis.

2.3. Experimental Design and Treatments

To assess the influence of chicken manure amendment on the thermal properties
of selected Benchmark soils in Zambia, a soil column experiment was laid out in
the laboratory at the School of Agricultural Sciences at the University of Zambia.
The five soil types representing benchmark soils in Zambia used in the soil col-

umn were from Makeni (Lilayi Farm), Mazabuka (Syrenga Farm), Chalimbana
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(Liempe Farm), Kabwe (Research Station) and (Kashinka Farm) (Figure 1).
The soil column experiment was laid out in a Randomized Complete Block De-
sign, with four treatments from each benchmark soil in four replicates. The
treatments for each soil type comprised of four levels of poultry manure (0.0,
2.0, 4.0 and 6.0%) on dry weight basis. Soils were packed in PVC columns of 50
cm long and cross-sectional area of 292.6 cm’. Each column was lined with
aluminum foil on their inner surface to prevent heat loss during the experi-
ment. The columns were also covered with wire mesh and wire gauze at the

base.

2.4. Soil Thermal Models

Soil temperature profiles were monitored at 10, 20, 30, 40 and 50 cm depth at 30
minutes’ interval for 8 hours using digital thermal couples and ordinary ther-
mometers installed at corresponding depths within the soil columns. The heat
source was provided by 250-Watt infrared bulbs which were mounted on the
surface of the soil in each column.

The measured soil temperature profiles were used to calculate the thermal
properties of soil which included volumetric heat capacity, thermal conductivity,
thermal diffusivity, and Damping depth. Soil thermal property estimation was
performed by using empirical relationships and the Usowicz’s physical model of
thermal conductivity [8]. The volumetric heat capacity C, (in J-m™K™") was cal-

culated using the empirical formulae proposed by de Vries [7]:

C,=(2.0%x, +2.51%x, +4.19%x, )*10° (1)
where x, x, and x,, (m>m™) are the volumetric contributions of mineral and or-
ganic components and water, respectively.

Thermal conductivity (1), the quantity of heat transferred through a unit area

of the conducting body in unit time under a temperature gradient [1] was calcu-

lated from the soil temperature profiles based on Fourier’s law of heat conduc-

R [ e S )
4n\ T, -T,

where g, is the heat flux, and 7] and 7, is the soil temperature at soil depth z and

tion as follows:

z, respectively.
The thermal diffusivity D, (m*s™), speed of heat conduction during changes
of temperature, is calculated from the ratio of thermal conductivity (1) and vo-

lumetric heat capacity (Cv)
D, =— 3)
Damping depth (d), depth at which the temperature amplitude equals the am-

plitude at the soil surface is related thermal diffusivity and the frequency of
temperature fluctuation by:
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2%D,
[

d=

(4)

where dis the damping depth (m), D, is the thermal diffusivity m*>T™" and @ is
the frequency of temperature fluctuation (S™) [1].

The input data needed for the calculations above consists of the soil mineralog-
ical composition, organic matter content, porosity, temperature, and water content
profiles. Moreover, the statistical-physical model requires reference data on the

thermal conductivity of quartz, other minerals, organic matter, water and air.

2.5. Data Analysis

To determine significant differences among the treatments for the measured and
computed parameters, data were subjected to analysis of variance (ANOVA) us-
ing GenStat Statistical Software. The Least Significant difference test was used to

separate the means. Differences were declared significant at p < 0.05.

3. Results and Discussion

3.1. Results on Selected Chemical Properties
of the 5 Benchmark Soils

Data on selected chemical analysis on the thermal properties of selected Bench-
mark soils in Zambia are presented in Table 2. The data revealed that all the 5
Benchmark soils used in the study were slightly acidic. The electrical conductiv-
ity of all the soils was low and less than 2 pS-cm™, indicating that these soils were
free of salinity hazard. Organic matter for all the soils was adequate while Make-
ni soil also had the highest content of organic matter of 4.35% and Mushemi
soils had a value of less than 2%. All the soils had enough total nitrogen and
available phosphorus except in Mushemi soil where available phosphorus was
quite high about 26.42 mg/kg. Mushemi and Kashinka soils had low potassium
while with Makeni, Chelston and Nakambala soils had enough potassium. Na-
kambala soil had 23.60, Makeni 3.23, Chelston soil 2.49 and Kashinka soil 2.21
mg/kg. Mushemi had 0.11 Cmol/kg, Kashinka soil (0.13 Cmol/kg), Makeni (0.22
Cmol/kg), Chelston (0.29 Cmol/kg) and 0.27 Cmol/kg for Nakambala soils.

Table 2. Chemical properties of the 5 benchmark soils.

Location Soil Type pH EC OM Total N P K
P CaCl, uS-cm™ % %  mg/Kg Cmol/kg
Makeni-Lilayi Farm Makeni 5.73 0.06 4.35 1.60 3.23 0.22

Chalimbana-Liyempe Farm  Chelston 5.64 0.13 3.12 1.25 2.49 0.29
Mazabuka-Syrenga farm  Nakambala  5.74 0.07 2.16 093 23.60 0.27
Kabwe Mushemi 5.25 0.02 1.36 0.70 26.42 0.11

Kashima Farm-Mumbwa

Kashinka 5.63 0.02 3.17 1.20 2.21 0.13
Road

pH = Soil Reaction, EC = Electrical Conductivity, OM = Organic Matter, Available phosphorus, K = Ex-
changeable Potassium.
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3.2. Results on Selected Physical Properties
of the 5 Benchmark Soils

Table 3 shows data on soil physical analysis. The data indicated that the bulk
densities of the soils used in the study were within range. There were no signifi-
cant differences observed in bulk density among the soils. Makeni soils had the
lowest bulk density (1.17 gm-cm™), and Mushemi soils had the highest (1.21
gm-cm ). The textures of the soils were classified and fell within sandy loam
(SL), silt loam (SL) and loam (L). The percentage of sand in all the soils was
more than the percentage of silt except for Mushemi soil which had more silt
than sand. Makeni and Chelston series had 53.9% sand, Nakambala and Ka-
shinka had 48.5% and 44.5% while Mushemi had 33.2%. The texture of the soil is
important as it influences the thermal properties of the soil. The sandier the soil,
the lower the heat capacity. Thermal conductivity increases with increase in

moisture content.

3.3. Results on Selected Chemical and Physical Properties

of Chicken Manure
Results on chemical and physical properties of chicken manure are presented in
Table 4. Data indicates a soil reaction (pH) of 6.75 and a high organic matter
content (48.8%), total nitrogen (48%), available Phosphorus (47.04%) and Po-
tassium 63.30%. It had a moisture content of about 1.77% of the dry matter and

ash content of about 15%.

3.4. Thermal Properties of Selected Benchmark Soils

3.4.1. Heat Capacity

Data on thermal properties of the five selected soil series are presented in Table 5.

Table 3. Selected physical properties of the 5 benchmark soils.

pb Sand Silt Clay Texture

Location SOlSeries jem (%) (%) (%)  (USDA)

Makeni-Lilayi Farm Makeni 1.38 53.87 28.80 17.33  Sandy loam

Chalimbana-Liyempe Farm Chelston 1.49 53.87 26.80 19.33  Sandy loam

Mazabuka-Syrenga farm Nakambala  1.63 48.53 38.80 12.67 Loam
Kabwe Mushemi 1.46 33.20 56.80 10.00 Silt loam
Kashima Farm-Mumbwa Road  Kashinka 1.69 44,53 38.13 17.33 Loam

pb = Bulk Density.

Table 4. Physical and chemical properties of chicken manure.

pH o.M N P K Ash Moisture
(H,0) (%) (%) (%) (5) Content (%) Content (%)
Chicken Manure 6.75 48.8 13.39 47.04 63.30 15.0 1.77

pH = Soil reaction, OM = organic matter, N = Total nitrogen, P = Available phosphorus, K = Exchangeable
Potassium.
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Table 5. Thermal properties of selected soil series of benchmark soils in Zambia.

Soil Type (g/i:):na) (M]-nf};-C'l) (w-mfl-c-l) (mpzs) (ci)
Chelstone 1.21%® 4.69° 0.23° 0.053% 37.6"
Kashinka L17° 6.31° 0.25° 0.044% 34.0°
Makeni 117 8.62¢ 0.24° 0.028° 27.4°
Mushemi 1.22° 3.87° 0.21° 0.069¢ 41.8¢
Nakambala 1.21% 4.39° 0.26 0.062¢ 40.5¢
Mean 1.20™ 5.58%%% 0.24" 0.051+* 36.20%%
CV (%) 5.6 33.1 21.8 45.1 20.9
LSD 0.047 1.300 0.036 0.016 5.3
P-value 0.07 <0.001 0.082 <0.001 <0.001

*** = very highly significant, ns = non-significant, values with the same letter are not significantly different
at p > 0.05, p, = bulk density, C, = Volumetric Heat Capacity, A = Thermal Conductivity, D), = Thermal
Diffusivity, d = Damping Depth.

Although all the soils had high values of volumetric heat capacity, they were sig-
nificant differences (p < 0.05) observed among the soil series. Mushemi soils had
the lowest value (3.87 MJ-m™C™"), and Makeni soils had the highest value
(8.62MJ-m.C™"). The high C, may be attributed to the initial organic matter
content which was more than 2% in all the soils except Mushemi soil. Literature
[20] states that if the organic content is high, volumetric heat capacity (C,) will
be high. Since organic content in all the soils was more than 2%, then the C, was
expected to be high.

3.4.2. Thermal Conductivity

There were no significant differences observed in thermal conductivity for the
five (5) soil series. Thermal conductivity varied from lowest (0.21 W-m™'°.C™)
for Mushemi soils and highest (0.26 W-m™°-C™") for Nakambala soils. The aver-
age value for the soils was 0.24 W-m™"-C™". Thermal Conductivity is important
for the transmission of heat in the soil [21] and since there were no significant
differences in thermal Conductivity, heat transmission was the same among the

five (5) soil series.

3.4.3. Thermal Diffusivity

Significant differences (p < 0.05) were observed regarding thermal diffusivity
(D,) among the soils. The mean value was 0.051 m?s. Makeni soils had the lowest
thermal diffusivity (0.028 m’s) while Mushemi Soils had the highest value (0.069
m’s). Although all the soils had low thermal diffusivity, significant differences (p
< 0.05) were observed between Makeni and Chelstone Soils, Makeni and Na-
kambala Soils and Makeni and Mushemi Soils. Thermal diffusivity affects the
distribution of heat and soil heat flux density [22]. In this case, it shows that

there were differences in the way heat is conducted among the soils.
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3.4.4. Damping Depth

The results on damping depth showed significant differences (p < 0.05) among
the soil series (Table 5). Damping depth varied from 27.4 to 41.8 cm with the
mean damping depth of 36.2 cm. There were significant differences (p < 0.05)
observed among the soil series. Makeni series had the lowest damping depth
(27.4 cm), while Mushemi and Nakambala series had the highest value (>40.0
cm), however falling within 50 cm of soil depth important root-zone for most
annual crops. Damping depth, a constant characterizing the decrease in ampli-
tude with an increase in distance from the soil surface show how deep the heat
source at the surface influences depth of heat change or temperature change
[23]. It is important for determining temperature status and selecting necessary

land management to provide optimum temperature.

3.5. Effect of Chicken Manure on Thermal Properties of Soils

For all the five (5) soil series, chicken manure application significantly affected
the volumetric heat capacity of the soil. The addition of chicken manure influ-
ences the volumetric heat capacity of a given soil. As stated by [22] heat capaci-
ties of different solid constituents vary at different proportions of added organic
materials. The data revealed that soil without chicken manure had the lowest
while the amended soil at 6% treatment had the highest Volumetric Heat Capac-
ity (C,). As the amount of chicken manure increased, the heat capacity of the
soils also increased, and the C, at all levels of chicken manure was significantly
different (p < 0.05). Volumetric Heat Capacity (C,) is used for storage of heat in
the soil. Therefore, soils with high chicken manure will have high heat capacity
because manure does not easily lose or gain heat and hence increases the heat
capacity and more heat is stored.

The result of the effect of chicken manure on thermal conductivity is pre-
sented in Table 6. Thermal conductivity varied from 0.210 (W-m™"-C™") for 6%,

Table 6. Effect of chicken manure on thermal properties of soils.

Manure P C, A D, d
Rate (gm/cm?®) (MJ-m=3.C!) (W.-m™°.C?) (m?s) (cm)
0 1.27° 4.15° 0.254* 0.073* 43,5
2 1.23% 5.33° 0.262° 0.057° 38.6"
4 1.17¢ 5.47° 0.216 0.043 34.0°
6 1.114 7.36% 0.210° 0.032¢ 29.0°
Mean 1.20%** 5.58%%* 0.236%%* 0.051%** 36.2%%%
CV% 2.5 40.8 20.5 433 20.4
LSD 0.02 1.435 0.030 0.014 0.7
p-value <0.001 <0.001 <0.001 <0.001 <0.001

*** = very highly significant, means with the same letter were not significantly different at p < 0.05 p, = bulk
density, C,= Volumetric Heat Capacity, K= Thermal Conductivity, D = Thermal Diffusivity, d= Damping
Depth.

DOI: 10.4236/0jss.2019.92002

43 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2019.92002

M. M. Chishala et al.

t0 0.25 (W-m™.C™) under 0% chicken manure with mean value of 0.24 (W-m™.C™).
There were significant differences (p < 0.05) in thermal conductivity among the
treatments. Increased manure application reduced the thermal conductivity of
the soils. The results showed that addition of chicken manure to the soil de-
creased the thermal conductivity of the soil. Similar trends were observed Ther-
mal conductivity and diffusivity of fallow soil decreased with biochar addition
rate.

Incorporation of the chicken manure into the soil led to reduced soil bulk
density of the soil from 1.27 g/cm’ to 1.11 g/cm’. Similarly application of chicken
manure significantly reduced thermal diffusivity of the soils. There were signifi-
cant differences (p < 0.05) in thermal diffusivity for soil under 6% chicken ma-
nure (D, = 0.032 m’s) and 0% chicken manure (D, = 0.073 m’s) as well as for 4%
chicken manure (D, = 0.043 m?s) and 0% rates with 0.073 m?s.

The effect of chicken manure on damping depth showed that the range of
damping depth among the soil was from 43.5% to 0% to 29.0 cm for 6% chicken
manure application rate. Chicken manure application for 4% with 34.0 cm and
6% rate of 29.0 cm significantly affected the damping depth of the soil. As the
chicken manure application increased, the damping depth decreased. From the
study, the data provides an observed interpretation of the influence of chicken
manure as a soil amendment on the soil’s thermal properties for the five selected
Benchmark soils.

According Edem [24] organic manure inclusion at any rate significantly

dampen heat transfer in the soil.

4. Conclusion

The study was undertaken to assess the influence of chicken manure amend-
ment on the thermal properties of 5 selected benchmark soils of Zambia. The
studied soil types showed differences in some of their thermal properties. The
study revealed that there were significant differences (p < 0.05) in volumetric
heat capacity, thermal diffusivity, and damping depth while thermal conduc-
tivity was not significantly different among the soils. This implied that these
soil types would react differently when exposed to heat sources and sink. Soil
organic amendment with chicken manure significantly affected thermal prop-
erties of the studied soils. Thermal conductivity (K) and Thermal Diffusivity
(D,) decreased while Volumetric Heat Capacity (C,) increased. These affect
the retention and transmission of heat in the soil. Since chicken manure has
high amounts of moisture, this indicates that soils with chicken manure absorb
and retain moisture with chicken manure amendment. Therefore, the use of
chicken manure is a potential source of moisture, and as such, it is recom-
mended that farmers should know how to effectively manipulate organic
amendments to ensure that moisture is maintained even during dry spells.
This is important because it helps farmers manage soil under the influence of

climate change.
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