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Meteorological Parameters-Soil
Temperature Relations in a Sub-Tropical
Summer Grassland: Physically-Based
and Data-Driven Modeling

Subtropikal Bir Yaz Cayirinda Meteorolojik
Parametreler-Toprak Sicakligi iliskileri:
Fiziksel Tabanli ve Veriye Dayali Modelleme

ABSTRACT

The knowledge of soil temperature dynamics at different depths is paramount for the agricultural
industry because soil temperature impacts the physical, chemical, and biological processes in
soil. A relationship between meteorological parameters and temperature at different depths in
silt loam soil was assessed by using a physically based HYDRUS-1D model and a linear regression
model. Soil temperature at 5, 10, 20, 30, and 50 cm soil layers, minimum and maximum air tem-
perature, air pressure, relative humidity, dew point, rainfall, sunshine duration, wind speed, and
evaporation data collected at a weather station were used. The correlation sensitivity for the input
combinations was investigated. The quantitative evaluation based on mean absolute percentage
error and R? showed that the predictions of both linear regression model and HYDRUS-1D mod-
els were satisfactory. The R? values at 5, 10, and 20 cm depths were 0.96, 0.94, and 0.88 for lin-
ear regression model, and 0.85, 0.86, and 0.78, for HYDRUS-1D model, respectively. Similarly, the
mean absolute percentage error values for linear regression model were 0.81%, 0.87%, and 1.05%,
whereas 3.44%, 2.87%, and 3.73% at 5, 10, and 20 cm depths for HYDRUS-1D model, respectively.
Generally, the accuracy of the models diminished with increasing the soil depth. At >30 cm soil
depth, both models failed to estimate soil temperature accurately. The R? and mean absolute
percentage error values at 50 cm depth for linear regression model were 0.55% and 1.25% and
0.51% and 4.13% for HYDRUS-1D, respectively. The linear regression model performed better than
the HYDRUS-1D model. Five independent variables (mean air temperature, maximum humid-
ity, rainfall, wind speed, and evaporation) were found to significantly affect the summer-time soil
temperature. Either of the methods can be used satisfactorily to predict soil temperature at 0-20
cm soil depth.

Keywords: Evaporation, humidity, HYDRUS-1D, linear regression model, wind speed

0oz

Topraksicakligitopraktakifiziksel, kimyasal ve biyolojik stiregleri etkilediginden, farkli derinliklerdeki
toprak sicakligr dinamikleri bilgisi tarim endustrisi icin gok dnemlidir. Bu ¢alismada siltli tin tek-
stlr sinifina ait topraklarin farkl derinliklerinde meteorolojik parametreler ile sicaklik arasindaki
iligkiler, fiziksel tabanli HYDRUS-1D modeli ve bir dogrusal regresyon modeli (LRM) kullanilarak
degerlendirilmigtir. Calisma alaninda 5, 10, 20, 30 ve 50 cm derinligindeki toprak katmanlarinin
sicaklik degerleri ile meteoroloji istasyonundan alinan en dislk ve en yiksek hava sicakhgi,
basing, ¢ig olusum noktasi, yadis, glineslenme stresi, rizgar hizi verileri kullanilmistir. Girdi
kombinasyonlari igin korelasyon hassasiyeti arastirilmistir. Calisma sonucunda ortalama mutlak
ylizde hatasi (OMYH) ve R2'ye dayali kantitatif dederlendirmelerin hem LRM hem de HYDRUS-1D
modellerinden elde edilen tahminlerin tatmin edici oldugunu gostermistir. LRM modelinde 5, 10
ve 20 cm derinlik katmanlarindaki R2 dederlerinin sirasiyla 0,96, 0,94 ve 0,88 oldugu, HYDRUS-1D
modelinde ise 0,85, 0,86 ve 0,78 oldugu tespit edilmistir. Benzer sekilde OMYH dederleri 5, 10 ve
20 cm derinlik kademelerinde LRM igin %0,81, %0,87 ve %1,05 iken, HYDRUS-1D modeli igin %3,44,
%2,87 ve %3,73 olarak hesaplanmistir. Genel olarak modellerin dogrulugu toprak derinliginin
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artmaslyla azalmis ve 30cm’den daha derin katmanlarda her iki modelin de toprak sicakhgini dogru bir sekilde tahmin edemedigi
belirlenmistir. Toprak derinliginin 50 cm oldugu katmanlarda R2 ve OMYH degerleri LRM modeli icin 0,55 ve %1,25, HYDRUS-1D
modeli igin ise 0,51 ve %4,13 olmustur. Calisma sonucunda ayrica LRM modelinin HYDRUS-1D modelinden daha iyi performans
gosterdigi, bes bagimsiz degiskenin (ortalama hava sicakligi, maksimum nem, yagis, riizgar hizi ve buharlagsma) yaz mevsimindeki
toprak sicakligini onemli olglide etkiledigi, her iki yonteminde 0-20 cm’lik toprak derinliginde toprak sicaklhigini tahmin etmek icin

tatmin edici bir sekilde kullanilabilecegdi belirlenmistir.

Anahtar Kelimeler: Buharlasma, nem, HYDRUS-1D, lineer regresyon modeli, riizgar hizi

Introduction

An essential variable of the land surface scheme that controls the
energy and moisture exchange in the atmospheric continuum of
soil and plants is soil temperature. Soil temperature plays a criti-
cal role in ecosystems, from deserts to forests (Jebamalar et al.,
2012). Soil evaporation, soil aeration, soil microbial activity, and
many other soil biological, chemical, and physical processes are
controlled by soil temperature. Furthermore, plant growth, seed
germination, and nutrient uptake by plants also depend on sail
temperature (Amin et al,, 2021; Yadav et al.,, 2020). Therefore,
knowledge of ground surface and subsurface temperature at var-
ious depths is important for agricultural practices (Yilmaz et al.,
2009) and for a better understanding of climate change impacts
(Kourat et al.,, 2021; Wu et al., 2013). Studies have shown that soil
temperature depends on various meteorological variables, such
as air temperature, atmospheric pressure, relative humidity, wind
speed, rainfall, solar radiation, and sunshine duration (Kisi et al.,
2015). To determine soil temperature, solar radiation and air tem-
perature are the main driving forces, but soil texture, moisture
content, and the type of soil covering (plant canopy, crop residue,
snow, etc.) also influence soil temperature variably (Amin et al.,
2021; Karnieli et al., 2010).

There are numerous laboratory and field procedures for esti-
mating soil hydraulic and thermal characteristics. The neces-
sity of capturing the site-specific variations in soil temperature
is apparent. However, it is always a difficult and time-consuming
process to continuously measure soil temperature at various soil
depths. Predictions by simulation models and machine learning
algorithms can be the most viable alternatives for overcoming
this problem to offer data on the temperature of a soil profile. A
large number of meteorological stations only observe the vari-
ables above the ground surface or install sensors within the
station areas to measure soil temperature, instead of installing
them in the experimental fields, which creates a chance to make
the observed data unrepresentative. To avoid this problem and
make this work more accessible, scientists have emphasized on
mathematical models that can determine soil temperature using
meteorological variables and other factors which affect soil tem-
perature. Simple models can perform poorly, but more complex
models can provide better predictions. Three major types of soil
temperature prediction models are mechanistic models, statisti-
cal relationships, and coupled empirical and mechanistic models
(Sandor & Fodor, 2012). These models describe the atmosphere—
soil-plant system with the help of mathematical tools and simu-
late those using computers.

A mathematical model called HYDRUS-1D (Siméinek et al., 2005)
can be used for the simulation of soil temperature dynamics.
Richards' equation for saturated-unsaturated water flow and
Fickian-based convection—dispersion equations for heat and

solute transport are both numerically solved by HYDRUS-1D.
Shein et al. (2019) performed research using HYDRUS-1D to vali-
date the program’s efficiency for predicting soil moisture and
temperature dynamics and found out that the efficiency of pre-
diction was high at surface soil depths (0-15 cm). Kanzari et al.
(2018) also performed a comparison between a thermal disper-
sion model and the HYDRUS-1D model for the simulation of the
variation of the water content and the temperature in 30 cm
topsoil, which showed that thermal dispersion performed simi-
larly to HYDRUS-1D. Besides HYDRUS-1D simulation, the linear
regression model (LRM) has also been used to analyze soil tem-
perature dynamics at various depths. Over the recent decades,
the efficiency of data-driven models for simulating complicated
nonlinear input-output relationships has been reported by
many researchers. Several studies have been done for estimat-
ing soil temperature from meteorological parameters through
linear or nonlinear methods, for example, multivariable linear
regression, artificial neural network, and artificial neural fuzzy
inferential system models (Bilgili, 2010; George, 2001; Kim &
Singh, 2014; Tabari et al., 2010; Wu et al.,, 2013). Recently, Del-
bari et al. (2019) compared linear regression with support vec-
tor regression (SVR) in modeling soil surface temperature over
diverse climate conditions, which showed that MLR can give
poor results at depths over 30 cm, while SVR performs bet-
ter than MLR at a deeper layer of the soil. Hossein and Ahmed
(2017) used extreme machine learning for a similar task and
showed that this method and linear regression gave a satisfac-
tory result in predicting temperature at the topsoil (0-30 cm),
but the accuracy diminished in the deeper soil layers. Machine
learning algorithms, such as LRM, have been utilized to predict
various soil physical and hydraulic properties for different types
of soil in different regions. However, this type of study using
either a machine learning algorithm or physically based simula-
tion is scarce for the region of Bangladesh. It is not wise to use
a model that was calibrated or developed based on information
from other regions because soil properties vary widely with land
topography, organic matter content, crop type, and meteoro-
logical parameters.

To find the best and most affordable model, studying multiple
methods and comparing their performance are desirable. Also,
an efficient study of the soil environment requires multi-depth
soil temperature data, and such data are measured only at agro-
meteorological stations. A limited number of agro-meteorolog-
ical stations exist in Bangladesh. To our knowledge, there is no
study on the comparison of the HYDRUS model with a machine
learning model in predicting soil temperature. For that reason,
it is imperative to find out a specific model that can predict the
soil temperature of a particular region of Bangladesh that will not
only provide accuracy but also reduce the time and cost to avalil
these data manually. This study illustrates how the temperature
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of the soil varies with depth with respect to various meteoro-
logical parameters and how the changes in meteorological fac-
tors affect the soil temperature. In this research, HYDRIS-1D and
LRM were used to predict the soil temperature based on various
meteorological data. The performances of these two methods
were also compared. Therefore, the study has the following two
objectives:

() To predict soil temperature at different soil depths by using
HYDRUS-1D and LRM.

(i) To quantify the performances of HYDRUS-1D and LRM in pre-
dicting the soil temperature values.

Methods

Study Location

The daily meteorological variables used in this study were col-
lected from a weather station of Bangladesh Meteorological
Department located at Bangladesh Agricultural University Cam-
pus, Mymensingh (24.7196° N, 90.4267° E and 18 m above mean
sealevel). The study area is under the agro-ecological zone named
Old Brahmaputra Floodplain. The land of the study site was cov-
ered with local perennial grass of 5-8 cm cut. The proportions
of sand, silt, and clay were 42%, 49%, and 10%, respectively, with
an organic matter content of 1.1% in the silt loam soil of the loca-
tion (Amin et al.,, 2022). The average temperature of June in this
area varies from 26.7°C to 32.2°C with a mean relative humidity
of 78.13% and an average rainfall of 37 cm. The reference evapo-
transpiration rate in this region considerably varies in different
seasons; 2.9 mm/day in winter, 5.3 mm/day in dry summer, and
41 mm/day in wet season (Ali et al., 2005). The depth to water
level in the shallow aquifer in this location fluctuates from 3.1 to
6.2 m in different seasons (Amin et al., 2023).

Data Collection and Processing

The measured meteorological and soil physical variables were
daily soil temperature at a depth of 5, 10, 20, 30, and 50 cm,
air temperature, atmospheric pressure, wind speed, relative
humidity, rainfall, evaporation, water temperature, and sunshine
duration. Monitoring soil temperatures at various depths was
performed using multiple sensors in the field. In this study, data
for the month of June 2019 were used (Figure 1).

Prediction by Linear Regression Model

Method Description

Regression analysis enables one to comprehend how the inde-
pendent variables are changed while the other independent vari-
ables are kept constant, and how this alters the typical value of
the dependent variable. In this analysis, the conditional expecta-
tion of the dependent variable given the independent variables is
calculated. The regression function, or estimation objective, is a
function of the independent variables in every situation. The lin-
ear connection between a scalar dependent variable (Y) and one
or more independent variables (X) is known as linear regression.
In the case where there is only one explanatory variable, simple
linear regression is employed. The procedure is known as mul-
tiple linear regression when there are more than one explanatory
variable. The general formula for regression is (Menon et al., 2017):

Y=aX+c (1)

where Y is the measurement of the dependent variable, that
is, temperature, X is the independent variables, and c and a are
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Figure 1.
Daily Variations of Meteorological Parameters in the Month of June 2019.

constant. If there are m independent variables and every variable
is n dimensional, then X can be written as:

Xi X2 oo X
X1 Xoa oo Xom

Xoxm=| o 7 . :[XU) X2) X(m)} (2)
Xn1 Xn2 Xnm

where X, are the n-dimensional regression coefficients in the
model for the ith variable. The predicted temperature values are
obtained by implementing linear regression based on the inde-
pendent factors. In this study, the least square approach of linear
regression has been used.

Least Square Method

In regression analysis, the method of least squares is a common
technique for approximating the solution of overdetermined
systems by minimizing the sum of the squares of the residu-
als resulting from each individual equation. The total of squared
residuals is reduced in the least-squares sense by the best fit. A
function connecting the value of the dependent variable (Y) to the
values of an independent variable is found using the conventional
formulation. The prediction is given by the following equation
(Menon et al., 2017):

Y=aX+c (3)

In this equation, the intercept (c) and the slope (a) of the regres-
sion line are free variables. The estimate of these parameters,
according to the least square approach, is defined as the value
that minimizes the sum of squares between the measurements
and the model predictions (thus, the name least squares). This
amounts to minimizing the expression (Menon et al., 2017):

=D 065 =D (e o) @

i i
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where , stands for error, which is the quantity to be minimized.
Taking the derivative of . with respect to a and ¢ and setting
them to zero, we can find the value of a and c. The least square
can be extended to more than one independent variable (using
matrix algebra) and to nonlinear functions.

Formulation of Linear Regression Model for Soil Temperature
Prediction

One of the most critical steps in developing a satisfactory fore-
casting model is the selection of the input variables. Because
these variables determine the structure of the forecasting model
and affect the model’s weighted coefficient and results, the first
step in this analysis is the selection of independent variables. It is
known that soil temperature is related to various meteorological
variables. Therefore, the daily soil temperature (Y) can be char-
acterized as the function of the air pressure (X,), maximum air
temperature (X,), minimum air temperature (X;), average air tem-
perature (X,), dew point (X;), maximum humidity (X), minimum
humidity (X,), average humidity (Xj), rainfall (X;), wind speed (X,),
sunshine duration (X,,), evaporation (X,,), and water temperature
(X,2). The relationship between soil temperature and input vari-
ables can be expressed as follows:

Y:f(X1,X2,...X13):a]X-|+02X2 +...+a13X—|3 +C (5)

Here, independent variables must be only included in the model.
Because the regression model must be established in a way that
the best estimation should be performed using a few indepen-
dent variables with the maximum possible degree of indepen-
dence. Cross-correlations between input and output variables
were calculated in order to determine the best input structure.

Soil Temperature Prediction by HYDRUS-1D

Model Description

In this study, HYDRUS-1D was implemented to predict the soil
temperature at various depths. The HYDRUS-1D model solves
the coupled equations governing liquid water, water vapor, and
heat transport in the soil, together with the surface water and
energy balance for the soil. The code assumes that temperature
and pressure gradients work together to drive the movement
of liquid and vaporized water in the subsurface. Conduction,
convection of sensible heat by liquid water movement, diffusion
of latent heat by water vapor, and diffusion of sensible heat by
water vapor are all methods for transferring soil heat. Various
types of meteorological information can be supplied to solve
the surface energy balance at the upper boundary dynamically
(Kleissl et al., 2007). Thus, water contents and temperatures of
the soil profile can be calculated and coupled to meteorological
parameters. In a case study, Saito et al. (2006) showed that soil
water dynamics are strongly associated with the soil tempera-
ture regime.

Governing Equations

The HYDRUS-1D code for soil heat and water flux has been
described in detail by Sim{inek et al. (2005). Convection-disper-
sion equation is used in HYDRUS for simulating one-dimensional
heat transfer modeling. Neglecting the effect of water vapor diffu-
sion on transport, this equation can be expressed as:

aC,(0)T o ar oqT
7 ——|A(6)—|-C,——-C,ST 6
ot 6x[ (G)dx} " oax w? (®)

where A(B) is the coefficient of the apparent thermal conductivity
of the soil, Tis temperature, tis time, S is sink term, 8 is the volu-
metric water content, q is the Darcian fluid flux density, and C,(8)
and C,, are the volumetric heat capacities of the porous medium
and the liquid phase, respectively. C, (6) is calculated using the
following equation (de Vries, 1963):

Cp(0)=Crp+Coo+Cy +Cqy (7)

where 6., 8., and 8, are volumetric fraction of solid phase, organic
matter, and gas phase, respectively, whereas C,,C,,C, are vol-
umetric heat capacity of solid phase, organic matter, and gas

phase, respectively.

The apparent thermal conductivity is defined as (de Marsily, 1986):

2(0)=2,(0)+ BeCyla] 8)

where B, is the thermal dispersivity, 4, (9) is the thermal con-
ductivity of the soil defined as (Chung & Horton, 1987):

20(0) = by + b0 +b;0*°) (©)

where b,, b,, and b, are empirical parameters.

Model Parameterization

Soil hydraulic parameters, which were found by van Genuchten—
Mualem single porosity model (van Genuchten, 1980) using the
known soil texture and bulk density, are shown in Table 1. In this
study, the default value for silt-loam soil textures was calculated
considering no hysteresis. The value of the heat transport param-
eters used in this study is given in Table 2.

Q. isresidual soil water content, Q, is saturated soil water content,
K. is saturated hydraulic conductivity, and /, a, and n are empiri-
cal parameters. In this study, the default values for silt loam soil
were chosen.

Default values were used for C,, C,, and C,. For water flow param-
eters calculation, the upper boundary condition was selected
as the atmospheric boundary condition with surface runoff, the
lower boundary condition as free drainage, and the initial condi-
tion as water contents. For heat transport parameters calcula-
tion, temperature amplitude was taken as 5°C, and Chung and
Horton’s method was used for thermal conductivity calculation.
The upper and lower boundary conditions for heat transport were
selected as the soil temperature boundary conditions.

Prediction Performance Assessment

To evaluate the performance of the linear regression and
HYDRUS-1D model, the mean absolute percentage error (MAPE)
and the coefficient of determination (R?) were used to see the
convergence between the target values and the output values.
Here, MAPE is defined as follows (Melesse & Hanley, 2005):

n 0;

n
MAPE =1 abs[MJﬂ 00 (10)
i=1

Table1.
Soil Hydraulic Parameters Used in the Study

Q, (cm3/cm3) Q,(cm3/cm?®) | a(i/cm) n k. (cm/day) 1

0.067 0.45 0.02 1.41 10.8 0.5
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Table 2.

Soil Heat Transport Parameters

Solid oM Disp. b,(Wm~'K) b,(Wm~'K™) b,(Wm~'K™) C, (Jm—=3K7) C, (Jm—=3K") C,(Jm=3K")
0.55 0.015 5 1.47 x 10" 1.55x10™ 316 x 10" 143 x10™ 1.87 x 10™ 312 x 10"
Disp., dispersion; OM, organic matter.

where o, is the measured value, p; is the predicted value, and n is
the number of samples.

In addition, the coefficient of determination between the target
value and the output value is defined as follows (Bilgili, 2010):

(1)

where y, is the measured value, and ¥; is the predicted value.
Results

Measured Soil Temperature

The temporal variation of the soil temperature at different
depths is shown in Figure 2. Soil temperature at different times
of the month varied with the depth of the soil. It was appar-
ent that the soil temperature near the surface was higher than
the temperature in deeper soil. Also, the temporal variation in
temperature at different depths followed a similar pattern, but
the range of fluctuations was diminished with depth. The range
of fluctuations at 30 and 50 cm depths was much lower. This
occurred due to the high thermal inertia of the soil and the time
lag between the temperature fluctuations at the surface and
deep in the soil. Therefore, the temperature in the deeper soil
was lower than that of the upper soil layers (Kalogirou & Florides,
2004). However, the temperature at the 50 cm layer was higher
than that at the 30 cm layer. The 50 cm layer remained relatively
warm probably because of the heat conduction from the deeper
soil below.
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Figure 2.

Variation of the Average Soil Temperature at Different Depths Over the
Month of June 2019.
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Correlation Between Meteorological Parameters

There was a high rate of correlation between the soil tempera-
ture, which is the dependent variable, and the various meteoro-
logical variables. The obtained correlation coefficients are shown
in Figure 3. Soil temperature has a strong positive correlation
with maximum atmospheric air temperature, such as at 5 cm
depth the correlation factor was .94 explaining that soil tempera-
ture will change proportionally with air temperature, whereas a
strong negative correlation with humidity, such as at 5 cm depth
the correlation factor was —.63 indicating that the relation of soil
temperature is inversely proportional to average humidity, and
weak negative correlation with rainfall, the correlation factor
was —.47 at 5 cm depth. In addition, there is a weak correlation
between soil temperature and air pressure and wind speed. For
example, at 5 cm soil depth, the correlation factor for air pressure
was .26 and for wind speed was .44.

Linear Regression Model Parameters

In the LRM, the most significant point is to select the predictor
variables that provide the best prediction equation for modeling
the dependent variable. All independent variables were added to
enter the regression model formulated in section 2.3.3 (Formula-
tion of linear regression model for soil temperature prediction),
and the following model was obtained for the month of June for
the 5 cm soil depth:

Ys =0.17+0.04X, +1.87X, +1.24X; —2.36X,
+0% X5 —0.20Xg —0.15X; +0.01Xg +0.04Xy

~0.03X;9 —0.02X;7+0.12X;5 +0.20X;5 (12)

Air pressure -

Avg. temp - -0.36
0.8
Dew point - -0.47 0.71

Max. RH - 0.15 -0.55  -0.49
0.6

Rain fall - 0.12 -0.51  -0.59 0.35
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Correlation Matrix Between Different Meteorological Parameters and Soil
Temperature.




53

where the positive coefficients indicate the proportional rela-
tionship of these variables with soil temperature and the nega-
tive coefficients refer to an inversely proportional relationship
with soil temperature. However, as described earlier and shown
in Figure 3, the variables have multiple collinearities. Here, col-
linearity means some independent variables have a dependency
on other independent variables, for example, average tempera-
ture and dew point have a high dependency on each other. This
collinearity will cause the model to predict inaccurately. This
collinearity among variables can also be proved by the variance
inflation factor (VIF) (Craney & Surles, 2002). The VIF calculated
after the first step of linear regression using all the variables is
shown in Table 3. In statistics, the VIF is the ratio of the variance
of estimating some parameters in a model that includes multiple
other terms by the variance of a model constructed using only
one term. In a simple least squares regression analysis, it mea-
sures the degree of multicollinearity. If VIF is high, then the vari-
able in the model has high multicollinearity. One can infer that
the regression coefficients are inaccurately assessed due to mul-
ticollinearity if the VIF is greater than 10 (Miles, 2014).

Table 4 depicts the p-values of the independent variables. The
p-value suggests which variable is statistically significant to pre-
dict the soil temperature. Most of the variables have large p-value
due to high collinearity among the variables.

It is clear from Table 3 that some variables have very high mul-
ticollinearity. Therefore, the stepwise regression technique was
applied. The VIF values and significant levels (p-values) were used
to evaluate the estimator performance of the regression model.
Thus, the best independent variables were selected for the LRM,
and the following model is obtained for the 5 cm soil depth:

Ys =02+0.71X, —0.2Xs +0.08Xg —0.1X;9 +0.14X;,  (13)

For the month of June, five independent variables were used to
predict the soil temperature, which are average air temperature,
maximum humidity, rainfall, wind speed, and evaporation. Simi-
larly, four other independent equations were found from the LRM
for the 10, 20, 30, and 50 cm of soil depth, which are shown as
follows, respectively:

Yo =28.38+4.82X, —1.22X, +0.44Xg —0.72X;9 +0.68X,, (14)

Yso =29.34+3.69X, —0.96X, +0.94Xg —0.39X;0+0.46X,, (15)

Y30 =27.79+2.83X, —1.02Xg +1.04Xg +0.12X;5 +0.18X,, (16)

Yoo =29.314+1.79X, —0.8Xs +0.54Xy +0.46X, +0.04X;,  (17)

The final VIFs and p-values are shown in Table 5. All the VIFs of the
final variables are below 5, which infer that the final variables have
less collinearity among them. The p-values of all the variables are
less than .05, which indicates that all the variables are statistically
significant in predicting soil temperature.

To evaluate the performance of the LRM, the MAPE and the coef-
ficient of determination (R?) were used to see the convergence
between the target values and the output values. The values of
MAPE and R? at different soil depths for LRM are given in Table 6.

It is clear that LRM can give very satisfactory results in predict-
ing the temperature at a depth of 5-20 cm. Not only the MAPE
values are small, but the R? values are also desirable. For soil tem-
perature below 20 cm depth, MAPE were still small, but R? values
decreased considerably. From the linear regression equation and
Figure 3, it is found that the soil temperature at different depths
was highly correlated with mean air temperature, evaporation,
and relative humidity. However, if the depth of soil increases, the
correlation of soil temperature with these meteorological param-
eters declines.

HYDRUS-1D Predictions

Values of R? and MAPE of the HYDRUS-1D predictions of the soil
temperature at different depths are shown in Table 7 and it is
obvious from the table that the HYDRUS-1D satisfactorily simu-
lated the soil temperature at the shallow depth of the soil (0-20
cm) and less so at the deep soil (30-50 cm). The predictions of
HYDRUS-1D matched well with the measured soil temperature
values at the depths of 0-20 cm, whereas it overestimated the
soil temperature below 20 cm depth (Figures 4 and 5).

Discussion

Previous study shows that soil heat capacity and soil moisture
content have a larger impact on soil temperature than meteo-
rological parameter in deeper soil (Bilgili, 2010). In this study, soil

Table 3.

Variance Inflation Factor (VIF) Between Different Meteorological Parameters for All Soil Depths

Mean Maximum Minimum Dew | Minimum | Maximum | Average Water Wind Air

temperature | Temperature | Temperature | Point RH RH RH temperature | Evaporation | Speed | Pressure | Sunshine | Rainfall
47770 18.270 8773 185 58 54 15 13 10 08 7 5 4
Table 4.

p-Value for Different Meteorological Parameters in Predicting Soil Temperature for All Soil Depths

Mean Maximum Minimum Dew | Minimum | Maximum | Average Water Wind Air

temperature | Temperature | Temperature | Point RH RH RH Temperature | Evaporation | Speed | Pressure | Sunshine | Rainfall
.581 503 499 .984 424 .01 950 .015 077 605 478 785 624
Table 5.

Final Variance Inflation Factor (VIF) and p-Value for Different Parameters for All Soil Depths

Variable Mean Temperature Maximum RH Rainfall Wind Speed Evaporation

VIF 473 4.95 2.02 375 455

P .0 .003 012 .05 016
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Table 6.
MAPE and R? Values at Different Soil Depths for the Linear Regression
Model

Depth (cm) R?Value MAPE (%)
5 0.96 0.81

10 0.94 0.87
20 0.88 1.05
30 073 1.30
50 0.55 125
MAPE, mean absolute percentage error.

Table 7.

MAPE and R? Values for HYDRUS-1D Simulation at Different Soil Depths
Depth (cm) R?Value MAPE (%)
5 0.85 3.44
10 0.86 2.87
20 0.75 373
30 0.58 8.33
50 0.51 413

MAPE, mean absolute percentage error.
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Comparison of the Measured and Predicted Soil Temperature Values at
Different Depths by HYDRUS-1D Simulation and Linear Regression Model.
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Measured and Predicted Soil Temperature Values at Different Depths for
the Month of June by HYDRUS-1D Simulation and Linear Regression
Model.

heat capacity and soil moisture content were not considered in
LRM. That is why the predicted values for the deeper soils were
not accurate. Although the predicted values for soil depths lower
than 20 cm do not vary considerably from the measured value,
they do not follow the trend. Therefore, it can be inferred that only
the meteorological parameters can predict the soil temperature
up to the depth of 20 cm more accurately. Citakoglu (2017) com-
pared the adaptive neural-fuzzy inference system (ANFIS), artifi-
cial neural network (ANN), and LRM to predict soil temperatures
in Turkey and showed that ANFIS worked better than the other
two methods. However, ANFIS and ANN need a lot of data to
train the model, whereas LRM can use small data to predict the
temperature. Tabari et al. (2010) used relative humidity, air tem-
perature, precipitation, and solar radiation data in ANN and LRM
to estimate soil temperatures at different soil depths and found
ANN as more suitable than LRM.

However, Tabari et al. (2010) did not consider multicollinear-
ity among independent variables. Sandor and Fodor (2012)
compared HYDRUS-1D, CERES, and modified CERES models in
predicting soil temperature at different depths in Hungary and
showed that the HYDRUS-1D model performed better than the
other two models. They also showed that HYDRUS-1D provide
acceptable results in deeper soil (40 and 60 cm). However, they
calibrated the HYDRUS-1D model using 1 year data before vali-
dation and measured soil hydraulic parameters experimentally
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using different apparatus, whereas in this study, the default
values were used for soil hydraulic parameters. Thus, it can be
assumed that, to get accurate predictions, the model needs to
be calibrated with additional data from different soil layers. The
soil’s physical properties including soil organic matter content,
soil texture, and moisture content can vary in different layers.
Sandor and Fodor (2012) stated that the thermal properties of
soil of particular regions (e.g., thermal conductivity) are required
to predict soil temperature accurately. Since soil temperature
is influenced by vegetative growth and soil water balance, the
HYDRUS-1D model will give more accurate results if these inputs
are integrated in the model.

Comparisons between the measured and predicted values for dif-
ferent models are shown in Figure 4. Also, the fluctuations of the
measured and predicted values for different models at different
depths over the month are shown in Figure 5. The LRM provided
better results than the HYDRUS-1D simulation. Not only the
LRM had lower values of MAPE, but it also had higher R? values. It
means that the LRM predicted the temperature more accurately
and captured the trend more precisely than HYDRUS-1D. How-
ever, the performance of both models changed with the depth of
the soil. The LRM predicted the output based on meteorological
parameters given as input to the model. Therefore, it only finds
the relationship between the given input and output, and it does
not depend on the empirical parameters, such as the thermal
properties of soil that need to be measured externally. On the
other hand, the HYDRUS-1D model attempts to solve the con-
vection-dispersion equation that requires estimating the ther-
mal conductivity and volumetric heat capacity of the soil (Sandor
& Fodor, 2012). The HYDRUS-1D also requires vegetative growth
data for better prediction.

Conclusion and Recommaendations

Both HYDRUS-1D and LRMs predicted soil temperature satis-
factorily, but their performance varied with the soil depth. The
LRM outperformed the HYDRUS-1D model. However, the pre-
dicted results of HYDRUS-1D are more mathematically solid
and explainable, while the LRM uses a data-driven approach. To
get more accuracy from HYDRUS-1D, more accurate calibration
with more detailed input data, for example, leaf area index, soil
moisture dynamics, etc., would be needed. It appears that five
independent variables were found to significantly affect the soil
temperature for the month of June, which were mean air temper-
ature, maximum humidity, rainfall, wind speed, and evaporation.
Further studies should be conducted to investigate the capability
of an LRM in predicting the temperature of more structured soils
with higher clay and organic matter contents. The performance
of the HYDRUS model can be improved by incorporating more
measured values and long-term data. Also, the developed model
performance can be validated using more data and for different
regions. Additional efforts would be necessary to improve predic-
tion accuracy in the deeper layer of the soil.
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Augmenting Spring Wheat Productivity
Through Seed Priming Under Late-Sown
Condition in Bangladesh

Banglades’te Gec¢ Ekim Kosullarinda Yazlik Bugday
Verimliliginin Tohum On Islemesi Yoluyla Artirilmasi

ABSTRACT

The sowing of wheat can be delayed in Bangladesh because of the late harvesting of previous
crops. Under late-sown conditions, heat stress results in poor development of wheat, which may
be avoided by seed priming techniques. The purpose of this study was to assess the effectiveness
of several seed priming methods for boosting wheat growth and yield when sown late. In this
regard, from December 2019 to March 2020, a field investigation was carried out at the Agronomy
Field Laboratory of Bangladesh Agricultural University. The experiment comprised three factors,
Factor A: wheat variety namely, BARI Gom-27 and BARI Gom-33; Factor B: sowing dates such
as 01 December 2019, 15 December 2019, and 30 December 2019; Factor C: Method of seed
priming namely, control (no priming), priming with 20,000 ppm calcium chloride and priming
with 20,000 ppm potassium chloride. With three replications, the experiment was set up using
a split—split plot design. Research revealed that seed priming was generally effective in promot-
ing plant growth, spikes number m=2, grains spike™, thousand-grain weight, and grain yield. Both
potassium chloride and calcium chloride performed significantly similar. As BARI Gom-33 is more
resistant to heat stress, it outperformed BARI Gom-27 in terms of spike length and grains spike™.
However, BARI Gom-27 and BARI Gom-33 performed quite similarly and wheat yield decreased
gradually with the delay of sowing due to temperature stress. A clear advantage of seed priming
was found in increasing grain yield at all sowing dates. Therefore, it is recommended to sow wheat
by 15 November following seed priming and in case of delay sowing seed priming is a must to
mitigate the temperature stress to some extent.

Keywords: Growth, heat stress, seed invigoration, sowing time, wheat, yield

6z

Banglades'te onceki Urlinlerin ge¢ hasat edilmesi nedeniyle bugday ekimi geciktirilebilmek-
tedir. Geg ekim kosullarinda, sicaklik stresi bugdayin zayif gelismesine neden olur ve bu durum
tohum &n igleme teknikleri kullanilarak onlenebilmektedir. Bu galismanin amaci, geg ekim
yapildiginda tohum 6n igleme yontemlerinin bugday blylimesini ve verimini artirmada etkinligini
degerlendirmektir. Bu amagla, aragtirmamiz Aralik 2019'dan Mart 2020’ye kadar, Banglades Tarim
Universitesi Zirai Aragtirma arazilerinde gerceklestirilmistir. Arastirma, Faktér A - BARI Gom-27
ve BARI Gom-33 olmak Uzere iki farkli bugday gesidi; Faktor B - 01 Aralik 2019, 15 Aralik 2019 ve
30 Aralik 2019 olmak Uizere Ug farkli ekim tarihi; ve Faktor C - kontrol grubu (6n islem yapilmamis
tohumlar), 20000 ppm CaCl2 ve 20000 ppm KCl ile 6n islem yapilmis tohumlar olmak Uizere Ug
faktorden olusmustur. Deneme bollinen boliinmus parseller deneme desenine gore Ug tekerrirll
olarak kurulmustur. Arastirma, tohum 6ncesi islemenin bitki blylmesini, metrekaredeki basak
sayisini, basaktaki tane sayisini, bin tane adirligi ve tane verimini artirmada genel olarak etkili
oldugunu gostermistir. Hem KCIl hem de CaCl2 6n isleme uygulamalari, 6nemli élglide benzer
bir performans sergilemistir. BARI Gom-33 ¢esidi, sicaklik stresi ile miicadele konusunda daha
direncli oldugu igin, bagsak uzunlugu ve basaktaki tane sayisi agisindan BARI Gom-27'den daha iyi
sonuglar géstermistir. Ancak, BARI Gom-27 ve BARI Gom-33 gesitlerinde ekim geciktikge benzer
sonuglar gostererek sicaklik stresi nedeniyle bugday verimi azalmistir. Tim ekim tarihlerinde tane
verimini artirmada tohum &ncesi islemin dnemi agik bir sekilde gorilmustir. Bu nedenle, tohum
on islemesi yapildiktan sonra bugdayin 15 Kasim’a kadar ekilmesi 6nerilir ve ekimin gecikmesi
durumunda, sicaklik stresini bir dereceye kadar azaltmak igin tohum 6n islemesi sarttir.

Anahtar Kelimeler: Biiylime, sicaklik stresi, tohum gti¢lendirme, ekim zamani, bugday, verim
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Introduction

One of the most popular cereal grains consumed worldwide is
wheat (Triticum aestivum L.). Wheat is the second most signifi-
cant cereal crop in Bangladesh after rice (Jahan et al., 2021), and
consumption of grain is rising steadily as a result of its affordable
cost of production, favorable market price, and high nutritional
content. Due to the country's shifting dietary preferences, wheat
has now a prominent place in agricultural policies in Bangladesh
and has become one of the most important grain crops. Bangla-
desh now produces 1.09 million tons of wheat covering a 0.34 m
ha area, yielding an average of 3.3 t ha™ (BBS, 2021). The aver-
age amount of wheat produced in Bangladesh is relatively low
when compared to several other countries that grow wheat. Also,
due to several biotic and abiotic causes, the yield of Bangladeshi
wheat in farmers’ fields is much lower than rice and maize (2.0 t
ha~") when compared to research fields (Ahmed et al., 2019; Kam-
rozzaman et al.,, 2016; Shabi et al., 2018). The date of sowing and
variety choice are of the highest importance when considering
the various factors influencing the nation’s poor yield of wheat.

The right sowing date can help with the specific environmen-
tal conditions that each crop variety needs to thrive to its full
potential. In Bangladesh, the best period to sow wheat is from
mid-November through the first week of December. However,
late harvesting of kharif crops, notably T. aman rice, causes wheat
sowing to be delayed. Additionally, there may not be enough irri-
gation water available, and occasionally there may be too much
moisture and water logging due to excessive rainfall, which can
also delay wheat sowing. When wheat is sown early, it encoun-
ters higher temperature resulting in inadequate root develop-
ment and poor growth of plants (Kamrozzaman et al,, 2016).
Delay planting affects germination, growth, grain development,
and eventually suppresses yield (Tahir et al., 2009). Timely plant-
ing extends the tillering phase and produces a sufficient number
of tillers, spikes, grains spike™, and grain weight, which ultimately
improves grain and straw output (Qasim et al., 2008). With each
week of delayed sowing, Braun et al. (2010) found that grain out-
put dropped, with a loss of 200-250 kg grain ha™'. Wheat yields
in Bangladesh are poor mostly due to environmental constraints
brought on by late planting and a short winter (Islam et al,, 1993).

High temperatures is the most major environmental stressor,
although others such as poor soil moisture, low light intensity,
and others can have an adverse effect on wheat development
and yield (Modarresi et al., 2010; Trnka et al., 2004). There are two
types of heat stress that wheat normally encounters: continual
and terminal. The phrase “continual heat stress” refers to the heat
stress that persists from sowing to maturity stages and “termi-
nal heat stress” refers to heat stress that begins during repro-
ductive development phases, notably from heading to maturity
stages (Reynolds et al., 2001). As per an investigation by Karim
etal. (1999), in Bangladesh, the wheat yield might drop by roughly
68% with a 4°C increase in temperature. According to Wiegard &
Cellular (1981), for each 1.0°C increase in the mean daily air tem-
perature, the grain filling period for wheat was delayed by 3 days.
However, according to the projected future climate, unless the
right cultivars and crop management strategies are used, rising
temperatures would result in a considerable decrease in wheat
output (Ortiz et al., 2008). The detrimental impact of high tem-
peratures on wheat output can be mitigated by using special
agronomic management strategies.
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Wheat's high-temperature stress can be lessened by using a
variety of physiological techniques. Seed priming is one of these
methods, which is a safe and affordable strategy to improve
wheat development (Farooq et al., 2006a). “Seed priming” seeks
to control the germination process by regulating the tempera-
ture and moisture level of the seeds. It is a useful physiological
pre-germination technique that enhances seed performance
and promotes coordinated germination of seed quickly (Mat-
sushima & Sakagami, 2013) by imposing stress conditions on
the seed before germination, which provides improved resis-
tance to forthcoming stresses (Anwar et al., 2021b; Yadav et al.,
2011). Plants that have been grown from primed seed, develop
more quickly and completely, with early blooming, maturity,
and larger yields as well as decreased likelihood of crop failure.
Various sorts of priming methods are hydro-priming with water,
osmo-priming with organic osmotic solution, halo-priming by
inorganic salt solutions, thermo-priming by low or high temper-
atures depending on species, bio-priming with biological com-
pounds, and solid matrix priming with solid matrices (Ashraf &
Foolad, 2005). Greater germination percentage, synchronized
germination, and speedier seedling emergence are advantages
of seed priming, and these qualities are directly related to crop
development and yield (Anwar et al., 2012; Farooq et al., 2007;
Mim et al., 2021).

Although applying seed priming techniques in controlled envi-
ronments has been shown to promote germination and seedling
growth (Anwaretal.,, 2020; Basra et al.,2005; Farooq et al., 2009b)
and also some achievements (Du & Tuong, 2002) in boosting the
performance of crops have been confirmed, but there has not
been much detailed study done to evaluate the impact of various
seed priming procedures to boost wheat development and yield
in late-sown conditions. Given the foregoing, the goal of the cur-
rent experiment was to determine how well various seed priming
strategies increased wheat growth and yield when it was seeded
late in the season.

Methods

A field trial was carried out at the Agronomy Field Laboratory
of Bangladesh Agricultural University from December 2019 to
March 2020 to determine the effectiveness of various seed prim-
ing procedures to boost the growth and yield of wheat under
late-sown conditions. Geographically, the region was situated at
24°75" N latitude and 90°50’ E longitude, with an altitude of 18
m above sea level. This region is a part of the Old Brahmaputra
Floodplain (AEZ 9), which has non-calcareous dark gray floodplain
soil under the Sonatola series. The land was medium-high and
well drained with a silty-loam texture. The soil of the experimen-
tal field was more or less neutral in reaction (pH: 6.65), organic
matter content (1.21%), total nitrogen (0.12%), available phospho-
rous (26.07 ppm), exchangeable potassium (0.15 me %), and the
general fertility level of the soil was moderate. The experimental
site belongs to a subtropical monsoon climate with a humid envi-
ronment. Table 1 provides information on the pattern of rainfall,
sunlight hours, temperature swings, and relative humidity over
the research period, and Figure 1 depicts the weekly averages for
maximum, minimum, and mean temperatures.

The experiment comprised three different sowing dates viz. O1
December 2019 (D,), 15 December 2019 (D,), and 30 December
2019 (D,); two seed priming agents with control treatment viz. no
priming (P,), priming with 20,000 ppm CaCl, (P,), priming with
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Table1.

Weather Data From November 2019 to March 2020 at the Experimental Site During the Growing Season of Wheat

Air Temperature (°C)
Month and Year Maximum Minimum Average Rainfall (mm) Relative Humidity (%) Sunshine (Hours)
December 2019 254 13.5 19.8 177 80.2 201.3
January 2020 24.02 1215 19.22 0.00 84.35 2272
February 2020 26.8 15.54 21.28 147 83.00 164.8
March 2020 30.65 1770 2376 1.90 7319 208.2

Source: Weather Yard, Department of Irrigation and Water Management, Bangladesh Agricultural University, Mymensingh.
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Figure 1.

Weekly Average Maximum, Minimum, and Mean Temperature From December 2019 to March 2020.

20,000 ppm KCI (P,); and two wheat varieties viz. BARI Gom-27
(V,) and BARI Gom-33 (V,). The experiment employed laboratory-
grade two priming agents made at MERCK, India: potassium
chloride (KCl) and calcium chloride (CaCl,). A split-split plot
design with three replications was used to set up the experi-
ment. Sowing dates were assigned to the main plots, seed prim-
ing techniques to the subplots, and variety was allocated to the
sub-subplots. There were 54 plots overall, each measuring 10 m?
(25 mx4.0m).

The land was prepared in the third week of November 2019. A
power tiller was used to repeatedly plow the ground. The land
was cleared of weeds and the remnants of the previous crop. Fol-
lowing leveling, the experimental plots were set up in accordance
with the chosen treatments and layout. At the time of the final
land preparation, one-third of recommended urea dose and the
full amount of Tripple Super Phosphate (TSP), Muriate of Potash
(MoP), gypsum, and boric acid were applied at 180, 50, 120, and
7.5 kg ha™, respectively. On days 20 and 55 following sowing, the
remaining two-thirds of urea were top-dressed in two equal por-
tions. Both wheat varieties’ seeds were steeped for 6 hours at
room temperature (25 + 2°C) in various priming agent solutions
that had been previously made using distilled water. The seed
weight to solution volume ratio was 1:5 (w:v). The seeds were
then taken out of the priming solution and thoroughly washed
with distilled water to eliminate any remaining chemical resi-
dues. Forced air was then used to dry the seeds to their original
moisture level. Dry seeds were placed in polythene bags and kept

in a refrigerator at 5°C until needed. After sprouting, the seeds
were sown in the plot at 110 g seeds per plot, spaced 20 cm apart.
Three distinct date—1 December, 15 December, and 30 Decem-
ber 2019-were chosen for the sowing of the seeds. The optimum
period to sow was thought to be on 1 December; 15 December
and 30 December were deemed late and extremely late, respec-
tively. So, at various stages, seedlings are subject to heat stress.
After sowing, the seeds were kept safe from birds. Three irriga-
tions were given, the first irrigation was given at 20 days after
sowing (DAS) at the crown root initiation stage, the second one at
the heading stage (60 DAS), and the third one at the grain filling
stage (80 DAS). To ensure the crop’s proper development, inter-
cultural activities like weeding were carried out.

The cultivars were harvested individually and according to a
plot after they were fully mature on 15 March, 21 March, and 29
March 2020, respectively, 1st, 2nd, and 3rd sowing dates. At har-
vest, data on the height of the plant; number of spikes m=2 spike
length, number of spikelets spike™; grains spike™; grains spike-
let™'; 1000-grain weight; grain, straw, and biological yield; and
harvest index were documented. The yields of grain and straw
were calculated plot-wise on a basis of 14% moisture and repre-
sented ast ha™.

The data were collected, tabulated, and statistically analyzed.
Using the computer program MSTAT, an analysis of variance was
performed with a 5% level of probability. Duncan’s Multiple Range
Test was used to determine the average differences between the
treatments.
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Results

Main Effect

Sowing date

With the exception of spike length and grains spikelet™, the sow-
ing date had a substantial impact on the growth, yield-contrib-
uting characteristics, and yield of wheat. The delay in planting led
to a reduction in wheat plant height. The highest plant height
(95.38 cm) was found when sowing was done on 01 December.
At very late sowing (30 December), the plant (88.80 cm) was
shortened by 7 cm compared to the optimum sowing date (1
December). Number of spikes m~2 also followed a similar trend
where the highest value (146.38) was obtained with early sowing
(1 December). Apart from the sowing on 30 December (139.80),
the remaining two dates produced statistically equivalent num-
bers of spikes m=2 The performance of the 30 December sowing
was the worst in terms of spikelets spike™" (12.77). A clear advan-
tage of sowing date in increasing spikelets spike™ was evident
on 01 December (15.85) and 15 December (14.92) sowing, but not
thereafter. In terms of grains spike™" of wheat, 1 December sowing
showed maximum grains spike™ (47.66), whereas 30 December
sowing exhibited minimum grains spike™ (38.50). From Table 2,
it is clear that up to 15 December sowing the number of grains
spike™ of wheat was considerable. With the delay in sowing,
wheat’s thousand-grain weight dropped. The sowing that took

place on 1 December produced the maximum weight of 1000
grains (43.52 g), while the sowing that took place on 30 Decem-
ber produced the lowest weight of 1000 grains (31.04 g). With the
postponement of sowing, wheat grain yield was also reduced.
Wheat sowing on 1 December resulted in the maximum grain
yield (2.99 t ha™"). Wheat grain yield (1.67 t ha™") was lowered by
44% as a result of the very late sowing (30 December). Also, early
sowing led to the maximum straw yield (3.54 t ha™) and when
sown very late, the straw yield was recorded as being the lowest.
The highest harvest index (45.79%) of wheat was found when sow-
ing was done on 01 December. With the delay of sowing, harvest
index was gradually decreased (Table 2).

Seed priming

Seed priming had a significant influence on all yield parameters
and yield except spike length, spikelets spike™, and grains spike-
let™. When compared to non-primed seeds, it was shown that
priming the seeds enhanced wheat plant stature. Seed priming
performed significantly better than the control (90.03 cm), but
there were no significant differences between calcium (94.17 cm)
and potassium (94.81) priming. From Table 3, it is clear that on
average due to seed priming plant height was increased by 5
cm. As a result of seed priming, there were more wheat spikes
m~ than there were under control. With KCI priming, the great-
est number of spikes m=2 (145.81) was produced which was

Table 2.
Effect of Sowing Date on Plant Characters, Yield Parameters, and Yield of Wheat

Plant Spike Grains Grain Straw

Height | Spikesm=2 | Length Spikelets Spike™ Grains 1000-Grain Yield Yield Harvest
Sowing Date (cm) (no.) (cm) Spike™ (no.) (no.) Spikelet (no.) Weight (g) (tha™) (tha™) | index (%)
01 December 95.38a 146.38a 12.08 15.85a 47.66a 3.02 43.52a 2.99a 3.54a 45.79a
15 December 94.82a 145.82a 12.20 14.92a 44.88a 3.03 41.07b 2.69b 3.32a 4473a
30 December | 88.80b 139.80b 12.03 12.77b 38.50b 3.04 31.04c 1.67¢ 271b 38.11ab
Sx 27.41 27.41 014 2.66 2211 0.27 2.66 0.07 0.10 22.35
Level of *% *% NS *% *% NS *% *k *k *%
significance
CV (%) 5.6 36 31 1.2 10.8 172 4.2 10.9 10.2 11.0
Note: NS =Not significant.
Means with the same letters or without letters within the same column do not differ significantly.
**Significant at 1% level of probability.
Table 3.
Effect of Seed Priming on Plant Characters, Yield Parameters, and Yield of Wheat

Spike
Plant Length Spikelets Grains Grains Grain Straw

Height | Spikes m (cm) Spike™ Spike™ Spikelet™ 1000-Grain Yield Yield Harvest
Seed Priming (cm) (no.) (no.) (no.) (no.) Weight(g) (tha™) (tha™) | Index (%)
No priming 90.03b 141.03b 12.21 13.87 41.50b 3.02 3711b 2.21b 3.02b 41.70b
CaCl, priming 9417a 14517a 12.05 14.85 44.66a 3.01 38.96a 2.55a 3.28a 4317a
KCl priming 94.81a 145.81a 12.05 14.8 44.88a 3.06 39.57a 2.59a 3.27a 43.76a
Sx 15.58 2570 0.36 2.07 7.99 0.08 1.30 0.02 0.09 3.38
Level of * * NS NS * NS x ok * *
significance
CV (%) 42 27 5.0 9.9 6.5 9.5 3.0 6.4 9.9 4.3
Note: NS = Not significant.
Means with the same letters or without letters within the same column do not differ significantly.
**Significant at 1% level of probability.
*Significant at 5 % level of probability.
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Table 4.
Effect of Variety on Plant Characters, Yield Parameters, and Yield of Wheat
Plant Spikes Spike Grains 1000-Grain Grain Straw

Height m Length Spikelets Spike™ Grains Weight Yield Yield Harvest
Variety (cm) (no.) (cm) Spike™ (no.) (no.) Spikelet (no.) (9) (tha™) (tha™) | Index (%)
BARI Gom-27 92.22 143.22 10.32b 1417 4270b 3.03 3779 2.35 3.13b 42.45
BARI Gom-33 9378 143.22 13.89a 14.86 44.66a 3.03 39.30 2.55 3.25a 43.30
Sx 25.70 25.70 0.36 1.28 0.07 0.08 2010 0417 0.01 21.65
Level of NS NS ok NS ok NS NS NS x NS
significance
CV (%) 55 3.5 5.0 7.8 0.6 9.8 11.6 16.9 0.9 10.9
Note: NS =Not significant.
Means with the same letters or without letters within the same column do not differ significantly.
**Significant at 1% level of probability.

statistically similar to CacCl, priming (145.17) and the lowest was
registered with no priming (141.03). When compared to the con-
trol, seed priming greatly outperformed it in terms of number
of grains spike™ (41.50), but there was no significant difference
between calcium (44.66) and potassium (44.88) priming and on
average due to seed priming wheat grains spike™ was increased
by 7%. As compared to the control, priming boosted 1000-grain
weight by roughly 5.5%. Seed priming demonstrated higher effec-
tiveness in this regard. The maximal 1000-grain weight (39.57 g)
obtained by KCI seed priming was comparable to CaCl, priming
(38.96 g). Using KCI priming, the best grain yield was attained
(2.59 t ha™) which was statistically equivalent to CacCl, priming
(2.55 t ha™). Seed priming outperformed the control by a large
margin and boosted yield. When compared to non-primed seeds,
it was shown that priming the seeds enhanced the yield of wheat
straw. The performance of seed priming was much better than
the control, but there was no noticeable difference between cal-
cium (3.28 t ha™) and potassium (3.27 t ha™) priming. The harvest
index for seeds primed with KCL was greatest (43.76%), followed
by seeds primed with CaCl, (43.17). Due to seed priming, the har-
vest index rose by 2% on average (Table 3).

Variety

In wheat varieties, a significant varietal effect was seen in the
spike length, grains spike™, and straw yield. Between the two
varieties, the performance of BARI Gom-33 was better in terms
of length of spike (13.89 cm), number of grains spike™" (44.66), and
strawyield (3.25 t ha™) of wheat. BARI Gom-27, on the other hand,
generated 10.31 cm long spikes, 4270 grains spike™, and 3.13
straw t ha'. (Table 4).

Interaction Effect

Variety and seed priming

With the exception of spikelets spike™, grains spikelet™, and har-
vest index, interaction between variety and seed priming had a
substantial impact on all yield parameters and yield of wheat.
Apart from the interaction between BARI Gom-27 and control,
which exhibited reduced plant height (89.48 cm) of wheat, other
interactions of variety and seed priming resulted in statistically
identical plant height. BARI Gom-33 with KCL priming had the
tallest plant (95.65 cm). When the seeds of BARI Gom-33 were
primed with KCL, the maximum number of spikes m= (146.65)
was generated which was statistically equivalent to other inter-
actions except BARI Gom-27 with control which resulted in lower
spikes m=2 (140.48). The BARI Gom-33 with control treatment
had the longest spike (14.09 cm), which was statistically equal to

the BARI Gom-33 with CaCl, priming (13.83 cm) and BARI Gom-
33 with KCI priming (13.75 cm), but the BARI Gom-27 with CaCl,
priming had the smallest spike (10.27 cm). Similar to this, BARI
Gom-33 with KCL priming generated the most grains spike™
(46.44), whereas BARI Gom-27 with control treatment produced
the least (40.77). BARI Gom-33 with KCL priming also generated
the maximum 1000-grain weight (40.66 g), whereas BARI Gom-
27 with control treatment produced the minimum (36.70 g). Grain
yield was found highest (2.72 t ha™") in BARI Gom-33 with KCL and
all other interactions produced significantly similar grain yield of
wheat except BARI Gom-27 with control treatment (214 t ha™)
and BARI Gom-33 with control treatment (2.28 t ha™) (Figure 2). In
the case of interaction between variety and seed priming except
for BARI Gom-27 with control (2.93 t ha™), all other interactions
produced a significantly similar straw yield and the highest was
noticed in BARI Gom-33 with KCL priming (3.34 t ha™) (Table 5).

Variety and sowing date

Two varieties performed well irrespective of the sowing date in
the situation of variety and sowing date interaction. Irrespective
of varieties, the performance of the 30 December sowing was the
worst. Tallest plant (96.38 cm), maximum number of spikes m=2
(147.38), spikelets spike™ (16.47), grains spike™ (49.00), 1000-grain
weight (44.42 g), grain yield (2.46 t ha™), straw yield (3.60 t ha™),
and harvest index (46.32 %) were documented in BARI Gom-33
when sown on 1 December (Figure 3, Table 6). All of these param-
eters were gradually decreased with the delay of sowing for both
varieties. Though the spike length of BARI Gom-27 followed this
trend spike length of BARI Gom-33 did not, where the highest
spike length (14.04 cm) was obtained with BARI Gom-33 when
sown on 15 December. Most of the parameters were found low-
est in BARI Gom-27 sown on 30 December, but the lowest spike
length was found in BARI Gom-33 sown on 30 December (Table 6).

Seed priming and sowing date

Length of spike and grains spikelets™ were not significantly var-
ied when seed priming and sowing date interacted with each
other. The tallest plant (97.26 cm) and highest number of spikes
m~2 (148.26) were noticed in CaCl, priming and 15 December
sowing. A clear advantage of priming in increasing plant height
and spikes m=2 was evident up to 15 December sowing, but not
thereafter. The highest number of spikelets spike™" (16.40), grains
spike™ (49.33), highest 1000-grain weight (44.95 g), and grain
yield (316 t ha™") was observed in KCI priming and 1 December
sowing (Figure 4, Table 7). Table 7 indicates that up to the 15
December sowing, the benefit of priming in improving these
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Figure 2.
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Grain Yield of Wheat as Influenced by the Interaction Between Variety and Seed Priming. Bar Represents Standard Error of Means. Here, V,= BARI Gom-27,
V,=BARI Gom-33; P,=No priming, P.,=CaCl,priming, P,= KCI priming.

;'r-?tt:elreaiion Effect of Variety and Seed Priming on Plant Characters, Yield Parameters, and Yield of Wheat
Plant Spike Grains 1000-Grain | Straw
Height | Spikesm= | Length Spikelets Grains Spikelet™ Weight Yield Harvest
Variety x Seed Priming (cm) (no.) (cm) Spike™ (no.) | Spike~' (no.) (no.) (9) (tha™) | Index (%)
No priming 89.48b 140.48b 10.34b 13.51 40.77b 3.05 36.70d 2.93b 41.82
BARI Gom-27 | CaCl, priming 93.23ab | 144.23ab 10.27b 14.61 44.00ab 3.02 38.18b-d 3.25ab 42.49
KCl priming 93.96ab | 144.96ab 10.36b 14.38 43.33ab 3.03 38.48bc 3.21ab 43.05
No priming 90.57ab | 141.57ab 14.09a 14.23 42.22ab 2.99 37.52cd 3.12ab 41.58
BARI Gom-33 | CaCl, priming 9512a 146.12a 13.83a 15.08 45.33ab 3.01 39.73ab 3.31a 43.86
KCl priming 95.65a 146.65a 13.75a 15.27 46.44a 3.09 40.66a 3.34a 44.47
Sx 27.41 27.41 014 2.66 2211 0.27 2.66 0.10 22.35
Level of significance o o o NS o NS o * NS
CV (%) 4.2 27 50 9.9 6.5 9.5 3.0 9.9 4.3

Note: NS =Not significant.
Means with the same letters or without letters within the same column do not differ significantly.
**Significant at 1% level of probability.
*Significant at 5% level of probability.

Figure 3.
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V,=BARI Gom-33, D, =01 December, D, =15 December, D, =30 December 2019.
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;I:tglr;?t:ion Effect of Variety and Sowing Date on Plant Characters, Yield Parameters, and Yield of Wheat
Plant Spike Grains Grains Straw
Height | Spikesm= | Length Spikelets Spike™ Spikelet™ 1000-Grain Yield Harvest
Variety x Sowing Date (cm) (no.) (cm) Spike™ (no.) (no.) (no.) Weight (g) (tha™) | Index (%)
01 December 94.38ab 145.38ab 10.38b 16.22ab 46.33ab 3.05 42.63b 3.48ab 45.27a
BARI Gom-27 | 15 December | 93.98ab 144.98ab 10.37b 14.42bc 43.66b 3.06 39.94c 3.21b 4415a
30 December 88.31c 139.31c 10.22b 12.86¢d 38.11c 2.98 30.80d 2.70c 37.94b
01 December 96.38a 147.38a 13.78a 16.47a 49.00a 2.99 44.42a 3.60a 46.32a
BARI Gom-33 | 15 December 95.66a 146.66a 14.04a 15.43ab 46.11ab 3.01 42.21b 3.44ab 45.31a
30 December | 89.30bc 140.30bc 13.84a 12.68d 38.88c 3.09 31.28d 273c 38.29b
Sx 2741 27.41 014 2.66 2211 0.27 2.66 0.10 22.35
Level of significance ok ok ** ok ok NS ok ** ¥
CV (%) 5.6 3.6 31 1.2 10.8 172 42 10.2 1.0

Note: NS =Not significant.
Means with the same letters or without letters within the same column do not differ significantly.
**Significant at 1% level of probability.

Figure 4.
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Grain Yield of Wheat as Influenced by the Interaction Between Seed Priming and Sowing Date. Bar Represents Standard Error of Means. Here, P.,=CaCl,
priming, P, _ KCI priming; D, =01 December, D, =15 December, D,=30 December 2019, P,=No priming.

;I:tt;ﬁlz'tion Effect of Seed Priming and Sowing Date on Plant Characters, Yield Parameters, and Yield of Wheat
Plant Spike | Spikelets | Grains Grains 1000-
Height | Spikes m=2 | Length | Spike™ Spike™ | Spikelet™ Grain Straw Yield Harvest
Seed Priming x Sowing Date (cm) (no.) (cm) (no.) (no.) (no.) Weight (g) (tha™) Index (%)
01 December 93.38a-c | 144.38a-c | 1214 14.90ab | 45.00bc 3.03 41.51b 3.30ab 4515ab
No priming 15 December 90.90b-d | 141.90b-d | 1220 | 14.55a-c | 44.00cd 3.07 40.30b 3.28ab 43.38b
30 December 85.81d 136.81d 12.30 12.16d 35.50f 2.96 29.51d 2.50c 36.58d
01 December 95.38a-c | 146.38a-c | 11.99 16.25a 48.66ab 3.01 4411a 3.68a 45.76ab
CaCl,priming |15 December 97.26a 148.26a 1212 15.51a | 46.00a-c 2.96 41.43b 3.30ab 46.12a
30 December 89.88cd 140.88cd | 12.04 1278cd 39.33e 3.07 31.33c 2.86bc 37.64d
01 December 97.40a 148.40a 121 16.40a 49.33a 3.01 44.95a 3.65a 46.48a
KCl priming 15 December 96.31ab 147.31ab 1229 | 147a-c | 44.66bc 3.08 41.50b 3.40a 44.68ab
30 December 90.71b-d | 141.71b-d 1176 | 13.38b—-c | 40.66de 3.09 32.28¢ 2.78c 40.12c
Sx 15.58 0.36 0.36 2.07 7.99 0.08 1.30 0.09 3.38
Level of significance o ok NS x ok NS o o x
CV (%) 5.6 36 341 1.2 10.8 17.2 4.2 10.2 11.0
Note: NS =Not significant.
Means with the same letters or without letters within the same column do not differ significantly.
**Significant at 1% level of probability.
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parameters was obvious. Interaction between CaCl, priming
and 1 December sowing produced the highest straw yield (3.68
t ha™") and the maximum harvest index (46.12%) was recorded in
CaCl, priming and 15 December sowing. All the parameters were
found lowest in no priming and very late (30 December) sowing
(Table 7).

Variety, seed priming, and sowing date

When variety, seed priming, and sowing date all interacted with
each otherthey substantially impacted yield parameters and yield
of wheat except grains spikelet™. Tallest plant (98.53 cm), number
of spikes m~2(149.53), spikelets spike™" (17.13), grains spike™" (51.33),
1000-grain weight (46.06 g), grain yield (3.28 t ha™), and harvest
index (47.20 %) were recorded in BARI Gom-33, KCI priming and 1
December sowing (Figure 5, Table 8). The longest spike (14.36 cm)
was registered with BARI Gom-33, no priming, and 30 Decem-
ber sowing, whereas the highest straw yield was documented in
BARI Gom-33, CaCl, priming, and 1 December sowing. Most of
the parameters were found lowest in BARI Gom-27, no priming,
and 30 December sowing whereas the lowest spikelets spike™
and weight of 1000 grains were documented in BARI Gom-33, no
priming, and 30 December sowing (Table 8).

Discussion

Throughout the life cycle, plants often experience a period of abi-
otic stress in their natural settings, which can affect their normal
development and growth. Previous studies (Arun et al, 2022;
Patane et al, 2009; Wahid et al., 2008) have shown that prim-
ing seed is a previous exposure to a certain stress which provides
plants better resistance to future stress. Therefore, it was pro-
posed that seed treatment prior to sowing would aid in quicker
and higher seed germination, improved survival, enhanced
growth, and greater vigor in wheat seedlings. Compared to
unprimed seeds, plants grown from primed seeds frequently
develop more quickly (Anwar et al., 2021a).

The sowing dates in this study had a substantial impact on plant
height. When the sowing date was delayed, plants’ height dramat-
ically fell. The shortened growth period in late sowings caused the

plants'height to decline. It may be possible that early-sown crops
benefited from improved climatic circumstances, particularly in
terms of temperature and solar radiation, which led to the tallest
plants. These results are consistent with Akram et al. (2007), who
claimed that sowing dates significantly influenced plant height
and also, they documented taller plants in early-sown rice than
in late-sown rice. But in contrast to plants without priming, seed
priming dramatically raised the height of wheat cultivars pro-
duced under the same conditions. In some crop species, seed
priming significantly improved stand, establishment, and early
vigor (Harris et al., 1999), which lead to accelerated growth and
greater plant height. According to Farooq et al., (2011), primed
seeds often produce more dry matter and grow plants with higher
plant heights and root weights than untreated seeds. Addition-
ally, Ali et al. (2013) provided evidence that several seed priming
techniques increased the plant height of wheat. A further finding
made by Anwar et al. (2012) was that the seed priming technique
had a positive effect on the plant height of direct-seeded aerobic
rice. The current study reveals the same results as earlier ones.

It was shown that high temperatures caused a significant drop
in spikes m~2 and spikelets spike in late-sown wheat, which may
have also decreased grains spike™, weight of 1000 grains, and
grain yield. If seeds are sown too early, low temperature may
impact germination, and if seeds are sown too late, high tem-
perature may diminish crop output. Thus, it is essential to sow
seeds at the proper time. If wheat is sown later, low temperatures
that are common during late sowing will negatively affect the
germination process of seed, emergence of seedling and seed-
ling vigor that led to fewer spikes m=2 and ultimately reduces
yield and harvest index. Impaired pollination and seed set (Farooq
et al., 2011), a drop in the number of ear heads, and a reduction in
the quantity of grains spike™' (Nawaz et al., 2013) may be related
to the obvious deleterious consequences of high temperatures.
The findings of the study reveal that seed priming increased the
number of spikes m=2 and spikelets spike™'. As demonstrated by
several studies (Patanée et al., 2009; Wahid et al., 2008), seed
priming gives plants a higher resistance to stress, As a result, it
was anticipated that seed treatment before sowing may assist
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Grain Yield of Wheat as Influenced by the Interaction Among Variety, Seed Priming, and Sowing Date. Bar Represents Standard Error of Means. Here,
V,=BARI Gom-27,V,=BARI Gom-33, D, =01 December, D, =15 December, D,=30 December 2019, P,= No priming, P.,= CaCl,priming, P,= KCI priming.

Research in Agricultural Sciences 2023 54(2): 57-67 1 DOI: 10.5152/AUAF.2023.23112



65

"A311qeqoad JO [9A8) %1 1B JUBDYIUBIS 4
‘A|pueoyIubis Jayip 30U OP UWIN|OD BWJES Y] UIY3IM S183118| INOYLIM IO S191318] SUJeS U3 YIM SUBS)
JuedyIubIS J0N = SN 930N

O’k Tolk (4% Tl 80} T e g€ 95 (%) NO
ok ok . SN - - - - ok 9ouBdYIUBIS JO [9AST
sece (o]X0) 99T 1T0 ee 99T 4] Wit Wie XS
0-BGG0F 4-0€8'C pesce cee 9-q99'ly p-qocel gsgel o0-B0LTYI 0-BEEU6 | Joquiedad Og
Buiwid
[Sjteleyel7 qees’e qeQLEy €0€ O-BEE 9P 0-BEE'GL qeL6'el eEe6Yl BEEU6 | Jaquiedaq gl [0}
e0T LY [EfelexS ©90'91 10'€ eeelg egl/) qeLL el eEG 6L BEG'86 | Jaqwiedad Lo
9-B89'6E 4-0€8C 9p00CE 60°€ 9-0€€'6E p-q99ch qcoel 0-BOLTYL 0-B0B'06 | J9qwedeQ Og
Buiwid
Sexeld p-e9ce 29e0Ty 16T o-eEEly qeo6'Gh qeL0vh eEEBY L BEE'8e | Jaquiednaq Gl ‘oBD|  £E-WoD |vd
qeyC oy EYR) e9l'GY 96C qeeE B ©0.L9) qeogel qeQC Lyl geek96 | 1eqweded Lo
216'GE $0EGT 9€0'6C 96C Clefeleyely peoTh B9E 9906'9€El 2q06'S8 | Jequieoaq Og
o-egeey 0-BEY'E 290G+ zoe P-e99tri P-B90'GH qeLOvk 0-BEETYL o-ege’le | Jequieds( Gi | Buiwid oN
qeTS'Sy 0-BOY'E 2qe0Ty 66T o-eLE9P qeo9'sh qey8el 0-B0G Gl 9-BOG¥6 | 48quiadsq Lo
9-B89'6E J-peLe opeLle 86T 9-099'6€ pP-qotEl 296'6 o-BEE Il 0-BOV'IB | Jequwiedad Og
Buiwid
o-elLEY p-egze 906'6€ 453 9-e00'EY p-e0l vl 2190} 0-B0C 9Vl 9-B0E'GE | Joquiede( Gl o)
qeS.GY eE9C qeeg el zoe o-eEEy qe99Gl 215°0L qeQT L) qe9T'96 | JaqwedaeQ Lo
9q06'9€ 4-906'C 9p990E ¥0'€ 9-0E€'6E p-q06°CH 2150 0-B98'6BEL 5-e98'88 | Jeqwiedad O¢
Buiwid
qeQE Gy p-ecTe 29€8°0 86T p-e99't1 p-eELGl JANo]! qeQT Lyl geoz'96 | Jequiedaq gl foeD|  LT-Won |¥vd
qesT Sy eE9'C qeQO'ey 90°€ 2-eQ0'8Y qe08'Gl 9810} 0-BEQ'GYI 0-BEQYE | Jaquiedaq Lo
2qs5TLe J9r'C 9p000E 86T 9ee'se po0E Tl %T Ok o8/ 9€EL 9g/G8 | Jeqwedaq Og
oO-Bp el o-BELE 2016 453 9-BEC'EY P-BEOVL opE 0l o-E9Y Lyl 0-BQ9y’06 | Jequiede( G} | Buiwiid oN
-8/ vY p-eOC'E 2900’ 80°€ 9-BQQ'EY p-B9O'GH oYy Ok 0-BQ9T'EY) 0-B9T'C6 | Jequiedaq Lo
(%) xapul (-ey3) (6) 3ybram (‘ou) ,-3819x1ds (-ou) (ou) ,exids | (wd) yabua (-ou) (wo) a1eq buimos x Buiwilid pass x A1ariep
3senseH PISIA MenS uleln-000k suresn -ovidg sutesn | sjgpIds aids wsads | 3yblaH jueld

183U/ JO PJaIA PUB ‘Sio3aWIBIES PJBIA ‘SI930BIBYD IUEBI4 UO 83B(J BUIMOS puUB ‘Builllid posas ‘1818 JO 1094/ UOI0BI8U|

‘ga|qeL

Research in Agricultural Sciences 2023 54(2): 57-67 1 DOI: 10.5152/AUAF.2023.23112



66

wheat seedlings combat various abiotic challenges under late-
sown conditions (Mim et al.,, 2021).

In this study, seed priming increased the number of grains spike™
and 1000-grain weight, which ultimately boosted yield. Under
high-temperature stress, seed priming can boost the grain and
straw yield of wheat. According to Farooq et al. (2008), in late-
sown wheat, seed priming improved seed emergence, stand
establishment, grain and strawyields, and the harvest index. Seed
priming significantly enhanced grain output (17%) as compared
to non-primed wheat seed Ramamurthy et al. (2015). Ali et al.
(2013) also noted that various seed priming methods improved
the number of viable tillers, the weight of one thousand grains,
grain yield, and the biological yield of wheat. Higher grain output
from primed seed may be the result of well-established, vigor-
ous seedlings that acquire resources more quickly (Anwar et al.,
2012; Harris et al.,, 1999; Mahajan et al. 2011). Additionally, Farooq
et al. (2009a) claimed that the quick and controlled synthesis of
emergent metabolites in primed seeds resulted in more robust
and healthy seedlings that improved growth and increased yield.
Anwar et al. (2012) stated that primed stands may produce more
grain due to greater numbers of panicle-bearing tillers resulting
from less seedling mortality. The stronger seedlings from primed
seeds produced more grain because they were able to gather
resources quicker and more successfully than seedlings from
unprimed seeds (Farooq et al., 2009a).

In this study, the influence of wheat variety on spike length, grain
spike™!, and straw production was significant. Two varieties (BARI
Gom-27 and BARI Gom-33) responded differently to different sow-
ing dates and it was noticed that early-sown wheat performed
well than late sown and this nature was observed in both variet-
ies. Though BARI Gom-33 performed marginally better than BARI
Gom-27, overall, the results showthat both types performed almost
equally well and the grain yield of these kinds steadily declines with
the delaying of sowing. For all sowing dates, BARI Gom-27 and
BARI Gom-33’s grain yield increased, which is a definite benefit of
seed priming. The purpose of seed priming was to speed up germi-
nation and shield the seed from environmental stress throughout
the crucial stage of seedling growth in order to ensure consistent
establishment and higher yields (Arun et al., 2021).

The priming agents employed in this experiment, KCl and CaCl,,
performed nearly similarly. However, there were other instances
when KCI priming outperformed CaCl, priming only marginally.
Farooq et al. (2006b) found that increasing rice yield under dry
direct sowing conditions looked to be possible with KCl and CaCl,
priming. According to Toklu et al. (2015), in contrast to the con-
trol, PEG, KCI, and hydro-priming treatments increased wheat
grain output. Suryakant et al. (2000) reported that the priming
treatment with IAA, KCl, water, and ZnSO, followed by sowing of
sprouted produced the highest grain, straw, and biological yields
of wheat, whereas the dry seed sowing method produced the low-
est yields. Anwar et al. (2012) also determined that the best way
to promote seed germination and seedling vigor was to prime
seeds with KCI or CaCl,. According to Anwar et al. (2021a), win-
ter rice can be benefitted from priming with KCl or CaCl, (20,000
ppm) to increase seed germination, seedling growth, and seed-
ling survival when exposed to cold stress.

Conclusions and Recommendation

Finally, current research supports that both of the varieties per-
formed fairly similar and grain yield decreases gradually with the
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delay of sowing due to temperature stress. At all planting dates,
boosting grain yield was demonstrated to be a definite benefit
of seed priming. Therefore, it is recommended to sow wheat by
15 November following seed priming and in case of delay sow-
ing seed priming is a must to mitigate the temperature stress
to some extent. With the intention of opening up new pos-
sibilities for improving seed priming to reduce heat stress in
late-sown wheat, particularly at the reproductive stage, KCI and
CaCl,emerged as the best priming agents. Consequently, it can
be asserted that seed priming is a viable technique for at least
somewhat lowering the effect of temperature stress in the event
of a delay. But more investigations should be done throughout
the world to strengthen this recommendation.
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How Does the Change in Feed Prices
Affect Meat Prices? A Case Study of
Turkey

Yem Fiyatlarindaki Degisim Et Fiyatlarini Nasil
Etkiler? Turkiye Ornegi

ABSTRACT

This study aims to understand the relationship between meat and meat product prices and feed
prices. For this purpose, causality and long-run relationship between variables are examined
using the Granger causality test and autoregressive distributed lag model approaches. The data
of the study is formed from the Meat Consumer Price Index and Feed Price Index shared by the
Turkish Statistical Institute. The data set is composed of 70 observations covering the period
from January 2016 to October 2021. The results of the Granger causality test show that the Feed
Price Index is the Granger cause of the Meat Consumer Price Index. According to the long-run
estimation results of the autoregressive distributed lag model, a 1% increase in the Feed Price
Index increases the Meat Consumer Price Index by 0.97%. It is estimated that the deviations from
the long-run equilibrium will be adjusted in approximately 4 months. Considering the results of
the study showing that the prices of meat and meat products are significantly affected by feed
prices, it can be concluded that the subsidies to the feed crops and feed industry has the potential
to impact meat prices positively.

Keywords: ARDL model, Consumer Price Index, feed prices, Granger causality test, meat prices

6z

Bu calisma, et ve et Urlnleri fiyatlari ile yem fiyatlari arasindaki iligkiyi anlamayi amaglamakta-
dir. Bu amagla degiskenler arasindaki nedensellik ve uzun donem iligkileri Granger nedensellik
testi ve ARDL modeli yaklasimlari kullanilarak incelenmistir. Galismanin verileri, Tiirkiye Istatistik
Kurumu tarafindan paylasilan Et Tiketici Fiyat Endeksi (MCPI) ve Yem Fiyat Endeksi'nden (FPI)
olusturulmustur. Veri seti, Ocak 2016 ile Ekim 2021 arasindaki donemi kapsayan 70 gozlemden
olugsmaktadir. Granger nedensellik testi sonuglari, FPI'nin MCPI'nin Granger nedeni oldugunu gos-
termektedir. Otoregresif Dagitiimis Gecikme (ARDL) modelinin uzun dénemli tahmin sonuglarina
gore, FPI'deki %1'lik bir artis MCPI'yi %0,97 artirmaktadir. Yaklasik 4 ayda kisa donemdeki sapma-
larin dlizelecedi ve sistemin uzun donem dengesine yakinsayacagi tahmin edilmektedir. Et ve et
drtnleri fiyatlarinin yem fiyatlarindan 6nemli 6l¢lide etkilendigini gosteren calismanin sonuglari
dikkate alindiginda, yem bitkileri ve yem sanayine yonelik tesviklerin et fiyatlarini olumlu yénde
etkileme potansiyeline sahip oldugu ifade edilebilir.

Anahtar Kelimeler: ARDL modeli, Tiketici Fiyat Endeksi, yem fiyatlari, Granger nedensellik testi,
et fiyatlari

Introduction

Animal feed has a high importance in terms of animal husbandry as it constitutes a significant part of
the variable costs in production activities (Albez, 2018; Tandogan & Cigcek, 2016). Turkey, whose meat
consumption is increasing every year due to the increasing population and changing consumption
habits, is not at the desired level in feed production, which is the main input of production activity.
According to Organisation for Economic Co-operation and Development (OECD) (OECD, 2021), meat
consumption in Turkey was 1566.5 thousand tons in the 2000s, reaching 2859.6 in the 2010s with
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an increase of 82.55% compared to the previous period. Although
there are substantial increases in feed crop production and com-
pound feed production in the same period, it can be stated that
there are many problems that need to be overcome considering
the fact that 45%-50% of the mixed feeds produced depend on
imported feed raw materials; unlike the developed countries, the
use of compound feed in livestock is 60% on a dry matter basis
in the livestock sector and the current roughage production in
Turkey cannot meet the total need in this regard (Ozkan & Sahin
Demirbag, 2016; TURKIYEM-BIR, 2019).

As the need for feed cannot be met in the market, the increases
in feed prices cause an increase in meat prices which affects the
consumer negatively, while this situation triggers meat imports
and affects the producer negatively. Although the increments in
feed prices significantly increase the expenses of the producers,
the factthatthe producersales prices do not increase significantly
prevents the producers from making investments to improve the
product quality and production capacity. In this respect, it can be
stated that the increase in feed prices has the potential to pose
a threat to food security in meat. Due to the critical impact that
feeds can have on meat prices, meat consumption, and the live-
stock sector, it is possible to come across many studies exam-
ining the relationship between meat consumption and/or meat
prices and feed production/feed prices.

For instance, Arikan et al. (2019) examined the relationship
between broiler meat prices and broiler feed prices in Turkey.
They found that there was a cointegration relationship between
variables. Mat et al. (2020) analyzed the causality relationship
between the red meat consumer price in Turkey and the factors
that affect it. They ascertained that the prices of fattening feed
are the Granger cause of red meat consumer prices and car-
cass red meat prices. Yalginkaya and Aktas (2019) investigated
the effect of the abolition of Value-Added Tax (VAT) on animal
feed prices and meat prices, which has been implemented since
2016, through the Granger causality test and Johansen cointe-
gration analysis. They reported that the VAT exemption applied
to animal feed did not statistically affect meat prices. In a study
examining whetherthere is a cointegration relationship between
beef consumption in Turkey and beef price, chicken meat price,
and per capita income (Erdogdu & Cicek, 2017), it is stated that
increases in beef prices, in the long run, will affect consumption
negatively following with the economic theory. It has been con-
cluded that the increases in chicken meat prices will affect con-
sumption positively. Ozer (2013) examined the factors affecting
beef carcass meat prices in Turkey with the autoregressive dis-
tributed lag (ARDL) approach. The results show that cattle feed
prices have a positive and statistically significant effect in the
short and long run. Musunuru (2017), investigating the relation-
ships between grain prices, meat prices, and exchange rates
in the USA, used the Johansen cointegration test, the Granger
causality test, and Vector autoregression (VAR) analysis. While
the results of the Johansen cointegration test revealed no
long-run relationship between the variables, the results of the
Granger causality test showed a feedback relationship between
corn prices and lean hog prices, and live cattle prices were
the Granger cause of corn prices. Arikan et al. (2022) analyzed
the factors affecting broiler chicken prices using the boosting
regression method. They found that their prices are affected by
raw material prices of feed as well as economic conditions in
Turkey. A general evaluation of the literature suggests that, as
expected, numerous empirical findings support the significant

impact of feed prices on meat prices. Therefore, studies that
address the possible effects of feed prices on meat prices from
different perspectives and provide a better understanding are
particularly important.

This study aims to understand the relationship between meat
prices and feed prices. For this purpose, the causality relation-
ship and long-run relationship between the Meat Consumer
Price Index (MCPI) and the Feed Price Index (FPI) are examined
with the Granger causality test and the ARDL model. The primary
motivation for using indexes instead of direct product prices in
the study is to perform a comprehensive analysis by understand-
ing the effects of developments in feed prices on meat and meat
products rather than revealing the relationship between feed
prices only with carcass meat or some meat products. The MCPI
shared by the Turkish Statistical Institute (TURKSTAT) (2022),
based on 2015 (2015=100), increased by 230.50% in October
2021. This price increment makes it more difficult to access
animal products, which are already not accessible enough for
all segments of society (Akin et al., 2020). It is thought that the
results of the study can be used by decision-makers to develop
policies to prevent price increases by explaining the relationship
between feed prices and meat prices. In addition, the results of
the study can be used to make long-run investment planning
for the livestock sector and the sectors that provide input to the
livestock sector.

Methods

The main materials of the study are the MCPI which is among
the sub-headings of the Consumer Price Index (CPI), and the FPI,
which is one of the sub-headings of the Agricultural Input Price
Index (AIPI) shared by TURKSTAT. The data set consists of monthly
data and covers the period from January 2016 to October 2021.
When the TURKSTAT database is scanned, it is seen that 2003
(2003=100) is accepted as the base year for the CPl and the index
starts from January 2003, while the AIPI starts from January 2016
based on the year 2015 (2015=100). In order to standardize the
CPI and AIPI data, the CPI data are recalculated based on 2015
(2015=100). For the variables used in the study, first, logarithmic
transformation was applied, and then seasonal adjustment was
made with the moving average (additive) technique.

The MCPI constitutes 5.19% of the item weight in the general CPI
and includes the items in Table 1. The FPI, on the other hand, has
the subheadings of roughage and concentrated feed.

Descriptive statistics for MCPI and FPI are given in Table 2. The
MCPI and FPI data for the January 2016 and October 2021 peri-
ods are given in Figure 1.

To estimate the effect of FPI on MCPI, the equation presented
below is formed.

InMCPI = By + ByInFPI + &, (1)

It is expected that FPI will have a positive and statistically sig-
nificant impact on MCPI, taking into account the fact that feed
expenditures are among the main expense items in livestock and
the results obtained from previous studies.

The study uses the ARDL model to examine the long-run rela-
tionship between MCPI and animal feed prices. Thanks to the
ARDL model proposed by Peseran et al. (2001), if the variables
are I(0) or I(1), the long-run relationship between the variables can
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Table 1.

Weights for ltems of MCPI

Item Name* Weight in CPI (%) Weight in Food and Non-alcoholic Beverages CPI (%) Weight in MCPI (%)
Veal 215 8.50 41.48
Lamb 0.91 3.61 17.64
Poultry 1.40 554 27.04
Offal 0.06 0.23 111
Garlic-flavored sausage (Sucuk) 0.43 170 8.28
Sausage 0.05 0.19 0.91
Salami 0.08 0.33 1.60
Prepared meat dishes 0.10 0.40 1.95
Total 519 20.49 100.00

Source: TURKSTAT, 2022; Original Calculations.
CPI = Consumer Price Index; MCPI = Meat Consumer Price Index.

*The items specified for the MCPI and the weights of these items may change over time. For example, the first data shared for Prepared Meat Dishes in the TURKSTAT

database is based on 2019MO1.

Table 2.
Descriptive Statistics

Standard
Variables Mean Deviation Maximum Minimum
MCPI 151.0500 36.18147 231.9200 105.4000
FPI 144.8291 36.54755 230.4600 102.8800

Source: TURKSTAT, 2022; Original Calculations. Period: 2016 MM01-2021M10.
FPI = Feed Price Index; MCPI = Meat Consumer Price Index.

be examined. Another important advantage of the ARDL model
is that this technique is more robust for small sample sizes
(Narayan, 2004).

There are a number of steps that must be followed before mak-
ing long-run and short-run (error correction model (ECM) estima-
tions with the ARDL model. One of the first steps is to determine
the order of integration for the series to be included in the model.
Although the ARDL model can provide robust results for 1(0) and
I(1), this is not the case for I(2) and higher order of integration.
Another critical step is to decide on the appropriate lag length
and conditional ECM for ARDL(p,q) model dependent variable and
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Figure 1.

2018-09

its regressors. Akaike Information Criteria (AIC), Schwarz criterion
(SC), or Hannan—Quinn criterion are generally used when deter-
mining the appropriate lag length. For the estimation results of
the selected model to be acceptable, there should be no serial
correlation, heteroscedasticity, specification error, or normality
problems in the relevant model, and attention should be paid to
the stability of parameter estimations (Mert & Caglar, 2019).

The representation of ARDL with a constant term and no trend
variable can be formulated as follows:

q
"In/VICPIFi +
i=0

p
LnMCPI, = By +
i=1

SilnFPl_; + &;

(2)

where p represents the optimal lag order for the MCPI variable,
q is the optimal lag order for the FPE variable, and f, represents
the constant term.

Pesaran et al. (2001) proposed five different conditional ECMs for
cointegration analysis with the ARDL approach. Case 1 is recom-
mended for special cases such as both the dependent and inde-
pendent variables fluctuate around the zero mean, whereas case
2 is a more reliable option when some variables have a nonzero

2019-07
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Meat Consumer Price Index and Feed Price Index for January 2016—0October 2021 Periods (2015 = 100).
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mean (Kripfganz & Schneider, 2018). Cases 4 and 5 contain a
trend, and no significant results were obtained for the trend vari-
able in the preliminary examination made for the model devel-
oped. For this reason, case 3, which has common use in the
literature (Kripfganz & Schneider, 2018; Mert & Caglar, 2019), is
preferred. The model can be formulated with the variables used
in the study as follows;

b q
AInMCPI = By + Z‘p"A/nMCP/t_,- + E By AINFPI,;
i=1 i=0

3)
+ﬂ3lnMCPIr_1 + ﬁ4lnFPlt_1 +8f

where, A represents the operator of the first difference. The exis-
tence of a long-run relationship between the variables is tested
with the bounds test. In this test, the null hypothesis (HO= 5

=Ps =0 stating that there is no cointegration relationship is
against the alternative hypothesis (H1# B3 # B4 # 0) (Bolik &
Mert, 2015). The existence of cointegration can be accepted if
the calculated F-statistics values are above the upper critical
bounds determined for 1(0) and I(1). There are alternative criti-
cal values for 1(0) and I(1) in the literature. It is recommended to
perform the test by selecting the most appropriate critical val-
ues according to the sample size. Due to this study's relatively
small sample size, critical values calculated by Narayan (2005)
are used.

After examining the estimation results for the long run, the ECM
estimation is used to understand whether the deviations from
the short-run equilibrium can be compensated. The ECM, which
is also defined as short-run estimation, can be formulated as
follows:

p
AINMCPI, =8¢ + Z&AInMCPIt_,-
i=1

q
+ ZSZAInFPIH- +ECT, 4 +¢, )
i=0

Here, ECT represents the error correction term and w is the speed
of adjustment parameter. Suppose the coefficient is negative
and statistically significant. In that case, it indicates a deviation
from the long-run equilibrium due to many reasons, such as an
increase in energy prices or import/export restrictions, will be
corrected.

After examining the long-run relationships in the study, the cau-
sality relationship between the variables is examined with the
Granger causality test developed by Granger (1969). According to
this approach, when estimating an X, variable, if a better result is
obtained by using all the available information than when using
the information except the information that the Y, variable has, it
is stated that the Y, variable causes the X, variable (Granger, 1969;
1980). The Granger causality model formed for the study can be
expressed with the following equation on the condition that the
variables are stationary in the first-order difference:

p p
AInMCPI, = Za,A/nMCP/,_, + E BAINFPI,_; +é, (5)
i=1 i=1
p p
AlnFPl, = Za,AlnFPlt_,- + E B AINMCPI,_; +&, 6)

i=1 i=1

Here, i is the number of lags and is usually determined by infor-
mation criteria such as AIC and SC. Rejection of the generated
B,=B,=..= B;=0 hypothesis; for Equation 5, it means that FPI is
the Granger cause of MCPI, while for Equation 6, it means that
MCPI is the Granger cause of FPI. When both of these situa-
tions are valid, it can be stated that there is feedback (Granger,
1969).

Results

Unit Root Tests

Stationarity analysis is essential for the methods planned to be
applied for the series in this study. While the Granger causal-
ity test requires stationary variables, determining the order of

Table 3.
ADF and PP Unit Root Test Results for Series
ADF Unit Root Test Results (Constant) PP Unit Root Test Results (Constant)
Variables Test Critical Values ADF Test Statistics Test Critical Values PP Test Statistics
InMCPI 1% (-3.531592) 1189280 1% (—3.528515) 1.497722
5% (-2.905519) 5% (-2.904198)
10% (-2.590262) 10% (—2.589562)
D(InMCPI) 1% (-3.531592) -5.882170* 1% (—3.530030) —4.304283*
5% (-2.905519) 5% (—2.904848)
10% (—2.590262) 10% (—2.589907)
LNFPI 1% (-3.530030) 1.966187 1% (—3.528515) 3.423265
5% (—2.904848) 5% (—2.904198)
10% (—2.589907) 10% (—2.589562)
D(InFPI) 1% (-3.530030) —-4.527846* 1% (-3.530030) -4.376264*
5% (—2.904848) 5% (—2.904848)
10% (—2.589907) 10% (—2.589907)
ADF = augmented Dickey—-Fuller; FPI = Feed Price Index; MCPI = Meat Consumer Price Index; PP = Phillips—Perron.
ADF and PP test statistics values; *if p <.01.
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integration for the variables is necessary for the ARDL model. For
this reason, unit root tests are performed. Augmented Dickey-
Fuller and Phillips—Perron unit root tests, which are widely pre-
ferred as unit root tests, are chosen (Table 3).

When the unit root test results in Table 3 are examined, it is seen
that both series are stationary at first difference. For this reason,
the first-order difference series is used for the Granger causal-
ity test. Since both variables are stationary in 1(0) or I(1), it can be
stated that there is no obstacle for the ARDL model in terms of
stationarity.

Autoregressive Distributed Lag Model

After the stationarity test, the ARDL model is estimated. The
maximum lag length is determined as 12, and AIC is used to
select the most appropriate lag length. Estimation results and
diagnostic tests are shown in Table 4.

When the estimation results in Table 4 are examined, the appro-
priate lag length for the MCPI is 2 and the appropriate lag length
for the FPI is 6. While the adjusted R? value of the model is

calculated as 0.99, the F-statistic value is statistically signifi-
cant at the 1% significance level. When the diagnostic tests are
reviewed, it is determined that the model does not have het-
eroscedasticity, model specification, normality, and serial cor-
relation problems.

In order to test the stability of parameters, the CUSUM and
CUSUM of squares graphs in Figure 2 are examined.

Since the plots remain within the critical bounds for both CUSUM
and CUSUM of squares, it can be stated that the parameter esti-
mations meet the stability condition.

After obtaining the estimation results and performing the
diagnostic tests, the bounds test is performed to test whether
there is a cointegration relationship between the series. Bounds
test results and the long-run estimation results are given in
Table 5.

In Table 5, the F-statistic value is calculated as 1115, which is
above the upper critical values at all significance levels. Therefore,

Table 4.
ARDL(2,6) Model Estimation Output and Diagnostic Tests
Variable Coefficient Standard Error t-Statistic
INMCPI (-1) 1163130 110208 10.55393*
InMCPI (-2) -0.419519 104940 -3.997704*
InFPI 0.430594 144179 2.986532*
LNFPI(-1) —-0.351851 267661 —1.314543
LNFPI(-2) -0.004547 292940 -0.015522
LNFPI(-3) 0.087795 294681 0.297934
LNFPI(-4) 0121176 293157 0.413349
LNFPI(-5) —0.497551 280256 —1.775343**
LNFPI(-6) 0.463039 161307 2.870537*
C 0.061915 042359 1.461671
Adj R? .99 F-Statistic 2514.422 (p=.00)
Residual Diagnostics
Heteroscedasticity Test: Breusch-Pagan-Godfrey F=1.09 p=.38
Ramsey RESET Test (Number of fitted terms=1) F=0.99 p=.32
Normality Test (Jarque-Bera) JB=1.01 p=.60
Breusch-Godfrey Serial Correlation LM Test F-stat=0.86 p=.59
ARDL = autoregressive distributed lag; FPI = Feed Price Index; MCPI = Meat Consumer Price Index.
t-Statistics values; *if p < .01, **if .01 < p < .10.
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Figure 2.

CUSUM and CUSUM of Squares Graphs for Autoregressive Distributed Lag(2,6) Model.
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FPI = Feed Price Index.
t-Statistics values; *if p <.01.
#Critical values (for n=65) generated by Narayan (2005) are used.

the HO (no cointegration) hypothesis is rejected and it is con-
cluded that there is a cointegration relationship between the
series.

After examining the bounds test results, long-run estimations
are evaluated. The estimation results presented in Table 5 reveal
that the results obtained for the FPI are statistically significant at
the 1% significance level. According to the results, in the long run,
a1% increase in the FPI increases the MCPI by 0.97%.

The estimation results of the ECM showing the short-run rela-
tionships between the variables are given in Table 6. Since the
p-value obtained for the CointEq(-1) variable is not incompatible
with the t-Bounds distribution, the t-Bounds test is performed.

When the results shared in Table 6 are examined, it is seen that
the error correction coefficient is negative and statistically sig-
nificant at the 1% significance level according to the ECM. In line

;zzlri—eli;un Estimation Results (Error Correction Model) and t-Bounds
Test
Variable Coefficient Standard Error t-Statistic
C 061915 012329 5.021724*
D(INnMCPI(-1)) 419519 103926 4.036726*
D(InFPI) 430594 137152 3.139534*
D(InFPI(-1)) -169912 179060 —-0.948915
D(InFPI(-2)) —174459 173008 —1.008389
D(InFPI(-3)) -.086664 169561 -0.511109
D(InFPI(-4)) 034512 168543 0.204768
D(InFPI(-5)) -.463039 153806 —-3.010539*
CointEq(-1)# —-.256389 .053806 —4.765077*
t-Bounds Test
Test statistic Significance 1(0) I(1)
value level
—-4.765077 10% -2.57 -2.91
5% -2.86 -3.22
2.5% -313 -35
1% -3.43 -3.82
FPI = Feed Price Index; MCPI = Meat Consumer Price Index.
t-Test statistics values; *if p < .01.
#p-Value incompatible with t-Bounds distribution.

Table 5. Table 7.
F-Bounds Test and Estimation Results for Long-Run Results of the Granger Causality Test
F-Bounds Test Null Hypothesis F-Statistics Probability
Significance D(InFPI) does not Granger Cause 3.66737 .0599
F-Statistic Value Level 1(0)* 1(1)# D(INMCPI)
1114656 10% 4175 4.93 D(InMCPI) does not Granger Cause 0.06914 7934
D(InFPI)
5% 513 5.98
FPI = Feed Price Index; MCPI = Meat Consumer Price Index.
1% 7.32 8.435
Esti ionR Its for L -R . . .
St{mat'on esults forLong _un — with the results, it can be stated that the deviations from the
Variable Coefficient Stgndard t-Statistic long-run equilibrium will be adjusted in approximately 4 months
fror (1/0.256389=23.90).
LNFPI 0.969832 .032492 29.84801*

Granger Causality Test

The Granger causality test results for the models presented in
Equations 5 and 6 are in Table 7. Considering the SC criterion, the
test is performed at the first lag for both variables.

The results showed that the FPI is the Granger cause of the MCPI
atthe 10% significance level, whereas the MCPI is not the Granger
cause of the FPI. While the results support the hypothesis that
feed prices affect meat prices, they reveal no feedback process
between the variables.

Discussion

This study investigates the relationship between FPI and MCPI
using econometric methods. The ARDL model estimated for this
purpose shows that the FPI has a statistically significant effect
on the MCPI in the long run. When the literature is examined, it
is seen that there is a cointegration relationship between feed
prices and meat prices in previous studies conducted for Turkey,
similar to this study. Arikan et al. (2019) reached a cointegration
relationship between broiler feed prices and broiler meat prices,
while Coban et al. (2019) found a cointegration relationship
between corn prices and wholesale beef prices. Although cointe-
gration relations have been determined for various feed materials
and meats, no study has been found that investigates the effect
of feed prices on meat and meat product prices for Turkey from a
general perspective.

The long-run elasticity of FPI is very close to the unit elasticity,
but it is inelastic (0.97). In a recent study examining the long-run
effect of the AIPI on the FCPI (Food and Non-alcoholic Beverages
Price Index, the agricultural input price elasticity was calculated
in the range of 1.30-1.36 (Isik & Ozbugday, 2021). The dissimilar-
ity of these results may be related to the differences between
the datasets used for the studies. Further studies examining
the effect of agricultural input prices on food consumer prices
will contribute to a better understanding of the relationships
between the variables.

While the Granger causality test shows that the FPI is the Granger
cause of the MCPI, it is determined that the MCPI is not the
Granger cause of the FPI, that is, there is no feedback relation-
ship between the variables. The results obtained are consistent
with the previous study for Turkey since the direction of causal-
ity is from feed price to meat price (Mat et al., 2020). When the
studies conducted in the USA on this subject are examined, it has
been found that meat prices are the Granger cause of grain prices
used as feed, and there is a feedback relationship between these
types of variables (Musunuru, 2017; Pozo & Schroeder, 2012). The
one-way Granger causality relationship obtained in the Turkish
example can be associated with the high rate of input imports in
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the feed market in Turkey. It is quite possible that the FPI will be
affected by the world price of the imported goods rather than the
supply—-demand mechanism in the country because of imports
for feedstuffs. However, the differences observed between the
two markets can also be explained by the fact that the data used
in other studies (Musunuru, 2017; Pozo & Schroeder, 2012) are
futures prices, and the data used in this study are MCPI prepared
based on consumer prices. Therefore, more studies are needed
to understand the effect of meat prices on feed prices in Turkey.

Conclusion and Recommendations

When the results are evaluated in general terms, it can be
stated that feed prices have a significant effect on meat prices.
Therefore, policies that prevent increases in feed prices are very
important in preventing increases in meat consumer prices.
Considering the studies predicting red meat consumption and
poultry meat consumption would increase significantly in the
coming years (OECD, 2021; Ozen, 2019), the feed crop production
and feed industry should be supported effectively. In this context,
policies should be implemented to ensure stability in diesel and
fertilizer prices, which constitute a significant part of the input
costs in feed crop production. In addition, reducing the import
of red meat and butchery animals is beneficial, which is another
problem that negatively affects the producer. However, consider-
ing that the demand for meat will increase and it will take time
to solve the structural problems in the livestock sector, it makes
sense to reduce imports within time so that consumers are not
adversely affected by this situation.
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Growing Forage Pea (Pisum arvense L.)
for Hay: Different Sowing Dates and
Plant Densities in Central Anatolia

Kaba Yem Amacli Yem Bezelyesi (Pisum arvense L)
Yetistiriciligi: ic Anadolu’da Farkli Ekim Zamanlari
ve Bitki Sikliklari

ABSTRACT

The study was carried out to determine the effects of different sowing times (October and
November) and plant densities (80, 100, and 120 seeds m=) on hay yield and quality of some
forage pea cultivars (Ozkaynak and Tagkent) in 2018 and 2019 years of Eskisehir ecological condi-
tions. The experiment was established in Randomized Complete Block Design with three replica-
tions. Hay yield, crude protein, neutral detergent fiber, acid detergent fiber, and acid detergent
lignin contents were investigated. Hay yield, acid detergent fiber, and acid detergent lignin con-
tents were higher in 2018 (5139.2 kg ha™', 31.76%, and 8.02%, respectively) but crude protein
(13.89-14.44%) and neutral detergent fiber (37.52-37.77%) contents did not change significantly
between the years. Cultivars and plant densities did not cause any significant variation on the
examined characteristics but late autumn sowing caused a 1.51% increase in crude protein con-
tent, which was significant. Neither late autumn sowing nor different plant densities caused any
negative effects on hay yield and quality of forage peas. Therefore, forage peas could be sown in
both October and November using any of the Ozkaynak or Tagkent cultivars at 80 seeds m=2 plant
density in Central Anatolia conditions.

Keywords: Forage pea, hay quality, hay yield, plant density, sowing date

0oz

Bu calisma, bazi yem bezelyesi gesitlerinde (Ozkaynak ve Taskent) farkli ekim zamanlar (Ekim,
Kasim) ve bitki sikliklarinin (80, 100, 120 tohum m=) kuru ot verimi ve kalitesine etkilerini belir-
lemek amaciyla 2018 ve 2019 yillarinda Eskisehir ekolojik kosullarinda ytritilmuistir. Deneme
TesadUf Bloklari Deneme Desenine gore Ug tekrarlamali olarak kurulmustur. Calismada kuru
ot verimi, ham protein (HP), notr deterjan lif (NDF), asit deterjan lif (ADF) ve asit deterjan lignin
(ADL) oranlari incelenmistir. Kuru ot verimi, ADF ve ADL oranlari (sirasiyla 5139,2 kg ha™', %31,76
ve %8,02) 2018'de daha yiiksek olurken, HP (%13,89-%14,44) ve NDF (%37,52-%37,77) oranlari yillar
arasinda onemli bir degisiklik gostermemistir. Cesitler ve ekim sikligi arasinda incelenen 6zellikler
yoninden onemli bir farkliligin olmadigi, ancak geg¢ sonbahar ekiminin HP igeriginde %1,51lik bir
artisa neden oldugu belirlenmistir. Glizlik ekim ve farkli bitki sikliklarinin yem bezelyesinin kuru ot
verimi ve kalitesi lizerinde herhangi bir olumsuz etkisi olmamistir. Bu nedenle, ic Anadolu kosul-
larinda Ozkaynak veya Taskent yem bezelyesi gesitlerinin Ekim-Kasim aylarinda ve 80 tohum m-2
kullanilarak ekilmesi dnerilmektedir.

Anahtar Kelimeler: Yem bezelyesi, yem kalitesi, kaba yem verimi, bitki sikhigi, ekim zamani

Introduction

Forage pea (Pisum sativum ssp. arvense L.) is an important cool-season leguminous forage species
grown for grain or hay production in temperate climate zone. In addition to the main cropping in cool
areas, the plant could be grown as an intermediate crop (Kaplan & Goékkus, 2018) or second crop (lleri
et al,, 2018) in temperate climate zone like Central Anatolia in Turkey. Intermediate cropping gives
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an advantage for producers without decreasing the sowing area
of warm-season crops such as corn, soybean, etc. On the other
hand, forage plants do not compete with cash crops during the
main growing season or, especially perennials, do not suit crop
design (Adirbas et al.,, 2017). Whereas, intermediate or second
crop forage production provides an important advantage for pro-
ducers without any decrement in cash crop sowing area in crop-
ping design. Forage pea could be cultivated as an intermediate
crop before warm-season main crops or as a second crop after
cool-season cereals in the Central Anatolia region or any other
region having similar ecology. Local producers are sowing silage
corn followed by winter forage pea as an intermediate crop (Kal-
kan & Avci, 2020).

Forage peas produce high-quality hay, which is rich in miner-
als and contains about 15-20% crude protein (CP) (Agikg0z,
2001; Kocer & Albayrak, 2012) and has high digestibility which
is about 70-80% (Uzun et al.,, 2005a). In addition to hay and
grain production, forage pea is also produced for green manure,
silage, and grazing (Ates & Tekeli, 2017). On the other hand, it
is both suitable for mixed cultivation with cereals and used in
crop rotation (McKenzie & Spaner, 1999; Uzun et al.,, 2005b). It
is an important legume species in crop rotation, as it can be
cultivated in winter conditions of the Central Anatolia region
without irrigation. However, the sowing time of winter forage
peas is an issue to be considered in this region, where winters
are cold. In this ecology, seeds should be sown in autumn to
provide germination and ensure the plants go through winter
as a seedling. In autumn planting, plants with four to five leaves
and the form of rosettes entering the winter are least affected
by the cold (Alan & Geren, 2012; Annicchiarico & lannucii, 2007).
Thus, plants could start growing early in the following spring
and higher production could be achieved compared to spring
sowing. Winter sowings could reach the harvesting stage ear-
lier than spring sowing and do not cause delaying plantation of
warm-season crops besides higher yield. Therefore, determin-
ing the appropriate sowing date of forage peas in autumn is
important in the region.

As the plant density increases in forage crops, yield, and quality
values increase up to a point (Agikgdz, 2001). Besides, appropri-
ate plant density is also important against winter damage, espe-
cially for autumn sowing (Knott & Belcher, 1998). Since the seed
size in forage peas is quite variable among cultivars, it is more
common to determine the number of seeds to be sown per unit
area rather than by weight. Some researchers suggested that the
sowing density should be between 60 and 100 per square meters
for forage peas (Konuk & Tamkog, 2018; Tan et al., 2012; Uzun
etal, 2012).

In this study, the effects of different sowing times [normal
autumn (October) and late autumn (November)] and plant den-
sity (80, 100, and 120 seeds m~2) on hay yield and quality in two
registered forage pea cultivars (Ozkaynak and Taskent), which are
widely used in Central Anatolia region, were examined.

Methods

The two-year field study was carried out in Eskisehir Osmangazi
University, Faculty of Agriculture Research Areas in the 2017-
2018 and 2018-2019 growing seasons. In the study, the effects
of two sowing times; timely (middle of October) and late sowing
(middle of November), and three plant densities (80, 100, and 120
seeds m~2) on hay yield and quality of two forage pea cultivars
(Ozkaynak and Taskent) were investigated. The experiment was
established in Randomized Complete Block Design with three
replications. Combinations of factors were randomly allocated
within the blocks. The sowing was carried out using 30 cm row
spacing on 5 rows and each was 5 m long (7.5 m?). While sowing,
30 kg ha™" N and 70 kg ha™" P,O, were applied using diammonium
phosphate (DAP) fertilizer. October and November sown plants
reached four to six and two to four leaf stages, respectively, until
winter. The experiment was arranged as an intermediate crop and
conducted under rainfed conditions.

The yearly average temperatures of Eskisehir in the experimen-
tal years were 12.2 and 13.6°C, respectively, and were similar to
the long-term average (12.9°C). Total precipitation was higher
than the long-term average (352.4 mm) and the relative humidity

-AI-;let,t%leeo1;ological Data Belong to the Experiment Field in Study Years and Long-Term Average*

Total Rainfall (mm) Mean Temperature (°C) Mean Relative Humidity (%)
Month 2017 2018 2019 LTA 2017 2018 2019 LTA 2017 2018 2019 LTA
January 28.3 315 60.2 38.7 17 2.2 4.3 0.3 99.3 95.5 91.0 98.2
February 8.8 40.5 501 325 2.8 6.6 34 47 92.2 90.7 79.6 92.6
March 26.9 74.8 134 334 8.5 101 6.3 9.3 80.4 815 64.5 81.6
April 60.2 16.5 26.7 35.0 10.8 15.4 9.5 1341 73.5 60.7 69.3 67.8
May 101.0 84.8 42.2 44.8 15.4 17.6 16.5 16.5 83.4 83.0 651 86.1
June 49.3 725 457 30.6 2041 20.6 20.9 20.4 85.3 80.7 67.9 83.3
July 9.5 38.3 335 14.0 237 23 21.3 233 73.8 7.4 62.3 75.8
August 29.9 25.0 2.4 7.8 224 235 223 229 60.2 62.2 61.0 7441
September 6.8 43 5.0 14.4 20.9 191 181 20.0 58.3 62.9 621 68.1
October 527 41.0 18.3 27.0 1.9 14 14.2 12.9 78.3 75.5 7041 79.6
November 334 29.6 33.9 292 6.7 8.4 7.9 75 86.9 79.2 76.2 80.3
December 34.0 63.6 7441 451 45 27 2.9 3.6 92.5 96.0 89.9 93.6
Mean 440.8 5224 405.5 3524 12.2 13.6 12.3 12.9 80.3 78.3 71.6 81.8
Note: *T.C. Ministry of Agriculture and Forestry General Directorate of Meteorology
LTA=Long-term average.
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value was lower than the long-term average (81.8%). During the
growing period of plants (October-June), rainfall was higherin the
first year (Table 1). The temperature was lower in February, March,
April, and May of the second year.

The soil of the study area has a clay-loam texture class and is in
the class of slightly alkaline (7.68), moderately calcareous (14.61%),
nonsaline, low in phosphorus (61.6 kg ha™') and organic matter
(1.62%), and sufficient in potassium (1688 kg ha™). The field has
good drainage and there is no groundwater problem.

Sowings were done by hand on October 20 and November 16 in
the first year and October 26 and November 16 in the second year
for timely and late sowing dates. Weed control was done by hand
hoeing in the early spring of both years. Harvest was carried out
using a hand sickle and considering the full blooming stage of for-
age pea (Uzun et al,, 2005a). In every plot, a randomly selected 1
m? area was harvested and oven-dried at 60°C until it reached
a constant weight to determine hay yield. Dried samples were
grounded in the experimental mill to pass through a 2 mm sieve
and the CP ratio was determined by the Kjeldahl method. Neutral
detergent fiber (NDF), acid detergent fiber (ADF), and acid deter-
gent lignin (ADL) contents were determined according to the
principles specified by Van Soest et al. (1991).

Data were subjected to ANOVA based on a general linear model
for repeated measurement using SAS 9.3 statistical software
(SAS Institute, 2011) and means were separated using Tukey Mul-
tiple Comparison Test.

Results

Hay yield, CP, NDF, ADF, and ADL contents were investigated in
the study conducted to determine the sowing time and plant
density using two forage pea cultivars in Eskisehir conditions.
The mean values and variance analysis of examined characteris-
tics were summarized in Table 2.

While the effect of years on hay yield was significant (p < .01), cul-
tivars and sowing time did not cause a significant effect (Table 2).
An average hay yield was 4434.3 kg ha™' and it was higher in the
second year (5139.2 kg ha™') than in the first year (3729.5 kg ha™).
All interactions related to hay yield were insignificant.

The average CP content was 14.16% and it did not change sig-
nificantly depending on years and cultivars but the effect of sow-
ing time was significant (p < .01). Late-sown plants had higher CP
content (14.92%) compared to timely sown plants (13.41%). In the
first year, neither sowing density nor sowing time did not signifi-
cantly affect CP content, whereas CP content was significantly
higher in late sowings, and it was more pronounced at the plots
sown using 100 seeds m=2in the second year. On the other hand,
the hay harvested from the plots that were sown using 80 and
100 seeds m= densities had statistically higher CP content in
timely sowings. Similar fluctuations were also observed among
the factors’ effects related to CP content; hence triple interaction
was significant (Figure 1).

An average NDF content was 37.64% and it did not change signifi-
cantly among the treatments, hence, neither treatments’ effect
nor their interactions were statistically significant (Table 2).

In the experiment, overall ADF content was 27.98% and the years’
effect was significant (p < .01) but the effects of sowing density
and sowing time were not significant (Table 2). The first-year sam-
ples had lower ADF content (24.21%) than that of the second year

;?/2!’392(;8 and Variance Analysis Results of Some Pea Cultivars Planted
at Different Dates and Density

Hay Yield Crude ADL
Treatments (kg ha™) | Protein (%) | NDF (%) | ADF (%) (%)
Year (Y)
2018 372958 13.89 3752 | 2421B | 4208B
2019 5139.2 A 14.44 3777 3176 A | 8.02A
Cultivar (C)
Ozkaynak 4337.3 13.74 36.65 2753 6.32
Taskent 4531.4 14.59 38.64 28.44 5.90
Sowing time (S)
October 45487 13.41B 38.09 28.49 6.20
November 43201 14.92 A 37.21 27.47 6.01
Plant density (P)
80 seeds/m™2 4667.1 13.96 36.79 2749 6.36
100 seeds/m™ 48251 14.49 3727 2757 578
120 seeds/m™ 3810.9 14.05 38.89 28.89 6.18
Mean 44343 1416 3764 2798 6.1
v *ok ns ns ok ok
C ns ns ns ns ns
S ns o ns ns ns
P ns ns ns ns ns
YxC ns ns ns ns ns
Y xS ns o ns ns ns
YxP ns ns ns ns ns
CxS ns ns ns ns ns
CxP ns ns ns ns ns
SxP ns ns ns ns *
YxCxS ns ns ns ns ns
YxCxP ns ns ns ns ns
YxSxP ns * ns ns ns
CxSxP ns ns ns ns ns
YxCxSxP ns ns ns ns ns
Note: Averages marked with different letters differ at 1% significance level
*F-test significant at p < .05.
“F-test significant at p <.01.
ADF=acid detergent fiber; ADL=acid detergent lignin; NDF = neutral detergent
fiber; ns=not significant.

(81.77%). There was no significant interaction effect on ADF con-
tent in the experiment.

In the experimental samples, ADL content showed significant dif-
ferences (p < .01) over the years, while the other factors did not
have a significant effect. The average ADL content was 6.11% and
it was determined as 4.20% and 8.02% in the first and second
years, respectively. While the highest ADL content was obtained
from 80 seeds m~2 plant density in timely sowing, it was the high-
est at 120 seeds/m~2 plant density in late sowing. These differ-
ences caused significant sowing time x plant density interaction
(Figure 2).

Discussion

Hay yield was higher in the second year compared to the first
year. In the second year, precipitation and temperature were
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Interaction Effect of Year x Sowing Time x Plant Density on Crude Protein Content in Forage Pea Sown at Different Sowing Times and Plant Densities in

Autumn.

lower in the period from early spring to the end of May. The main
reason for the increase in the second year may be the low tem-
perature, which may increase hay yield by lengthened growing
season because forage pea is a typical cool-season legume and
the optimum temperature for good growth performance of pea
is between 13 and 18°C (Rubatzky & Yamaguchi, 1997). Ozkaynak
and Taskent cultivars were well adapted to the region (Dereli,
2015), so there was no difference between them in terms of hay
yield. Both cultivars showed the same performance in winter sow-
ing. In the experiment, timely or late-sown plants enter winter in
the rosette growing stage and they showed their growth perfor-
mance in the spring, hence, there were no significant differences
concerning hay yield between sowing times. Indeed, the sug-
gestion of Mukherjee et al. (2013) on this topic support also this
interpretation. Tan et al. (2014) reported that the number of seeds
planted per unit area determines the hay production and Uzun &
Actkgdz (1998) declared that hay yield increases with increasing
plant density up to optimum plant density, thereafter there is not
any significant increase observed (Uzun et al., 2017). Researchers
(Kadioglu et al., 2020; Konuk & Tamkog, 2018; Uzun & Agikgdz,
1998) suggested 60-100 seeds per m=2 depending on the eco-
logical condition for forage pea plantation. In this experiment,

October

ADL RATIO (%)
e Y N

—_

80 seeds

Figure 2.

100 seeds

there were no significant yield differences among sowing density
for hay yield. In this condition, it can be stated that the sowing
rate of 80 seeds m=2is appropriate in the region.

The cultivars, which are well adapted to the region (Dereli, 2015),
were developed by the same researcher and are morphologically
similar (Halil & Uzun, 2019); therefore, it is expected that the cul-
tivars may have some similarities concerning some properties
like CP content. Indeed, both cultivars had similar CP content in
this experiment. Crude protein content showed a significant dif-
ference between timely and late sowings. The late-sown plants
reached spring at a shorter height than timely sowing; therefore,
late-sown plants completed their development fasterthan timely
sown ones. Consequently, they had less photosynthesis time
compared to timely sown plants. For this reason, their CP con-
tents were higher because they accumulated less carbohydrates
in protoplasm and cell walls due to faster growth. Krawutschke
et al. (2013), and Karayel and Bozoglu (2015) also reported similar
ideas. Sowing at different plant densities did not have a significant
effect on CP content. Tan et al. (2014) also found similar results.
In addition, Alatlrk et al. (2021) stated that increasing plant den-
sity caused competition between plants, which also causes late
maturation and increases the protein content. In this study, CP

B November

120 seeds

Interaction Effect of Sowing Time x Plant Density on Acid Detergent Lignin (ADL) Content in Forage Peas Sown at Different Sowing Times and Plant

Densities in Autumn.
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ratio was not affected significantly by plant density because it
did not cause serious competition. Forage CP content is a very
important quality factor. The higher the CP value of forage, the
higher the quality (Lithourgidis et al. 2006). Ruminants should
consume forage, which has at least 7% CP content for survival
rate (Meen, 2001). In this case, it can be emphasized that the CP
content obtained in the study is sufficient for ruminant nutrition.

In the research, the difference between cultivars in terms of NDF
content was insignificant. This situation probably originated from
similarities between the cultivars for growth characteristics. Our
NDF content results were similar to the results reported by other
researchers (Bagbag et al., 2015; Kadioglu, 2011; Tan et al., 2014).
Different sowing times did not have a significant effect on the
NDF ratio. Neither sowing time nor sowing density, even years,
did not cause any significant differences in NDF content. These
factors probably did not cause any serious differences in growth
characteristics, which cause changes in the NDF content of the
plant. Hence, the plants that grow under these conditions had
similar NDF content values. Some researchers also reported sim-
ilar results for plant density (Borreani et al., 2007; Tan et al., 2014),
sowing time (Pursley et al., 2020), and years (Javanmard et al.,
2009). The NDF ratio is an important factor in determining forage
quality. Dry matter intake increases with the decrease in the NDF
content (Albayrak & Tlirk, 2013; Joachim &Jung, 1997). The results
of NDF values obtained in the study were in superior quality class
according to forage standards (NRC, 2001).

Acid detergent lignin is a main constituent of ADF, thus the effect
of applications on ADL was similar to ADF content. In the study,
ADF and ADL contents showed a similar changing trend with the
hay yield according to years. Climatic conditions were more favor-
able for peas grown in the second year; hence, plants produced
more dry matter and consequently stored more cell wall constit-
uents such as cellulose and lignin, which are the main constituent
of ADF. Therefore, ADF and ADL contents were higher in the sec-
ond year. The other researchers (Uzun et al., 2017) also reported
similar results. The cultivar, sowing time, and plant density appli-
cations did not have a significant effect on ADF content. The ADF
content of Ozkaynak (27.53%) and Taskent (28.44%) cultivars are
consistent with previous studies (Tlrk et al., 2007; Uzun et al.,
2017). Sowing time did not affect ADF and ADL contents because
plants sown in autumn might be accumulated similar cell wall
material. Acid detergent fiber content of the hay is a good indica-
tor of its digestibility as the ADF content increases the digest-
ibility decrease (Agikgdz et al.,, 2013). In this study, the overall ADF
ratio was 27.98% and it was in the first class according to forage
standards (NRC, 2001).

Conclusion and Recommendations

In the Eskisehir, animal raisers use harvest residues such as straw,
sugar beet, and beet leaves for roughage deficit. Forage peas
could be sown in winter as an intermediate crop and harvested
in late spring before corn sowing and then, silage or grain corn
could be sown. In this case, there is no restriction of main crop
cultivation in the irrigated condition in the region. For this aim,
forage peas could be sown in autumn from October to the middle
of November using any of the cultivars of Ozkaynak or Taskent at
80 seeds m= plant density in the region. This practice contrib-
utes to alleviating good-quality hay shortages in the region.
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Article Arastirma Makalesi

Effects of Different Phosphorus Sources
on the Yield and Yield Components of
Forage Pea

Cesitli Fosfor Kaynaklarinin Yem Bezelyesinde Kuru
Ot Verimi ve Kalite Ozellikleri Uzerine Etkileri

ABSTRACT

This experiment was conducted to evaluate the effects of two different doses (BO or B1) of phosp
horus-solubilizing bacteria (Bacillus megaterium M-3) inoculation, two different doses (0 or 3 t
ha™") of poultry manure, and three different doses (O, 50, and 100 kg P,0O4 ha=") of commercially
available phosphorus fertilizer on the dry matter yield, plant height, crude protein, neutral deter-
gent fiber, and acid detergent fiber contents of forage pea in the irrigated condition of Erzurum
between 2009 and 2010. While the effects of bacteria inoculation and poultry manure applica-
tions on dry matter yield varied over the years, an increase was observed in dry matter yield with
increasing doses of phosphorus fertilizer. In addition, considering the 2-year averages, the highest
dry matter yield considering the 2-year averages was obtained with the application of bacteria,
poultry manure, and phosphorus fertilization together. Therefore, in order to obtain the highest
dry hay yield in Erzurum and similar ecological conditions with low and/or medium phosphorus
content in the soil and irrigated, Bacillus megaterium inoculation and 3 t ha™" poultry manure
together with 100 kg ha™" P,O, application can be recommended.

Keywords: Dry matter yield, phosphorus fertilization, phosphorus-solubilizing bacteria, poultry
manure

oz

Bu deneme, iki farkli dozda (BO veya B1) fosfor ¢ozlicl bakteri (Bacillus megaterium M-3) asilamasi,
iki farkli dozda (O veya 3 t ha™") tavuk glibresi ve 3 farkli dozda (0, 50 ve 100 kg P,O, ha™) ticari fos-
forlu glibre uygulamasinin yem bezelyesinin kuru madde verimi, bitki boyu, ham protein, NDF ve
ADF igerikleri tzerine etkilerini dederlendirmek amaciyla 2009-2010 yillari arasinda Erzurum'da
sulu kosullarda yurtttlmastir. Bakteri asilamasi ve tavuk glibresi uygulamalarinin kuru madde
verimi Uzerine etkileri yillara gore degisirken, artan dozlarda fosforlu glibre uygulamasi ile kuru
madde veriminde artig gozlenmistir. Ayrica iki yillik ortalamalar dikkate alindiginda en yliksek kuru
madde verimi bakteri, tavuk glibresi ve fosforlu glibrelemenin birlikte uygulanmasi ile elde edil-
mistir. Bu nedenle, toprakta dislik ve/veya orta diizeyde fosfor icerigine sahip, sulanan Erzurum
ve benzer ekolojik kosullarda en yiiksek kuru madde verimini elde etmek icin Bacillus megaterium
asllamasi ile beraber 3 t ha=' tavuk giibresi ve 100 kg ha™' P,O, uygulamasi énerilebilir.

Anahtar Kelimeler: Kuru ot verimi, fosforlu glibreleme, fosfor ¢oziicl bakteri, tavuk glibresi

Introduction

Forage pea (Pisum sativum spp. arvense L.) is an annual cold-season legume plant with high forage
yield and hay quality. Besides yielding high amounts of quality hay, this plant is of importance since
it can be involved in short-term cropping systems and increase the amount of nitrogen that is pres-
ent in the soil. Phosphorus plays an important role in increasing hay production and improving root
and nodule development, nutrient intake, and plant growth in forage peas, as with the other forage
legumes (Mitran et al., 2018). The use of inorganic, organic, and biological fertilizers are the major
applications utilized in order to replenish the plant nutrients that are depleted in agricultural soils
such as phosphorus (Masarirambi et al., 2012). However, the phosphate anions in chemical fertilizers
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form unsoluble salt complexes by interacting with Ca?, Fe*, and
Al**ions in the soil and, as a consequence of this interaction, the
amount of phosphorus available in the soil for plants decreases
to 5-25% (Lambers & Plaxton, 2018; Schnug & Haneklaus, 2016).
Moreover, the intense use of inorganic fertilizers causes soil deg-
radation, which has a negative effect on the crop yield. This might
be avoided by limiting the amount of inorganic fertilizers used
(Debele, 2021). In addition, the practice of sustainable agriculture
requires the use of organic fertilizers in combination with inor-
ganic fertilizers because of increasing fertilizer prices and in order
to decrease their negative impacts on the environment such as
the accumulation of cadmium (Chukwu et al., 2014; Kaynar, 2014;
Roba, 2018). Microorganisms that are used as biological fertiliz-
ers are known as plant growth-promoting rhizobacteria (PGPR).
These microorganisms promote plant growth by increasing the
amount of phosphorus that plants can use in soil. Plant growth-
promoting rhizobacteria enable the dissolution of phosphorus
that is actually available in the soil but has formed a complex
by altering the enzyme and hormone secretion, which in turn
reduces the need for chemical fertilizers (Chen & Liu, 2019; Meena
et al., 2017). Thus, in studies employing biological fertilizers and
organic fertilizers such as cattle manure and poultry manure, it
was determined that the physical and chemical properties of the
soil improved, and the yield increased in many plants (Azmi et al.,
2019; Eleduma et al., 2020; Turkkan & Kibar, 2022).

The objective of this experiment was to determine the effects
of applications of phosphorus-solubilizing bacteria inoculation,
poultry manure, and mineral phosphorus on the dry matter yield
and quality characteristics of forage peas.

Methods

The field experiment was carried out in the experimental field
of the Agriculture Faculty of Agriculture of Atatlirk University in
Erzurum. The experiment used a randomized complete block
with three replications with a factorial arrangement. Two levels
of bacteria inoculation (BO or B1), two doses of poultry manure
(0 or 3t ha™), and three doses of phosphorus (0, 50, and 100 kg
P,O. ha™) were applied. Each plot was 5 x 3 m in size, witha 0.5 m

bufferinside each edge and a 2 m buffer outside. Six lines of plants
were sown with a 30 cm distance between the rows (Tan, 2018).

Annual total precipitation was 410.2 mm, whereas it was 437.8
mm in the first year and 475.9 mm in the second year, and the val-
ues were higher than the long-term average. June in the first year
and May in the second year received more precipitation (Table 1).
The long-term (1929-2009) average temperature was 5.3°C, and
the annual mean temperature values were higher (5.8°C for the
first year and 7.9°C for the second year) than the long-term aver-
age. The highest temperature was 17.2°C in July in the first year
and was 19.5°C in July in the second year.

The seeds to be sown in the experiments were inoculated with
Rhizobium leguminosarum bacteria obtained from Ankara Soil
and Fertilizer Research Institute. Phosphorous fertilizer (triple
superphosphate) and poultry manure were mixed into the soil
using a harrow. Bacillus megaterium was prepared at 10 CFU
mL-"density after the incubation and was inoculated to the seeds
to be sowed in the plots. Kirazl variety of forage peas (12 kg da™)
(Pisum sativum ssp. arvense L.) were planted in preprepared seed
beds at 4-6 cm depth (Tan, 2018) on the first year April 20 and on
April 29 in the second year by using a hand drill. Seeds inoculated
with phosphorus-solubilizing bacteria (Bacillus megaterium M-3)
were sowed using different planting drills in order to prevent con-
tamination. In 2 years, they were irrigated three times when the
plants turned dark green due to moisture deficiency in the soil in
the growing season.

Using the Bouyoucus hydrometer method (Gee & Hortage, 1986),
the soil texture was found to be loamy in both years. The pH levels
of soils were potentiometrically determined to be neutral (7.45 in
the first year and 7.65 in the second year) by utilizing a pH meter
(McLean, 1983). The lime content of the soil was found to be at
the medium level (0.82% in the first year and 0.85% in the second
year) using a Scheibler calcimeter volumetrically (Nelson, 1982).
The organic matter content of the soil was determined in the
“low-level class” (1.40% in the first year and 1.80% in the second
year) by using the Smith-Weldon method (Nelson & Sommers,
1982). Using the flame photometry method (Thomas, 1982), the

-(I;a/liz!r::i'c Data of Experimental Area in 2009, 2010, and Long-Term Average at Erzurum
Total Precipitation (mm) Average Temperature (°C) Average Relative Humidity (%)
2009 2010 LYA 2009 2010 LYA 2009 2010 LYA

J 2.30 52.20 19.80 -1210 -4.30 -9.70 82.40 84.00 77.00
F 18.80 14.80 24.80 -3.10 -1.80 -8.60 8470 82.30 77.00
M 5110 82.20 31.00 -0.70 310 -2.80 73.80 69.10 75.00
A 4270 54.20 58.40 4.30 5.60 5.40 64.60 71.30 66.00
M 43.20 63.60 70.00 10.00 10.40 10.50 61.00 69.60 63.00
J 76.20 50.50 41.60 14.70 15.90 14.90 65.00 60.10 58.00
J 29.20 55.50 26.20 17.20 19.50 19.30 60.70 56.00 52.00
A 22.80 9.00 1510 1710 20.30 19.40 50.60 44.80 49.00
S 43.70 8.80 20.00 12.40 17.00 14.30 5310 4810 52.00
O 51.00 72.20 4790 8.70 9.20 760 62.40 70.20 65.00
N 41.40 0.00 32.90 1.80 1.80 -0.10 75.70 66.10 73.00
D 15.40 12.90 22.50 -110 -1.90 -6.60 8470 76.60 78.00
Totallaverage 43780 475.90 410.20 5.80 7.90 5.30 68.20 66.50 65.40
Note: LYA=long year average.
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potassium content was high (118 kg ha™" in the first year and 158
kg ha™"in the second year). Soil's phosphorus content was found
insufficient (27.5 kg ha™ in the first year and 62 kg ha"in the sec-
ond year) according to the molybdophosphoric acid method
(Olsen & Summers, 1982).

After removing one row from each side of the plots and a 0.5 m
area from the start or end of each plot, the harvesting process
was carried out. The plants were harvested when they formed
(Tan, 2018) by using a scythe. Before the plants were harvested,
ten plants were selected from each parcel, and plant heights were
measured. Harvested plants were oven-dried at 68°C to a con-
stant weight and they were weighed in order to determine the dry
matter yield (Jones, 1991).

After weighing, the oven-dried plant samples were grounded
and passed through a 2 mm sieve for chemical analysis. The total
nitrogen content of plants was determined using the Kjeldhal
method, and the crude protein content was calculated by multi-
plying by 6.25 (Jones, 1991). Neutral detergent fiber (NDF) and acid
detergent fiber (ADF) ratios were determined by using an ANKOM

200 fiber analyzer (ANKOM Technology, Fairport, NY) according to
the procedure described by Van Soest et al. (1991).

The data were analyzed using variance analysis in JMP package
software (SAS Institute, 2002). Mean values were compared using
the LSD test (Yildiz & Bircan, 1994).

Results and Discussion

Plant growth-promoting rhizobacteria inoculation resulted in a
significant increase in the plant height. The plant height, which
was 88.33 cm on average, increased to 89.88 cm with PGPR
inoculation. However, the application of poultry manure had no
significant effect on the plant height (Table 2). On the other hand,
applications of phosphorus fertilizer caused an increase in plant
height in parallel with the phosphorus doses and reached the
highest value of 90.79 cm in 100 kg ha™" P,O.. In a similar study,
it was reported that the increasing phosphorus doses yielded a
higher level of increase in the plant height compared to the other
yield factors (Yilmaz, 2008). There was no statistically signifi-
cant difference found between plant height values by the years.
Besides, PGPR inoculation yielded a higher level of increase in the

-I;?fgzsz ;)f Phosphorus-Solubilizing Bacteria, Poultry Manure, and Phosphorus Fertilizer Applications on Plant Height (cm), Dry Matter Yield (t ha™),
Crude Protein Ratio (%), ADF (%), and NDF (%) Ratio in Forage Pea
PH DHY CPR ADF NDF
B B, 86.77° 3738 17.65 24.20 38.84*
B, 89.88" 3.944 17.88 23.89 37.498
Av. 88.33 3.83 1776 24.04 3817
P Y 85.16°¢ 3.60°¢ 16.85° 24.05 38.01
-0 89.04° 3.81° 17.92* 24.09 38.42
100 90.79 4104 18.51* 24.00 38.08
Av. 88.33 3.83 1776 24.04 3817
PM PM, 88.08 377 17.61 2414 37.64°
PM, 88.58 3.90* 17.92 23.95 38.70%
Av. 88.33 3.83 1776 24.04 3817
Years 2009 8797 4.01* 18.97 23.55° 36.26°
2010 88.69 3.66° 16.55° 24.542 40.08*
Av. 88.33 3.83 1776 24.04 3817
*x *x NS NS *
ok *k *k NS NS
PM NS x NS NS *
% NS *¥ % * ok
BxP * x NS NS NS
B x PM x x * NS NS
BxY * ¥ NS * *
PxY * x NS * *
PM x P * NS NS * NS
PM x Y NS x * NS NS
B x P xPM NS NS NS NS NS
BxPxY * o NS NS NS
BxPMxY * x NS * NS
PxPMxY NS NS NS NS o
Note: *Values shown in capital letters are significant at 1% (p < .01), and small letters are significant at 5% (p < .05).
ADF=acid detergent fiber; B =bacteria; CPR = crude protein rate; DHY =dry hay yield; NDF = neutral detergent fiber; NS = none significant; P= phosphorus; PH = plant
height; PM = poultry manure; Y =year.
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Figure 1.

B Plant height (cm)
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A-E, Effects of Phosphorus-Solubulizing Bacteria, Poultry Manure, and Phosphorus Fertilizer Applications on Plant Height (cm) in Forage Pea. Bx Y, B x P,

B x PM, PxY, PM x P.

plant height in the first year in comparison to the second year,
and as a result of different effects, B x Y interaction was found
statistically significant (p < .05) (Figure 1A).

Plant height increased linearly depending on increased P doses
under BO conditions, whereas plant height increases ceased after
P1 doses under B1 conditions. It caused the B x P interaction to
be statistically significant (p < .05) (Figure 1B). Poultry manure
application increased the plant height under the BO condition,
whereas it caused a decrease under the B1 condition. This result
showed that the B x PM interaction was statistically significant
(p < .01) (Figure 1C). This result might be because the phosphorus
arising from the bacteria inoculation and the phosphorus content
of poultry manure might have reached the potentially toxic level
for nitrogen-fixing bacteria (Amba et al., 2011). While the plant
height linearly increased in parallel with phosphorus doses in the
first year, a remarkable increase was observed after the P1 dose
in the second year. This different reaction caused a significant
P x Y interaction (p < .05) (Figure 1D). The plant height increase
ceased after the P1 dose without poultry manure application,
whereas plant heights increased after the P1 dose together with
the poultry manure application. It resulted in a significant PM x
P interaction (p < .05) (Figure 1E). Therefore, it was determined
that the use of inorganic fertilizer and poultry manure resulted in
a higher increase in yield when compared to the sole use (Almaz
etal., 2017).

Plant growth-promoting rhizobacteria inoculation statistically
significantly increased the dry matter yield (p < .01). Dry matter
yieldwas foundto be 3.73tha-'without PGPRinoculation, whereas

Research in Agricultural Sciences 2023 54(2): 81-88 1 DOI: 10.5152/AUAF.2023.23084

it increased to 3.94 t ha"in PGPR inoculation plots (Table 3). The
effect of poultry manure application on dry matter yield was sta-
tistically significant (p <.01). Dry matteryield, which was 3.77 t ha™
without poultry manure application, increased to 3.90 t ha™" with
poultry manure application. Besides, dry matter yield statistically
significantly increased with increasing phosphorus doses (p <.01),
and the highest level (4.10 t ha™") was obtained with P2 dose. Dry
matter yield decreased from 4.01 t ha™' in the first year to 3.66 t
ha™' in the second year, and a statistically significant difference
was found between dry matter yield values by the years (p < .01).
It is known that the reaction of legumes to phosphorus is higher
than other plants (Mitran et al., 2018) and phosphorus fertilizers
increase the yield in cases of phosphorus deficiency (Simer &
Erten, 2022). However, in some cases, the efficiency of phospho-
rus for plants might be low due to the activity of soil microor-
ganisms, even if the amount of phosphorus is sufficient. Because
these bacteria increase the yield by transforming the phosphorus
into a form that is available for plants (Chauhan et al., 2022; Matse
et al., 2020; Oksel et al,, 2022). Poultry manure application had
a positive effect on the dry matter yield. In previous studies, it
was reported that poultry manure application increased hay yield
(Hoover et al.,, 2019; Lin et al.,, 2018).

Bacteria inoculation and poultry manure application increased
the dry matter yield in the first year but caused a decrease in
the second year. As a result of these different effects of bacte-
ria and poultry manure on dry matter yield in different years, B
x Y and PM x Y interactions were found to be significant (p <
.01) (Figure 2A and B). With increasing phosphorus doses, there
was a linear increase in dry matter yield in the first year, whereas
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Table 3.

Chemical Composition of Poultry Manure

Parameter Value
pH (1:5.0) 6.50
Organic matter (%) 22.00
Al (mg/kg) 315.26
B (mg/kg) 20.36
Ca (mglkg) 18546.00
Cd (mg/kg) 0.092
Cr (mg/kg) 123
Cu (mg/kg) 36.12
Fe (mg/kg) 352.00
K (mglkg) 12312.00
Mg (mg/kg) 3451.00
Mn (mg/kg) 172.35
Na (mg/kg) 956.00
Ni (mg/kg) 2136.00
P (mglkg) 4845.00
Pb (mg/kg) 0.049
S (mg/kg) 45213
Zn (mg/kg) 185.62

a higher level of increase was observed after the P1 dose in the
second year. This different reaction suggests that the P x Y inter-
action was significant (p < .01) (Figure 2C). These results might
be due to the changes in temperature and precipitation values

A Dry hay yield (t/ha)
5
4,5
" —4—2009
~#-2010
3,5
3
BO B1
C Dry hay yield (t/ha)
5
4,5
4 / =He=2009
~#-2010
35 /
3
PO P1 P2
E Dry hay yield (t/ha)
5
4,5
——B0
—a—-B1

R—

3,5

PMO PM1

Figure 2.

between the years. While dry matter yield increased linearly in
parallel with phosphorus doses under the B1 condition, a higher
level of increase was observed after the P1 dose under the BO
condition. As a result of this different reaction, the B x P interac-
tion was found to be significant (p < .01) (Figure 2D). It is known
that plants benefit from fertilizers more effectively when using
PGPR together with inorganic fertilizers (Abbas et al., 2013; Celik
et al., 2020). While poultry manure application increased the dry
matter yield under the BO condition, it had no effect under the B1
condition. As a result of these different effects, B x PM interaction
was found to be significant (p < .01) (Figure 2E).

The effects of PGPR inoculation and poultry manure applications
on the crude protein ratio of the plant were insignificant. Besides
that, phosphorus fertilizer application also significantly increased
the crude protein ratio (p <.01).

In general, the crude protein ratio and mineral content increase
with the use of phosphorus fertilizer (Belete et al., 2019), and it
was reported in previous studies that phosphorous fertilizers
increased the crude protein ratio in common vetch and forage pea
(Kaynar, 2014; Yuksel & Tirk, 2019). A statistically significant differ-
ence was also found between crude protein ratios over the years
(p < .01). Application of poultry manure decreased the crude pro-
tein ratio under the BO condition, whereas it increased the crude
protein ratio when applied under the B1 condition. This reaction
caused a significant B x PM interaction (p < .05) (Figure 3A). This
different reaction might be because the bacteria showed a differ-
ent activity in relation to different phosphorus concentrations in
the soil (Gupta et al., 2015). Poultry manure application decreased
the crude protein ratio in the first year but increased it in the

B Dry hay yield (t/ha)

5
4,5

—4—2009

4 <: ~#-2010
3,5
3

PMO PM1
Dry hay yield (t/ha)

5
4,5

——B0

—a—B1

4
3,5

PO P1 P2

A-E, Effects of Phosphorus-Solubulizing Bacteria, Poultry Manure, and Phosphorus Fertilizer Applications on Dry Matter Yield (t ha™) in Forage Pea; B x Y,

PM xY,PxY,BxP, BxPM.
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B Crude protein ratio (%)
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A, B, Effects of Phosphorus-Solubulizing Bacteria, Poultry Manure, and Phosphorus Fertilizer Applications on Crude Protein Ratio (%) in Forage Pea; B x PM,

PM xY.

second year. As a result of this different reaction, the PM x Y inter-
action was found to be significant (p < .01) (Figure 3B).

Plant growth-promoting rhizobacteria inoculation caused a
decrease in the NDF ratio of plants (p < .05), whereas poultry
manure application increased it (p < .05). Moreover, the effect of
phosphorus application on the NDF ratio was found to be sta-
tistically nonsignificant. A statistically significant difference was
found between the years (p < .01). The results showed that the
NDF ratio was lower than 41%, which is the upper limit for quality
forage (Yavuz et al., 2009). Compared to the second year, the bac-
teria inoculation caused a more remarkable decrease in the NDF
ratio in the first year. It resulted in a significant B x Y interaction
(Figure 4A). The NDF ratio decreased after the P1 dose in the first
year, whereas it increased in parallel with increasing phosphorus

A NDF (%)

42

40 — .

38 —+—2009
\ ~#-2010

36

34

32
BO B1

Figure 4.

doses in the second year. As a result of this different reaction, the
P x Y interaction was found to be significant (p < .05) (Figure 4B).
High NDF and ADF ratios indicated increased lignification and con-
sequently decreased the digestibility of hay (Budak & Budak, 2014).

According to the results, the effects of phosphorus, poultry
manure applications, and PGPR inoculation on ADF ratio were
found not to be statistically significant, and a statistically sig-
nificant difference was found between the years (p < .01). Acid
detergent fiber content of forage peas was found to be lower
than 31%, which is the upper limit for quality roughage (Yavuz
et al, 2009). However, bacteria inoculation and phosphorus
application decreased the ADF content in the first year but
increased it in the second year. This finding caused significant B
x Y and P x Y interactions (p < .05) (Figure 5A and B). In addition,

B NDF (%)
42
40 /
—+—2009

38 —=-2010
- ‘_/——o\’
34

PO P1 P2

A, B, Effects of Phosphorus-Solubulizing Bacteria, Poultry Manure, and Phosphorus Fertilizer Applications on NDF Ratio (%) in Forage Pea; Bx Y, Px Y.
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A-C, Effects of Phosphorus-Solubulizing Bacteria, Poultry Manure, and Phosphorus Fertilizer Applications on ADF (%) in Forage Pea; Bx Y, Px Y, PM x P
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the ADF ratio linearly increased in parallel with increasing
phosphorus doses with poultry manure application, whereas it
decreased after the P1 dose without poultry manure applica-
tion. This different reaction caused a significant PM x P interac-
tion (p <.05) (Figure 5C).

It is known that ADF and NDF ratios of forage peas, like other for-
age legumes, are generally lower in comparison to other plants
(Osman et al,, 2010). The reason for finding the NDF and ADF
ratios of hay higher in the second year was probably because the
temperature was higher in the second year than in the first year.

Conclusion and Recommendations

The combined application of organic and inorganic fertilizers
increases soil productivity and yield and reduces the harmful
effects of inorganic fertilizers on the environment. Thus, the com-
bined use gains importance as an alternative way for sustainable
soil productivity and sustainable agriculture. Hence, in the pres-
ent study examining the effects of bacteria inoculation, poultry
manure, and phosphorus fertilizer on the dry matter yield and
yield components of forage peas, it was determined that the use
of bacteria inoculation and poultry manure application in combi-
nation with phosphorus fertilizer resulted in a higher level of dry
matter yield in comparison to using them solely.

Furthermore, the change in the results of bacteria inoculation
and poultry manure over the years suggests that further studies,
including different doses of poultry manure or PGPR inoculation
together with different organic phosphorus sources, are needed.

Thus, to obtain the highest forage pea dry hay yield in Erzurum
and similar ecological conditions with low and/or medium phos-
phorus content in the soil, it is recommended to the applica-
tion of 100 kg ha™' P,O; in addition to 3 ton ha™" poultry manure
together with PGPR inoculation.
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Cold Plasma Technology and Its Effects
on Some Properties of Milk and Dairy
Products

Soguk Plazma Teknolojisinin Sit ve Sit Urtinlerinin
Bazi Ozellikleri Uzerine Etkileri

ABSTRACT

This review covers cold plasma techniques as a non-thermal processing technique and their
effects on the microbiological and chemical properties of some dairy products, as well as sensory
properties. Beforehand, the techniques used to generate cold plasma and its types and mode of
action were also mentioned to make the reader become familiar with the subject. So far, limited
results have shown that cold plasma techniques are able to reduce the number of some patho-
gens important to dairy technology such as Escherichia coli, Staphylococcus aureus, Listeria
monocytogenes, etc., depending on the type of technique and application time. However, the
effect of cold plasma application on physical, chemical, and sensory properties is still controver-
sial. More research needs to be conducted to reveal the extent of the effectiveness of cold plasma
techniques on the quality of dairy products.

Keywords: Cold plasma, corona discharge, dielectric barrier discharge, microwave discharge,
plasma jet

6z

Bu derleme, termal olmayan bir isleme teknidi olan soguk plazma tekniklerini ve bunun bazi
st Urlnlerinin mikrobiyolojik ve kimyasal ozellikleri ile duyusal ozellikleri Gzerindeki etkile-
rini kapsamaktadir. Calismada 6ncelikle soguk plazma tretmek igin kullanilan tekniklerden ve
soguk plazma tirlerinden ve etki bigimlerinden bahsedilmistir. Simdiye kadar gergeklestirilen
calismalardan elde edilen sinirli sonuglar, soguk plazma tekniklerinin, teknigin tiriine ve uygu-
lama stliresine baglh olarak Escherichia coli, Staphylococcus aureus, Listeria monocytogenes gibi
slit teknolojisi igin oldukga onemli olan bazi patojenlerin sayisini azaltabildigini gostermistir.
Ancak soguk plazma uygulamasinin fiziksel, kimyasal ve duyusal 6zellikler izerindeki etkisi halen
tartigmalidir. Soguk plazma tekniklerinin sit Griinlerinin kalitesi Uzerindeki etkinliginin kapsamini
ortaya koyabilmek igin daha fazla arastirma yapilmasi gerekmektedir.

Anahtar Kelimeler: Soguk plazma, korona desarji, dielektrik bariyer desarji, mikrodalga desarij,
plazma jeti

Introduction

Milk and dairy products are foods with high nutritional value, containing carbohydrates (lactose), fatty
acids, and high-quality protein, as well as important micronutrients such as vitamins, minerals, and
trace elements. The initial microbial load of the milk and the environmental factors such as the equip-
ment used during milking and the environment in which the milking takes place can cause the raw milk
to contain microorganisms at a level that may pose a health risk during the period until it is processed
into the product. This microorganism load may also cause some sensory defects in milk and dairy
products (Rathod et al., 2021). In addition, some enzymes such as lipase and alkaline protease in raw
milk can cause structural and sensorial defects in milk and dairy products, leading to significant quality
losses during processing, ripening, and storage of the product (Thirumdas & Annapure, 2020). There-
fore, microorganisms and enzymes in raw milk must be inactivated at a certain level in order to ensure
food safety, minimize sensory defects, and extend the shelf life of the product (Coutinho et al., 2018).
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In the dairy industry, heat treatment techniques such as pasteur-
ization, HTST (High temperature short time), LTLT (Low tempera-
ture long time), and UHT (Ultra high temperature) are generally
applied for microorganism and enzyme inactivation, depending
on the dairy product to be processed (Rathod et al., 2021). Such
heat treatment applications are known as the most energy-con-
suming technologies in the food industry (Picart-Palmade et al.,
2019) and may cause not only some nutritional losses in milk but
the formation of undesirable sensory qualities such as bitterness
and gelling in the final product (Misra et al., 2016; Rathod et al.,
2021). In recent years, some novel techniques such as ohmic
heating, high hydrostatic pressure, pulse electric field, and ultra-
sound have been developed in order to reduce the abovemen-
tioned effects (Coutinho et al., 2018). These technologies, which
are generally called non-thermal techniques, aim at minimizing
the negative effects on the nutritional value and quality charac-
teristics of the products while meeting the necessary food safety
and shelf life demands (Misra et al., 2016b). Cold plasma technol-
ogy, on the other hand, is one of the newest techniques among
these techniques. Unlike other non-thermal processes, it has
some important advantages such as the need for shorter times in
treatment, the need for no chemicals and water (Lee et al., 2021),
and being applied at ambient temperature (Misra et al., 2016b).

In this review, the principle, mode of action of cold plasma tech-
nology, and its effects on microbiological, physicochemical, bio-
chemical, and sensory properties of milk and dairy products are
discussed.

Plasma Technology and Cold Plasma

Plasma application is based on exposing food or food surfaces to
plasma, which is accepted as the fourth state of matter (Lee et al,,
2021). Plasma is obtained by transforming a gas into an ionized

A Power supply B
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Figure 1.

gas containing atoms, ions, and electrons by providing sufficient
energy (Misra et al., 2016a). There are several plasma techniques,
each of which has different advantages or disadvantages.

By application temperature, it can be classified as a thermal or
cold (low temperature) plasma technique. In the former tech-
nigue, highly ionized species are in thermodynamic equilibrium
with each other (Pankaj et al,, 2018). Latter, on the other hand,
is defined as plasma at room temperature due to the non-equi-
librium between ions and unionized species, although the tem-
perature of the electrons is high (Sharma & Singh, 2020). High
pressure (>10° Pa) and very high energy (up to 50 MW) are needed
to obtain thermal plasma. Besides, cold plasma is produced at
30-60°C and requires lower energy consumption compared to
thermal plasma (Coutinho et al., 2018; Misra et al., 2016b). It is
preferred especially in heat treatment-sensitive food products
since ions and neutral molecules gain very low energy and remain
stable at low temperatures in this application (Phan et al., 2017).

Considering the pressure conditions, this technique can be clas-
sified as high pressure, atmospheric pressure, and low-pressure
plasma. Atmospheric plasma is generally preferred in practice
because it eliminates the energy and cost required to create low
or high pressure (Pankaj et al.,, 2018).

Cold plasma is produced by multiple techniques such as plasma
jets, dielectric barrier discharge, corona discharge and microwave
discharge (Corradini, 2020). All these discharges are initiated and
sustained by electron collision processes under the influence of
certain electric or electromagnetic fields (Misra et al., 2016a).

Although plasma jets (Figure 1A) may consist of a single elec-
trode, they usually contain two electrodes and produce small
“plasma flames” in the radio frequency range. The electrode gap

VZ77777777%77/77/7/777 —> Electrode
"~ L» Dielectric barrier

— Plasma

Different Cold Plasma Systems: (A) Plasma Jet, (B) Dielectric Barrier Discharge, (C) Corona Discharge, and (D) Microwave Discharge (Modified from Coutinho

etal, 2018; Misra et al., 2016a; Surowsky et al., 2015).
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is usually a few millimeters, and the process gas (usually noble
gases) is ignited at voltages of ~100 V. The biggest advantage of
plasma jets is that they are small in size and can penetrate into
narrow spaces (Surowsky et al., 2015).

In the dielectric barrier discharge (Figure 1B), plasma is produced
between two electrodes separated by a dielectric. In this system,
the process gas used, the distance between the electrodes and
the electrical operation of the discharge are important process
parameters. The biggest advantages of dielectric barrier dis-
charges are that many different gases can be used to obtain this
sort of plasma, relatively low gas flow is required, homogeneous
discharges can be ignited for several meters, and can be adapted
to different electrode geometries. However, depending on the
distance between the electrodes, relatively high ignition voltages
(10 kV) may be required in some cases. In such cases, it is neces-
sary to take important measures by providing isolation (Surowsky
et al,, 2015). The dielectric barrier discharge is especially ideal for
large surfaces (Coutinho et al., 2018).

Corona discharges (Figure 1C) are seen near large sharp electrode
geometries under atmospheric pressure. There is an electric field
large enough to accelerate the ionization level of the atoms or
molecules of the gas surrounding the electrons. Cylindrical geom-
etries or sharp, curved electrodes and flat electrodes are generally
used in corona discharges. Being produced with simple devices
with very low initial investment and operating costs appears to
be an important advantage of this technique. However, it can be
applied in small areas and non-uniformly is considered as a sig-
nificant disadvantage (Coutinho et al., 2018; Surowsky et al., 2015).

Microwave discharges (Figure 1D) are produced without an elec-
trode, unlike plasma jets, dielectric barrier discharges, and corona
discharges. The microwaves produced by amagnetron are directed
into the process chamber via a waveguide or a coaxial cable. Elec-
trons in the process gas absorb these microwaves, leading to
an increase in kinetic energy and, therefore, to the formation of
ionization reactions with the collisions that occur. Depending on
the microwave energy consumed here, neutral gas temperatures
ranging from room temperature to about 1000 K can be reached.
The biggest advantages of microwave discharges are that they
can be installed without electrodes and can be ignited in the air
or even with water vapor. In addition, their gas consumption is
moderate and they can produce a high amount of reactive species
depending on the discharge gas used. However, the necessity of
using a series of discharges to ensure its applicability in large areas
is a disadvantage of microwave discharges (Surowsky et al., 2015).

The properties of the produced plasma vary depending on factors
such as the power source used, the parameters applied, and the
composition of the gases (Pedrow et al., 2020). However, since
dielectric barrier discharge and plasma jets are easierto construct,
can operate continuously, and some configurations are commer-
cially available, the use of cold plasma obtained from them in food
products is more emphasized (Corradini, 2020; Misra et al., 2016).

Mode of Action of Cold Plasma

The effectiveness of cold plasma is basically based on the pro-
duction of ultraviolet radiation, reactive oxygen species (ozone,
hydrogen peroxide, singlet oxygen, peroxyl and hydroxyl radicals,
etc.), and reactive nitrogen species (nitric oxide, peroxynitrite,
peroxynitrous acid, etc.) (Misra & Jo, 2017; Misra et al,, 2019).
These reactive species formed cause some important physical,
chemical, and microbiological changes in milk and dairy products.

One of the most important changes is the deformation of the
microbial cell surface, damage to the intracellular genetic mate-
rial, and ultimately the death of the cell by lysis (Coutinho et al.,
2018; Timmons et al., 2018). In addition, many different atoms,
metastable, radical, electronically, and vibrationally excited mol-
ecules, including short- and long-lived neutral reactive species,
can also contribute to the antimicrobial effect (Misra & Jo, 2017).

Also, plasma-reactive species (free radicals) have the potential
to inactivate enzymes (Thirumdas et al.,, 2015). These reactive
species cause modifications in amino acids through chemical
reactions such as oxidation, sulfonation, and hydroxylation. It is
stated that cold plasma specifically targets the secondary struc-
ture of enzymes (a-helix and p-sheet) (Thirumdas & Annapure,
2020). Binding and catalysis are inhibited due to the structural
change seen in enzyme active sites with the exposure of proteins
to radicals (Bubler et al., 2017; Khani et al., 2017). Rodacka et al.
(2016) reported that the greatest effect on enzyme inactivation
was seen in the presence of reactive oxygen species.

Plasma-produced reactive oxygen species, such as hydroxyl radi-
cals, hydrogen peroxide, and superoxide anions (Attri et al., 2015),
can also interact with lipids in foods and cause lipid oxidation
(Gavahian et al,, 2018). This situation has the potential to cause
some undesirable changes such as deterioration of sensory prop-
erties, especially in dairy products with high fat content such as
cream and butter. The primary target of reactive oxygen species
is the methyl groups of fatty acids. Especially fatty acids with dou-
ble bonds are more sensitive to reactive oxygen species. Linoleic
acid (18:2) containing two double bonds and a-linolenic acid (18:3)
containing three double bonds are the most sensitive fatty acids
(Gavahian et al., 2018).

Some researchers expect an increase in the acidity of the prod-
uct due to the chemical interactions between reactive species
such as hydrogen peroxide and nitric acid formed during plasma
production (Thirumdas & Annapure, 2020). However, no acidity
change was observed in other studies (Gurol et al., 2012; Segat
et al,, 2016). This is thought to be due to the difference in the
plasma source used and the applied process parameters.

The Effects of Cold Plasma on Milk and Dairy
Products

There are a limited number of studies examining the effects of
cold plasma application on the physical, chemical, and microbio-
logical properties of milk and dairy products (Table 1).

The majority of these studies are on the inhibition of the most
common pathogens in milk and dairy products. Cold plasma sig-
nificantly reduces the number of pathogens such as E. coli (Gurol
et al, 2012; Kim et al,, 2015; Lee et al,, 2012), E. coli O157:H7
(Yong et al., 2015), Staphylococcus aureus (Lee et al., 2012),
Listeria monocytogenes (Kim et al, 2015; Yong et al.,, 2015),
Salmonella Typhimurium (Kim et al., 2015; Yong et al., 2015), Lis-
teria innocua (Wan et al., 2019), and Cronobacter sakazakii (Chen
et al,, 2019) in products such as milk, cheese, milk powder, and
whey beverages, depending on the technique applied, the type
of gas used, and the application time. In products with high sur-
face roughness, such as cheese, it is thought that the micro-
structure provides a suitable environment for bacterial cells to
adhere to the surface and reduces the effectiveness of the pro-
cess by protecting the bacteria from the effects of cold plasma
(Wan et al., 2019).
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Cold plasma application is also effective on pH, minor compo-
nents, enzyme, and volatile components of milk and dairy prod-
ucts mostly depending on the application time. The application
of cold plasma (dielectric barrier discharge) for 5 and 10 minutes
in whole milk decreased the pH values with no major changes
in lipid oxidation (Kim et al.,, 2015). It was also observed that the
application of cold plasma (dielectric barrier discharge) for dif-
ferent times (0, 3, 6, 9, 12, and 15 minutes) in raw milk increased
the total aldehyde content after 20 minutes of application
(Korachi et al., 2015). Similarly, the thiobarbituric acid reac-
tive substance content, which is an indicator of lipid oxidation,
increased in sliced Cheddar cheeses, by 30% after an additional
7.5 minutes of plasma application (Yong et al., 2015). In another
study (Sarangapani et al., 2017), when milk fat was treated with
atmospheric cold plasma (dielectric barrier discharge) for 3-30
minutes, it was observed that secondary oxidation products
were released in the samples with only 30 minutes of applica-
tion. With the release of oxidation products (2-nonenal, azelaic
acid, 9-oxononanoic acid, nonanoic acid, and octanoic acid), a
decrease in the amount of oleic, palmitoleic, and linoleic acids
occurred. Cold plasma application increased the bioactive and
volatile component content of guava-flavored whey samples
(Silveiraetal.,2019). Its application at low flow rates and for short
periods increased the vitamin C content and antioxidant activ-
ity of the samples but decreased the carotenoid content, result-
ing in a less acceptable fatty acid profile. On the other hand,
higher flow rate and application times decreased the vitamin C
and volatile component content of the samples, while increas-
ing the carotenoid content and ACE (angiotensin-I-converting
enzyme)-inhibitory activity. Cold plasma application had a
reducing effect on the HMF (hydroxymethylfurfural) value of the
xylooligosaccharide-added whey beverage, but increased the
antioxidant and ACE-inhibitory activities, compared to the pas-
teurization process, and these effects were enhanced with the
increase of the application time (Ribeiro et al., 2021). In skimmed
milk powder, no changes in the amino acid composition or phe-
nolic acid content occurred with cold plasma application for 120
seconds (Chen et al., 2019).

Limited studies revealed that cold plasma applications have dif-
ferent effects on the sensory properties of milk and dairy prod-
ucts. On one hand, it negatively affects the taste, odor, and overall
acceptability of cheese (Lee et al., 2012; Yong et al., 2015), on the
other hand, there was a positive effect in whey beverages con-
taining oligosaccharides (Ribeiro et al., 2021). Some research-
ers reported no noticeable changes in color parameters in milk
samples containing different amounts of fat (Gurol et al., 2012),
cheese (Lee et al.,, 2012; Yong et al., 2015), milk powder (Chen
et al.,, 2019) and whey beverage (Ribeiro et al., 2021), the changes
in, while others (Kim et al.,, 2015) reported an increase in the L*
and b* values of the dairy products samples and a clear decrease
in the a* value in whole milk. In contrast, no noticable effect of
cold plasma was observed in color parameters in milk samples
containing different amounts of fat (Gurol et al., 2012), cheese
(Lee et al., 2012; Yong et al., 2015), milk powder (Chen et al., 2019)
and whey beverage (Ribeiro et al., 2021).

When the cold plasma technique is considered as a sanitation
application in the dairy industry, it has been shown to have a
lower degree of effectiveness than peracetic acid, a widely used
chemical in sanitation (Lee et al.,, 2021). With the application of
peracetic acid, a 7-log reduction was recorded in the count of two
microorganisms (three different strains of S. aureus and one strain

of L. monocytogenes) in a short time (10 seconds). Cold plasma
application, on the other hand, yield a very low bactericidal effect,
only a 1-2 log reduction was achieved after 120 seconds of appli-
cation. It is pointed out that RNA and DNA damage occurred in
cells and esterase activity decreased with the application of per-
acetic acid, while cold plasma application had no such effect on
the mentioned parameters.

The enzyme inactivation efficiency of cold plasma was investi-
gated in a solution prepared using a commercial alkaline phos-
phatase enzyme, which is specific to milk and obtained from
bovine intestinal mucosa (Segat et al.,, 2016). The plasma obtained
by dielectric barrier discharge was applied at three different volt-
ages, 40, 50, and 60 kV, between 15 seconds and 5 minutes.
The results indicated that enzyme inactivation was achieved by
45%-50% at the end of 120 seconds and by 90% at the end of 180
seconds at all applied voltages. In the meantime, no change in
the pH of the solution was observed and the highest temperature
recorded during the application was 30°C.

Conclusion and Recommendations

Cold plasma technology, which is considered one of the newest
among non-thermal (thermal) techniques, has special impor-
tance especially for milk and dairy products as it has significant
advantages compared to thermal methods. However, studies on
the subject have generally focused on the antimicrobial effect
of cold plasma, and the changes in the physical, chemical, and
sensory properties of the final product have not been adequately
addressed until today. The results of the studies, some of which
have been summarized in this review, showed that cold plasma
has different effects on the microbiological, physicochemical,
biochemical, and sensory properties of milk and dairy products.
The type and concentration of reactive species that can be found
in the plasma vary depending on many factors such as the gas or
gas mixtures in which the plasma is induced, the configuration of
the source used in the production, and the applied voltage and
time. Therefore, obtaining different results in studies is closely
related to the method of obtaining the applied plasma, the pro-
cess parameters, and also the microorganism species examined.

As a result, more studies are still required to reveal the changes
in milk and dairy products due to cold plasma application. In par-
ticular, the examination of fat oxidation and therefore the volatile
compounds originating from fat emerges as a new research topic
as a potential for acceleration of cheese ripening.
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