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Abstract. Crop and animal production generate a high level of organic waste that causes negative
effects on the environment and communities. The use of composting processes can improve the
quality of these biowastes. Additionally, the application of technologies such as telemetry and
remote sensors, allows optimizing the transformation of organic matter in a more controlled and
efficient way. The city of Fusagasuga is well known in agriculture. However, it lacks sustainable
management of the organic waste system.

In this study, after a three-dimensional electromechanical design, a prototype reactor to compost
agricultural wastes of Fusagasuga municipality will provide. The capacity of this prototype
reactor is considered to be 20 litres. In order to control temperature and humidity of biowastes in
different working conditions, it is used A PI controller with 3 temperature and a humidity sensors.
With these sensors the compost materials temperature and humidity will remain at 65 °C and
55-60%. By using a special form of temperature sensor placement, the time to oxygenate the
compost materials will be found. Furthermore, this system is integrated by a Human-Machine
Interface (HMI), which allows the supervision and manipulation from a remote access user.

Key words: composting, environment, sensors, telemetry.
INTRODUCTION

A compost is an element with plenty of plant nutrients, is very useful as organic
fertilizer for soil crops, and is produced by the decomposition of organic matter from
plant and animal residues, done by microorganisms in an adequate humidity, pH and
oXxygen environment.

Around 193 million tons of organic materials are obtained in the photosynthetic
process (De Heer et al., 2005). However, most of these materials become a source of
environmental pollution, especially what is considered by manufacturers to be ‘waste’
or ‘garbage’. This tragedy is due to the lack of management techniques or to the
inappropriate characteristics of these materials for direct human or animals’ consumption.
As a consequence, soil, air and water pollution, the reduction of the biology and the
waste of the energy of containment in the organic residues take place. Its effect generates
high environmental and public health costs (Antil et al., 2014). In this regard, in (Fan et
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al., 2017) it is mentioned that the commercialization and use of compost in agricultural
production have not been used efficiently.

For this reason, the composting method has been introduced as a convenient and
easy-to-use alternative in tropical regions (Coelho et al., 2013; Oviedo Ocafia, 2015).
This method allows to use of biowastes, reduce environmental pollution and recover the
productive conditions of the soil. The common methods for compost production usually
are traditional methods and don't involve any technological process (Rodriguez &
Cordova, 2006; GOmez Betancourt, 2017; Galeano Barrios, 2018) that improves
production times or production quality.

Composting of municipal and residential biowastes has been widely used.
However, the optimal application periods have not been established, as well as the
maturation time (Ravindran et al., 2019). Research is required not only to establish
quality parameters, but also to carry out technological innovations that improve the
decomposition process and reduce CO- generation (Knoop et al., 2018).

In some cases, organic wastes are used to produce compost in a rudimentary way.
The common methods for compost production usually are traditional methods and do
not involve any technological process (Corzo-Romero et al., 2016; Calder6n Gémez &
Calderon Ospina, 2016; Goémez Betancourt, 2017) that improves production times or
production quality. According to the above, the objective of this study is to contribute to
a technological innovation process, when designing a prototype that allows the
optimization of the composting process. Preliminary results of a pilot test will be
presented.

METHODOLOGY

To obtain a mixture with high energy content, it is needed an adequate proportion
of materials with a rich content of Carbon and Nitrogen (Pefia, 2011). After that, those
materials are chopped to improve the speed of microorganism biodegradation. As
mentioned in literature (Pefia, 2011; Galeano et al., 2016), the process that
homogeneously mixes the organic matter, the substrate soil and the atmosphere inside
the reactor, improves the chemical properties like pH and oxygen concentration and also
homogenizing the temperature in its thermophile phase. It is shown that if the rotation
process is done every 24 hours, it will increase the maximum peak of the thermophilic
phase. In (Bringhenti et al., 2018; Oliveira et al., 2018) it is shown that it is more efficient
to keep the compost materials temperature and humidity at 65 °C and 55-60%.

In most cases, bacteria predominate about 100 times more than fungi. In (Golueke,
1977; Castrilldn et al., 2006; Calbrix et al., 2007) it is presented that at least 80—90% of
the microbial activity in composting is due to the presence of bacteria. The actual
population of bacteria depends on the type of basic material, the local conditions and the
amendments used. The microbial community in the starting substrates, together with the
factors that colonize the compost pile from the surrounding environment constitute the
set of biological agents responsible for the biotransformation process. As mentioned in
(Morales-Corts et al., 2014), the predominant type of microorganism in each phase
depends on its competitive efficacy and its survival capacity against prevailing
conditions.

In (Ranjard & Richaume, 2001) it is presented that the plants which are
decomposed to varying degrees by bacteria, actinobacteria and fungi, remains in the
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form of simple sugars, hemicelluloses and cellulose. These organisms synthesize their
polysaccharides and other carbohydrates, which constitute the majority of the
carbohydrates found in the soil. In (Paul, 2014) it is reported that nitrates prefer the
activity of bacteria. On the other hand, ammonia and amino acids are best to use by
mycobacteria and fungi. The application of nitrates, ammonia, urea and manure increase
the speed of decomposition (such as the substrates used in the preparation of the
mixtures). In this regard, in (Ryckeboer et al., 2003) it is mentioned that the first
microorganisms come with the organic residues. In some cases, they multiply in early
stages. As a result, environmental conditions change and become more suitable for the
other microbial group.

In (Sundberg et al., 2004), pH varies with temperature, especially in the change
from the thermophilic to the mesophilic phase. They showed that the rate of
decomposition of municipal biowastes especially of vegetable origin, is very small in
the pH ranges between 5 and 8 at temperatures of 36 °C. However, if the temperature
rises to 46 °C, the decomposition reduces at low PHs, and increases for PHs above 6.5.
This difference can be explained by the sensitivity of microorganism communities to the
combined effect of acidity and temperature conditions. Microorganisms can tolerate
extreme environmental factors, for example, high temperatures or low PHs, but not both
at the same time. Another possibility is the existence of different groups of
microorganisms: some mesophilic (which is acid tolerant) and another thermophilic
(which does not tolerate acidic conditions).

In (Ferrer et al., 1994; Lazcano et al., 2008) it is reported that the pH is adjusted to
a range between 7.5-8.5 at the end of the composting process and can be critical if it
exceeds 8.5 levels by the volatilization of ammonia (NH3), which generates nitrogen
loss and bad odor. A mature compost has the following characteristics: dark colour, no
odor, ambient temperature, average particle size of 10 mm and final C.N* ratio ranges
from 10 to 15. In (Morales-Corts et al., 2014) and (Brito et al., 2010) it is indicated that
the ideal C.N ratio for a fully mature compost is close to 10, similar to humus. The
compost evaluated according to the values and parameters mentioned, generated a
mature compost.

In (Benito et al., 2003) it is explained that the Cationic Interchange Capacity (CIC)
ascends as a function of humification due to the formation of the carboxyl and phenolic
functional groups. The macro-elements, N, P and K elements presented values within
the appropriate range in the three treatments. In (Pierre et al., 2009) obtained values of
N (4.4-5.9%) and K (2.5-3.6%) higher than those found in this research. In (Diaz-
Ravina et al., 1989) it is indicated that some microorganisms are able to establish
mutualistic symbiosis with plants, such as the growth-promoting rhizobacteria of the
genus azospirillum that fix the atmospheric nitrogen in the endor-rizosfera of grasses,
and others like the arbuscular mycorrhizae that colonize the roots of plants.

In this study, the search and analysis of information will be carried out, as well as
the quantification and characterization of the biowastes and the elaboration of the basic
design. The system will be built and the initial trials will be carried out. Furthermore, the
final construction, the three-dimensional of the prototype structure and the elaboration
of the respective instructions of use and handling will be presented. Additionally, similar
to (Casas et al., 2013), an instrumentation and control phase will be incorporated for the
transducers and actuators of temperature and humidity, integrated by a HMI, that allows
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the supervision and manipulation from a remote access user. Table 1 shows the
methodology and the proposed activities to fulfil each objectives of the project.

Table 1. Detailed methodology in phases and activities

PHASES ACTIVITIES

PHASE 1: e State of the art analysis on organic solid biowastes treatment and
information for preliminary ~ HMI systems, as well as communication protocols for
design analysis. information remotely transmitting.

Actions aimed at the o Determine the most appropriate process for the transformation of
quantification and organic solid biowastes into compost, from the science of
characterization of Organic  electronic engineering, and identify the variables to be analysed.
Waste, as well as the e Quantification and characterization of organic solid agricultural
definition of the most residues.

efficient prototype model ¢ petermination and measurement of physic-chemical and
to be implemented. In biological variables involved in the decomposition of organic
addition, we worked on the  \yaste.

identification of variables 4  preparation of the preliminary design, a technical outline of the
to be quantified, and thus possible prototype from three-dimensional models as well as the
finally the preliminary electronic system, taking into account the C.N" ratio calculations
design was obtained. and integrating them into the electronic system.

PHASE 2: e Development of data acquisition and measurement systems
construction and (DAQ).

preliminary system.
Trials Actions aimed at
the development of the
prototype from the input
elements obtained in the
previous phase, and
realization of data
collection and initial
performance tests.

Development of the Man-Machine interface as a monitoring and
control tool for remote monitoring of variables.

Conditioning of input and output variables, from the sensors
selected in the electronic instrumentation stage.

Articulation of the components and construction of the final
prototype with the automation system.

Development of tests and monitoring processes, study variables
and evaluating results.

Prepare manuals, plans and other technical aspects of the system.

PHASE 3:

Preliminary progress of
microbiological and
chemical variables of
composting.

Quantification of general groups of microorganisms.
Determination of chemical variables present in the compost.

Organic solid waste (OSW) management

The agricultural residues that are identified with greater representativeness in the
municipality of Fusagasuga are shells, husks, fruits, vegetables, leafs, seeds and aromatic
herbs. At this time, these residues are crushed up to get particles sizes between 1 and
5 cm, (Zhalnina et al., 2015) allowing a better microorganism decomposition and a
homogeneous matter at the end of the process with the mature compost.

The reactor is designed with a rotary system (Fig. 1) using a set of rotating opposite
blades joined to a rotating shaft in the centre of the reactor. In (Fig. 2), the 3D model of
the turning system is shown.

A prototype reactor is built based on the results of computer-assisted simulation
and validation. A standard-size barrel with an isolated anti-corrosive coating layer is
used as reactor base. Furthermore, the turning blade is made with metallic sheets of
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calibre 12. The blades and the shaft are covered with an anti-corrosive layer. Fig. 3
shows the reactor built with a temporary manual rotation system.

S L
—

Figure 1. 3D model of the prototype reactor. Figure 2. 3D model of the turning system.

Prototype System

In this section, based on the simulated 3D model, a prototype system (Fig. 3) is
constructed. This system basically consists of a cylindrical barrel of 20 litres, which
common in closed composting systems (Pefia, 2011). To facilitate rotation and material
homogenization a rotary axis is embedded in the system. As can be seen from Fig. 3, this
axis consists of a metal tube and blades. Similar to (Galeano et al., 2016), the whole
structure is covered with insulation and anti-corrosive paint In this prototype system, the
temperature and humidity are monitored by four sensors distributed inside of the
bioreactor. With these sensors the compost materials temperature and humidity will
remain at 65 °C and 55-60%.

The main issue is that the microorganism activity will reduced at low temperatures.
As shown in Fig. 4, the temperature sensors are located at the two ends (sensor 1 and 3)
and centre (sensor 2) of the bioreactor tank. In this study, A PT100 sensor is used due to
its lineal behaviour. However to increase sensitivity, a Wheatstone bridge and amplifier
1NAZ106 are used, which is a good option for measuring small resistance changes (Hoque
& Islam, 2018). Using this placement method, when Sensor 2 has a different value than
Sensors 1 and 3, it indicates that it is necessary to oxygenate materials by overturning is
necessary.

Valve
Pump
Figure 3. Prototype reactor  Figure 4. Sensors location Figure 5. Irrigation system.
with a temporary manual inside the prototype
rotation system. system.

Since the organic matter is subjected to microbial action and artificial heating to
regulate the optimal temperature, an additional system is needed to control the humidity
of the material. It consists of a dryer and a water supply system. Using a linear controller
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and L-69 sensor, the humidity of the materials is kept at the optimal level. The dryer
system includes of a heating system and air extractors in order to extract excess humidity
from the reactor. The water supply system consists of a 12-volt electric pump, a water
tank, an electrical valve and a nebulizer system (Fig. 5).

The aeration process is essential to accelerate OSW degradation. Therefore, a hot
air circulation system is needed to perform the aerobic process. This system controls the
oxygen and temperature levels of the organic material in the reactor. The heating system
provides a constant air flow with variable temperature based on resistance electrical
elements and an air turbine
together in a housing (Fig. 6).

With a 10 Ohm resistance
and a maximum voltage of
120 VAC, this system can provide
a maximum of 1440W of heat EEEESE
power. A TRIAC-based converter T eyt
with a PWM (pulse width Turbine engne 2Rz =
modulator) controller is used to
control the heating system. Figure 6. Temperature actuator.

Design and implementation of the controller
The main issue is that the microorganism activity will reduced at low temperatures.
As a first design action of the

controller, it is needed to do a .. Stepresponse

system characterization test to

define its linearity, operation o o

range and the appropriate control g 40

technique to implement. For this € 35)..

reason, the Step response for §307

temperature is extracted (Fig. 7). - 3 3 : : : :
Given that the system is 25 500 1,000 1500 2,000 2500 3,000

linear, a P1 controller is selected to Time (S)

reduce the steady-state error found Figure 7. Step response for temperature.
by the step input test performed on

the system. This model is shown in the Fig. 8. These parameters are synchronized with
the real model to improve the overall system response.

|
Ll
N
. 0.001934 o
pis Pl Lp D@( . > Scopef
5+0.002195
Step FID Controller TT8NSEOM Tronsfer Fond
Delay

Figure 8.Simulink model controller.
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RESULTS AND DISCUSSION

Humidity and temperature behaviour

The physicochemical variables that are evaluated and controlled for the composting
process are the temperature and humidity (Hogque & Islam, 2018).

Comparison between a reference pile covered with a single piece of plastic and the
compost processed in the prototype reactor with the adequate physical conditions
for composting process were performed. Data obtained from the trials shown
that the compost in the prototype reactor got a temperature of 60 °C, compared with the

temperature of 55 °C reached by the
reference pile. This temperature was
not maintain for long time, because as
soon as the temperature reached 50 °C
the rotation process was performed to
oxygenate the microorganisms in the
compost (Oliveira et al., 2018). As
shown in Fig. 9, after 12 days, the
temperature tends to stabilize.

Since the materials used in the
experiment have high humidity (such
as in the case of organic residues), the
humidity level is high as shown in the
Fig. 10. However, after 24 days the
humidity level is stabilized in the
reactor, as opposite to the reference
pile that got stabilized after 38 days.

The HMI for the reactor
prototype is intended to monitor and
control all its systems (air flow,
watering and heating) remotely from
the Internet. The lab view is used for
the HMI due to its capabilities for

data  processing and  virtual
instrumentation.
The local workstation is

geographically near of the prototype
reactor, which is necessary to have
physical access in case of emergency.
This situation allowed to use a local
area network (LAN) based on
Ethernet to communicate the
workstation and the Arduino module.
In order to implement the
communication between the HMI and
the Arduino board through the LAN,
a User Datagram Protocol (UDP)
based communication is used because

70
© 60—, - = Reference
- 50—
()
5 40
S 30
2 20
£ 10
F oo
036 91215 18 212427 30 33 36 39
Days
Figure 9. Composting Temperature vs Time.
100
X 80 — =Reference
? 60 — Prototype
i
E 40
£ 20
0]
03 81216 20 24 28 32 36 40
Days
Figure 10. Composting Humidity vs Time.

Figure

11. View of HMI control panel from a

web navigator.

Table 2. Laboratory Analysis results

Et(a)sults Scientif Name Population

1 Fungus <10CFUg!

2 Yeast 11x10E 7 CFU g'*
3 Mesophilic Bacteria 24x10E 7 CFU g
4 Pseudomonas 17x10E 5 CFU g'*
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a connected oriented communication like Transmission Control Protocol (TCP) is not
needed, UDP allowsfast response and als o UDP is simpler to work with.

For the remote communication the tool ‘Web Publishing Tool” from Labview is used.
This tool runs a web server in the
computer running the HMI that Table 3. Compost Chemical parameters

serves an HTML page with the same Parameter Value Unit

content visualized in the HMI, Dry-Bulk Density 0.200 gcm

allowing users to see in real time Ph Satured paste 754 %

all the process development. Fig. 11~ E.C Saturation Extract 23.80 dsm*
Moisture 31.89 %

is shown the panel control viewed

: . Ashes 25.87 %
frhom : .Co(rj"%“tirh .C‘:mpots.“”g " Acid Insoluble Residue 16.71 %
charac E_}rlze y the nteraction an Cation-exchange capacity or CEC 31.19 Meg.100!
succession of several types of Total Nitrogen 147 %
microorganisms that present different Total Potassium 213 %
nutritional and environmental Total P205 0.68 %
demands. In Table 2, the results of Total MgO 0.44 %
microbiological groups are presented, Total K20 256 %
within ~ which  the  bacteria Total CaO 1.98 %
predominate in the compost sample. Total Calcium 141 %

The results of the experiments  1otal Magnesium 0.27 2/"
show a higher percentage of the Total phosphorus 0.30 %

. . . Sulfur 0.06 %
bacterial population. In (Rebollido et Boron 0.005 %
al., 2008) the bacterial population is Cupper 0.001 %
specified by 44.6%, followed by Manganese 0.03 %
actinobacteria 32.3% and fungi Iron 039 %
23.1% are found to be predominantly Zinc 0.007 %
colonized by microbial populations Sodium 018 %

during the Composting process of Total Oxidizable Organic Carbon 16.31 %
municipal solid organic waste. Table3 ~ Carbon-to Nitrogen Ratio C.N* 11.09
shows the results of the compost  Moisture Retention 147'582/"
chemical parameters for the compost volatilization losses 42.24 %
test.

CONCLUSIONS

The closed system implementation used in the prototype, created a controlled
environment for the production of compost that reduced the variations produced by
climatic conditions specifically temperature and humidity, compared to the traditional
system in piles, just as the closed system facilitates the Oxygenation from the voltage
and the measurement of the variables and the transmission of the remote way through
the telemetry system.

The introduced electronic control system regulated the variations of temperature
inside the bioreactor generated by the temperature changes of the area where the
prototype of the plant was located, as well as the generation of a historical and real time
data record through. The human machine interface allowed to control and monitor the
process by industrial control methods.
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It stands out in this prototype plant that had desirable physical conditions (humidity
of 55% and temperature between 25°-65 °C), the time of compost was reduced
considerably obtaining compost in a time of approximately 9 weeks. In addition, it
obtained a mature compost according to physical and chemical variables.
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Abstract. Farmers operate in a turbulent environment that includes international competition,
weather conditions and animal behaviour, for example, and is difficult for them to control.
However, economy and productivity always have a high priority. As a consequence, farms have
started to implement lean-inspired work systems. At the same time, health and safety are of urgent
concern in the sector. This article explores how famers apply lean-inspired work processes. It
identifies work environment changes during and after a lean implementation, as well as possible
developments in the work environment following implementation of the lean philosophy. Data
were collected from three groups: lean, lean-light and development-inclined reference farms (in
total 54 farms), using a questionnaire and interviews. The results indicate that a majority of the
lean farms were applying several lean principles and tools, and the lean philosophy. The lean-
light farms applied parts of the lean concept, while the reference farms applied some of the more
general tools, used in lean and elsewhere, such as visualisation in various forms and to various
extents. The results showed positive effects of lean on the psychosocial work environment, better
work structure and improved information, communication and co-operation. The physical work
environment was improved to some extent by lean, where advantages such as a more structured
and practical work environment with less physical movements and locomotion could be noticed.
The lean concept provided a more structured and systematic approach to dealing with work and
production environmental issues, for managers as well as for employees.

Key words: farm, farm business, Lean Production, physical work environment, psychosocial
work environment, safety and health, structure, work organisation.

INTRODUCTION

Swedish farm structure is evolving towards larger units with more animals and/or
more acres (Ekman & Gullstrand, 2006; Swedish Board of Agriculture, 2017). Inthe EU
the number of regular employees is falling and the standard output per holding is
increasing, indicating a trend towards more productive farms (European Commission,
2015). This development is a part of a rationalisation trend that makes farm strategy and
management increasingly important (Rydberg et al., 2011). In other sectors, Lean
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Production (lean) has had a substantial impact as a productivity concept. Swedish
agricultural stakeholders have therefore implemented a lean programme for farms.

Alongside this restructuring and rationalisation, there is concern about the work
environment and safety. Furthermore, having bigger farm units implies more employees
and increased management responsibility for the work environment. This paper examines
the work environment and safety when lean is introduced in agriculture.

Lean Production

Lean is a quality and productivity concept that originates from Toyota’s production
system (Womack et al., 1991). In 1984, researchers concluded that North American and
European car manufacturers were incapable of learning from their competitors in Japan,
who had increased their share of the automobile market. The International Motor Vehicle
Program (IMVP) was established, from which Krafcik (1988) concluded that Toyota’s
production system seemed to be more ‘lean’, with fewer buffers, better productivity and
better quality.

Since then the concept has spread from the production sector to the service, public
and private sectors. Lean is based on four principles: philosophy, processes, people and
problem solving (Liker, 2004). The philosophy is based on responsible long-term
thinking, which may be at the expense of short-term economic goals. The philosophy
and principles aim to continuously improve processes and increase customer value.
People, such as employees and temporary staff, are a highly important group because
they are the main part of the organisation. Challenges, development and letting people
take responsibility create an environment that motivates employees to contribute.
Problem solving is related to continuous learning and to understanding the organisation
and its processes. Lean has the advantage of giving an overview of several business
production factors simultaneously by means of the lean tool Value Stream Mapping
(VSM). VSM enables processes and waste, among other things, to be visualised and
possibly removed (Colgan et al., 2013). The concept has been proven to contribute to
better quality and productivity (Simons & Zokaei, 2005) in various organisations,
although the influence on the work environment is open to debate, as described below.

Several literature reviews have examined lean in relation to the work environment,
health and well-being (Landsbergis et al., 1999; Brannmark & Hakansson, 2012; Hasle
et al., 2012; Toivanen & Landsbergis, 2013). Landsbergis et al. (1999) and Toivanen &
Landsbergis (2013) point out the lack of evidence to support the empowerment of
manufacturing workers according to lean. They also mention a noticeably increased
work pace and work demands, although decision-making authority, skills and decision
latitude continue to be low. Hasle et al. (2012) report ambiguous results, with a slight
predominance of negative impacts of lean on the work environment, such as a trend of
reduced job autonomy, higher demands (such as cognitive demands), and a higher work
pace, work load and work intensity. The positive aspects are improved job content,
broader job roles, skill utilisation, social relations, empowerment of employees and task
involvement. A literature review by Brannmark & Hakansson (2012), with the focus on
work-related musculoskeletal disorders (WMSD) and their risk factors, provided
inconclusive results, with individual studies giving positive or negative results and others
showing mixed results. Overall, according to Brannmark & Hakansson (2012), there are
more negative results from studies in non-Swedish contexts, and there are both positive
and negative effects for employees. A recent literature review showed how Just-in-time
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(JIT) and standardised work intensify work processes, which contributes to negative
effects on the physical and psychosocial work environments (Koukoulaki, 2014).
Westgaard & Winkel (2011) also list the negative outcomes of lean (higher repetitivity
and work intensification) and positive outcomes (increased involvement in the process
of change and increased focus on quality), and conclude that workers with more routine
jobs have a higher risk of negative outcomes. They also highlight the important match
between resources and responsibility.

Hasle et al. (2012) conclude that lean takes many different shapes, from perspectives
on how it is implemented to the context with which it interacts and how it is used in a
practical sense. These different shapes affect the work environment in different ways.

New research areas are evolving in relation to lean, e.g. environmental performance
(Dieste et al., 2019). Another new area aims to deepen the understanding of how the
work environment and ergonomics could be integrated naturally in lean tools as a part
of holistic sustainability (Brito et al., 2019). Lean’s strong emphasis on a safe work
environment has also spurred interest in how safety management and lean-inspired work
could be integrated and performed more effectively (Hafey, 2017).

Following the recognition of lean in the manufacturing industry and in services, it
has now started to be implemented in the agricultural sector. In the UK, aspects of lean,
especially VSM and Value Stream Analysis (VSA), have been implemented in the meat
value chain (Keivan Zokaei & Simons, 2006; Taylor, 2006). In Italy, VSM has been
implemented on the farm level (Colgan et al., 2013). In both cases, the focus is on
productivity and efficiency, and the conclusion is that lean may be an approach to
enhancing productivity and efficiency. In Denmark, an agricultural advisory stakeholder
has introduced lean inits services (Fladkjaer Nielsen, 2013). These services focus mainly
on lean tools such as whiteboards, meeting structure and VSM. In the USA, farms have
started to use a more holistic lean approach, including lean tools, principles and
philosophy (Hartman, 2015).

Lean implementation in Swedish agriculture

In the Swedish manufacturing industry, lean is seen as an opportunity to enhance
production processes. A programme implemented in the manufacturing industry, the
Production Leap (Brannmark, 2010; Medbo & Carlsson, 2013), influenced stakeholders
in the agricultural sector. After trial implementations of smaller parts of the lean concept
and the implementation methodology (see Rydberg et al., 2011; Astrom & Melin, 2012;
Melin et al., 2013; Olsson et al., 2014), a European Social Fund (ESF) project followed
as the first project in the lean implementation programme Lean Agriculture (see Fig. 1).

A detailed description of how the implementation was executed and what was
included in the lean implementation is given by Barth & Melin (2018), who based their
contribution on the same project as this study. The ESF project started in autumn 2012
and ended in spring 2014. The lean farms in the project comprised various farm
enterprises such as dairy, egg, broiler, pig, beef, grain and garden nurseries. There were
also combinations of these on mixed farms, which is common in agriculture. The farms
had an average of five employees. However, the composition of the workforce differed
substantially between farms. On some farms the workforce consisted only of family
members, while other farms had only externally employed staff. Full-time, part-time and
hourly employment differed between farms. The employment of immigrants in the
workforce also varied between none and a major extent.
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Figure 1. Visualisation of progress and development in Lean Agriculture (marked by dark grey
colour) and its relation to this research project (marked by light grey colour).

Physical work environment in Swedish agriculture

Health and safety issues in agriculture are highlighted by Témasson et al. (2011),
who argue that Swedish agriculture (including forestry, hunting and fishing) has one of
the highest levels of fatal occupational accidents in the country. Several studies report
that the most common injuries are related to machinery, falls and animals (Lindahl et al.,
2012). After scrutinising 3007 male and female respondents in the dairy industry,
Gustafsson et al. (1994) concluded that the majority of them, irrespective of gender, had
musculoskeletal problems. Age, years of working in the industry, working hours per day
and personal physical characteristics strongly affected the extent of musculoskeletal
symptoms. The lower back, knees, shoulders and neck had the highest frequency of
symptoms. However, that study did not identify the specific activities or movements that
pose the greatest risk. In a systematic literature review, Osborne et al. (2012) identified
different risks of musculoskeletal disorders (MSDs) among workers and owners in
agriculture and found that the two major risk factors were worker age and dairy farming.
Lunner Kolstrup (2012) reports that despite improved and restructured technology in the
sector, musculoskeletal strains, especially in the back, hand/wrist and knees, are
common on dairy farms.

Accidents in Swedish agriculture

Between 2007—2016, the number of employees in Swedish agriculture fell by 3%
(to 171,400 in 2016) (Swedish Work Environment Authority, 2017). However, the
number of work-related and fatal accidents remains high (see Table 1). Corresponding
numbers from the EU countries are questionable due to inconsistent data collection
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(Merisalu et al., 2019). Large intervention and information campaigns (see Danielsson,
2012) have not had prolonged effects. According to Donham & Thelin (2016), achieving
sustained effects from interventions in the agriculture sector is problematic.

It is in general important to integrate health and safety improvements as a
management matter (Kuimet et al., 2016). In a survey among Irish farmers, 27% of the
respondents related the causes of accidents at the farm to organisational matters (Griffin
etal., 2019).

Comprehensive health and safety Table 1. Reported work injuries with sick

plans are rarely developed in leave, fatal accidents and gainfully employed in
agricultural management (Murphy, agr!culture (2009-2018). D_ata_ include
2016), despite work planning being an agriculture, forestry and fishing (SNI
. ' . . ? codes = 01, 02, 03)

important factor in reducing risk- i

taking behaviour that might lead to  vyear REPOTted  Fatal Gainfully

work injuries accidents employed

injury (Salmme_n, _1997). After 5009 301" -2 95,276
analysing  relationships  between 2010 35171 772 100,252
quality of management and injury risk, 2011 3541 137 100,264
Suutarinen (2004) suggested that work 2012 357" 62 100,130"
procedures that integrate ergonomics 2013 349% 472 100,907 **
can contribute to a better work 2014 3777 10" 100,564 ™
environment in agriculture. Better 2015 342 672 99,312
management  would mean, for 2016 287 6" 94,772
example, having enough work 2017 318" 127 96,551
2018 326™ 107 Not available

capacity for the intended task, which
could reduce the risk of injury.

1 Swedish Work Environment Authority (2019a);
*2 Swedish Work Environment Authority (2019b);

According to Hasle & Limborg (2006),
a good way to prevent accidents is
to mergeaction-based health and safety
initiatives with organisational
management and its goals. Health

*3Official Statistics of Sweden (2015); ** Official
Statistics of Sweden (2018); *® Olsson (2019).

Note that both SNI codes and the definition of
gainfully employed may have changed slightly during
the period 2009-2018.

promotion also plays a vital part when
the organisation wants to enhan ce work motivation and efficiency and reduce labour
turnover (Kuimet et al., 2016).

Psychosocial work environment in Swedish agriculture

According to Glasscock et al. (2006), the work environment of farmers differs from
those of other occupations. Farmers often work alone, for longer hours, and with very
varied work tasks. At the same time, they are expected to deal with (changing) laws and
regulations, various administrative tasks, changing weather, (global) economics, and
livestock diseases. Other factors affecting farmers are taxes, unexpected expenses and a
negative attitude in society towards farming (Lunner Kolstrup et al., 2013). These types
of factors are reported to contribute to psychosocial disorders such as anxiety, substance
abuse, increased rate of injury and sleep problems (Lunner Kolstrup et al., 2013). Other
factors, such as the unexpected behaviour of farm animals and rapidly changing weather
conditions, simultaneously contribute to an unpredictable work environment that farmers
and employees can control only to a minor extent.
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Established stressors in the agriculture work environment, compiled by Kallioniemi
et al. (2016), are: ‘policy or new legislation’, ‘public perception or the position of the
farmers’, ‘future of the farm’, ‘administrative burden’, ‘the amount of paper work’, ‘long
hours of work or amount of work’, ‘machinery breakdown’, ‘uncontrollable natural
forces’, ‘animal diseases’, ‘media criticism’, ‘finances’, ‘health problems’, ‘isolation’
and “family problems’.

‘Agricultural policy of the EU’, ‘the treatment of farmers in society and the media’,
‘the future of the agricultural sector’, ‘administration of the farm’, ‘amount of work’ and
‘lack of possibility to predict work situations’ are major stressors among Finnish dairy
farmers (Kallioniemi et al., 2016). Those authors concluded that stressors related to
social relationships and individual matters were not among the most prevalent stressors.
Glasscock et al. (2006) found that stressors with economic characteristics, stress
symptoms and insufficient safety procedures were connected to accidental injury.
Kolstrup et al. (2008) conducted a study of the psychosocial work environment of pig
and dairy farmers in Sweden and found, among other things, that feedback, social
support and the quality of leadership need improvement on dairy farms.

Several studies have shown that farmers have a greater risk of developing mental
illness, such as depression, and that farmers have a higher suicide rate than the general
population (Roberts & Lee, 1993; Booth & Lloyd, 2000). Some studies reviewed by
Fraser et al. (2005) reported a higher level of anxiety and depression among farmers than
in the general population, while other studies found no such pattern. Booth et al. (2000)
discuss whether the increased suicide rate among farmers may be due to their access to
firearms and having greater difficulties than urban populations in accessing medical care.
Associations have been shown between MSDs and risk factors in the psychosocial and
personal areas (Osborne et al., 2012), and especially between depression symptoms and
lower back injury (Sprince et al., 2007).

The effects of the lean concept on the work environment are open to debate, so it is
important to scrutinise lean’s effects when it is implemented in an agricultural context,
which is already associated with negative work environmental issues, such as the many
accidents. Lean implementation in agriculture started as an initiative to increase
productivity in the industry, being viewed initially as a concept with the potential to
contribute to farm competitiveness.

The primary aim of the present study was to explore how farmers apply lean-
inspired work processes. A secondary aim was to identify work environment changes
during and after lean implementation.

MATERIALS AND METHODS

Data were collected using mixed methods (Creswell & Clark, 2017). A longitudinal
guantitative questionnaire was followed by semi-structured deep interviews based on the
answers from the questionnaire. Occasional observations were made during visits to
farms. However, those observations were not generalised because of the varying
durations of different agricultural processes. Triangulation was used to validate data from
the questionnaires and the interviews and, to some extent, from the observations (Morse,
1991). Data were collected from three respondent groups.
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Respondent groups

The first of the three respondent groups consisted of farms participating in an
ongoing project in the Lean Agriculture programme (see Fig. 1). Those are defined as
lean farms. The lean farms included all farms attached to the ESF project and were at
the beginning of the 18-month lean implementation process. The second group, the lean-
light group, comprised four of the nine farms included in the three pre-pilot projects, and
four farms from the pilot project. Those are defined as lean-light farms because their
lean implementation consisted of a one-day workshop, a study visit and two days when
implementation researchers visited the farms. The main methods and tools taught and
used were 5S (sort, set in order, shine, standardise and sustain), VSM, fishbone diagram,
spaghetti diagram, PDCA, and visualisation (see Langstrand, 2012). Those interventions
were also conducted one year before the lean farms started their lean implementation
process. Two farms with a private consultant were added to the lean-light group because
their lean implementations were more similar to the lean-light group than to the lean
farm group. The third group was a reference group of farms that did not use lean (see
Fig. 1). The reference group was chosen from a larger group of farms that was considered
to be inclined to improvements and development projects because of previous contact
and participation in various research projects, with a more technical approach, at
Research Institutes of Sweden (RISE). The reference group was established through an
email survey at RISE. In this, research colleagues were asked to recommend
development-inclined farms. Research colleagues with suitable contacts contributed
contact information. The method of choosing farms and respondents thus involved
‘spreading the net’ (Hignett & McDermott, 2015). The reference farms were selected to
match the lean farms in terms of size, production sector and geographical location.

The maturity of and interest in continuous improvement and organisational
development could be assumed to differ among the three respondent groups. The
reference group had primary experience of development from a more technical approach.
The lean-light farms were more interested in the development of their operations.

The questionnaire

A questionnaire was developed and validated to capture the present statuses of the
physical and psychosocial work environments and the improvement and development
work on the farms (Wilson & Sharples, 2015). The validated questionnaire comprised
four sections: physical workload, discomfort in locomotive organs and eyes,
psychosocial work environment and improvement work. It was sent out to farms in the
fifth month of their lean implementation. In the questionnaire, lean was equated to
improvement and development work and was covered by nine questions, which are
presented in Table 2.

The questions were taken from a questionnaire developed in the Leadership and
Organisation for Health and Production (LOHP) project (Fagerlind Stahl, 2015). The
questionnaire was validated by five individuals working on a farm, with three or more
individuals related to the farm operation. The lean coaches distributed the questionnaires
in person to farm owners and employees during their regular visits. They reminded them
at the next two meetings. On the reference farms, the questionnaire was sent directly to
the individual farm owner, who distributed the questionnaire to employees. The
reference group was reminded by telephone twice, with one month between reminders.
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Table 2. Specific statements related to improvement and development work posed to respondents
in different sections (E5, E6 and E9a-i) of the questionnaire

Position in questionnaire

Referred to

/statement no. Statement below as:
Improvement work Is there a vision for improvement work in your E5
E5 business?

Improvement work
E6

Improvement work
E9a

Improvement work
E9b

Improvement work
E9c

Improvement work
E9d

Improvement work
E%e

Improvement work
EOf

Improvement work
E9g

Improvement work
ESh

Improvement work
EQi

Is there an overall goal for improvement work in your — E6
business?

| participate in a group that works with suggestions A
for improvement

I take part in the work to develop guiding principles B
on values for our department

I am involved in value stream mapping and analysis C
| take part in improvement projects D
I am involved in efforts to shorten waiting times E
We practise a standardised work approach F
We work systematically on keeping things in order G
We use a follow-up board (e.g. whiteboard) at our H

daily meetings
We use a follow-up board/improvement board in our |
improvement work

Semi-structured in-depth interviews

Semi-structured interviews (Yin, 2009; Kvale & Brinkmann, 2014) were conducted
to extend and expand the questionnaire data. The interviews were carried out according
to a developed interview guide divided into four sections. The first section invited the
respondent to talk freely about the farm and farm operations. In this section, interviewees
were encouraged to talk about their work on lean/development and improvement work.
The second part dealt with goals, business metrics and their assessment, productivity and
efficiency. The subsequent sections gave the respondent the opportunity to describe the
effects on the physical and psychosocial work environments.

There was diversity among the
respondents in terms of their
agricultural sector, employer/
employee, geographical location, and
the lean coach serving the farm. There
were 28 respondents from 14 farms (see
Table 3). There were two interviews

Table 3. Number of interviews performed with
different respondent groups

No. of interviews Lean Lean-light Reference
Employers 5 1 1
Employees 5 1 1

on each farm, so the owner was self-appointed and was asked to invite an employee
representative of the median age among employees. The interviews lasted between 40

IStatements E9a-E9i used a five-point Likert scale: ‘Don’t know’ (0) ‘Not at all’ (1), ‘To a fairly
minor extent’ (2), ‘Partly’ (3), “To a fairly major extent’ (4), and ‘To a major extent’ (5). A sixth
choice, ‘Don’t know’, was excluded from the analysis and is accounted for separately.
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and 75 minutes. The interviews were recorded, transcribed verbatim and thematically
analysed, both by hand and using NVivo software (Hignett & McDermott, 2015).

Pulse meetings

Pulse meetings between the ESF project leaders and lean coaches were observed.
A pulse meeting is a short and frequently convened (daily/weekly/monthly) meeting that
aims to help guide work. Those observations aimed to use triangulation to validate data
from the interviews at the lean farms. The pulse meetings gave the project leader an
opportunity to check how the lean coaches’ work was going at the farms. Before the
meetings, the coaches were meant to mark their own farms with a green, yellow or red
colour according to how well the lean-inspired work was going at the farms.

RESULTS AND DISCUSSION

Results

The qualitative data are presented in representative quotations throughout the
discussion, while the results from the quantitative data are presented in Table 4. The
questions from the questionnaire were first analysed by an independent sample Kruskal-
Wallis test (Field, 2013). Medians, variances and significance levels are shown in
Table 4. Kruskal-Wallis pairwise comparisons were made continuously for questions
that indicated significance with the Kruskal-Wallis test. The significance levels and
effect sizes are also shown in Table 4.

Table 4. Results of questionnaire for the three different respondent groups subjected to Kruskal-
Wallis test and pairwise comparison. Medians, variances and significance levels are shown. Lean
farms (L.): n = 56, lean-light farms (L.-1.): n = 19 and reference farms (R.): n = 12), P > 0.005

Kruskal-Wallis test
pairwise comparison

Kruskal-Wallis test

Question Group *x s? Sign. Group Sign. r
A: | participate in a group that L. 4 1.90 R. - L.-l. 0.001
works with suggestions for L.-l. 4 3.09 0.001 R. - L. 0.001
improvement R. 1 1.36 L.-l. - L. 1.00
B: | take part in the workto L. 3 231 R. - L.-l 0.049
develop guiding principles on L.-I. 3 2.65  0.006 R. - L. 0.005
values for our department R. 1 1.52 L.-l. - L. 1.00
C: I am involved in value L. 3 2.12 R. - L.-l. 0.052
stream mapping and analysis  L.-I. 2 2.81  0.002 R. - L. 0.001
R. 1 1.55 L.-l. - L. 1.00
D: | take part in improvement L. 4 1.71 R. - L. 0.002
projects L.-l. 4 1.62 0.001 R. - L.-l 0.001
R. 1 2.45 L. -L.-lL 0.924
E: I am involved in effortsto L. 3 2.27 R. - L.-l. 0.333
shorten waiting times L.-I. 3 3.32 0.033 R. f. -L. 0.028
R. 1 2.81 L.-l. - L. 1.00
F: We practise a standardised L. 3 1.27 R. - L.-l 0.109
work approach L.-l. 3 1.92  0.005 R. - L. 0.003
R. 1 1.54 L.-l.-L. 1.00
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Table 4 (continued)

G: We work systematically on L. 4 0.73 R. - L.-l
keeping things in order L.-l. 4 0.72 0.061 R.-L.

R 4 2.64 L.l - L. .
H: We use a follow-up board L. 4 1.42 R. - L. 0.022
(e.g. whiteboard) at our daily L.-I. 4 259  0.015 R. - L.-l 0.024
meetings R 2 1.54 L.-L.-L 1.00
I: We use a follow-up L. 4 0.901 R.-L 0.012
board/improvement board in  L.-I. 3 1.93 0.001 R. - L. 0.001
our improvement work R 2 2.02 L.-l.-L. 0.765

This study provides an indication of how lean is applied and implemented and the
effects it can bring within a new sector (agriculture). The study contributes to the
beginning of a conceptualisation of lean in agriculture. The data presented provide
insights into how farm employers and employees are approaching lean, for example as a
set of tools, as a philosophy, or both. It also shows how lean is applied, in terms of the
extent to which a sample of Swedish farmers is working systematically according to lean.
The study explores applications to improve the understanding of how lean influences the
work environment. The results provide suggestions for how the implementation of a lean
approach might reduce the frequency and severity of physical and psychosocial work
environmental concerns.

The philosophy

The philosophy is reported to be an important part of the lean concept in successful
lean implementation (Bhasin & Burcher, 2006). Liker (2004) defined the philosophy as
how the long-term thinking (mission) outweighs the short-term gains, as well as the
focus on customers’ demands.

The results in Tables 4, 5 and 6 show that parts of the lean philosophy have been
conveyed and implemented. Barth & Melin (2018) show how the lean farms defined

challenges  and developed
visions, goals and values for their Table 5. Results of question E5. The question asks
organisation at the beginning of whether farm respondents consider there is a vision for

the lean implementation. Those ~ IMProvement work (lean)

visions, goals and values are Is there a vision for improvement work in your
connected to the lean philosophy business? i
and how lean organisations No Yes Enoc? v\} Total

ﬂ‘gvlj/'ec\'/e?p%rggﬁh&tﬁellﬁ]”?zgi‘g)' L 1.4% (1) 92.9% (65) 5.7 % (4) 100% (70)

' L.-l. 3.8% (1) 96.2% (25) 0.0% (0) 100% (26)
stated how all 34 farms had g (0o (0) 100% (14) 0.0% (0) 100% (14)
applied the lean philosophy with  Total 1.8% (2) 94.5% (104) 3.6% (4) 100% (110)
a focus on reducing waste and
improving customer value but without a long-term perspective. What is remarkable are
the results from lean-light farms, which have established visions and goals to the same
extent as the lean farms but with much less or no training. The lean philosophy is an
important part of the work environment because it avoids the short-term (economic)
gains and rationalisations that seldom encourage a healthy and safe work environment
(Westgaard & Winkel, 2011). Lean theory emphasises not only the importance of
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defining values and goals for the business, but also the incorporation of the guiding
principles (Liker, 2004; Barker, 2011). Question B highlights the extent to which the

three different groups recognise
themselves in the work on Table 6. Results of question E6. The question asks
developing their guiding whether farm respondents consider there is an overall

principles. The lean farms and the ~ 9°@! for improvement work (lean)
lean-light farms had a lukewarm Is there an overall goal for improvement work in
response to their participation, your business?

and participation at the reference No Yes  Dontknow Total
farms was non-existent. Barth & L 4.3% (3) 88.6% (62) 7.1% (5) ~ 100% (70)

. L. 0.0% (0) 88.5% (23) 11.5% (3) 100% (26)
Melin (2018) showed how all 34 " a0, () 10006 (14) 0.0% (0)  100% (14)
farms had an extended, defined in - 1431 2796 (3) 90% (99) 7.3% (8)  100% (110)
their paper as ‘to a large degree’,

focus on lean principles such as

values for customers. The lean farms identified steps in production processes that added
value and activities that enhanced process flow. However, they also developed leaders
devoted to the lean philosophy. They developed an applied and individual version of the
‘Lean house’ (Astrém, personal communication, 2018) that defined the farm’s guiding
principles. It is questionable how it is possible to develop and apply visions, goals and
principles while scoring ‘partly’ in question B | take part in the work to develop guiding
principles on values for our department. In this case they would probably also have
scored lower in the other lean activities. One possible explanation is that only a few of
the employees participated in the development of the guiding principles, and the rest of
the group was better informed/educated about them.

Continuous improvement

A review of the literature concluded that several technical tools, a long-term view
of lean, work on continuous improvement (CI), and culture changes including
empowerment and the value chain are necessary for successful lean work (Bhasin &
Burcher, 2006). CI is promoted as a lean principle closely connected to the lean
philosophy. The farmers reported that they often support Cl work with tools such as
visualisation, whiteboards and standardisation, while their way of achieving CI often
involves teamwork and employee interaction. The reference farms indicate that the use
of those kinds of aids is poor, and it is common for the owner or manager him/herself to
be seen by the employees as the person responsible for solving and improving processes.

‘I wouldn’t say we had any... So in the dialogue with, with the so to speak
personnel, what they perceive as problematic I will try to find a solution for.” (R.)

In relation to question H, both lean and lean-light farms use tools such as
visualisation, whiteboards and standardisation that aid their day-to-day processes as well
as their development work.

‘We already had a weekly plan, a whiteboard, that was very good support for young
lads, who... Yes we work quite a lot with newly trained lads who are not very structured.’
(L.-1.)

Cl is an easy tool to use, and is also a general and logical tool that could be used at
different system levels. This mind-set is systematically practised to a greater extent on
the lean and lean-light farms, although it is also a general activity on the reference farms.
Cl is planned in regular periods that include follow-ups more often on the lean farms
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than on the other two farm types. The median reveals on question A, | participate in a
group that works with suggestions for improvement, how the lean and lean-light farms
are more likely to relate to their participation in suggestions for improvements than are
the reference farms. Improvements, especially Cl, are one of the fundamental pillars in
lean. It therefore becomes more logical that those two groups, with externally organised
lean implementation, score higher. As the interviews reveal, Cl is something they work
on more regularly and systematically. The regular and systematic approach ensures
suggestions for improvements are handled by a chain of integrated activities. The
integrated activities provide a cognitive aid to judging how the work is going.

Question D, | take part in improvement projects, is closely connected to question
A (I participate in a group that works with suggestions for improvement). D indicates
that suggestions for improvements are taken to the next step in the organisation and
really are dealt with. It seems clearer that the respondent participates in CI tasks than
that the respondent participates in a group that works on CI. The meaning and definition
of ‘group’ and/or ‘works’ could be questionable in A. There are significant differences
between the reference farms versus both lean and lean-light farms, but not between lean
versus lean-light farms.

Visualisation

The progress of ClI is often managed through visualisation using whiteboards,
among other things. Question I, We use a follow-up board/improvement board in our
improvement work, provides evidence of how farmers in the lean farm group make more
use of visualisation such as different kinds of boards in their work on CI. The lean farms
were trained in the meaning and importance of visualisation, while individual farms
developed and designed the boards in response to their own needs.

The data analysis underpins the results for the lean farms’ use of visualisation
related to CI, with the lean-light farms working partly with it. The reference farms use
this tool to only a small extent. This question also indicates a significant difference
between lean and lean-light farms versus reference farms, but not between lean versus
lean-light farms. The reference farms scored fairly low. There are several possible
explanations. Workers might not relate to the term ‘group’ because the farms could be
defined mostly as micro businesses. Alternatively, the workers do not talk explicitly
about suggestions for improvement or they do not work on them systematically. An
interview with a reference farm revealed that they work on improvements but less
systematically.

Value stream mapping

VSM was taught and implemented on 34 of the lean farms by carrying out a VSM
of one process on the farm with employees. The farms were meant to choose a process
on their farm and perform a VSM with employees (Barth & Melin, 2018). None of the
lean farms mentioned VSM during the interviews, which could be a sign of no further
engagement in VSM and its results. The tool could contribute to the organisation’s
operations from several angles. For instance, it could be used both to increase
productivity and improve the work environment (Jarebrant et al., 2016). The farm
employees would then be able to jointly analyse important processes, discuss them and
create an understanding of the parts of the process in practice. This tool was tested on
the lean-light farms, but only to show participants the need for improvement. It was not
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used on the reference farms. Question C provides an expected result, in the sense that
lean farms scored higher (x = 3, s? = 2.12) than lean-light farms (X = 2, s> = 2.81) and the
reference farms (& = 1, s> = 1.55). This could be explained by the extent to which the
lean and lean-light farms were trained in the tools and by the non-use of VSM in the
reference farms group. The result indicates that VSM was not one of the mostly used
tools within the lean concept. There is significant difference only between the lean and
reference farms in this case. The difference between this result and that of Barth & Melin
(2018) could once again be related to the time of measurement. As Andreadis et al.
(2017) discussed, on the basis of results from manufacturing industries and support from
the literature, VSM is likely to be implemented when an organisation implements lean.
Early in the process, however, the 5S tool is preferred over VSM. A lack of understanding
of VSM was one of the major reasons why companies have not implemented it. A
secondary reason was the tendency for there to be a shortage of trained workers and
support. ‘Lack of management commitment’, ‘lack of documented or properly defined
processes’ and ‘lack of employee training’ were the biggest hindrances during
implementation (Andreadis et al., 2017). A concluding remark was a suggestion that
organisations apply 5S to start the lean journey, to make the workspace easier to picture
and measure and in preparation for the subsequent VSM. What is remarkable in the
results is the use of VSM on the lean-light farms. This group had not been trained in the
VSM method by the project’s management. This knowledge could be obtained in this
case from agricultural interest parties such as advisers or consultancies and/or by
themselves through books, etc. The difference between the reference and lean farms is
significant and could indicate how farms without lean integrated into their processes do
not work according to the VSM method. VSM visualises waste, for example time of
waiting, which is covered by question E I am involved in efforts to shorten waiting times.
The results from the lean, lean-light and reference farms seem to correlate with C
logically but with a wider spectrum of variance. It is perhaps remarkable that the median
of lean-light farms’ deployment of shortening waiting times (x = 3) was higher than their
median representing their use of VSM (x = 2). This could be due to VSM methodology
being a holistic and systematic visualisation of a whole process, while efforts to reduce
waiting times could easily be made ad-hoc by an individual worker in a delimited
activity. The narrower variance of C could also provide an input for VSM as a
methodology that includes a certain frame of theory, while the wider variance in E should
signal ‘shortening waiting times’ as a less specific tool. What does the tool include and
exclude?

5S

The 5S and inventory reduction tools are more commonly used on all farms. In an
agricultural context, 5S includes an effort to work on those issues using a holistic
approach and at the same time continuously improve. Since farmers have applied 58S,
their inventories and storage have reduced (in both space needed and number of items).
Respondents from the lean farms more commonly reported organising storage, removing
material they have not needed for years and placing the materials they use more often on
the most convenient shelves.

Question G, We work systematically on keeping things in order, applies to 5S. It
covers all the steps in 5S and is related to the expected outcome. According to Barth &
Melin (2018), the 5S tool is used to a certain extent by the lean farms. A total of 26 of
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the 34 farms have implemented 5S. This result shows x = 4 in all three groups. The lean
and lean-light farms have similar and narrow s? of 0.72 and 0.73 respectively, which
could be an indication of how the farms refer to the same lean tool when interpreting the
question as a result of their knowledge of and training in the tool. However, the reference
group also makes wide use of keeping things in order, while its s? is much wider
(s> =2.64), which could be interpreted as a greater spread in the respondents’
interpretation of the question’s content. The biggest difference between how the three
groups are ‘keeping things in order’ is the consciousness of the value an integrated 5S
could add. The lean farms have integrated 5S into their systematic structure in their
efforts to develop better production. ‘Keeping things in order’ is, for example, integrated
not only into the development and use of standardisation but also into the work on CI.
The reference farms approach ‘keeping things in order’ merely as ‘keeping things in
order’ and nothing else.

‘...and I have always been one for neatness and tidiness and... I want it around me
because I hate it when it’s like untidy and slipshod and so on’ (R.)

Standardisation

A standardised work approach, which Barth & Melin (2018) define as standardised
operating procedures, is trained for on all lean farms and implemented by 27 of them.
Examples of standardised work tasks include ‘procedures for calf rearing, milking, stalls
cleaning, and animal health checks’ (Barth & Melin, 2018). On the lean-light farms,
examples of standardised work tasks include checklists of the tasks and tools needed
when the tractor driver leaves the farm for a working day in the fields. Beyond that,
standardisations may be legal requirements. Examples are the standardisation of the
handling and use of chemical pesticides, and of how to manage manure to avoid leakage
or to manage processes related to spraying to minimise negative environmental impacts.
However, standardisation seldom takes a holistic view of the work environment. On the
lean and lean-light farms in this study, there was broader use of detailed process
standardisation, such as of the milking process and standard inductions for new
employees. However, those farms also showed an understanding of conscious
improvement of the standards.

‘As you know there is a standard here for how to feed a straw press and there is a
visualisation and documentation that it is done. Then you can write a comment that it is
done... It is not the finished item, but a first attempt now that... It is like night and day
compared with what we had before.” (L.-1.)

E9f reveals how the lean (x = 3, s =1.27) and lean-light farms (x = 3, s? = 1.92)
have a partially standardised work approach while the reference farms (x = 1, s?> = 1.54)
have no standardised work. According to Bath & Melin (2018), standardised work was
fully implemented at the end of the lean farms’ 18-month implementation period.

General discussion

Time of measurement

It must be emphasised that Barth & Melin (2018) depict the planned content of the
lean implementation at the same time as the data for this article were collected. This
means that this paper’s results should be ‘lower’ or ‘less’ than those of Barth & Melin
(2018), whose data were collected before, during and after the 18 months and whose
Appendix (Barth & Melin, 2018) is interpreted in this article as a concluding result
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following the 18-month implementation. Also open to discussion is the extent to which
the lean training affected the answers from the lean farms. Questionnaire and interview
data were collected during the lean farms’ training during the lean implementation. The
positive mind-set and the wish to achieve the goals, with the lean concept being a means
to reach them, could affect the data positively. A common trait in the analysis is the
differences between the three groups. There was a significant difference between the
lean and reference farms and between the lean-light and reference farms. However, there
was no significant difference between the lean and lean-light farms. There was a
noteworthy difference between the implementations, in terms of both duration and
content, so it might be logical to assume there should be a significant difference between
the two groups.

Lean — a concept of inclusion

This study’s results give a clear view of high employee participation in the lean
implementation, in both the lean and lean-light groups.

The reference farms group has a notably lower score for their participation in
organisational activities. Question A-I are all framed in terms of the individual’s
engagement in a specific activity or as the individual’s engagement as a member of a
group.

The high degree of employee inclusion in the lean and lean-light farm groups could
be related to the importance of teamwork in the concept and to how lean activities are
often performed or established through group meetings and joint decisions. Teamwork
has become an important ingredient in the daily production process on lean farms where
regular pulse meetings provide opportunities to raise the need for help with certain work
tasks. This way of structuring production and working activities might also become more
important with the changing structure of farms, towards larger units with more animals
and/or greater area (Ekman & Gullstrand, 2006). The farms need to organise their work
in other ways because the number of employees is increasing, which can have other
impacts on the work environment. The new structure with regular meetings at which
employees are involved in work planning provides a clear picture of the tasks to be
managed during the day or the week. When the tasks are presented using a clear visual
approach like this, employees can plan tasks together. Both the planning process and the
need to be part of the team in the practical execution of particular tasks create teamwork.
Employee involvement and the feeling of individual inclusion are not as obvious as in
the two other groups.

Lean provides a systematic development approach

The lean concept gave the lean farms an underlying philosophy and principles as
well as hands-on tools. The philosophy, principles and tools are closely interrelated in
the lean concept, and are used in different combinations, on different organisational
levels and in a chain of activities. This is something not found in the reference farms.
The lean-light group scored fairly high in terms of the lean training they received and
the time elapsing between the lean training and implementation and the time of
measurement. As an example from the observations, visualisation could be used as an
aid in the pulse meeting, where important information needs to be shared, as well as for
suggestions and the state of the CI activities. The concept created a standardised arena
for cause-and-effect tools such as ‘5 Why’ in which troubleshooting was organised. This
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integrated and systematic approach was found in the lean farm group. However, while
the other groups also carried out troubleshooting, there was no great effort to find the
core reasons for problems or any help to deal with the core reason. This could be due to
the training component of the lean project, in which the farmers were taught how
important it is to find the core reason for a problem so that it never recurs. VSM was
applied in the lean farms that integrate waste elimination. Waste elimination is one of
the main methods used on the lean farms (Astrom, personal communication, 2019), and
has been integrated systematically into daily operations. The owner/foreman and
employees often employ a waste ‘lens’ with the eight wastes in mind. In the two other
groups of farms, waste elimination is not integrated into processes, and established
structures for handling new ideas for improvements are not present to the same extent.

Lean and the agricultural psychosocial work environment

The context discussed reveals an application where soft lean characteristics are
taken into greater consideration. Questions A (I participate in a group that works with
suggestions for improvement), B (I take part in the work to develop guiding principles
for our department), D (I take part in improvement projects), H (We use a follow-up
board (e.g. whiteboard) at our daily meetings) and 1 (We use a follow-up
board/improvement board in our improvement work) related to organisational and
human-centred activities. In contrast, questions C (I am involved in value stream
mapping and analysis), E (I am involved in efforts to shorten waiting times), F (We
practise a standardised work approach) and G (We work systematically on keeping
things in order) related to a more instrumental way of approaching lean. However,
instrumental approaches often involve and include soft approaches. For example, VSM
and work on shortening waiting times include teamwork. Standardisation is often
developed in a context of more than one person. In a small company, involving a greater
part of the company makes co-operation unavoidable.

The psychosocial work environment on farms appears to have been affected most
positively by lean. The respondents reported major positive changes in their
psychosocial work environment when lean or lean-inspired pulse meetings were
introduced into daily or weekly operations. The meetings mean that employees know
what their colleagues are doing, so tasks can be redistributed to employees with less
work or arranged to enable some employees to get help with tasks that they are unable
to complete by themselves. This was experienced by respondents as a more open
environment in which employees have better insights into farm operations. Pulse
meetings give employees the opportunity to take responsibility and plan daily operations
together. They also facilitate aspects of daily operations such as Cl. Working according
to lean or in a lean-inspired way was reported to contribute not only to teamwork, but
also to a feeling of empowerment and belonging.

The lean farms in particular have established regular structured and systematic
pulse meetings that are separate from coffee breaks. These pulse meetings have become
the hub of the lean-inspired work systems, because whether they are daily or weekly,
they provide an opportunity to improve operations and establish communication. This
communication can be defined as a dialogue among employees, but also between
employer and employees, which was uncommon before the implementation of the lean-
inspired work systems. The meetings also contribute to participation and interaction with
colleagues.
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Scandinavian lean

The results of this study also point to a more humanised approach for lean-inspired
work. However, the results cannot determine the reason for the humanised approach. It
should be noted that unions have not had an active part in the ESF project or in the Lean
Agriculture programme. The Scandinavian countries seem to have a tradition and a
heritage of a sociotechnical culture, which might affect the way lean is applied and the
effects of lean in the work environment (Berggren, 1993; Sederblad, 2013). Lean can be
discussed from two points of view: one in which the lean characteristics are related to
organisational and human activities, and another in which the characteristics are related
to economic and rational activities. There seem to be more lean tools used and principles
that relate to organisational and human activities, which might argue for a more human-
centred approach with lean that aligns with the sociotechnical heritage. This has been
defined as the Scandinavian Lean.

Insufficient consciousness of the physical work environment

The effects on the physical work environment, as revealed in the interviews, were
minor. The effects were connected with fewer locomotive movements due to things like
alarm systems such as sounds or signals.

For example, automatic feed barrows have a signal system that reduces physical
movement in that the farmer does not have to go and see whether the feed barrow is
moving. Having the right tools where they are needed and in standardised places
(according to 5S) also reduces the amount of physical movement.

It has been theorised that 5S could contribute to workplace safety (Srinivasan et al.,
2016), but there is little empirical evidence for this (Ab Rahman et al., 2010; Srinivasan
et al., 2016). The data obtained in the present study showed no indications that 5S has
actually improved workplace safety on the farms surveyed. Due to issues in the farm
work environment, where MSDs are a major problem, the lean-inspired work system
does not provide any greater contributions in the short term. The farmers surveyed have
to some extent implemented systems such as signals. They have also analysed work
environment movements using tools such as spaghetti diagrams to minimise waste by
eliminating redundant movements. Over a longer period, the lean-inspired work system
could encourage farms to implement a more conceptual and holistic approach that
includes CI, and to plan and execute improvements to the physical environment, for
example rebuilding work stations such as milking parlours and workshops.

It is also important to understand the aim of the ESF project and the prerequisite
that it provides for lean farms. The project had a clear aim of increasing productivity in
Swedish farms and improving their competitiveness. Without any clear and expressed
focus on the work environment, the whole work environment or specific areas within at
are at risk of being affected negatively. Because the implementation of lean has been
directed to a great extent towards organisational aspects, the psychosocial work
environment has been affected automatically. The physical work environment has not
been included, so no reflections have been made upon it. The physical work environment
is seldom actively managed on farms, and the very few reflections on the area have not
been related to the work with lean but on the farm’s ordinary perceptions and work in
the area of the physical work environment.

The work environment has a low priority in agriculture. The safety and work
environment on farms depends on farmers’ perceptions of the subject (Elkind, 2008).
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Farmers with confidence in their own ability to manage and prevent accidents, near-
accidents and health issues tend to act differently from farmers that think the area is
outside their control (Elkind, 2008). Lean-inspired development work can contribute
several tools and methods to the work environment that make farmers and employees
more conscious of the risks and how to prevent them. For example, pulse meetings could
provide a forum in which issues are discussed jointly and transferred to the list of CI.
Another example is standards, which could describe how an employee handles a specific
dangerous work task.

One of the greatest implications for Swedish farmers is the systematic and
structured approach lean provides to the work organisation. The systematic work system
connects smaller work tasks to a greater picture that both visualises and makes
employees more involved and engaged in the work processes. This type of programme
also provides positive effects in implementations with recurrent support from lean
coaches. However, the implementation of lean should emphasise a clearer view of the
work environment to obtain a better outcome.

CONCLUSIONS

Lean farms received systematic and thorough training in the lean concept that was
supported by lean coaches, generally every third week. The farms continuing work with
lean did not fully cover the whole training content. The main tools and methods applied
were planning, continuous improvement and visualisation. Tools and methods were
continuously developed and integrated with each other and into the organisation.
However, despite the lean-light farms having had less comprehensive lean training and
no coaches, the lean concept was integrated surprisingly extensively. The main tools and
methods used were planning, continuous improvement and visualisation (as on the lean
farms), but these were less integrated compared with the lean farms. However, the
reference farms showed a wider variation in the incorporated tools and principles, and
these were not integrated. The reference farms had not applied the lean concept, so there
were no signs of an integrated and holistic lean philosophy.

The implementation of lean-inspired work systems was found to improve the
psychosocial work environment on the lean and lean-light farms. For example, co-
operation and structure as well as information and interaction improved. In some cases,
the results also revealed changes to the physical work environment due to the
implementation of lean-inspired visualisation systems. Farmers and employees changed
their patterns of movement. These changes in mobility patterns were not directed at
reducing established risks in the work environment because the changes were a result of
the project’s aim of improving productivity. However, the physical work environment
was improved to some extent by lean, with observed advantages such as a more
structured and practical work environment with less physical movement and locomotion.
The lean concept provided a more structured and systematic approach to dealing with
work and production environmental issues, for managers as well as for employees.

Improving the work environment is, generally, not a main objective in the
agricultural sector, and is not seen as the top priority for an industry in which farmers
and employees are experiencing pressure from external factors and managing an
internally strained economy. Integrating lean practices, as a productivity enhancement
strategy, could imply some unintended work environment changes.
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Further research into and deeper knowledge of how lean-inspired work systems
affect the physical work environment in agriculture are needed because the data obtained
in the present study showed no indications of actually improved workplace safety. The
significant differences between lean and lean-light farm data provide a good opportunity
to further explore the methodology of implementing lean-inspired systems in farms, i.e.
in micro businesses.
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Abstract. Results of the research were based on a field experiment carried out in 2007—2009 at
the Experimental Plant of the IHAR-PIB in Jadwisin, on podzolic soil with a granulometric
composition of loamy sand. The experiment was established by means of a random sub-block
method in a dependent split-plot pattern, in triplicate. The first order factor were the potato
cultivars: ‘Irga’ and ‘Fianna’, the second order factor were the methods of weeds regulation:
1) control — without chemical protection; 2) extensive mechanical treatments (every 2 weeks)
from planting to closing the rows; 3) Sencor 70 WG — 1kgha® before potato emergence;
4) Sencor 70 WG — 1 kg ha? + Titus 25 WG — 40 g ha* + Trend 90 EC — 0.1% before potato
emergence; 5) Sencor 70 WG — 0.5kgha? after potato emergence; 6) Sencor 70 WG —
0.3 kg ha* + Titus 25 WG — 30 g ha + Trend 90 EC — 0.1% after potato emergence; 7) Sencor
70 WG — 0.3 kg ha! + Fusilade Forte 150 EC — 2 dm?® ha! after potato emergence; 8) Sencor
70 WG — 0.3 kg ha' + Apyros 75 WG 26.5 g ha! + Atpolan 80 SC — 1 dm®ha? after potato
emergence. The number, floristic compositions, fresh weight and dry matter of weeds were
determined. A high, yield-protective effect of herbicides was obtained as a result of limited
competition of weeds. Mechanical care contributed to the increase in the total potato yield by
36.2%, and the marketable yield by 45.7%, as compared to the control object.

Key words: potato, cultivars, weeds infestation, yield.
INTRODUCTION

Potato tuber yields are shaped by agrotechnical treatments, cultivars and
environmental conditions (MiSovic et al., 1997; Palovic et al., 2008; Gugata & Zarzecka,
2013; Hassannejad & Porheidar, 2013; Caldiz et al., 2016). One of the most important
factors limiting the yield is the occurrence of weeds in cropland communities (Hashim
et al., 2003 and Arora et al., 2009). In the potato cultivation, weeds are particularly
harmful at the beginning of the growing season (so-called primary weed infestation) and
at the end of this period (secondary weed infestation) (Hashim et al., 2003; Hassannejad
& Porheidar, 2013). Research performed by Jones et al. (2007) showed that primary
weed infestation reduced the yield by 54% and before potato harvest by 16%. Weeds are
characterized by the highest potential for lowering the yields — by 34%, while pests by
18% and diseases by 16%, on average (Fernandes-Quintanilla et al., 2008; Merga &

346


https://doi.org/10.15159/AR.20.122
https://doi.org/10.15159/AR.20.122
mailto:p.barbas@ihar.edu.pl

Dechassa 2019). Yielding of potato, as a result of the presence of weeds in the analysis
carried out by Mondani et al. (2011) decreased by 54.8%, while in the studies of Sharshar
et al. (2015) — by 61.4-74%. In domestic studies, depending on the state and degree of
weed infestation, the yield losses of potato tubers were estimated at 10-50% (Azadbakht
et al., 2017; Walkowiak et al., 2017; Gugata et al., 2018) and up to 70% (Zarzecka et al.,
1999; Zarzecka 2004). Therefore, the use of chemical protection has become an
indispensable and permanent element in technologies of growing agricultural plants.
Almost all agrotechnical operations carried out on a potato plantation serve, among
others, to reduce weed infestation. The sum of losses caused by weeds usually exceeds
damage caused by diseases and pests. Sometimes, with little aggravation of diseases or
pests, weed control can be given up. In the case of weeds, this situation is extremely rare.
Thus, limiting the number and weight of weeds is now considered the main plant
protection procedure, and herbicides are the basic group of pesticides. The skillful use
of herbicides makes it possible to eliminate the competitive impact of weeds on arable
crops from the beginning of potato vegetation, as well as to limit the subsequent
emergence of weeds (secondary weed infestation). Therefore, the aim of this work was
to determine whether and to what extent different ways of protecting plantations against
weeds can limit the negative relationships between the general and marketable yield and
the degree of weed infestation.

MATERIAL AND METHODS

Results of the research were based on a field experiment carried out in 2007-2009
at the Plant Breeding and Acclimatization Institute — National Research Institute in
Jadwisin (52°28'44" N, 21°2'38" E) on podzolic soil with a granulometric composition
of loamy sand of weak rye complex with acidic to slightly acidic reaction (pH 4.7-5.5)
(WRB, 2014). The experiment was established by means of a random sub-block method
in a dependent split-plot pattern, in triplicate. The first order factor were the potato
cultivars: ‘Irga’ and ‘Fianna’, the second order factor were the methods of weeds
regulation: 1) control — without chemical protection; 2) extensive mechanical treatments
(every 2 weeks) from planting to closing the rows; 3) Sencor 70 WG — 1 kg ha™* before
potato emergence; 4) Sencor 70 WG — 1 kg ha™* + Titus 25 WG — 40 g ha™ + Trend
90 EC — 0.1% before potato emergence; 5) Sencor 70 WG — 0.5 kg ha™ after potato
emergence; 6) Sencor 70 WG — 0.3 kg ha™ + Titus 25 WG — 30 g ha™ + Trend 90 EC —
0.1% after potato emergence; 7) Sencor 70 WG — 0.3 kg ha™* + Fusilade Forte 150 EC —
2 dmha? after potato emergence; 8) Sencor 70 WG — 0.3 kg ha™ + Apyros 75 WG
26.5gha® + Atpolan 80SC — 1dmha® after potato emergence. Metribuzin
(4-amine-6-tert-buthyl-3-(methylation)-as-triazine-5(4H)-one) was used in a
form of Sencor 70 WG, sulfosulfurone (1-(4,6-dimethoxypyrimidin-2-yl)-3-(2-
ethylsulfonylimidazol(1,2-a) pyridin-3-ylsulfonyl) —as Apyros 75 WG, rimsulfurone (1-
(4,6-dimethoxypyrimidin-2-yI)-3-(3-ethylsulfonylpyridin-2-yl) sulfonylurea) — in a
form of Titus 25 WG herbicide, fluazyfop ((R)-2-(4-((5-(trifluormethyl)-2-pyridinyl)-
oxy) phenoxy) propionic acid — as Fusilade Forte 150 EC preparation. Organic
fertilization in the study consisted of straw plowed after harvesting in the amount of
4-5 t ha* with the addition of nitrogen (1 kg of N per 100 kg of plowed straw) and white
mustard post-crop in the amount of 15-16 t ha® of fresh weight, plowed in autumn.
Every year, in autumn, mineral phosphorus-potassium fertilization was applied in the
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amount of 39.3 kg P ha' and 116.2 kg K ha™, which were plowed with pre-season
plowing. Nitrogen fertilizers were used in spring in the amount of 100 kg N ha™ by
mixing them with the soil using a cultivating unit (cultivator + string roller). Potato
tubers were planted manually at the end of April, with a spacing of 75x33 cm. The
propagating material was in the C/A class. Herbicide spraying was done manually using
a backpack sprayer. Protection of the potato against diseases and pests was applied in
accordance with the IOR-PIB recommendations. Following preparations were used to
protect against alternariosis and late blight: Tattoo C 750 SC at a dose of 2.5 dm® ha™,
Altima 500 SC — 0.4 dm® ha™', Python Consento 450 SC — 2.0 dm ha™'. In order to
reduce potato beetle, following insecticides were used: Actara 25 WG at a dose of
0.4 kg ha, Calypso 480 SC — 0.75 dm® ha® and Mospilan 20 SP in an amount of
0.05 kg ha™). In the field experiment were used insulations belts accordance with the
principles of good agricultural practice, and the plot area given in the research
methodology concerned only to the harvesting area. Plot area, assuming experiment, was
31.0 m?, while for harvesting — 25 n.

In order to compare the effectiveness of the examined methods of pre-harvest tuber
treatment, weed infestation was assessed using a quantitative and qualitative method,
Weed Infestation Analysis, Tuber Yield and Its Components.

Analysis of fresh weight of weeds in experimental plots just before tuber harvest
was performed using the quantitative and weight method when plants entered the stage
97 based on the BBCH scale (Roztropowicz, 1999; Bleinholder et al., 2001). The frame
was tossed three times diagonally across the ridges and weeds within the frame were
collected (Adamczewski & Matuszewski 2011). The number, floristic compositions,
fresh and dry matter of weeds were determined on three randomly selected areas of each
plot, marked with a frame (1.0 m?). The dominant weed species in the experiment were:
Echinochloa crus-galli, Chenopodium album, Stellaria media, Lycopsis arvensis, Viola
arvensis. Each year prior to harvest, tubers of ten plants selected at random from each
plot were dug to determine the following: to determine the number and weight of tubers
< 35, 3545, 45-55, 55-65 and > 65 mm in diameter. Potato tubers were harvested at
physiological maturity (phase BBCH 97) (Roztropowicz, 1999; Bleinholder et al., 2001)
at the end of September. During the harvest, representative samples of tubers were
collected from each plot to assess the potato yielding. Total tuber yield consisted of the
weight of tubers harvested from the whole plot area and the weight of previously taken
samples, both converted to t ha™'. Marketable yield included tubers with the diameter of
over 35 mm without external and internal defects (Regulation of the Minister of
Agriculture, 2003).

Results of weed infestation assessment concerning the total number of weeds,
number of monocotyledonous and dicotyledonous weeds, fresh and air-dry weed matter,
as well as total and marketable yield were subjected to descriptive statistics, Pearson's
analysis of simple correlation and multiple regression analysis. The basic assumption of
the linear regression model was that for each observation of the independent variable
there is a relationship with the value of the dependent variable and that the dependent
variable has a normal distribution with a constant expected value and variance. The
following assumptions were made: the explanatory variables are non-random, their
values are fixed real numbers; explanatory variables are not collinear, i.e. there is no
exact linear relationship between them; the random component has a normal distribution
and is independent for any two different observations (i.e. no autocorrelation). The
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expected value of the probability distribution of the random component is zero. It was
assumed that the variance of the random component is constant for all observations,
because the random disorder is not a function of the explanatory variables of the model
(exogenity of independent variables). These dependencies were considered within the
scope of standard deviation of independent variables from the arithmetic mean.
Parameters of the function were determined by the least-squares method and the
significance verification by the t-Student's test. Assessment of the significance of
differences between compared average values was made using multiple Tukey intervals
(Raudonius, 2017).

Before starting the field experiment, soil samples were taken for physicochemical
analyzes in each study year. Soil acidity determined in a 1 mL solution of KCI dm™
ranged from acidic (4.7 pH) to slightly acidic (5.4 pH). The content of organic weight in
the arable layer was low and ranged from 0.68 to 0.73% (WRB 2014). Soil's phosphorus
abundance ranged from very low (2009) to very high (2007) (1.7-10.4 mg of P 100 g*
of soil). Soil compostability in absorbable forms of potassium was also characterized by
considerable variability in the years of research and ranged from low to high
(6.1-18.4 mg K 100 g™gleby). The average abundance of available magnesium was
found in the soil collected for analysis in 2009 third year of research (3.6 mg
Mg 100 g™, and very high — in 2007 the first year (12.1 mg Mg 100 g*) (Table 1).

Table 1. Physicochemical properties of soil in Jadwisin, in 2007—-2009

The content of assimilable forms H Content of the
Year (mg.100 g* d.m. soil) ?1M KCl) organic substance
P K Mg (%)
2007 10.4 18.4 12.1 4.7 0.73
2008 4.3 13.9 9.3 5.4 0.68
2009 1.7 6.1 3.6 5.0 0.70
Mean 55 12.8 8.3 5.0 0.70

Source: own research based on the designations at the Chemo-Agricultural Station in Wesota.
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Figure 1. Rainfalls and air temperature during the growing season of potato according to the
weather station IHAR-PIB in Jadwisin (2007-2009), against the average of the multiannual.
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Conditions during the growing season in 2007-2009 were characterized by
diversified air and rainfall temperatures (Fig. 1). The year 2007 can be described as quite
dry, year 2008 as dry, and 2009 — with the most favorable humidity and thermal
conditions for potato development (Skowera et al., 2016).

RESULTS AND DISCUSSION

Relations between the total and marketable yield vs. degree of weed infestation
were considered in the scope of standard deviation from the arithmetic mean (Table 2
and 3).

Table 2. Statistical characteristics of dependent and independent variables

Weed Arithmetical Standard Va“%b'.“ty
control*  means deviations coefficient

V (%)
Total yield of tubers (t ha™)
1 27.4 10.2 37.3 1. Control — without chemical protection;
g ggg 219.137 22421 2. Extensive mechanical treatments
4 32'0 9 7 30'4 (every 2 weeks) from planting to closing
5 28.2 7.9 28.2 the rows;
6 30.5 7.8 25.6 3. Sencor 70 WG — 1 kg ha before potato
7 34.6 13.0 37.6 emergence;
8 35.1 12.8 36.5

,1 H

Marketable yield of tubers t ha 4. Sencor 79 WG ~1kgha™ + let)us 25 WG
1 244 11.1 45.4 - 40g ha™ + Trend 90 EC — 0.1% before
2 290 128 441 potato emergence;
3 32.0 11.7 36.6 5. Sencor 70 WG — 0.5 kg ha* after potato
4 30.1 9.9 32.9 emergence;
5 26.7 8.1 30.3 .
6 28.7 77 26.8 6. Sencor 70 WG — 0.3 kg ha + Titus
7 31.6 13.9 44.0 25 WGf309 hal + Trend 90 EC-0.1%
8 32.0 13.8 431 after potato emergence;
Total numbers of weeds per 1 m? 7. Sencor 70 WG — 0.3 kg ha'! + Fusilade
1 46.0 43.0 92.9 Forte 150 EC — 2 dm ha* after potato
2 43.0 44.0 103.3 emergence;
3 19.2 17.6 91.6
4 10.8 13.2 1222 8. Sencor 70 WG — 0.3 kg ha' +
5 11.4 7.3 64.0 Apyros 75 WG 26.5 g hatl+
6 13.2 6.8 51.5 Atpolan 80 SC — 1 dm ha*! after potato
7 58.0 52.0 89.5 emergence.
8 36.0 31.0 85.2

Among the assessed variable characteristics, the total yield of tubers was
characterized by the highest stability (V = 32.8%), while the number of dicotyledonous
weeds — by the highest variability (V = 112.5%) (Table 2 and 3). Arithmetic mean as
well as standard deviation influenced the value of this rating indicator. Stability of the
total yield was the highest after application of the mixture of Sencor (active substance
metribuzin) + Fusilade Forte (active substance fluazyfop-propionic acid) herbicides
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(V = 37.6%), and the lowest after the post-emergence application of Sencor (active
substance metribuzin) + Titus (active substance rimsulfurone) + Trend, as wetter
(25.6%). Variability coefficient for marketable yield was at the level of 26.8-50.4%.
Meanwhile, variability of dicotyledonous weeds was the highest after the use of Sencor
+ Titus + Trend (V = 184.4%), and the lowest due to Sencor herbicide applied after the

emergence of the crop (V =81.2%).
The coefficient of variability in the
statistical analysis carried out in the
case of fresh weight of weeds was
62.1-153.8%, while dry matter —
31.3-97.1%. The highest stability of
fresh weed weight was obtained after
application of Sencor herbicide before
the emergence of potato (V = 62.1%),
and the lowest, after application of the
mixture of preparations Sencor +
Fusilade Forte (V = 172.4%). Stability
of weed dry matter was the highest
when weed control was carried out
mechanically (V =31.3%), and the
lowest after application of Sencor +
Titus + Trend herbicide before
emergence of the crop (V = 85.6%).

Our research indicates a close
relationship between tuber yield and
the degree of weed infestation
(Table 4).

Pearson's  simple correlation
analysis showed a significant, negative
relationship between total, commercial
and seed potatoes yield, and fresh and
air-dry weed matter (Table 4).
Zarzecka (2004) also proved that
Pearson's simple correlation
coefficients show a high negative
correlation between potato yield and
the number and dry weight of weeds
determined at the beginning and end of
crop vegetation. In addition, Zarzecka
(2004) showed that the relationship
between the number and weight of
weeds and crop features is
straightforward, which was not
confirmed by the research.

Table 3. Statistical characteristics of dependent
and independent variables

Weed Arithmetical Standard Varla_b!llty
control*  means deviations coefficient
V (%)
Number of monocotyledonous weeds per 1 m?
1 28.0 31.0 111.1
2 19.0 30.0 162.2
3 9.0 6.9 76.6
4 6.6 6.8 103.0
5 8.1 4.3 83.9
6 8.0 4.3 75.0
7 34.0 31.0 90.4
8 22.0 25.0 114.2
Number of dicotyledonous weeds per 1 m?
1 18.0 22.0 119.6
2 24.0 22.0 90.9
3 10.1 13.0 126.7
4 4.5 8.0 184.4
5 3.2 3.0 81.2
6 5.2 6.0 113.4
7 5.1 24.0 100.8
8 3.1 12.0 82.8
Fresh weight of weeds g m-?
1 576.9 143.0 153.8
2 321.6 100.0 120.5
3 231.6 144.0 62.1
4 111.3 82.0 735
5 260.5 189.0 72.6
6 227.5 142.0 62.6
7 142.5 200.0 172.4
8 161.1 100.0 107.5
Dry matter of weeds g m
1 236.7 33.0 97.1
2 142.7 10.0 31.3
3 76.6 44.0 56.7
4 55.8 48.0 85.6
5 90.1 70.0 77.2
6 94.5 60.2 63.7
7 63.1 42.5 62.4
8 62.8 53.6 85.3

3the explanations as in Table 2.
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Both the total number and number of mono- and dicotyledonous weeds had smaller
impact on the total yield and marketable yield of tubers than on the fresh and air-dry
weight of weeds (Table 5-8). Similar results were obtained by Rozyto & Patys (2008)
and Mondani et al. (2011). The decrease in the total and marketable yield under the
influence of fresh and air-dry weed
Weight took the parabo"c character in Table 4. Coefficients of Pearson’s simple
the experiment, 2° and 3°. These correlation between crop weeds and yield in

dependencies were used to calculate ~ Potatotubers

the maximum weight of weeds, which Independent Dependent variables

does not negatively affect the yield. ~ Variables  yi y2 ys

Zarzecka (2004) showed a greater X1 -0.183  -0194 -0.120

negative effect of weed infestation on iz ) 8'223** ) 8-223** 0-3336**
Pt 3 -0, - 0. - 0.

crop characteristics before tuber X - 0378%  -0391* -0385*

harvesting than before shorting of —
g g Source: Own research; ** significant at the level of

potato rOW_S' ) ) ) Poo1; * significant at the level of po.os; y1 — total yield
Considering  the  relationship of tubers; y2 — commercial yield of tubers; ys — yield
between total and marketable yield vs. of seed potatoes; x1 — number of weeds per 1 m?
fresh weed weight (Table 6 and 8), in before closing of rows; xo — number of weeds per 1 m?
the scope of standard deviation from Eefore harvestofztgbers; x3 — fresh weed weight before
. . . arvesting (g m#); x4 — dry matter of weeds before
the arithmetic mean, the parabolic harvesting (g m).
relationship was the most reliable in
the case of mechanical-chemical treatment using the mixture of Sencor (active substance
metribuzin) + Titus (active substance rimsulfurone) + Trend, as wetter applied before
potato emergence, for which the coefficient of determination was over 50%. Fresh
weight of weeds calculated from regression equations, the level of which the yield does
not reach amounted to 6.3 g in the case of total yield and 10.6 g m? in the case of
marketable yield of tubers. In the studies of Sawicka et al. (2006) admissible threshold
value of fresh weight of weeds, which did not significantly affect the yield, was at the
level of 802 g for total yield and 840 g m? for commercial yield in the organic farming
system, while for integrated cultivation: 279 and 246 g m, respectively. Gugala et al.
(2018), Mystkowska et al. (2018) and Zarzecka et al. (2020) also they found that
integration of mechanical and chemical practices as well as biostimulant application
increases weed control efficiency and positively affects potato yield performance.
Depending on the commercial yield from air-dry and fresh weight of weeds, a
significant linear relationship was found when using Sencor 70 WG (1 kg ha™) before
emergence and Sencor 70 WG (1 kg ha™*) + Titus 25 WG (40 g ha') + Trend 90 EC
(0.1%) after potato emergence. The coefficient of determination of these dependencies
reached the level of over 50%, which confirms the adopted method (Kranz, 1988).
Rozylo & Patys (2008) showed a significant negative relationship between weed
infestation rates (number and weight of weeds) and the yield of potato tubers. Also,
Zarzecka et al. (2020) they found that herbicides and herbicide + biostimulant mixtures
applied in potato cultivation contributed to an increase in marketable tuber yields,
ranging 27.5-61.0% compared with mechanical weed control, due to removal of
competition with weeds and improved utilization of crop plant yield-formation potential.
The total yield of potato tubers on heavy soil was also significantly negatively correlated
with the number of monocot weeds. On the light soil, however, these relations occurred
only before the rows were shorted.
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Table 5. Relationships between total yield of tubers and total numbers of weeds, number of
mono- and dicotyledonous weeds

Coefficient of

gﬁfﬁol . Regression equations ;Sel\?gllflcance ((joe/:)ermination
The total numbers of weeds
1 y =0.001x* — 0.108x3+ 3.701x?- 49.161x+ 239,001 0.026 56.3
2 y = 9E-0.6x5- 0.001° + 0.181x* - 8.516x° + 217.080x? - 0.008 29.5
2846.300x + 15007.000
3 y = 5E- 06x 5- 0.001x*+ 0.004x® + 0.536x? - 14.557x - 0.007 29.1
104.010
4 y = 4E-05x5- 0.006x* + 0.339x%- 9.354x2 + 121.650x - 0.006 16.3
582.540
5 y =-0.022x? + 0.983x + 2.405 0.128* 56.0
6 y = 0.001x° - 0.038x* + 1.901x3-55.547x?+ 790.260x -  0.001 36.5
4363.900
7 y = 3E-0.5x*- 0.0111x3 + 0.8291x?- 22.038x + 202.76 0.026 35.4
8 y = 0.033x3 - 0.3097x? + 9.3665X - 84.62 0.013 0.5
The number of monocotyledonous weeds
1 y =-1E -0.5x%+ 0.002x°- 0.116x* + 3.431x3- 53.353x2+ 0.218* 48.3
413.790x - 1252.600
2 y = 2E-05x5-0.003x5+ 0.292x* - 13.234x3 + 327.590x>-  0.010 27.7
4195.800x + 21721.000
3 y =0.001x* - 0.019x3 + 0.0889x? - 15.256x + 84.168 0.046 24.0
4 y = 3E-05x5- 0.005x* + 0.272x3- 7.377x2 + 93.455X - 0.008 28.9
437.230
5 y=-0.2172x + 9.404 0.419** 41.9
6 y =-0.001x° - 0.017x*+ 1.017x3- 29.281x?+ 410.180x - 0.004 34.8
22.344
7 y = 0.004x 4- 0.053x3 + 2.511x2- 50.922x + 374.580 0.000 24.4
8 y = 0.001x*- 0.094x2 + 4.433x2 - 90.850x + 681.230 0.054 21.1
The number of dicotyledonous weeds
1 y = -1E -0.5x%+ 0.002x° - 0.1159x*+ 3.4314x3- 53.353x*> 0.218* 48.3
+413.79x - 1252.6
2 y = 2E-05x5-0.0033x%+ 0.2921x* - 13.234x3+ 327.59x%-  0.010 27.7
4195.8x + 21721
3 y = 0.00001x* - 0.0194x3 + 0.0886x2 - 15.256x + 84.168  0.046 24.0
4 y = 3E-05x5- 0.0047x*+ 0.272x%- 7.3766x% + 93.455x -  0.008 28.9
437.23
5 y=-0.2172x + 9.4044 0.419** 41.9
6 y =-0.0001x° - 0.0172x*+ 1.0171x3- 29.281x?+ 410.18x 0.004 34.8
-22.34.4
7 y = 0.0004x *- 0.0527x3+ 2.5105x2 - 50.922x + 374.58  0.000 24.4
8 y = 0.0007x*- 0.0938x%+ 4.4331x?- 90.85x + 681.23 0.054 21.1

3the explanations as in Table 2; *significant at the level of po.os; **significant at the level of po.oz.
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Table 6. Relationships between total yield of tubers and fresh weight and air-dry matter of weeds
Coefficient of

gﬁfﬁol . Regression equations ;Sel\?gllflcance ((j;t)ermination
0
The fresh weight of weeds

1 y =0.002x° - 0.022x* + 11.010x° - 258.320x? + 2841.900x 0.042 23.8
—10964.000

2 y = 0.001x° — 0.037x°+ 3.332x"*- 138.140x% + 0.002 24.7
3343,000x2- 42002,000x + 214040,000

3 y = 0.0001x*+ 0.0188x3- 0.1213x?+ 1571.000x + 0.463** 61.1
206.050

4 y = - 6.339x + 314.620 0.570** 76.9

5 y = -0.046x%+ 3.924x? - 117.200x + 1472.500 0.189* 50.5

6 = - 9. 0456x° + 3.924x?- 117.200x + 1472.500 0.283** 58.3

7 y = 0.001x*- 0.053x% + 2.511x? - 50.922x + 374.580 0.001 31.8

8 y = 1.2141x° - 84.49x + 1438.3 0.046 29.9

The dry matter of weeds

1 y =0.001x°- 0.117x*+ 5.749x3 - 134.360x? * 1478.800x - 0.000 30.3
5830.200

2 y = 7E-0.9x®- 0.138x5+ 1.154x*- 50.228x%+ 1203.800x2— 0.019 11.3
15045.000x + 76737.000

3 y = 0.001x*- 0.079x% + 3.601x?~ 70.286x + 599.160 0.506** 60.2

4 y = 0.007x3- 0.654x%* 14.475x + 24.480 0.595** 64.3

5 y =0.001x*- 0.111x%+ 6.781x?- 164.890x + 1485.700  0.099 20.3

6 y = 0.063x3- 5.929x%* 174.260x - 1487.400 0.352** 58.3

7 y = -0.003x°+ 0.426x" - 25.047x%+ 718.810x2 - 100420x  0.001 33.2
+ 54650.000

8 y = 0.012x*- 1.337x% + 56.831x? - 1045.700x + 7080.600 0.042 25.9

2the explanations as in Table 2; *significant at the level of po.os; ** significant at the level of po.o:.

Table 7. Relationships between marketable of tubers and total numbers of weeds, number of
mono- and dicotyledonous weeds

Coefficient of

Weed . . Significance o
. Regression equations determination
control level %)
The total numbers of weeds

1 y = 0.007x% -0.537x%+13.636x-57.426 0.027 51.7

2 y = - 0.001x5 + 0.031x*-1.766x3+48.346x?- 0.012 14.8
634.150x+3200.100

3 y = 3E-0.5x%+0.005x*-0.326x%+9.2884x2- 0.007 27.9
119.11x+543.880

4 y = -8E-0.7x5+0.001x5-0.018x4+0.826x3- 0.002 18.9
19.010x2+213.180x-895.410

5 y = 3E-0.5x%-0.003x*-0.147x%-3.0519x?+27.089x-57.236  0.147* 58.1

6 y = 0.001x° - 0.038x*+2.162x3-60.481x2+824.480x- 0.001 41.0
4370.500

7 y = 0.007x% +0.614x2-16.542x+152.420 0.016 41.3

8 y = - 0.001x*-0.034x3-1.495x2-28.24x -187.580 0.009 0.1
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Table 7 (continued)

The number of monocotyledonous weeds

1 y = 4E-0.5x°-0.004x*+0.198x3-4.053x+37.887x-109.800  0.002 17.2

2 y =0.001x + 7.671 0.070 32.2

3 y = - 0.002x* -0.021x%+0.854x2-13.516x+77.233 0.046 32.8

4 y =-0.232x + 13.588 0.114* 51.4

5 y = 0.001x*-0.079x%+3.445x%-63.029x-417.910 0.030 28.8

6 y = 0.001x°- 0.025x*+1.427x3-40.003x2+547.050%- 0.000 18.9
2911.00

7 y = 0.061x + 4.720 0.005 39.8

8 y = 0.001x® -0.066x?+1.743x-9.7063 0.012 1.9

The number of dicotyledonous weeds

1 y = - 9E-0.5x°+0.0116x*-0.54394x°+11.396x?- 0.021 47.0
103.06x+327.03

2 y =0.1242x + 9.837 0.179* 53.9

3 y = 0.0002x*-0.02144x3+0.8935x2-13.91x+68.708 0.054 20.7

4 y = 4E-0.5x°-0.0063x%+0.3451x3-8.7894x%+103.67x- 0.015 31.7
445.96

5 y=-0.2013x + 8.651 0.373** 67.2

6 y = - 1.004x3+0.3316x2-8.538x+ 73.791 0.000 22.4

7 y = 0.0005x*-0.0067x3+3.0172x?-58.139x+408.28 0.002 17.8

8 y = 0.0012x3+0.103x?-2.751x+25.095 0.066 7.2

2the explanations as in Table 2; *significant at the level of po.os; ** significant at the level of po.oz.

In the case of potato weed control: Sencor 70 WG — 0.3 kg ha™ + Titus 25 WG —
30 g ha + Trend 90 EC — 0.1% - after potato emergence, a curvilinear relationship was
found, 3" degree between the fresh and the dry matter of weeds and the commercial
yield of tubers (Table 8). The credibility of this equation is confirmed by quite high
determination coefficients (Kranz, 1988).

Weed infestation studies carried out by Deveikyte & Seibutis (2006) showed a
higher yield of sugar beet after herbicide mixtures than phenmedipham + desmedipham
+ ethofumesate. The authors also proved that reducing the dose of phenmedipham +
desmedipham + ethofumesate and triflusulfuron, chloridazon, metamitron, chloridazon
+ quimerac caused an increase in dry matter of weeds by 25% but the beet yield did not
decrease significantly.

Doses of tested herbicides in corn cultivation in the Auskalniené & Auskalnis
(2006) studies differentiated the weed infestation of this plant. Rimsulfuron-methyl and
nicosulfuron-methyl were effective against Echinochloa crus - galli a primisulfuron-
methyl had no effect on this weed species. Nicosulfuron — methyl and primisulfuron-
methyl were effective against Chenopodium album, however, rimisulfuron methyl did
not destroy that weed as effectively.

The dry matter of weeds proved to be the most useful indicator for determining the
weight and total yield losses. Drop in the yield under the influence of dry matter of weeds
growth, in the scope of standard deviation from the arithmetic mean, a most often took
on the character of curvilinear, second, or third degree. These dependencies were used
to calculate the tolerated weed weight. This does not cause a yield decrease. In the case
of total yield, for mechanical and chemical care with the use of Sencor herbicide, it was
6 g, when applying the treatment with the use of Sencor (active substance metribuzin) +
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Titus (active substance rimsulfurone) + Trend, as wetter — 72 g and in the case of
marketable yield, these values were respectively: 2 g and 3 g m?2 The coefficient of
determination for these dependencies postulated by (Kranz, 1988) achieved 50% level,
which makes it possible to consider the accepted method as reliable.

Table 8. Relationships between marketable of tubers of fresh weight and dry matter of weeds
Coefficient of

Weed R . . Significance L
. Regression equations determination
control level %)
The fresh weight of weeds

1 y = - 0.0012x° + 0.1469x*+6.6463x°-131.81x?+13.463x-  0.029 25.9
4016.400

2 y = 0.0017x5-0.257x*-14.997x3+419.600x?- 0.001 19.7
5601.00x+2870.800

3 y =-6.210x + 298.270 0.344** 66.4

4 =-10.68x + 545.610 0.467** 70.7

5 y = - 9.854x + 510.380 0.189* 60.9

6 y = 0.132x3-11.794x2+325.250x-2510.800 0.290** 65.3

7 y = - 0.008x*+1.071x3-50.112x?+1019.800x-7425.5 0.000 6.7

8 = - 3.919x+277.310 0.064 42.9

The dry matter of weeds

1 y = 0.001x° + 0.074x*+3.310x3-69.130x2-666.050x- 0.001 31.9
2078.500

2 y = 0.001x*-0.003x3-0.737x?+30.058x-163.220 0.022 16.9

3 y =-2.739x + 164.500 0.345** 54.5

4 y=-3.879x + 172.620 0.449** 64.9

5 y = 0.001x5-0.083x*+4.563x3-121.220x?+1541.800x- 0.118" 50.2
7385.100

6 y = 0.068x3-6.152x?+172.360x-1388.000 0.371** 59.6

7 y =-0.303x? + 17.172x-166.740 0.007 11.2

8 y = 0.025x3-2.161x?+67.357x-507.14 0.024 37.0

3the explanations as in Table 2; *significant at the level of po.s; **significant at the level of po.oz.

The increase in the total number of weeds, ranging from 10 to 58 plants m?,
lowered the total and marketable yield of tubers in the experiment. The decrease in yield
took a parabolic character (Tables 5 and 7). The empirical model allowed explaining
36.5% of the real total yield variability — in the case of care using Sencor + Titus + Trend
and 35.4% due to Sencor + Fusilade Forte herbicides as well as 41.0% and 41.3%,
respectively for the variability of marketable yield of tubers. Poddar et al., (2017) proved
that all mechanical and mechanical-chemical treatments result in significantly lower
efficiency than manual weed control.

In research of Zarzecka et al. (1999) an increase in weed infestation about one plant
per 1 m? resulted in a decrease in the total yield by 0.23 t and marketable yield fraction
of tubers by 0.28 t ha; the increase in weed infestation by one ton of their dry matter
per 1 ha decreased the yields by 2.6 and 3.2 t ha™, respectively.

The polynomial regression analysis showed a significant parabolic dependence of
tuber yield on the number of monocotyledonous weeds (Tables 5 and 7). Polynomial
regression model explained 36.7% of the actual total yield variation for weed control
using pre-emergence Sencor and only 14% when applying the Sencor + Titus + Trend
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preparations mixture, whereas for the marketable yield — 32.8% and 18.9% of variability,
respectively.

The increase in weed infestation with dicotyledonous weeds, ranging from 2 to
24 plants m contributed to a linear reduction in the total yield at the care with the use
of Sencor herbicide after the emergence of the crop by 2.1 t, while the mixture of Sencor
+ Titus + Trend — 0.22 t ha™. In the case of marketable yield, this reduction was recorded
only due to the application of Sencor herbicide after potato emergence, which amounted
to 2.0tha™ (Table5 and 7). The coefficients of determination for the discussed
equations were not high. This means that also other parameters, not included in the
equation, may have contributed to the fall in the total and marketable yield. In addition,
it should be considered that segetal vegetation is not a direct cause of this phenomenon.
It makes, especially during the high rainfall in May-June period are favorable conditions
for the development of Phytophthora infestans, as well as other fungal diseases that limit
the assimilation of plants and thus prevent achieving the maximum yield of moderately
early and early potato cultivars. Merga & Dechassa (2019) found significant interaction
of cultivars with the use of herbicides.

CONCLUSIONS

1. The use of herbicides in the reduction of weed infestation, especially mixtures
of preparations, enabled a larger spectrum of chemical agent action and resulted in a
greater efficiency of their destruction than mechanical regulation of weed infestation.

2. Mechanical care was less effective in combating the infestation than using
mechanical and chemical methods of protection against weeds.

3. The dry matter of weeds proved to be the most useful indicator for determining
the total and marketable yield losses. The decrease in yield under the influence of the
weed dry matter has taken on a curved, second- or third-degree character.

4. The tolerated, dry matter of weeds that does not cause any yield decrease was
determined. In the case of total yield, for mechanical and chemical care with the use of
Sencor herbicide, it was 6 g, while for the care with preparations: Sencor + Titus + Trend
—72gm?>

5. A high yield-protective effect of herbicides was obtained as a result of limited
competition of weeds. Mechanical treatment contributed to the increase in the total
potato yield by 36.2%, and the marketable yield by 45.7%, as compared to the control
object. Methods of mechanical and chemical care increased the total yield by 24.7-50%
and the marketable yield by 43.7—60.8%, in relation to the control object. The greatest
yield-protective effect, of both total and marketable yield, was obtained with the pre-
emergence use of Sencor.
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Abstract. This paper outlines a theory that involves the vibrational wave transportation of bulk
grain during the course of passing that grain under an infrared radiation source, in a working
thermal radiation drying chamber, and using a vibrational wave transporter belt that has been
developed by the authors of this paper. The main outstanding feature of the proposed design is
the presence of mechanical off-centre vibration drives which generate the vibration in the working
rollers at a preset amplitude and frequency, thereby generating a mechanical wave on the surface
of the flexible transporter belt which ensures the movement of bulk grain along the processing
zone which itself is being subjected to infrared radiation. A calculation method was developed
for the oscillation system that is used in conjunction with the vibrational transportation of the
grain mass, in order to be able to determine the forces that may be present in the vibrational
system and to prepare the differential calculations for the movement of the vibrational drive’s
actuators, utilising for this purpose Type Il Lagrange equations. The solving of the
aforementioned integral equations on a PC yielded a number of graphical dependencies in terms
of kinetic and dynamic parameters for the vibrational system described above; the analysis of
those dependencies provided a rational structural, along with Kinetic and dynamic indicators.
According to the results that were taken from theoretical and experimental studies on the
functioning of the developed infrared grain dryer combined with a vibrational exciter, stable
movement for its working roller takes place if the angular velocity of a drive shaft is changed
within the range of between 50-80 rads™, whereas the amplitude of the indicated oscillations falls
within the range of 3.0-4.0 mm. It has been discovered that a rational speed when transporting
soy seeds during infrared drying falls between the range of between 0.15-0.60 cm s, whereas
the amplitude of the indicated oscillations falls within the range of 3.0-4.0 mm. An increase of
this parameter within the stated limits increases the time that it takes to achieve the stage in which
a constant drying soy speed is reached by more than 2.5 times (from 205 seconds to 520 seconds),
stabilising the figure at a level of 520 seconds, which makes it possible to recommend a range of
transport speeds of between 0.15-0.40 cm st under infrared radiation for the seeds in order to
achieve the required moisture content with a single pass of the produce on the wave transporter.
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With that in mind, the power consumption levels for the vibrational exciter do not exceed 50W,
while the angular velocity of the drive shaft’s rotation falls within the range of between 100—
120 rads™. The results of the experimental study that has been conducted indicated that a rational
transportation speed for the soy seeds on the wave transporter under infrared radiation is between
0.15-0.40cm s

Key words: drying, grain, kinetic and dynamic parameters, model, quality, transportation.
INTRODUCTION

The drying of cereal and oil crop seeds holds an important place in the technology
that covers their processing and storage. The use of high-performance grain dryers
significantly shortens the time needed to prepare the seeds for long-term storage, while
also reducing losses, and creating the necessary conditions for further processing.

On the other hand, the preparation of seeds for long-term storage and subsequent
sowing requires significant consumption of heat and mechanical energy. There are
currently a good many different designs of dryer in use.

The convective dryer, which is widely used worldwide, has significant
shortcomings, such as the fact that the evaporation of moisture from the material that is
being processed takes place rather slowly. Drying by means of thermal radiation (under
an infrared radiator) eliminates that shortcoming thanks to its ensuring the coincidence
of the heat beam’s gradient and the material’s moisture content which, together with the
high energy absorption levels, makes sure this process has one of the best outcomes of
all of the methods to be used when intensifying the bulk’s heat transfer.

The only limitation in drying by means of thermal radiation is the transparency of
the layer of seeds for the infrared radiation, ie. the radiation must penetrate the entire
layer, for which purpose the layer’s thickness must not exceed a depth of 15mm.

The best method for ensuring the necessary layer thickness of the material that is
being dried and its movement along the working area is the use of vibrating technology
in the course of the drying process.

But, in our opinion, the best outlook is displayed by thermal radiation dryers with
infrared technology, as used in the process of drying grain and seed material. And yet
the bulk grain needs to be moving along the drying chamber’s working area while it
undergoes the process of infrared irradiation of the bulk.

The drying of agricultural materials, in particular grain, requires constant
transportation. Therefore the use of belt, conveyor, screw, or other types of transporter
is not entirely suitable. Upon ordinary transportation, bulk grain does not become mixed,;
in addition, such transporters need more metal and energy to make and operate.

Therefore, nowadays the method used in vibrational transportation is also widely
used in the transportation of various bulk materials while drying them. There are a
number of vibrational transporter designs in use for this purpose, all of which ensure the
effective vibrational transportation of bulk grain. For example, in machines which
employ a process of constant vibration, a vibrating belt conveyor is used as the
transportation element of the design, providing for guaranteed movement of the bulk
material. Despite this popularity, all of the aforementioned designs of vibration
equipment have significant shortcomings.
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Therefore, we have developed a thermal radiation dryer which employs a somewhat
novel design, one which uses a vibrational wave transporter belt that moves the bulk
grain through the drying chamber’s working area in which infrared irradiation and
therefore the drying of the bulk grain all takes place. It must be noted that the belt
conveyor itself remains stationary (not performing a translational movement); the bulk
material is shifted only by a mechanical wave that is generated along its elastic belt by
means of vibrational exciters.

Figure 1 provides an overall view of the developed thermal radiation dryer and its
novel design which uses a vibrational wave transporter belt (a), and a diagram of its
technological design (b).

Figure 1. Infrared dryer with a vibrational wave transporter belt: a—overall view;
b — technological diagram: 1-—frame; 2 —elastic elements; 3 —rollers; 4 —elastic belt;
5 —tensioning cylinder; 6 —roller axes; 7 —vibration dampers; 8 — off-centre drive shafts;
9 — counterweights; 10 — bulk grain; 11 — infrared radiator; 12 — feeder; 13 — receiving hopper.

The main benefits in using this dryer are its simple design, reliable functioning, and
low energy consumption for its operation.

The infrared dryer with its vibrational wave transporter belt has the following
design features: the frame (1) houses two vibrational exciters in the form of rollers (3)
which are installed onto shafts (6) that are connected to the frame (1) via elastic elements
(2). These two rollers (3), installed at the same level as each other, are surrounded by an
elastic belt (4). The elastic belt has a horizontal section at the top, between two rollers
(3), and a tensioning cylinder (5) at the bottom; the cylinder pulls the belt down under
gravity due to its own weight, thereby generating preliminary tensioning in the horizontal
top part of the belt.

The insides of the rollers (3) are penetrated by the off-centre drive shafts (8), which
have attached counterweights (9) on the outside of one of the side elements of the rollers.
The off-centre drive shafts are installed on the frame with the aid of vibration dampers
(7). This way, the off-centre drive shafts are connected to the frame via the vibration
dampers at the bottom and to the frame via axes (6) and elastic elements (2) at the top.
The counterweights (9) offset the inertial forces emerging while the rollers work. Upon
the off-centre drive shafts (8) within the rotating rollers, each shaft (3) produces
vibrational movement that, if certain parameters have been selected regarding frequency
and amplitude, makes it possible for each roller to generate a dynamic wave on the
surface of the elastic belt (4) (in the form either of a standing or running wave). This
makes it possible to transport the seed bulk (10), but also to mix its layers, and to dry the
seed bulk in the working area of the infrared radiator (11). Moreover, when varying the
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vibration parameters of the two vibrational exciters in the form of the rollers, the speed
of movement of the seed bulk that is coming from the feeder (12) in the working area
and the intensity of its mixing can both be changed. Thereafter, the dried seed bulk (10) is
moved via vibrational waves into the receiving hopper (13) at the transporter’s other end.

In this way, when employing vibrational wave transportation for seed bulk, the bulk
is also loosened due to the forces being applied to it by means of their alternating
directions, leading to a decrease in the bulk’s internal friction and viscosity, as well as
to its uniform thermal treatment.

The infrared dryer that has been developed for bulk grain, using a vibrational
transporter, is a combination of a belt transporter (without the translational movement of
the transporter belt) and a vibration machine with a combined kinetic manner in which
it is able to generate oscillations. It establishes the conditions for constant movement and
the simultaneous infrared treatment of the continually-fed seed bulk, ensuring its
loosened state and guaranteed its drying. This is accompanied by a reduction of the
oscillating mass of the vibration drive.

By means of this method - using the equipment that has been developed and which
is now being proposed by us - with its two vibrational exciters, it becomes possible to
reduce the oscillating mass of the entire drive and provides the levelling of any unwanted
oscillations by means of the incorporated flexible elements. This type of design for a
drive unit, together with a wave transporter with a deforming transportation element,
makes it possible to provide a significantly improved system for balancing the dryer’s
vibrational drive.

Therefore the implementation of the proposed design for a vibrational dryer with
its kinetic method of providing vibrational excitation provides a significantly increased
intensive process for removing free and physically-bound moisture from the fed seed
bulk on account of having creating a pseudo-levitating state of the material that is being
processed, and also makes it possible to ensure lower stress levels in the equipment and
lower costs, as well as ensuring the conditions for the effective balancing of the
oscillation system.

An analysis of various methods being used in the process of drying cereal and oil
crops is provided in previous papers (Boyce, 1965; Safarov, 1991; Bruce & Giner, 1993;
Malin, 2005; Moroz et al., 2011; Aboltins & Upitis, 2012; Hemis et al., 2012;
Rudobashta et al., 2016; Gilmore et al., 2019; Giner, 2019; Kliuchnikov, 2019;
Rugovskii et al., 2019), where the basis for classifying these methods is the one that
involves the transferral of heat to the material that is being dried. The convective dryer,
which is widely used worldwide, has significant shortcomings, such as the fact that the
evaporation of moisture from the material that is being processed happens rather slowly.
Drying by means of thermal radiation (under an infrared radiator) eliminates that
shortcoming thanks to its ensuring the coincidence of the heat beam’s gradient and the
material’s moisture content which, together with the high energy absorption levels,
makes sure this process has one of the best outcomes of all of the methods to be used
when intensifying the bulk’s heat transfer.

The method used in drying plant materials utilising short-wave infrared radiation is
presented in previous papers (Filonenko & Grishin, 1971; Bezbakh & Bakhmutyan,
2006). The only limitation in drying by means of thermal radiation is the transparency
of the layer of seeds for the infrared radiation, ie. the radiation must penetrate the entire
layer, for which purposes the layer’s thickness must not exceed a depth of 15mm.
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The best method for ensuring the necessary layer thickness of the material that is
being dried and its movement along the working area is the use of vibrating technology
in the course of the drying process.

The problem of creating a high-performance drying unit is discussed in previous
papers (Goncharevich & Frolov, 1981; Grochowski et al., 2004; El Hor et al., 2005;
Palamarchuk et al., 2018), which present the mathematical model for the drying
processes, along with the results of experimental studies, the design diagrams for
wave-based and vibrational transportation equipment, and proof that one of the most
effective methods of intensifying the processes that have been studied is the use of a
vibrational field.

The goal of the paper is to increase the productivity and quality in terms of drying
the grain and seeds of various crops by means of developing and scientifically reasoning
out the rational parameters of a new type of thermal radiation dryer.

MATERIALS AND METHODS

For a theoretical description of the vibrational wave-based movement of bulk grain
in the dryer that has been developed by us, it is first necessary to discuss the functioning
of the kinetic vibrational exciter which serves to generate the oscillations in an elastic
belt, and which effects the process of wave-based movement in the bulk grain that is fed
onto it from one end.

First of all, based on the technological design diagram for the thermal radiation
dryer with its vibrational transporter belt (Fig. 1), and on the description of its
functioning that has been provided above, it is necessary to develop a calculation
diagram for the kinetic vibrational exciter that is to be used with the elastic transporter
belt’s oscillations in its initial position (in a balanced state) and, thereafter, in any of its
working positions, ie. when offsetting the work roller’s centre of mass from its balanced
state. The relevant calculation diagrams are presented in Figs 2 and 3.

The diagram in Fig. 2 indicates
these parameters for the oscillating
system: my — is the drive shaft’s mass;
my —is the roller’s mass; mz—is the
counterweight’s mass; Ci—is the
elastic support’s rigidity levels; C —is
the vibration damper’s rigidity levels;
e —the offset from centre, which is
defined by distance |12 = 0107
l13 = 010; — the distance from a drive
shaft (point O:) to a counterweight’s
axis (point Os).

For further study of the
movement of the oscillating system Figure 2. Initial position of the oscillating
being discussed, we shall establish an system: 1 — the vibrational exciter’s drive shaft;
equivalent diagram which indicates the 2 —roller; 3 —elastic band; 4 — counterweight;
offset for a roller’s centre of mass from 5 — elastic support; 6 — vibration damper.
the balanced state when carrying out
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any oscillating movements. For this purpose, we shall select and display on the
equivalent diagram a fixed Cartesian coordinate system O.xy, the starting point of which
is O which is located at the roller’s

centre (in its initial position), while the 'y
axis Opx is directed horizontally Y
towards the right, and the axis Oy is 4% 4
directed vertically towards the 740 O;
upwards position. 5

The equivalent diagram in Fig. 3 '
displays the following indicators: S ek \oN &
x1 — linear horizontal offset for a drive ) 02.'\0‘ N\
shaft’s centre of mass from the balance / s =y X
position; y: — linear vertical offset for a l 0,0, oY\
drive shaft’s centre of mass from the \\ \_Lf
balance position; ¢; — angle of rotation R =
for the vibrational exciter’s drive shaft il

from the balance position; x;,

yi — coordinates for point Os when Figure 3. An equivalent diagram for the
attaching the left-hand end of the belt oscillating system in which the roller’s centre of
to the left-hand elastic support in mass is offset from the balance position.

a random position; or, yr — coordinates

for point 0, when attaching the right-hand end of the belt to the right-hand elastic support
in a random position.

Furthermore, we shall create the differential equations for the movement of the
oscillating system being discussed, utilising Type Il Lagrange equations for this very
purpose.

Within this context it has to be noted that the aforementioned oscillating system is
characterised by three degrees of freedom: the linear shifts xi, y1 of a drive shaft’s centre
of mass (point 0) in relation to the axes of the coordinates O.x and Oy, respectively,
and the rotational angle ¢1 of the vibrational exciter’s drive shaft (measured from the
balance position).

RESULTS AND DISCUSSION

It must also be noted that the oscillating system incorporates three masses:
m; — a drive shaft’s mass; m, — a roller’s mass; mz — a counterweight’s mass.

To be able to establish the differential equations of movement by means of the
aforementioned method, we shall first determine the kinetic energy of the oscillating
system.

It is evident that the summary kinetic energy T of the oscillating system equals:

T=T,+T,+T,, (1)
where T; — is the Kinetic energy of the translational movement of a drive shaft; 7> —is the
kinetic energy of the parallel plane movement of a roller; 75— is the kinetic energy of

the parallel plane movement of a counterweight.
Within that context, the kinetic energy 71 equals:
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T =22, 2
2 @

where m; —is a drive shaft’s mass; Vi —is a drive shaft’s translational movement’s
speed.

The kinetic energy 7> of a roller’s parallel plane movement is determined as the
kinetic energy of the module O10;, namely:
my2 | Lot -

2 2

where m, — is the mass of a roller (module O10;); V2 —is the speed of the translational
movement of a roller (module O10;); w1 — is the angular velocity of a drive shaft; I, — is
the moment of inertia in a roller (module O10) in relation to the point O;.

The kinetic energy 73 is determined as the kinetic energy of the module O:03 in its
parallel plane of movement:

T, =

where ms —is the mass of a counterweight (module 0.0s); Vs —is the translational
movement’s speed of a counterweight (module 0103); w1 — is the angular velocity of a
drive shaft; Is — is the moment of inertia of a counterweight (module O105s) in relation to
the point Os.

Furthermore, we shall determine the kinetic characteristics (linear and angular
velocities) of the points and modules of the moving masses m4, m, and ms;.

It is evident that, within the coordinate system of O.xy, the square of speed V; is:

Vi =X+ (5)
To determine the speeds V» and Vs, we shall establish calculation diagrams for the

modules 010. and 0105, making parallel plane movements. These calculation diagrams
are provided in Fig. 4.

T,=

a) b)

Figure 4. Calculation diagrams to determine the speeds of the oscillating system’s modules:
a) module 010,; b) module O10s.

As the provided calculation diagrams indicate, the following expressions are
yielded for the speed V.. The vector form of this is:

V, =V, +Vy (6)
Considering that the value of the speed V»: equals:
Vo =l,-& (7
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and after a number of translations, we get to the following:
sz :V12 +2l,, '(/’1(0'5' l, -, — % cosg, — Y1Sin¢’1) : 8)

Similarly, from the calculation diagram in Fig. 4, the expression for the speed Vs is
ultimately:

V32 :V12 +21,, '¢1(0'5 - @ + X COSe, + Y15in§01) 9)
Furthermore, we shall determine the moments of inertias I, and I, of the modules
010; and 0103, in relation to a drive shaft’s axis (point Oz), which are, respectively:
L —m, 12 (10)
l,=m,-17 (11)

Inserting the expressions (5), (8) — (11) into the expressions (2), (3), (4), we get the
following expressions for the relevant kinetic energies:

leml(xi+yf) (12)
2
T, :&[Xlz + y12 +2, '(/71(0'5|12 ¢ — %, COSp, —
2 (13)
_ylsin(/’l)]v
and
Ts:%[Xf+Y12+2|13'¢1(0'5|12'¢1+X1COS¢1+ (14)

+¥,sing,)].
Inserting the expressions (12), (13) and (14) into the expression (1), we get the
expression for determining the summary Kinetic energy of the oscillating system:

T :0-5'(ml+m2 +m3)-(>'<f + Y12)+m2 '|12 '§b1(0-5'|12 '§b1_
—X, C0s¢, — ¥,5ing, ) +my -l (0.5 1, - ¢, + % COS g, + (15)
+¥y5ing;) +0.5(m, -1 +m, - 17 ) - ¢
To determine the generalised forces that
are included on the right-hand side of the Type
Il Lagrange equation, it is necessary to establish
an equivalent diagram of forces for the
oscillating system that is being studied (Fig. 5).
This equivalent diagram indicates the
following forces and inertias:
G, — the force of a drive shaft’s weight;
G, — the force of a working roller’s weight;
G5 — the force of a counterweight’s weight;
S, —the tensioning force of the elastic
belt’s left-hand section;
S, —the tensioning force of the elastic Figure 5. An equivalent diagram of

belt’s right-hand section; forces in the oscillating system that is
My — the torque moment in a drive shaft. being studied.
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Additionally, the diagram indicates:

@1 — the turning angle of a drive shaft;

f1— the angle between the elastic belt’s left-hand section and the vertical,

> — the angle between the elastic belt’s right-hand section and the vertical.

Furthermore, we shall enter the expression that will be used to determine all forces
and moments indicated into the equivalent diagram of Fig. 5:

G=m-g (16)
where m; — a drive shaft’s mass; g — gravitational acceleration;

G,=m,-g> (17)
where m, — is a roller’s mass;

G;=m;-g: (18)

where m3 — is a counterweight’s mass.
The belt’s tensioning forces S; and S, are equivalent to the elastic forces occurring
upon the deformation of the elastic elements; therefore we shall determine them as follows:
S,=C,-Al (19)
S,=C,-Al, (20)
where Ci—is an elastic support’s levels of ‘hardness’; Al; and Al,_is the linear
deformations of the left-hand and right-hand elastic support respectively.
The deformations Al; and Alzin the elastic elements are determined on the basis of
a geometric analysis in the oscillating system.
As aresult:

S, =Cl(\/(xl—xI ~1, -sin(pl)2 +(y, -y -1y, -COS(pl)Z —-R?* -

(21)
Py o),
and
S, :Cl(\/(xr =X+l 'Sin(/’l)z +(yr -y, -, 'COS(pl)2 -R* -
(22)

— X2+ y? - RZ),
where R — is a roller’s radius.
Next we shall determine the generalised forces in the oscillating system,
corresponding to each of the independent generalised coordinates.
For the generalised coordinate ¢1, the generalised force Q, is equal to the arithmetic
sum of the moments of all forces in relation to the point O, namely:
Q, =M, —(G,-h, —G;-l)cosp + S, (R+1,)-sin(p + B,)—
_Sz(R + |12)'Sin(¢’1 _ﬂl)'
For the generalised coordinate xy, the generalised force Q_ is equal to the arithmetic

(23)

sum of the projections of all forces indicated in Fig. 5 on the axis O2x, namely:

Qxl=Sl-sin,81—82-sin,82—CX~x1 (24)
where C, — is a vibration damper’s hardness in the direction of the axis O2X, and X1 — is
a vibration damper’s linear deformation in the direction of the axis O2x.
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For the generalised coordinate y,, the generalised force Q, is equal to the

arithmetic sum of the projections of all forces indicated in Fig. 5 on the axis Oy, namely:
le =S,-C0s 3, +S,-cos f3, _Cy (yl _5st)_Gl -G, -G, (25)
where C, —is a vibration damper’s levels of ‘hardness’ in the direction of the axis Oay;

vy, — is a vibration damper’s linear deformation in the direction of the axis Oyy; and

&5+ — 1s a vibration damper’s static deformation.
In this way, the generalised forces are determined for each generalised coordinate

of this oscillating system.

In addition, we shall determine the necessary partial differentiations of the kinetic
energy 7 in this oscillating system which corresponds to the conditions that are contained
in the left-hand sections of the Type Il Lagrange equations. We get the following
expression for the partial differentiation of the generalised coordinate ¢, :

or .. ..

——=m '|12(0'5'I12 @ — X, -COS@, — yl'sm%)"'

op,

+0.5-m, 15 - +my-15(0.5: 1@ + X -cosg, + Y, -sing, ) + (26)
+0.5-my -1y gy +(my -1+ my 1) - by ;

also:

d(oT . _— .
—| — :m2-|12(0.5-|12-¢1—X1'COS(91+X1'sm¢1'¢1_
dt{ o¢,

—¥,-sing, —y,-cosg, - )+0.5-m, -1 - ¢ +

+m,-1,(0.5: 1, - + %, -cos@, — %, -sing, - ¢, +

+§,-5ing; + Y, -COS @y - )+ 0.5-my -1 - 3 + (M, 15+ my 1) -, =
=0.5-m,-15-g+m,-1,(-X -cosg, + % -sing, - ¢ —

—¥,-sing, —y,-cosg, - )+0.5-m, 15 -5+

+0.5-m, - 15 @ +my -1, (% -cosg, — % -sing, - ¢, +V, -sing, +

(27)

IZ

13) P =
:2(m2 5 + m3'|123)'¢1+ mz'llz(_xi‘cos%"' X -sing; - ¢, —
—¥,-sing, — Y, -cosg, - )+ My -y (X -cOSg, + X, -sing, - ¢, +
+y1'Sin(p1 + Y1 'COS(/’l'(bl)'
The partial differentiation of the kinetic energy of the generalised coordinate ¢: is:
oT e .
—=m,-l, '¢1(X1 SINg, — Y, 'COS(/’1)+
op, (28)
+my -, (01(_)(1 -sing, +, - COS¢1) :
For the generalised coordinate x, we get the following expressions of partial
differentiations in the oscillating system’s kinetic energy T:

+¥,-€0S¢; - ) +0.5-my -1 -3 +(m, - I, +my -
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aT

6_561: (my + my +mg) % —my -l ¢y - cos @y +mg - li3 - @y cos @, (29)
also:
d(oT . ..
e =(m+m,+m,)-% —m,-l, @ -cose, + )
+m2'|12'Sinﬁol'(plz+m3'|13'¢1'C05(01_m3'|13'¢12'Sin%;
and finally:
T o 31
o (31)

For the generalised coordinate y;, we get the following expressions of partial

differentiations in the Kinetic energy T:
aT

a_ylz(m1+m2+m3)'5’1_m2'l12'¢’1'51n‘ﬂ1 +ms - li3- @ sing, (32)
also:
dfar =(m+m,+my)-y,—m,-l,-@-sing —
dt | oy, h 2 3) Y1 bl P dl (33)
_mz'I12'COS¢1'¢12+m3'|13'¢1'Sin¢1+m3'|13'¢12'COS(01;
and finally:
To; (34)
oy

When inserting the resulting expressions (23), (24), (25), (27), (28), (30), (31), (33)
and (34) into the initial Type Il Lagrange equation for each generalised coordinate and
performing the required translations, we get the following system of differential
equations for the oscillating system’s movement:

2(m, 15, +my 15 ) = —m, - |, (=X, -COS @, + X, -Singy, - ¢ —

—¥,-sing, — ¥, -CoS@, - @ ) —My -5 (X, -cosg, — X, -sing, - ¢, +
+¥,-sing, +Y,-cos@, - @)+ m, -, - ¢, (% -sing, — ¥, -cosg, ) +

+my by - @ (=% -sing, + ¥, -cosg, )+ M, —(m, -1, -

—Mm,-ly)-g-cosg +S,(R+1,)-sin(g + B,)—-S,(R+1,)-sin(¢ - 5,),
(35)
(M +m,+m,)% =m,-l,-@-cosg —m,-l,-sing, - ¢ -

_ma‘I13‘¢1‘C05¢’1+m3‘|13'Sin¢1'¢12+sl'5inﬁl_sz‘Sinﬂz_cx'xi!

. . . .2
(m1+m2+m3)Y1:m2‘|12‘¢’1‘5|n¢’1+m2 1, -cosg, - @ —
-m -l '¢1'Sin¢1_m3'|13'COS(01'¢12 +5,-C0S 3, +S,-C0S 3, —
_Cy(y1_5

st

)—(m1+m2+m3)g.
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This system of differential equations (35) is one that involves non-linear differential
equations of Type Il, and can be solved using digital methods on a PC such as, for
example, with the MathCAD software.

The initial conditions for the system of differential equations are as follows:

Ift=0:

X10 = liz, Yo =0, X0=0, ¥0=0, and ¢, =0 (36)

For digital calculations in the MathCAD software, the following values were set up
for the constant parameters that were included in the system for differential equations
(35). Based on the calculations that have been recorded during the design and subsequent
manufacture of the experimental specimen of the infrared dryer, but also based on the
results of testing and redesigning the dryer, the following values have been taken for
constant parameters:

— a drive shaft’s mass m; = 5.4 kg;

—aroller’s mass m; = 6.2Kg;

— a counterweight’s mass mz = 1.2 kg;

—the distance from a drive shaft’s axis to a roller’s axis (the offset rate)
l,, =0.003m;

— the distance from a drive shaft’s axis to a counterweight’s axis is determined by
this condition. From ms - l;3 = m - 15, the following results:

- m,-l, 5.4-0.003 00135 m-

m, 1.2

On the basis of our designing, manufacturing, and testing the new type of
vibrational dryer with its vibrational wave transporter belt, which confirmed its
functioning, we also take the following values as constants for the following parameters:

— avibration damper’s ‘hardness’ in the direction of the axis Oxx: C,, = 9,800 N m™

— a vibration damper’s ‘hardness’ in the direction of the axis Ozy: Cy = 31,000 N m™;

— a drive shaft’s rotational moment M, = 4.2 KNm.

The digital calculations for the system of differential equations as carried out on a
PC (35) provided dependencies for the movement (trajectory) of the rollers along the
axis of the coordinates O.x and O.y, as depicted in Fig. 6.

6 10
o, =
£ £ 5
X -
= -3 =
= =
-6 -5
-50 0 50 100 ! 150 -100 0 100 200 300 400

Angular velocity o, rad's Angular velocity @, rad-s”!

Figure 6. The trajectories of a roller’s centre of mass along the coordinates O, Oy, depending
on the angular velocity w.
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We also used digital modelling on a PC to get the dependence of the excitation
force Fq on the angular velocity wi (Fig. 7) and also the dependence of the power
consumption N on the angular velocity w: (Fig. 8).

8 200

/ 150

/

(=29

Force F,, N-10°
Power N, W

2 / 50
%00 0 /200 200 600 0
. , L -50 0 50 100 150
Angular velocity o, rad-s Angular velocity @, rad-s
Figure 7. The dependence of the excitation Figure 8. The dependence of the consumer
force Fqy on the angular velocity w:. power figure N on the angular velocity w:.

As the graphs in Fig. 6 indicate, a stable oscillating movement in a roller takes place
when changing a drive shaft’s angular speed : within the range of 100-120 rad s*.
With that occurring, a roller’s oscillation amplitude changes within the limits of 1.0—
4.0-10° m in the direction of the axis O,x and within the limits of 1.0-2.0-102 m in the
direction of the axis Oy, which ensures the generation of a necessary wave on the elastic
belt’s surface, ie. the necessary vibrational wave-type movement of the bulk grain along
the elastic belt’s surface, simultaneously with the bulk grain being mixed under the
infrared radiator that is drying the bulk grain.

The graphical dependencies pictured in Fig. 7 indicate that the value of the
excitation force Fy starts increasing significantly (going above 1-10° N) if a drive shaft’s
angular velocity 1 is increased to 220 rad s. At a drive shaft’s angular velocity m;
reaching 120 rad s, the value of the aforementioned force does not exceed 350 N (0.35
kN). Therefore, when considering the reliability of the vibrational exciter, it is not
recommended that the angular velocity w: be increased above 120 rad s, because the
power consumption level may increase to infinity.

Moreover, the graphs in Fig. 8 indicate that, upon increasing a drive shaft’s angular
velocity w; to 120 rad s, the power consumption level of the vibrational exciter reached
50 W, which is more acceptable in a situation which requires minimum energy spend in
return for the high quality performance of the technological process.

Therefore, all of the graphs that have been discussed above indicate that the rational
values for the angular velocity w1 of the vibrational exciter’s drive shaft must fall within
the range of 100120 rad s™.

We also carried out experimental studies to investigate the process involved in the
infrared drying of soy seeds on a vibrational transporter that had been developed by us.

An experimental installation was established on the basis of that concept, and a
diagram of it is provided in Fig. 9. The operating principle of the experimental
installation is similar to that of the industrial model of an infrared dryer with a novel
design, incorporating into it a vibrational belt transporter.
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In the course of the experimental studies, portions of soy seeds with fixed moisture
parameters were taken out at moisture levels of between 0.1% to 7.0%. The speed at
which the bulk grain was being transported was also set at levels of between 0.15
to 0.6 cms . The time spent by each portion of the seeds under the infrared lamps was

recorded. The data received from this
enabled us to determine the drying
speed (the speed at which moisture is
removed). For each portion of the seeds
and to ensure individually-noted
transportation speed readings, triple
tests were carried out. The measurement
and calculation results were processed
with specially developed software
on a PC.

Based on the results of the
experimental studies, the speed at
which the soy seed can be dried in the
aforementioned dryer was all assessed.
The experimental data was used to
prepare a table which indicated the data
of the infrared drying speed (removing
moisture from the dried bulk grain over

Figure 9. A diagram of an
installation in order to study the process of the
infrared drying of soy seeds: 1) elastic belt;
2) rollers; 3) roller drive; 4) tensioning roller;
5) feeder hopper; 6) collector for dried seeds;
7) infrared radiator; 8) soy seeds.

experimental

time) at various speeds of transporting the bulk grain on the vibrational belt and at
various levels of moisture content in the bulk grain (Table 1).

The details given in the table
indicates that the speed of infrared
drying (moisture removal) for bulk
seed depends upon both its initial
moisture content and the speed of its
vibrational transport. Within that
context, the drying time for the bulk
grain also changes. At a constant speed
of vibrational transport for bulk grain,
and with an increase of its initial
relative moisture content, the time
actually lengthens for the stage at
which a constant drying speed can be
achieved for drying soy seeds. As can
be seen from the table above, for a
vibrational transportation speed of
0.15 cm s%, when the relative moisture
content changes from 0.70% to 6.80%,
the time needed to attain a constant
speed of 12.1-13.2:10° %-s ' in terms
of drying the bulk grain changes from
85510520 s.

Table 1. Individual

energy and technology

parameters for the infrared drying of soy seeds

Specific ~ Speed of Speed at
moisture  vibrational Drying which
content transportation time moisture is
of the of the " removed,
seeds, seeds, oS dW-(dt) 2,
AW, % V,cms? %1107
0.70 0.15 85 8.24

2.70 0.15 205 13.17
4.60 0.15 380 12.11
6.80 0.15 520 13,10
0.10 0.40 45 2.22

0.30 0.40 84 7.97

1.70 0.40 160 10.63
2.90 0.40 235 12.34
0.15 0.60 50 3.00

0.58 0.60 95 6.10

1.20 0.60 140 8.57

2.40 0.60 320 7.50
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For a vibrational transportation speed of 0.40 cm's™*, when changing the relative
moisture level from 0.10% to 2.9% and when the drying speed stabilises at the level of
12.3-102 %:s %, the drying time for the soy seeds changes from 45 s to 235 s.

And finally, at a vibrational transportation speed of 0.60cm-s™* and with the drying
time as set out in the table, the drying speed for soy deeds does not exceed 8.6-10 2 %-s™,
ie. a drying speed level of 12-:107 %-s* is not attained in this case.

Therefore, based on the data gained from the experimental studies that have been
carried out here, arational speed for the vibrational transportation of soy seeds in infrared
drying falls within the range of between 0.15 to 0.40 cm s,

CONCLUSIONS

1. A thermal radiation dryer of a novel design has been developed using a
vibrational wave transport element which generates a mechanical wave on the surface of
the flexible transporter belt, which itself ensures the movement of bulk grain along the
processing zone that is currently being treated with infrared radiation.

2. On the basis of the calculation diagrams that have been developed, a
mathematical model was prepared of the vibrational process that was the subject of the
study, namely involving the use of Type Il Lagrange equations which resulted in a
system of differential equations for the movement of the vibrational exciter with its novel
design, as proposed by the authors.

3. The solving of the aforementioned integral equations on a PC yielded a number
of graphical dependencies for the kinetic and dynamic parameters of the vibrational
system that has been described above.

4. 1t has been demonstrated that the stable movement of a working roller takes
place if the angular velocity w1 is changed within the range of 100-120 rad s, while
the rational amplitude of the vibrational exciter’s oscillations does not exceed 4 mm.

5. The fact has been identified that a rational speed for transporting soy seeds
during infrared drying falls between the range of 0.15-0.60 cm s™. This parameter within
the stated limits increases the time taken until the stage of constant drying speed can be
achieved for soy by more than 2.5 times, from 205 s to 520 s, stabilising at a level of 520 s.

6. At a drive shaft’s angular velocity 1 being 120 rad s™, the value of the
excitation force Fd does not exceed 0.35 kN but, when it does actually exceed it, the
excitation force starts increasing significantly.

7. When increasing a drive shaft’s angular velocity w1 to 120 rads™, the power
consumption of the vibrational exciter reached 50W, which again confirms the finding
that the rational range when it comes to changing a drive shaft’s angular velocity falls
between 100-120 rad s,

8. As shown by the results of the experimental studies that have been conducted, a
rational speed for the vibrational transportation of soy seeds in infrared drying falls
between 0.15 t0 0.40 cm s 2,
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Abstract. Increasing chicken meat production needs an alternative and easily available protein
source as a potentional substitute for soybean meal or fishmeal. The insect meals seem to be the
most appropriate alternative. Of all insect species, Tenebrio molitor, Hermetia illucens and Musca
domestica are the most suitable species for commercial exploitation in poultry feed. On the basis
of numerous studies, insect meals contain sufficient nutrients (high quality protein and fat) for
broiler production. Potential of insect meals used for feed of chickens is discussed based on
published data. Many reviews summarizing the latest insights about the insect meals as an
alternative protein source in poultry have been written. However, the present work describes not
only the insect production, nutritional value and digestibility of the insect meals, but mainly the
effect on performance, carcass characteristics and meat quality of chickens fed insect meals,
which has not been in any review summarized yet. The study describes also the risks and safety
of the insect meals. Based on numerous studies, insect meals can have a positive influence on
growth without negative impact on carcass and meat quality characteristics.

Key words: chicken, insect meals, meat quality, protein source.
INTRODUCTION

Protein is the major nutrient required for optimal broiler production and an
increasing poultry production call for growing amount of protein to cover requirement
of amino acids. One of the main sources of protein and fat in the feeding of poultry is
soybean (Woods et al.,, 2019). Livestock production in the western hemisphere is
consuming 85% of global soya production (Stamer, 2015). However, due to high cost of
soybean and the competition between livestock and humans for consumption of arable
crops, there is an increased request for the alternative and easily available protein sources
(Khan et al. (2016, 2018); Woods et al., 2019). Currently, there is an increasing interest
in the use of the insects as an alternative protein source either for total or partial
replacements of commonly used protein sources as for example soybean or fishmeal in
poultry diet, due to a high nutritive value. Insect meals are safe and do not have negative
effect on the environment contrary to soybean (global warming, biodiversity loss,
deforestation and destruction of ecosystems, increasing greenhouse gas emissions, large
carbon footprint, FEFAC, 2012) or fishmeal (decline in native fish stock, biodiversity
loss, high disease rate and coastal habitat impairment, Henry et al., 2015) production.
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However, in the European Union, the insect meals utilization in livestock nutrition
is banned (Regulation (EC) No. 1069/2009) because these compounds are considered to
be processed animal protein (PAP, Regulation (EC) No. 999/2001) prohibited in feeding
of farmed animals (Kieronczyk et al., 2018). Nevertheless, insect feed is currently
allowed in pet food and in fish feed. Only a few insect species are allowed in the
European Union for aquatic animals’ nutrition. Due to the potential ecological
advantages and good acceptance among farmers and consumers (Verbeke, 2015), it is
probable that the political framework may change in the future and make use of the insect
protein possible also in poultry diets (Leiber et al., 2017). One of the reasons for a likely
permit is that poultry consume insects as part of their natural diet.

Many reviews reported the information about the insect meals as an alternative
protein source in poultry nutrition. However, there is a lack studies summarizing the
results on slaughter parameters and meat quality of chickens. Therefore, the aim of this
work was to update, present and discuss the previous studies regarding the insect as a
potential alternative protein source and describe its effect on poultry performance,
carcass traits and meat quality.

INSECTS PRODUCTION

Approximately 2,000 species of insects are known to be a highly digestible and
edible protein source for humans or animals (Ramos-Elorduy, 2005). Insects have
several useful physiological characteristics such as high reproductive ability, high feed
conversion rate and easy rearing with low feed cost (Liu et al., 2011). Insect species are
efficient feed converters because they are cold-blooded (Cullere et al., 2016) and do not
use energy to maintain body temperature (Biasato et al., 2018a). Insects effectively
utilize water and, in most cases, the feed is the main source of water (Jézefiak &
Engberg, 2015). Generally, the breeding of insects does not require a complex
infrastructure and their care is simple (Khusro et al., 2012). Insects can grow on various
substrates as for example cereals, decomposing organic materials, fruit or vegetables,
poultry, pigs and cattle manure, industry by-products or waste products, which would be
environmental problems (Sanchez-Muros et al., 2014; Cullere et al., 2016). However, in
European Union is forbidden to use manure and other animal by-products in insects
nutrition which are produced as a feed for livestock (Article 7 and Annex IV to
Regulation (EC) No 999/2001; Regulation (EC) No 1069/2009). Khan et al. (2016)
reported that use of insect meals or larvae meals (Kareem et al., 2018) can decrease the
cost of poultry feed especially if it is reared on bio-waste. Insects can transform waste
into valuable biomass (Nguyen et al., 2015) and convert low-quality plant waste into
high-quality crude protein, fat and energy in short time (Makkar et al., 2014). The
amount of manure is reduced by at least 50% and the resulting product contains nutrients
such as phosphorus (60% to 70%) and nitrogen (30% to 50%; van Huis et al., 2013). The
other advantage is the ability of larvae to decrease bacterial growth in the manure and
thus reduce odour (Jézefiak & Engberg, 2015).

The growth rate of insects depends on microclimate. The optimal temperature for
most insect species rearing is 27-30 °C (Jozefiak et al., 2016). The larvae of insects are
the most effective for production and it is possible to produce more than 180 kg of live
weight of Hermetia illucens larvae in 42 days from 1 m? (Jozefiak et al., 2016).
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The insect market for animal feed is continually increasing in the world, especially
focused on Tenebrio molitor larvae (mealworm). T. molitor and H. illucens (black
soldier fly) are two of the most promising insect species for commercial exploitation and
for use in poultry feeds (Jozefiak et al., 2016), their production is seamless and well
understood (Kieronczyk et al., 2018).

INSECT NUTRITIVE VALUE

Insects have high nutritive value, not only in crude protein but, also for fats,
minerals, and vitamins (Khusro et al., 2012). Nevertheless, the nutrient concentration of
insects depends on the production technology and feed composition for insect production
and on the life stage of insects (J6zefiak & Engberg, 2015). Insects are a potential protein
source in fish, pigs and poultry (Bovera et al., 2016; Jozefiak et al., 2016). Larval and
pupal stages of Musca domestica (maggot meal), T. molitor or H. illucens (Kareem et
al., 2018) are rich sources of crude protein (40-60%) which is similar to soybean meal
(Ramos-Elorduy et al., 2002; Ghaly & Alkoaik, 2009; Tran et al., 2015). All species of
insects are rich in essential amino acids (Al-Qazzaz et al., 2016) and according to
Rumpold & Schluter (2013) have a better balance of essential amino acids (methionine
and lysine) than most grains. However, Bovera et al. (2016) reported that the insect meals
protein had a low content of essential amino acids of methionine, cysteine, lysine, and
tryptophan. On the other hand, Tschirner & Simon (2015) showed that H. illucens larvae
have a particularly advantageous amino acid profile with high proportions of lysine and
methionine. Moreover, Woods et al. (2019) stated that the addition of fish guts to the
substrate improved the amino acid content, mainly essential amino acid, in the larvae of
H. illucens; however, the usage of animal by-products to feeding insects is not allowed
in European Union. According to Makkar et al. (2014) and Khan et al. (2018) the
T. molitor had a better nutritive profile than silkworm, M. domestica and soybean meal
because contains a higher amount of crude protein, fats, amino acid, and mineral content.

Meal from larvae of H. illucens is according to Schiavone et al. (2017) excellent
source of apparent metabolizable energy for broiler chickens. The fat content in the
selected insect species was determined on the level of 30.8% and 33.6% for T. molitor
and Zophobas morio, respectively (Kieronczyk et al., 2018). Likewise, Ramos-Elorduy
et al. (2002) and Ghaly & Alkoaik (2009) reported that larval and pupal stages of
T. molitor and other insects are rich in fat (35% in dry matter). The lipid content of
insects depends on many factors, such as the diet or the life stages of insects. Therefore,
the chemical composition of the insects could affect the growth substrate and the time
of harvest (Spranghers et al., 2017). Woods et al. (2019) found that the fat content of
larvae H. illucens was modified by the growing substrate, while the crude protein content
was constant. Kieronczyk et al. (2020) have shown that crude protein, and other nutrients
in H. illucens larvae can be modified by the organic waste used as a substrate.

The final composition of animal fat reflects the fatty acid composition of the diet.
The fatty acid profiles of insect oils showed higher saturated fatty acids contents (SFA;
mainly palmitic acid C16:0 and stearic acid C18:0), and higher concentrations of
monounsaturated fatty acids (MUFA; mainly oleic acid C 18:1, n-9; Al-Qazzaz et al.,
2016). The degree of unsaturated insect fatty acids is similar to fish oil, but insect fatty
acids are richer in polyunsaturated fatty acids (PUFA; De Foliart, 1991; Kieronczyk et
al., 2018). For example, T. molitor larvae contained high levels of unsaturated fatty acid
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and had suitable unsaturated fatty acid to saturated fatty acid ratio which may have
resulted in the maintenance of fat digestibility (Finke, 2002). The fat content of
H. illucens prepupae was around 32%, where the main fatty acid group was saturated
fatty acids (SFA) in which lauric acid (C12:0) was the predominant one (67% of total
SFA; Surendra et al., 2016). The larvae of H. illucens have the disadvantageous n-6/n-3
ratio (Woods et al., 2019). Nevertheless, the fatty acid profile of insects depends on the
growth substrate. Kieronczyk et al. (2020) reported that the organic wastes can modify
fatty acid profile and wheat bran compared to cabbage or carrots used as a substrate for
H. illucens production reduce the lauric acid (C12:0).

The insects also have sufficient content of copper, iron, magnesium, phosphorus,
and zinc for requirements of domestic birds (Barker et al., 1998). However, the majority
of insects had low concentrations of calcium to meet chicken dietary needs, but this is
important especially for laying hens, not for broiler chickens (Khusro et al., 2012).
Moreover, calcium to phosphorus ratio is mainly detrimental in insect meals is mainly
detrimental from nutritional issues, and due to this fact, it should be taken into
consideration during calculations of poultry diets.

Chitin

The chitin content can affect the digestibility and nutritional properties of insects.
Chitin is the most common form of fiber in insects (Al-Qazzaz et al., 2016); however,
due to the nitrogen absence is also analysed by Kjeldahl method as a crude protein and
is included to the nitrogen-to-protein conversion factor of 6.25, which overestimated the
protein content. Because of this reason, Janssen et al. (2017) suggested conversion factor
of 5.60 £ 0.39. Chitin is a polysaccharide (linear polymer of B-(1-4) N-acetyl-d-
glucosamine units) of the exoskeleton of anthropods (Sanchez-Muros et al., 2014).
Chitin has been considered as indigestible fibre for a long time. However, in some
mammals and birds like chickens the gastrointestinal tract (GIT) produces enzyme
chitinase (in chickens in the proventriculus and hepatocytes, Suzuki et al., 2002), which
degrades chitin into its derivatives chitosan, chitooligosaccharides, and chitooligomers
that are easily absorbed into blood circulation (Borrelli et al., 2017; Tabata et al., 2017).
Kramer et al. (1995) showed that the chitin content creates up to 40% of the exuvial dry
mass depending on the insect species and its stages and differs with the cuticle types.
Average chitin yields were 18.01% and 4.92% of dry weight from the exuvium and
whole body of the T. molitor larvae (Song et al., 2018). The chitin composition depends
on species and development stadium of insect (Al-Qazzaz et al., 2016).

On the other hand, chitin have a positive effect on the functioning of the immune
system and thus on the health in poultry. Prebiotic effect of chitin was observed by
increasing caecal production of butyric acid (Bovera et al., 2010; Khempaka et al., 2011),
by improving the immune response of birds (Bovera et al., 2015) or due to lowering the
albumin to globulin ratio (Loponte et al., 2017). Chitin and its derivatives can help to
maintain a balanced and the healthy GIT microbiota that keeps the amounts of potentially
pathogenic bacteria (for example Escherichia coli, Salmonella typhimurium) low
(Benhabiles et al., 2012) and decreases the risk of intestinal diseases. By reducing the
number of pathogenic microbiota, chitin encourages the proliferation of commensal
bacteria. A positive effect of chitin on increasing population of Bifidobacteria and
Lactobacillus spp. showed Lee et al. (2002) and van Huis et al. (2013), who also stated
that diet containing 3% of chitin decreased Escherichia coli and Salmonella spp. in the
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intestine. Chitin also has antifungal and antimicrobial properties (Khoushab &
Yamabhai, 2010).

INSECT MEALS ANTIMICROBIAL PROPERTIES

Various populations of microbiota colonize all segments of the GIT in poultry
(Jozefiak & Engberg, 2017). The main taxa of the broiler chickens GIT are cellulolytic
and amylolytic Clostridia, Bacillus spp., Lactobacillus spp., and Enterococcus spp. GIT
microbiota seems to be crucial for GIT health determination, can affect intestinal
morphology through modifications of villus height and crypt depth, and may modulate
synthesis and composition of mucins (Forder et al., 2007). Mucins constitute a digestion-
and absorption-assisting medium and represent the first line of protection against
bacteria and other pathogens (Forstner & Forstner, 1994). The GIT microbiota is mainly
influenced by the nutrition. Insects have high medium chain fatty acids (MCFAs) and
lauric acid (C12:0) contents (Spranghers et al., 2017). MCFAs have been shown to
improve the intestinal morphology and function, through their beneficial effects on crypt
cell renewal (Jenkins & Thompson, 1993). On the other hand, Spranghers et al. (2018) in
their study did not detect the differences in small intestine morphology between piglets
under various diets. MCFAs have also antimicrobial effect on GIT microbiota, while
lauric acid (C12:0) is particularly active against Gram-positive bacteria. The
antimicrobial activity of MCFAs and lauric acid is related to the reduction of pH. In the
proximal small intestine with pH from 4.0 to 6.0, most of the lauric acid will be
undissociated, and can freely penetrate though the peptidoglycan membrane of the
Gram-positive bacteria into the cytoplasm (Spranghers et al., 2018). In the in vitro
experiment, Spranghers et al. (2018) exhibited that the high amount of lauric acid in the
H. illucens fat extracts had antimicrobial effect against D-streptococci, but no effect on
coliforms.

In addition to the above-mentioned positive effect of chitin, MCFAs, and lauric
acid on the immune system, insects are also able to synthesize antimicrobial peptides
(AMPs) which have revealed a broad spectrum of activity against both Gram-positive
and Gram-negative bacteria, fungi, and viruses. Moreover, this activity does not lead to
the development of natural bacterial resistance (J6zefiak & Engberg, 2017). Benzertiha
et al. (2019b) showed that AMPs are probably responsible for decrease of bursa of
Fabricius size playing an important role in the differentiation of B-lymphocytes. J6zefiak
et al. (2018) found that inclusion of small amounts (0.05 to 0.2%) of insect full-fat meals
can modulate the microbiota composition of the GIT in the broiler chickens and do not
result in the development of natural bacterial resistance. Biasato et al. (2018b) showed
in the caeca of free-range chickens fed with T. molitor the most predominant genera
Bacteroides, unclassified members of Bacteroidales order, Clostridium and
Ruminococcus. The genera Clostridium and Ruminococcus produce organic acids,
including butyrate, acetate, lactate or formate (Jézefiak et al., 2018). Furthermore,
Ruminococcus genus can produce other short chain fatty acids, which are an important
source of energy for enterocytes and are vital for intestinal health (Biasato et al., 2018b).
In chickens fed with T. molitor meal increased the number of Clostridium, Oscillospira,
Ruminococcus, Coprococcus and Sutterella genera in their caecal community (Biasato
et al., 2018b). Clostridium genus, Oscillospira and Coprococcus include bacteria
capable of producing butyrate that have a positive role on intestinal villus structure and
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pathogen control as mentioned above. Jozefiak et al. (2018) reported that greater quantity
of Clostridium leptum and Eubacterium rectale in chickens fed with insect meals can be
a good indicator of the butyrate-producing microbiota, which indirectly affect epithelial
cell structure and function, particularly in the lower regions of the GIT (J6zefiak et al.,
2018). The illeal digesta of the broiler chickens from treatment supplemented with insect
meals had the highest counts of Clostridium coccoides-Eubacterium rectale cluster and
Lactobacillus spp./Enterococcus spp. Counts increased with the addition of T. molitor
meal. H. illucens supplementation increase Bacteroides-Prevotella, Clostridium
coccoides—Eubacterium rectale cluster and Streptococcus spp./Lactococcus spp. in the
caeca (Jozefiak et al., 2018). C. coccoides are commensal GIT microbiota and are
considered a group of bacteria playing important role in immunology, nutrition, and
pathological processes (Jozefiak et al., 2019). Free-range chickens fed with T. molitor
meal showed increased abundances of Firmicutes and decreased abundances of
Bacteroidetes phyla, and higher Firmicutes:Bacteroidetes ratios. Firmicutes phylum
have an important role in the digestion of feed and the host health, while greater
Firmicutes:Bacteroidetes ratios have been related to bacterial profile with higher
capacity of energy harvesting (Biasato et al., 2018b).

The increased levels of commensal bacteria can have beneficial effect on health
due to immune system stimulation. The results of Jozefiak et al. (2018) showed that the
low inclusion of the insect full-fat meals affected GIT microbiome and decreased the pH
value in the crop and in caeca. This acidification can reveal the potential bacteriostatic
role of insect meals in the GIT of poultry.

NUTRIENT DIGESTIBILITY

The nutrient concentration of insects depends on their life stage, rearing conditions
and the substrate used for insect production (Makkar et al., 2014). Measuring
digestibility is a way how to estimate the availability of nutrients.

Results of the digestibility trial of Woods et al. (2019) showed a higher apparent
digestibility for dry matter and organic matter for H. illucens larvae fed quail compare
to the control fed group. Contrary, Bovera et al. (2016) found 2% lower ileal digestibility
coefficients of dry matter and organic matter in broilers fed the T. molitor diet than those
fed the soybean diet. In laying hens, Cutrignelli et al. (2018) detected the reduced
coefficients of the apparent ileal digestibility (AID) of dry and organic matter when fed
the H. illucens meal diet. This decreasing were according to these authors mainly due to
the strong reduction of the crude protein digestibility that was related to the presence of
the chitin in the insect meals, which negatively influences the crude protein digestibility.
If we compare digestibility coefficients of the dry matter between T. molitor meal and
H. illucens meal, no differences were found (De Marco et al., 2015).

Woods et al. (2019) observed a higher apparent metabolizable energy for
H. illucens larvae fed quail compare to the control fed group. Nevertheless, in this study,
H. illucens meal has resulted more digestible than the 7. molitor meal in case of fat.
Similar results showed Benzertiha et al. (2019a) who did not find the differences among
T. molitor oil and palm oil on AID of crude fat, and metabolizable energy. The apparent
metabolizable energy of the 7. molitor meal and H. illucens meal (De Marco et al., 2015)
was higher than all the ingredients normally used in poultry feeds.
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Hwangbo et al. (2009) in their experiment fed 4-week old chickens with a diet
substituting 300 g kg dried M. domestica and found very high apparent digestibility
coefficient of crude protein for M. domestica larvae (0.98) compared to soybean.
Pretorius (2011) substituted 500 g kg of a maize meal-based diet with M. domestica
larvae meal for 3-week old broiler chickens and detected a crude protein digestibility of
0.69. De Marco et al. (2015) found no difference between 7. molitor meal and H. illucens
meal in digestibility coefficient of the crude protein. Benzertiha et al. (2019a) studied
the T. molitor oil as total replacement for palm oil in chicken diet. They observed no
effect on apparent crude protein digestibility in chickens. On the other hand, Schiavone
et al. (2014) observed lower crude protein digestibility when chickens were fed
T. molitor larvae as well as Bovera et al. (2016) who found 8.2% lower crude protein
digestibility in chickens fed 7. molitor compared to soybean diet.

De Marco et al. (2015) found that the AID of amino acids in the T. molitor meal
was higher and showed less variation than in the H. illucens meal. In this study, threonine
(0.80) and methionine (0.80) for T. molitor, and methionine (0.42) and isoleucine (0.45)
for H. illucens were the least digested indispensable amino acids. The AID coefficients
of the indispensable amino acids (phenylalanine and arginine in the T. molitor meal, and
arginine and histidine in the H. illucens meal) was greater than 0.80.

According to above-mentioned results, insect meals can be alternative crude protein
source for soybean meal or fishmeal.

INSECTS IN POULTRY NUTRITION

Insects in various stages (adult, larval and pupal forms) are naturally consumed by
wild bird and free-range poultry (Biasato et al., 2018a).

Birds including chickens have a low taste bud number and thus low taste acuity
compared to mammals (Liu et al., 2011). Chickens have different sensitivities to the
bitter taste (Woods et al., 2019). Cullere et al. (2016) made a feed-choice test in quails
and observed that the birds preferred the diet including H. illucens meal compared to
soybean meal. In particular studies, insects are fed to poultry in the form of meal or oil,
but according to Moula et al. (2017), feeding life insects may be more adequate than
after processing. On the other hand, some insects cannot be used directly because they
secrete toxins or harmful minerals (Vijver et al., 2003). Therefore, they should be
processed to make them safe for use in poultry diets. Live insects can also be difficult
for handling and incompatible with automated feeding systems and can act as vectors in
the transmission of infectious and viral diseases (Khusro et al., 2012). Live insects also
may be difficult to mix them with ingredients in the diet, so processed insects can be
easier to handle (Al-Qazzaz et al., 2016).

Pretorius (2011) showed that the housefly larvae can be added at the level of 25%
of diet without negative effect on growth and feed efficiency which means that insect
meals can replace other crude protein sources such as soybean meal or fishmeal. Johnson
& Boyce (1990) revealed that increasing amount of insect meal added in the diet
improved survival and growth rate of chickens. Mortality of quails was not affected by
the inclusion of 10% dried H. illucens larvae (Woods et al., 2019). Correspondingly, the
results obtained by Kareem et al. (2018) showed that excreta Enterobacteriaceae count
was lower in birds fed with larvae meal supplemented diets than the control.
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THE GROWTH PERFORMANCE

Insect meals can affect the growth performance, and the level of influence depends
on the added insect meals amount and its quality.

The effect of insect meals in the diet on body growth can be due to the different
impact on the digestive system and the GIT microbiota modulation. Ballitoc & Sun
(2013) found that the small intestine weight increased at up to 10% when the broilers fed
T. molitor compared to control. The results of Bovera et al. (2016) showed that the length
and weight of ileum and caeca increased when chickens were fed with T. molitor larvae
meal supplementation.

In the final phase of nutrient digestion, morphology of intestine plays the main role.
Villus height and crypt depth are microscopic structure parameters that are good
indicators of intestinal development, health and functionality, and influencing nutrient
digestion and absorption (Schiavone et al., 2018). If the digestibility of nutrients is
limited, it resulted in the increasing villi length and the villi to crypt ratio in the
duodenum and jejunum and thereby increasing area for nutrient absorption (Laudadio et
al., 2012; Zeitz et al., 2015). However, the changes in morphology, length and weight of
intestine depends on the protein source-level substitution with insect meals and on the
insect species. Biasato et al. (2018a) observed in the birds fed with 15% level of
T. molitor inclusion shorter villi, deeper crypts compared to 5% level of T. molitor
inclusion or control. According to Bovera et al. (2010), chitin contained in insect meals
in a broiler diet increased in caeca the production of butyric volatile fatty acid which is
considered the prime enterocyte energy source and can stimulate the growth of ileal
mucosal cells and thus to have an impact on the body growth.

Despite the effect of feeding the insect meals on the structure and length of the
intestines, the effect on growth itself is not clear. Some authors did not find the influence
of insect meals on growth. No effect of T. molitor inclusion level from 5 to 10% in partial
substitution of soybean meal on growth performance was detected by Ramos-Elorduy et
al. (2002) in fast-growing chickens as well as Biasato et al. (2016) in medium-growing
chickens, who substituted 7.5% of corn gluten meal with T. molitor meal. Likewise,
Kieronczyk et al. (2018) replaced soybean oil by T. molitor oil or Z. morio oil and they
did not detect effect on growth, as well as Schiavone et al. (2017; 2018) in case of
H. illucens oil supplementation. Similar results observed also Benzertiha et al. (2019a)
who used T. molitor oil to replace palm oil in the diet of chickens. Cullere et al. (2016)
reported no difference in daily weight gain in quails fed deffated H. illucens meal and
control group. On the other hand, Bovera et al. (2015, 2016) showed improved growth
performance when 29.6% of soybean meal was replaced by T. molitor meal, and also
Khan et al. (2018) reported significantly higher weight gain in birds by substituting
insect meals. Moreover, Biasato et al. (2018a) detected that the live weight of the birds
improved with increasing level of T. molitor meal in feed. Similarly, higher live weight
of chickens fed with mealworm showed Khan et al. (2018) or Altmann et al. (2018) for
chickens fed with the diet containing H. illucens larvae meal. On the other hand, Bovera
et al. (2015) examined a 30% T. molitor meal inclusion (equal to a 100% soybean meal
replacement) in broiler diets, and they did not detect any differences in live weight after
a 64-day feeding trial. Correspondingly, Awoniyi et al. (2003) showed that the replacement
of fishmeal with larvae meal in broiler diets did not influence live weight. It seems that
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the influence of growth and thus live weight depends on the insect species and on the
protein source-level substitution with insect meals.

Cullere et al. (2016) reported no difference in average daily feed intake (FI) from
the conventional feed when intensively reared growing quails were fed on defatted
H. illucens meal. Similarly, daily FI was not influenced by the partial or total
replacement of soybean oil by H. illucens larvae fat (Schiavone et al., 2018). Broiler
chickens fed with mealworm exhibited lower FI compared to those fed with soybean
(Khan et al. (2016, 2018)). The lower FI in chicken can be attributed to the high lipid
content (Poorghasemi et al., 2013) or higher crude protein percentage of insect meals
(Makkar et al., 2014). On the other, Kieronczyk et al. (2018) have stated that the
energetic value of T. molitor oil is similar to soybean oil. Chickens fed the diet with T.
molitor meal had better feed conversion ratio (FCR) compared to the control group
(Bovera et al., 2016). Moreover, Khan et al. (2018) evaluated different insects and found
that FCR improved in T. molitor-substituted group followed by silkworm, M. domestica
meal and soybean meal. Better FCR can be due to efficient utilization of crude protein
and quality of amino acids.

CARCASS TRAITS

Most of the studies did not find significant differences in carcass traits of young
chickens when fly larvae or pupae replaced soybean meal. No effect on carcass traits
was observed after house M. domestica meal was added to the diet of broiler chickens
(Hwangbo et al., 2009). Similarly, T. molitor meal inclusion did not affect the carcass
traits of experimental groups in the trial of Bovera et al. (2016) or Biasato et al. (2016,
2018a). Contrary, in the study of Pieterse et al. (2014) animal protein-based diets (i.e.
fishmeal and larvae meal) resulted in heavier carcasses compared to soy-based diet.
Likewise, Altmann et al. (2018) detected heavier carcass in chickens fed with diet where
50% of the soy-based protein was substituted by H. illucens larval meal than in control
group, probably because of H. illucens meal diet was substantially higher in crude
protein and ether extract and chickens fed with this diet had higher final live weight.

When fishmeal was replaced by larvae meal in broiler diets, the dressing out
percentage was not affected (Awoniyi et al., 2003). In agreement, Cullere et al. (2016)
fed broiler quails on 0, 10, and 15% inclusion levels of H. illucens meal and did not find
a difference between the conventional and insect-based diet on dressing out percentage.
On the other hand, Hwangbo et al. (2009) observed higher dressing percentages for
broilers fed house fly meal included at levels from 5% to 20%.

The results of the percentage of the main valuable parts in poultry fed insect meals
are ambiguous. Awonyi et al. (2011) showed no effect of replacement fishmeal by larvae
meal on muscle yield. Cullere et al. (2016), Onsongo et al. (2018) and Kareem et al.
(2018) did not observe the effect of H. illucens meal inclusion on breast meat percentage
in quails or chickens, respectively. However, when soy-based diet was partially replaced
with insect meals, it resulted in higher breast and thigh muscle weights (Hwangbo et al.,
2009) or higher breast meat percentage (Pieterse et al., 2014).
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MEAT QUALITY

Meat quality can be described by chemical composition, physical meat
characteristics (pH value, colour, tenderness) or sensory value. The chemical
composition of meat can be influenced by the crude protein and energetic concentrations
in the diet, whereas the impact of the crude protein source is still unclear (Ozek et al.,
2003). Regarding the change of protein in the diet, Pieterse et al. (2014) and Bovera et
al. (2016) found that when the soybean meal was completely replaced by T. molitor meal
as a crude protein source, it did not affect the proximate composition of meat. Pieterse
et al. (2019) showed that the inclusion of H. illucens meal in the broiler chicken diet did
not influence moisture, crude protein, fat and ash content of cooked meat. The
assimilation of dietary fats by chickens is higher for unsaturated than for saturated fatty
acids (SFA). Unsaturated fatty acids spontaneously formed mixed micelles with
monoglycerides and conjugated bile salts and then are transported to the mucosal surface
where they are absorbed by the small intestine (Tancharoenrat et al., 2014). With
increasing H. illucens larvae inclusion rate, the proportion of SFA in breast meat of
broiler chickens enlarged to the detriment of the PUFA fraction. PUFA are responsible
for various functions in the body and are precursors of cellular functions molecules
(Abdulla et al., 2019). T. molitor oil supplementation increased n-3 and n-6 fatty acids
in breast meat of chickens (Benzertiha et al., 2019a). On the contrary, MUFA fraction
was unaffected (Schiavone et al., 2017). It seems that insect meals used in broiler
chickens have the potential to produce meat with comparable chemical traits compared
to those fed diets containing traditional feed ingredients (Pieterse et al., 2019).

From physical meat properties, the pH value is important for the detection of meat
defects like PSE (pale, soft, exudative meat) if the pH value measured 15 minutes post
mortem is lower than 5.6. Cullere et al. (2016) obtained that quails fed H. illucens at 10
or 15% had a pH value of around 5.67, that is slightly lower than in control group fed
soy-based diet. On the other hand, according to the study of Bovera et al. (2016), poultry
fed with insect meals had higher pH value. In contrast, Pieterse et al. (2019) showed that
no treatment differences were found regarding to the initial and ultimate pH of the thigh
muscles. Despite this, the addition of insect meals did not lead to negative changes in
pH values that could indicate meat defects.

Nutrition can also affect meat colour, as it is the main sources of pigments in animal
life. Consumers consider meat colour an important quality clue at the point of purchase
(Fletcher, 1999). Secci et al. (2018) have recently found that 1 kg of H. illucens larval
meal contained around 42 g of total tocopherols and 2 mg of total carotenoids. The
pigments in animal feeding are derived from all the ingredients utilized for the
formulation. No significant treatment differences for colour were observed regarding the
colour characteristics of the broiler breast muscle (Fletcher, 1999). Secci et al. (2018)
did not find any differences in meat colour parameters between barbary partridge fed
with soybean meal, insect meals or vegetable oils.

Another meat quality parameter important for the consumer is meat tenderness,
which was not affected by the introduction of insect meals in the diet (Bovera et al.,
2016; Pieterse et al., 2019). Water holding capacity of meat can be described by the drip
loss or cooking loss when the meat is heat-treated. Drip loss was the lowest for the
larvae-fed samples compared to those with soybean (Pieterse et al., 2014). However,
when meat was heat-treated poultry fed with insect meals had higher cooking losses
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(Bovera et al., 2016). In another study, no significant treatment differences were found
for thaw loss and cooking loss (Pieterse et al., 2019).

Broilers are monogastric animals, any variation in the chemical composition of the
feeds could potentially influence (positively or negatively) the sensory profile of the
meat (Pieterse et al., 2019). According to the study of Hwangbo et al. (2009), the
organoleptic characteristics of broiler meat were not affected by insect meals in the diet.
Likewise, the sensory test of Onsongo et al. (2018) suggests that inclusion of H. illucens
meal in broiler diets does not affect consumer preference for broiler chicken breast meat
consumption because the insect meals inclusion did not change the taste and aroma of
the meat as well as in study of Pieterse et al. (2019).

On the other hand, fresh chicken breast filets score had the most intensive flavour
in H. illucens fed group (Altmann et al., 2018). The larvae-fed meat samples scored
significantly higher for sustained juiciness compared to the soy and fish meal-fed
samples and it also provides an indication that broilers fed larvae meal could have juicier
meat (Pieterse et al., 2014).

Therefore, it can be concluded that the substitution of soy-based protein with insect
meals expressed very modest or no changes in the meat quality for many of the meat
quality parameters.

SAFETY

Safety aspects of insects for feed production are not well-known until now. Insects
can receive certain substances from the feed or growing substrate. Goumperis (2012)
reported potential hazards of insects for feed production. Feed for insects can be
contaminated with mycotoxins, heavy metals, pesticides etc. (Van der Spiegel et al.,
2013). Mycotoxins from feed or substrate for insects rearing can affect the growth,
inhibit larval development or increase mortality of insects. Consumption of mycotoxin-
contaminated insect can present a risk to animals. However, Schrogel & Witjen (2019)
reviewed the effect of mycotoxins on insect safety. These authors showed that no
accumulation of various mycotoxin concentration was observed in different feeding
experiments with various insect species; even up, the mycotoxin concentration in
substrate was 25-times more than maximum limit. According to results, it is better to starve
insect of at least 24 hours before harvesting to eliminate mycotoxins in the insect’s body.

Toxicity of heavy metals (e.g., cadmium, arsenic, cobalt, copper, nickel etc.) is due
to interference with vital cellular components. Vijver et al. (2003) showed upon the
update and accumulation of heavy metals (cadmium, copper, lead, zinc) from soil by
T. molitor larvae. If the level of contaminants were very low, no additional hazard to
animals or animal products was expected (Schrogel &Witjen, 2019). According to the
review of these authors, H. illucens is capable to accumulate cadmium and T. molitor
accumulates arsenic. Diener et al. (2015) showed that the insect larvae could accumulate
some heavy metals in their body, such as cadmium or plumbum immobilized in the
exoskeleton. Accumulation of heavy metals occurred to varying outspread dependent on
metal type, insect species and its stages. The contamination is especially for the insect
adults which eats grass.

Potential risk of the insects themselves can be allergens, pesticides, contaminant or
pathogens (Van der Spiegel et al., 2013). Insects also contained chemical defence
substances as toxins produced by the exocrine gland. The presence of pathogenic
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microorganisms in insects used as feed or its constituent presents a potential health risk
that can be prevented by farming or processing conditions (Rumpold & Schliiter, 2013).
The prevention of these risks is rearing insects on pollutant-free substrate.

On the other hand, Jin et al. (2016) did not detect the effect of mealworm on blood
IgG and IgA concentration as an immune response. Benzertiha et al. (2019b) showed
that the small amount of T. molitor and Z. morio (0.2 and 0.3%) full-fat meals to the diet
of broiler chickens decreased the levels of IgM and IgY and may have a significant effect
on the immune response. According to these authors, the antimicrobial effects of insect
components such as chitin and antimicrobial peptides could explain this effect. Belluco
et al. (2013) showed that insects have no additional hazards compared to usually
consumed animal products. Likewise, T. molitor meal inclusion did not impair the blood
parameters, which verifies the safety of insect meals inclusion in poultry diet (Bovera et
al., 2015; Biasato et al., 2018a).

CONCLUSIONS

Overall, the literature reviews verify that insect meals contain sufficient nutrients
for Dbroiler production and have no negative effect on most of carcass and meat
characteristics. Insect meals can be suitable alternative protein source for the feeding of
chickens. However, in the European Union, the insect meals are defined as processed
animal protein and its utilization in livestock nutrition is banned.

If the feeding will be allowed, the limited quantity of produced insects could be a
significant obstacle. Likewise, the prices for insect meals are presently high and it is
necessary to develop automated process technologies for rearing and harvesting
(Rumpold & Schliiter, 2013; Jozefiak et al., 2016). Therefore, further research is needed
to maintain safety and good technological practices for the possible production of insects
as a source for poultry feed.
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Abstract. The theoretical and experimental research into the micro-damaging of cereal crop seeds
in the process of their harvesting by combine grain harvesters in relation to the strains, forces and
stresses imparted to them by the threshing tools has been carried out. The propagation of
deformations and cracks in the seeds as well as the nature of their strength and the damage that
is sustained, when the critical load is applied, have been investigated. It has been established that
the onset of cracks, the direction of their propagation and their quantity in the bodies of grain
seeds depends in the majority of cases on the direction of action of the external forces and the
specifics of the seeds’ internal biological properties. It has been established that the strength of
the grain seed is, apart from the arisen cracks, also under the significant effect of the microtraumas
in the germ, endosperm as well as the seed coat and shell. Theoretical calculations have been
carried out on the PC and the effect that the drum and rotor threshing apparatus have on the
deformation and damage sustained by cereal crop seeds has been substantiated. The said
calculations and the obtained graphic relations support the results of the experimental
investigations and prove that the macro- and especially micro-damage sustained by the seeds of
winter wheat and rye is different, when they are threshed with the use of different types of
threshing apparatus, which has a considerable impact on the final quality of the harvested cereal
crop seeds. The results obtained in the experimental investigations, field and laboratory tests on
the topic of the effect of mechanical loading on the sustained damage and quality of seeds indicate
that the damage rate accounted for the work processes of the reaping and postharvest treatment
of the cereal crop heaps of different winter wheat varieties with the use of rotor threshing
apparatus is 3.1% as compared to the drum threshing apparatus — 6.4%, that is, 2 times lower.
The total amount of the seeds with microtraumas collected in the hopper after threshing amounts
to 23.0% and 54.0%, respectively, which is a significant difference. Similar results have been
obtained in the experimental investigations on the effect of the equipment on the sustained
damage and quality of seeds in the cleaning, chemical treatment and sowing of cereal crops.

Key words: damage, deformation, drum and rotor threshing apparatus, grain, quality, seed,
strength.
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INTRODUCTION

It is common knowledge that winter wheat, rye and other most important valuable
cereal crops that occupy large areas of cultivated land play a significant part in, first of
all, the food procurement. Therefore, it is of vital necessity to provide for the production
of seeds with high quality indices (Harms & Meier, 2006).

In the second half of the last century, research scientists, plant breeders and
producers proved and justified the fact that only high quality seeds, subject to all other
provisions being equal, provide for the generation of the major part of the further harvest
(Vasilenko, 1960). At the same time, the important fact to be pointed out is that there is
certain lagging in the development, production and implementation of advanced
equipment and technologies for the gathering and postharvest processing of the grain
heap, the preparation, transportation, loading and chemical treatment of the seeds and
their sowing (Derevyanko et al., 2012; Derevyanko, 2015; Golovvach et al., 2017).

The completed investigations (Drincha, 2006; Derevyanko et al., 2017) have
proved that the reduction of the effect that the tools in the equipment have on the process
of damaging the caryopses in the course of the performed work processes contributes to
substantial improvement of the seed quality indices and growth of the cereal crop yield.

The macro- and micro-damaging, partial and complete breaking of caryopses result
from their exposure to mechanical loading in many elements of the work process,
starting from the gathering and processing and finishing by the later drilling.

The studies by Golovach et al. (2017), Derevyanko et al. (2012, 2015, 2017),
Fadeyev (2015a, 2015b), Pugachov (1976), Strona (1974), Tarasenko (2003) and others
indicate that the caryopses damage rate at the threshing stage exceeds 20%, while at the
stages of the further processing of the grain heap and the preparation of the seeds for
drilling the damage rate increases significantly, reaching sometimes levels of 60-80%.

According to the data by Drincha (1997, 2006), the rate of damage inflicted on the
caryopses at the threshing stage amounts sometimes to 30-35%, while during their
preparation even to more than 50%, depending on the moisture content and structure of
the grain heap and the mechanical loading.

In recent years, considerable efforts were made by Fadeyev (2015a) for developing
conceptually new cleaning and grading units and processing lines and implementing
them in the production.

In the formation of the fundamental scientific basis for the theory of interaction
between the working surfaces of mechanisms and various materials, including grain
mass, a significant contribution has been Vasilenko (1960), Goncharov (1963), Chazov
et al., 1981; Adams et al., (1993), Kutzbach et al., 1996; Beck (1999), Drincha (1997;
2006), Strona (1974), Maertens & De Baerdemaeker, (2003), Tarasenko (2003),
Tischenko et al. (2011), Miu & Kutzbach, (2008) and Miu (2016).

The intensity of pressing the seeds down and, accordingly, their micro-damaging
during the contact between the caryopses and the working surface of the screw, if
considered in relation to the angle of helix, has the lowest value, when the said helix
angle stays within the range of a = 5-10°. When the helix angle exceeds 15°, the intensity
of the growth is proportional to the angle of helix of the screw turns (Derevyanko, 2015,
2017).
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The research by Derevyanko (2015 and 2017) proves that the intensity at which the
seeds are pressed and, accordingly, the levels of micro-damage that are inflicted upon
then during contact between the caryopses and the screw’s working surface, when
considered in relation to the angle of helix, has the lowest value when said helix angle
remains within the range of a = 5-10°. When the helix angle exceeds 15°, the intensity
of the growth of micro-damage is proportional to the angle of the helix in the screw’s
turns.

Thus, the profound and comprehensive research into the physical mechanical and
biological features of seeds and the development of new technologies together with the
modernisation of the tools in order to provide for the minimum amount of caryopses
micro-damaging are the efforts that will ensure the production of high quality seeds in
compliance with the agricultural engineering requirements and standards.

The aim of this study is to improve the quality of seed separation, and to reduce
seed damage rates in all stages of the harvesting process where a grain harvester is used,
by way of defining separator tool types and the operating modes in which they are used,
and also by developing equipment that is needed for the implementation of such
processes in production operations.

MATERIALS AND METHODS

The impact produced by the deformation, the strength and the damaging of cereal
crop seeds during the work processes of their handling from the gathering to the drilling
was investigated with the use of the
standard methods based on the
appropriate sampling and examination
of seeds with the use of a tensile-
compression test machine (Fig. 1) and
a microscope (Fig. 2).

The tensile-compression  test
machine (Fig. 1) has two drives which
can be used to apply a load onto the
seeds: one being electromechanical
and the hand-operated. For precisely-
defined loads, the study used manual
loading. The electromechanical drive
was used only for large differences in
jaw positions. The machine can also
store a graph in a PC showing the

loading operation. Figure 1. A tensile-compression test machine

TeSt_S that were carried out with Istron 5969 being used to assess the grain’s
the bursting machine were conducted compression resistance.

in the following sequence: firstly, the

seeds were placed into the bursting machine’s jaws. The load could be applied along the
longer or shorter axis of the seed. The seed was pressed until it burst. The pressure graph
was stored and was then used as a basis for determining the maximum compression load.
The maximum deviation for pressure measurements was 1%.
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The following parameters were determined for the seeds, from the image on the
microscope’s screen (Fig. 2): the form of endosperm and germ, and the number of cracks
and lesions on the endosperm and the germ. These parameters were stored on a PC.

The pneumatic separation unit
with rubber coating was improved by
introducing the rubber cladding of the
casing, which contributes to the
reduction of the seed damaging rate
and the improvement of the quality of
seeds.

The laboratory equipment for the
investigation of the effect the
mechanical factors have on the
strength and damaging of the caryopsis
was engineered. Figure 2. Microscope Axiolmager 2 for the

The theoretical investigations and macro and micro assessment of seeds.
calculations were done by way of the
mathematical modelling of the operation of equipment and the work processes, the
application of the fundamental laws of mechanics and the state-of-the-art computation
methods.

The experimental investigations were carried out under the laboratory and field
conditions with the use of field-collected samples of the winter wheat variation,
‘Odesskaya - 237’ (reproduction - elite).

Once the experimental studies were being conducted, any random variations in the
parameters being studied were assessed with the help of the variation coefficient E.
Based on its numerical value, the random variations of each parameter were assessed in
relation to their average values:

\

=2 &)

where ¢ — is the standard deviation of the parameter being studied; x — is the average
value of the parameter being studied.

The use of the variation coefficient £ in the studies made it possible to assess the
dispersion of values without being constrained by the scale of the parameter or its unit
of measurement. If the coefficient’s value was below 10%, the parameter’s variation was
considered negligible, while within the range of 10% to 20% it was placed at ‘medium’,
and above 20% it was classed as ‘significant’.

In accordance with the developed procedure of experimental investigations, the
number of samples taken in each type of combine at each frequency of rotation of its
threshing drum or rotor and for each variety of wheat was at least 100. Further, in each
of the taken samples the broken and micro-damaged caryopses were detected and
recorded following also a specially developed procedure in laboratory conditions with
the use of the Axiolmager 2 microscope with a magnification ratio of 25-1,000. That
said, it had been specially arranged that only grain material samples with the mass of
1,000 kernels equal to 42-54 grams were selected. In addition to that, the grain material
in the samples was analysed with the use of the standard set of instruments with respect

~ g
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to its gluten composition, which varied within the range of 28-32%, and protein
composition — 13.5-4.5%.

RESULTS AND DISCUSSION

In the performance of the work processes of gathering a cereal crop, processing the
grain heap, preparing the seeds and drilling them, it is necessary to take into account the
impact on the caryopsis of those external and internal factors, which give rise to stresses
in the caryopsis. The stresses, in their turn, induce the active displacement of the whole
organic mass and that causes the distances between individual parts to grow, which
results in the weakening of the strength, that is, the reduction of the resistance to breaking
of the whole caryopsis. It has also been established that in the further course of the work
process, the gradual increase of the mentioned impact takes place, which leads to the
growth of the distances between atoms and promotes the development of the conditions
that are favourable for overcoming the potential barrier in the transition from the stable
equilibrium condition to the unstable one, and later, the said distance between layers of
atoms becomes very large, creating all prerequisites for the rise of a slit-shaped
formation — the opening that does not close even after the load is removed.

However, the breaking of caryopses, i.e. the development of cracks in them, has to
be viewed as a process that takes place in two stages: the rise of the conditions for the
generation of the future crack, which implies the physical features of breaking, and the
development of its propagation, which involves the fracture mechanics. The
disintegration processes at each of these stages follow different patterns, but the relations
between these patterns have not until now been analysed sufficiently well. Meanwhile,
knowing these relations is exactly what would make it possible to fully understand the
process of damaging and especially the interrelation between macro-damaging and
micro-damaging.

Among the strength criteria, the conditions triggering the dangerous state at a
certain point within the time period under consideration — a topic of the classical theory
of failure, are of great importance.

Under a stable strain, the crack remains stationary under the action of constant
external loads. Accordingly, for the crack to start developing such loads have to increase,
that is, under the effect of changing external factors the damage grows and this happens,
when the intensity factor reaches its critical value. The start of the crack propagation, i.e.
the crossing of the fracturing boundary, is just that additional criterion needed for solving
the problem of the limit equilibrium of a solid with a crack.

Due to the fact that the progress of the process is gradual, a plastic zone emerges at
the end of the crack — that means that at the onset of the breaking process the forces are
not transmitted via it, but with the growth of the stress at the end of the breaking process
additional forces arise in the plastic deformation zone.

As a result of the growth and accumulation of such additional forces, the build-up
of micro-faults takes place in the plastic deformation zone and these micro-faults are the
basis for the development of conditions for the future rupture or crack formation
followed by the complete break-up.

Hence, the disintegration of the caryopsis occurs only in case the maximum stress
o caused by mechanical or other effects exceeds the permissible stress 1. Thus, in order
to avoid the caryopsis breaking, it is necessary to meet the condition ¢ < o1.
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In those cases, where several cracks of different lengths exist, the greatest threat is
constituted by the crack that is the first to start propagating. In all cases, the crack
propagation mechanism is uniform and operates with certain fluctuations.

The pattern of caryopses breaking, i.e. to what extent more often and in which plane
they break, depends on the propagation of the cracks and how many of them have under
the current external load reached the critical length. The direction, in which the crack
will propagate, depends in the majority of cases on the direction of the external loads
and the biologic state of the caryopsis.

On the basis of the above-mentioned, a conclusion can be made that the strength of
caryopses depends on their damaging and rise of cracks in them, while the increase of
the latters’ sizes causes the caryopses to break, i.e. to sustain macro-damage.

The analysis of the experimental data obtained by the authors makes it obvious that,
as the crack’s length increases, the force needed to break the caryopsis decreases (Fig. 3.
Similarly, the maximum stress needed for breaking, also becomes lower (Fig. 4).
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Figure 3. Effect of crack’s length on force Figure 4. Effect of crack’s length on
sufficient for breaking caryopsis. maximum stress.

The authors have also established that the strength of caryopses depends also on
the damaging of the germ, endosperm and seed coats, i.e. on the micro-damaging
(Table 1).

Table 1. Effect of various types of damaging on strength of caryopsis

Breaking Breaking Maximum
Type of damaging force deformation stress

P (N) AL (mm) o (Pa)
Knocked-out germ 46.5 0.15 3.46
Damaged endosperm 78.0 0.24 5.79
Damaged germ 84.4 0.22 6.30
Damaged coats of germ and endosperm 95.3 0.22 7.08
Damaged coat of endosperm 103.6 0.22 7.69
Damaged coat of germ 104.5 0.22 7.70
No damage after threshing 108.3 0.22 8.07
Variation factor % 14.2 9.6 12.8
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The analysis of the data presented in Table 1 proves that the caryopses, in which
the cracks have propagated to a depth of 0.25-0.75 of the endosperm size or deeper, have
significantly lower strength in comparison with those free from such damage.

Table 1 shows that the strength of caryopses is affected by the applied forces that
damage the germ, endosperm and coats.

The extent of any variations in the parameters being studied in Table 1 was
acceptable, ie. classed as being at medium, as evidenced by the variation coefficient not
exceeding 14.2%.

The maximum stress has effect on the growth of deformations, damaging and
breaking, i.e. the micro- and macro-damaging of caryopses.

Hence, the greater loading the caryopses suffer in the course of the work processes,
the lower their strength becomes and the greater possibility of their damaging arises.

During the theoretical, field and experimental research into the effect the tools in
the threshing machines of combine grain harvesters have on the damaging and quality
of caryopses, it was established that the primary areas, where the greatest damaging and
breaking was sustained by the caryopses, were situated at the points, where the grain
flow velocity vector changes sharply. In view of the fact that the vector can change in
terms of both its magnitude and direction, the area of the greatest damaging is located in
the first half of the threshing process.

Comparing the makeup of the first half of the threshing process in drum and rotor
threshing machines, it becomes obvious that this leg of the process is considerably more
‘economical’ in rotor threshers and that results in significantly lower caryopsis damaging
and breaking rates in them, as compared to the drum machines.

The damaging of caryopses results from the impact impulse, which can be
determined with the use of the impulse-momentum theorem for the case of impact
interaction written in the vector form (Derevyanko, 2015):

m\72 - m\71 = §(t) ' (2)
where S(t) = fttlz F (t)dt — impact impulse; V; and V, — velocity vectors of the grain

heap element before its interaction with the beaters in the threshing machine and after
passing them, respectively.
The Eqg. (2) in terms of its projections on the Cartesian axes appears as follows:

mVZx - mle = Sx(t) ) 3
mV,, —mV, =3 (t). 3

By using the above-mentioned theorem, from the Eqgs (3) the authors have derived
analytically the ratio P between the impact impulses generated in the first half of the

threshing process by the drum apparatus and the similar impact impulses in the rotor
thresher, which has the following form:

o_ VP +V5 +2VV, sin 3
2
V? + (Vg sina) = vV, sina -cos(a + B)

where 8 — angle between the velocity vector V/; (i.e. the velocity of grain particles before
colliding with the beater bar in the drum thresher or with the rotor in the rotary axial
threshing and separating machine) before the impact and the horizontal; o — angle

’ (4)
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between the velocity vector ¥, and the horizontal; V,,S — circumferential velocity of
rotation of the drum or the rotor; also, V; = Vs - sina

As a result of the subsequent calculations, it has been established that the value of
the impact impulse generated, when using drum threshing and separating machines, is
considerably higher than that in case of using rotor threshers.

The experimental data for the damage sustained by grain during its threshing in the
DON-1500B combine grain harvesters with drum type threshing apparatus and the rotor
type threshing and separating apparatus of the John Deere S760 harvesters have been
analysed statistically. The analysis of the caryopsis damage rates in relation to the
rotation frequencies of the drum and rotor threshing machines presented in Tables 2 and
3 in percentages (i.e. caryopsis micro-damaging and breaking) The said data were
obtained as a result of the field experimental investigations carried out in the same
conditions by means of threshing with the use of a drum thresher-separator and with the
use of a rotor threshing and separating machine and sampling the grain immediately after
the threshing. The grain moisture content during the threshing and at the time of
sampling was measured with high accuracy and its value was within the range of
13.5-21.5%. The rotation frequencies of the threshing and separating machines in both
types of combine grain harvesters were set up at different levels and monitored and
recorded in the PC with the use of special sensing elements.

Table 2. Damage inflicted on caryopses by drum threshing apparatus in DON-1500B combine
grain harvester

Indicator Caryopsis damage rate (%) E
Drum apparatus revolutions 600 700 750 800 820 900 980 -
(rpm)

Broken caryopses 0.79 0.81 1.36 144 3.28 4.97 6.14 9.6

Micro-damaged caryopses 26.40 26.86 28.40 31.22 36.60 42.40 5270 8.8

The extent was negligible of variations in the parameters being studied in Table 2
and Table 3, as evidenced by the variation coefficient not exceeding 10.2%.

Table 3. Damage inflicted on caryopses by rotor threshing apparatus in John Deere S760
combine grain harvester

Indicator Caryopsis damage rate (%) E
Rotor apparatus revolutions 600 700 750 800 840 900 980 -
(rpm)

Broken caryopses 0.07 0.17 0.11 0.23 0.75 0.95 2.08 10.2

Micro-damaged caryopses 21.38 24.29 25.07 26.35 28.37 30.12 3195 9.6

The diagram in Fig. 5 shows the graphic relations between the percentage rates of
the caryopses broken by the threshing apparatus of the drum and rotor types and the
rotation frequencies of the drum and rotor, respectively.

The graphic relations between the percentage rates of the caryopses micro-damaged
by the threshing apparatus of the drum and rotor types and their rotation frequencies are
shown in Fig. 6.
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The extensive experimental, field and laboratory investigations of the effect
produced by the mechanical loads applied during the work processes from the harvesting
to the drilling, which have for several years been carried out in various farm units of the
Ukrainian Forest Steppe and Polesye with various cereal crops, give evidence of the
substantial difference in the micro-damaging of winter wheat seeds harvested with
combine grain harvesters equipped with drum threshing machines, as compared to their
harvesting with the use of combine grain harvesters with rotor threshing apparatus
(Table 4). For example, in the PP Ukraine in the Zhitomir Oblast, the amount of macro-
damaging increases to 6.4% after the threshing in a combine grain harvester equipped
with a drum thresher, while in a combine grain harvester with a rotor threshing machine
it reaches only 3.1%, which means a more than two-fold difference.

Table 4. Damage sustained by winter wheat seeds during their harvesting with the use of combine
grain harvesters with drum and rotor threshing apparatus

Micro-damage, %

Earm unit Extgmi- S/Iacro— iermk - gotal . Cg)rrgjpositf
. nation amage, Knocke amage & e index o
(wheat variety) stages % ’ out Damaged o bra% = damage
PP Ukraine, in header 3.2 2.2 4.0 22.4 776 1491
Zhitomir Oblast  after drum 6.4 4.0 6.2 41.6 58.4 25.52
(Odesskaya —237) in hopper 7.8 4.6 7.8 54.0 45.0 31.64
SVK Mayak in header 2.8 1.8 2.4 17.2 82.2 6.28
Vinnitsa Oblast  after rotor 3.1 2.2 2.8 21.2 79.8 8.24
(Odesskaya —237) in hopper 3.9 2.9 3.1 23.0 77.0 9.23
Variation factor % 10.4 8.8 9.6 12.2 11.8 124

As is obvious from the data in Table 4, the total amount of the seeds with micro-
damage in the hopper of the combine grain harvester equipped with a drum threshing
machine is equal to 54.0%, while in the output of the combine grain harvester with a
rotor threshing machine they total 23%. These figures indicate an obvious and substantial
difference, that is, a two-fold increase, which is due first of all to the modes of operation
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of the threshing implements under consideration, the difference in their revolution rates,
and also to the velocity of the grain heap prior to entering and passing the threshing work
process.

It is also worth noticing that the macro- and micro-damaging and cracking take place
in organic matter, that is, in a biologically living caryopsis, which implies a considerable
effect on the quality factors, on which the yield depends to a significant extent.

The extent of any variations in the parameters being studied in Table 4 was
acceptable, ie. they were classed as being at medium, as evidenced by the variation
coefficient not exceeding 12.2%.

In the above context, the obtained data can be considered as a convincing proof of
the need for the practical application of efficient and high-performance equipment
during the harvesting, processing and drilling of the seeds with the aim of ensuring their
higher quality, which will provide for obtaining high yield and a considerable growth of
the gross output of grain — a fundamental element in the human food supply.

CONCLUSIONS

1. The completed research work has proved that various kinds of macro- and micro-
damaging have a substantial impact on the strength of caryopses, in particular, the
breaking forces increase more than 2.5 fold, the breaking deformation increases to
0.22 mm, the maximum stress increases more than twofold.

2. The ratio between the impact impulses generated in the first half of the threshing
process by drum and rotor machines has been found analytically.

3. The analytical calculations carried out prove that the impact impulse generated
in the drum threshing apparatus considerably exceeds the one in the rotor machine,
which is supported by the results of the experimental investigations on grain damaging.

4. When the revolution rate of the drum increases from 600 to 980 rpm, the amount
of macro-damaged caryopses increases from 26.4% to 52.7%, while the same speed-up
of the rotor results in a change from 21.38% to 31.95%.

5. Hence, the theoretical calculations and the obtained graphic relations for the
caryopsis micro-damaging and breaking rates support the results of the experimental
field research, which indicate that these negative indicators are significantly higher in
case of employing drum threshing machines, as compared to the rotor threshers, that is,
the damaging and breaking of winter wheat and rye seeds during their harvesting with
the use of rotor combine grain harvesters is significantly less intensive, therefore, the
quality of seeds is higher.
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Abstract. This article describes using renewable energy for bioethanol production. Kostanay
Region is a developed agricultural region. Most part of its area is under grain crops and corn, oil
crops and vegetables. In the course of production, transportation, storage and processing of
agricultural crops, a large part of them becomes unsuitable for use; in future they cannot be used
for the intended purpose. Substandard product often stays in the fields to rot or is thrown away.
Information considered in this article demonstrates that agricultural waste can be used to produce
rather inexpensive bioethanol. Most part of the population in this region is rural. Settlements are
far apart from each. It would be reasonable to use bioethanol as a source of electric and thermal
energy to meet the needs of rural residents and infrastructure. Wastes from bioethanol production
can be used for feeding animal stock what is also important for rural areas and reduces
environmental burden. In the course of human life, solid waste is formed that is suitable for
producing bioethanol, and consequently, for generating thermal and electric energy. Presented
calculations show the feasibility of processing municipal solid waste into bioethanol. EU
countries successfully use researches performed by their scientists for developing technologies
for the production of bioethanol and synthetic fuels. Kazakhstan, with its experience in cultivation
of oilseeds and required planted area, can successfully develop bioethanol industry. No researches
in this respect have been conducted to this day in Kazakhstan. Using bioethanol provides
consumers with their own energy sources that meet quality standards, thereby increasing energy
security of region, reducing the amount of harmful emissions into the atmosphere, and creating
small-scale energy enterprises where rural residents can work.

Key words: biomass, bioethanol, municipal solid waste, sewage sludge, renewable energy
sources.
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INTRODUCTION

Biomass is the most universal source of renewable energy. As a result of
photosynthesis, plants are able to accumulate energy and to flexibly use it for different
purposes. As a rule, solid biomass, gas obtained from biomass and liquid combustible
substances suitable for combustion in internal combustion engines and furnaces are used.
Using biomass can reduce the problems associated with the processing of household and
agricultural waste. Moreover, agricultural regions receive a double benefit: they create
additional jobs both in agriculture and forestry, and in the process of bioenergy
conversion (Rocha-Meneses et al., 2017). Growing crops for bioenergy provides farmers
with a new activity area.

Bioenergy allows decentralizing energy production and creates a closed cycle of
materials and energy. Biomass emits only the amount of carbon dioxide that was
absorbed by plants during their growth. Biofuel is neutral in terms of CO, balance
(Kundas et al., 2009).

Bioenergy sources can vary a lot. They differ in the way of generation, properties
obtained during burning, and possible use. Bioenergy can be used to produce solid, liquid
and gaseous fuels (Sibikin & Sibikin, 2009; Chetoshnikova, 2010).

Solid biomass being the most widely used renewable energy source has been used
for generating energy for a long time all around the world. Solid biomass includes all
types of dry or dried plants or their parts, in particular, wood, wood pellets and briquettes,
wood chips, straw and straw granules, rice husk, etc. Energy obtained from burning solid
biomass in modern heating systems is used with high performance (Yang et al., 2019).
Wood is the primary source of energy, especially in the form of firewood, chips and
pellets (McKendry, 2002; Girones & Peduzzi, 2018).

Biogas is used mainly in block-type thermal power stations but it is also used for
direct supply to natural gas supply systems.

Currently, the main types of biofuels are biodiesel and bioethanol. Bioethanol is
mainly used for vehicles.

Plants containing a large amount of oils, such as rapeseed, sunflower seeds,
soybeans, nuts and palm seeds (Ismuratov et al., 2019), are used to produce biodiesel.
Bioethanol is obtained from biomass containing sugar and starch.

Using biofuels is less dangerous for people and environment. Biofuel combustion
is almost neutral in terms of CO; balance.

Like ordinary alcohol, bioethanol is obtained by fermentation of sugars with yeast
and then purified. If grain crops are used, then enzymatic reaction leads to starch
breaking and its conversion into sugar. This results in the formation of a by-product in
the form of distillers grain that contains about 30% protein and is therefore a valuable
animal feed (Glushchenko et al., 2019). In the production of bioethanol from sugar beets,
the waste is distillers grain and the pulp of sugar beets that are used as animal feed or
fertilizer (Kundas et al., 2009). Production of one liter of bioethanol results in one
kilogram of post-alcohol distillers grain. Thus, one hectare of sugar beet produces
amount of fuel that is sufficient for a mileage of more than 80,000 km, and the resulting
feed is enough for 9 months, per 1 cow.

The goal of this research is to study potential sources for developing bioethanol
production in the region. It offers a comprehensive solution to the problem of
environmental pollution, as well as meeting social needs for environmentally friendly
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fuel sources and development of renewable energy in combination with the existing
cultivation of agricultural crops and the processing of human waste.

Watermelons are grown in the northern part of Kazakhstan, and their waste can be
used for bioethanol production. More than 5,103.4 tons of melons are grown in the
Kostanay region. Farm households of the region grow 3,673 tons. In addition, melons
are imported from other regions of Kazakhstan. The most part of these cultures is
produced in southern regions: South Kazakhstanskaya (64%), Zhambylskaya (15%),
Kyzylordinskaya (6.4%) and Almatinskaya (5.4%) regions. More than 80% of melons
are grown in farm households (Source: Republic of Kazakhstan Statistics Committee,
2018). Analysis of statistical data shows that increased production of melons leads to
increased waste from these cultures. Therefore, it is reasonable for this region to develop
the production of bioethanol as a by-product. Traditional farms of the Kostanay region
grow cereals, corn, sunflower and potatoes; waste from these crops is suitable for
obtaining bioethanol. Another high-potential source for bioethanol production is
municipal solid waste (Chandra et al., 2012; Raud et al., 2014). The amount of household
waste is calculated exponentially. Human activity generates waste, and only human is
able to change this process for the benefit of society and environment.

MATERIALS AND METHODS

Analysis of the potential for obtaining bioethanol from biomass

To determine the potential, a comparative analysis of crops used for bioethanol
production was carried out based on the experience of EU and American countries.
Standards for bioethanol yield from different crops were studied. For this, academic
papers made by world-class scholars in this field were used. Based on statistical reports
of the Ministry of Agriculture of the Republic of Kazakhstan and Agriculture Department
of the Kostanay region over the past ten years, we determined crops among those grown
in the Kostanay region that were suitable for bioethanol production. Based on this
material, a list of crops with their gross yield, amount of waste and bioethanol yield was
developed. Based on world prices for bioethanol, total cost of bioethanol was defined.

Analysis of the potential for obtaining bioethanol from municipal solid waste

Studying and analyzing the experience of leading countries in recycling municipal
solid waste allows making conclusions on its application in the region. On the basis of
materials provided by Atameken National Chamber of Entrepreneurs, the country has a
very low rate for the recycling municipal solid waste, in particular, plastic. Waste
potential was defined using methods for assessing the gross potential of municipal solid
waste according to population data. Population base of the region was determined on the
basis of demographic data for this region.

RESULTS AND DISCUSSION
Only in the Kostanay Region, cereals and oil crops are annually grown (Table 1)
that produce significant amount of waste, and they can be used to obtain bioethanol.

The agricultural sector of Kazakhstan has traditionally been growing watermelons
for public consumption (Glushchenko et al., 2019). In recent years, the area under gourds
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increased by about 40%. Production of gourds in Kazakhstan fully meets the needs of
population.

If we talk about watermelons, overripe and damaged during growth watermelons
remain in fields. Watermelons can be damaged by birds, so they can’t reach full ripeness,
lose marketable appearance and rot in fields. Part of them is damaged during
transportation and becomes unsuitable for use.

More than 20% of watermelons do not hit store shelves due to the lack of a
‘marketable’ appearance: they are damaged or irregular in shape, so, they can be used to
produce bioethanol.

Table 1. Potential for producing bioethanol from crops

Type G.r?és A}mount Ethanol )]i'eld Ethanol Price per Total,

of yietd, of waste, - per ton of raw yield, total ton, (thousand
biomass (thousand (thousand  material, (ton) (tenge)  tenge)

tons) tons) (thousand tons)

Graincrops  4,454.56 668,184 455 304,023.7 52,780 16,046,371.9
Corn for grain 125.06 18,759 412 7,728,708 49,010 378,783.9
Watermelons 205.83 41,166 21 864,486 36,569 31,6134
Potatoes 373.31 37,331 94 3,509,114 60,320 211,669.8
TOTAL 16,636,825.6

In addition to specified biomass Table 2. Economic potential of solid waste
sources, ethanol can be produced from Gross energy

straw and fruits of cultivated plants:  ame of Population o ial (Sw)
. district or (number)
apples, cherries, pears. In the area of  oment (ton of

Northern ~ Kazakhstan, despite its reference fuel)
extremely continental climate, fruits are ~ Altynsarinsky 14,114 535.77
cultivated; so, the waste and low-quality ~ Amangeldinsky 16,673 632.91

fruits can be used for ethanol production ~ Auliekolsky 42,991 1,631.94

Ny Denisovsky 18,824 714.56
(Bauer et al., 2009; Vissarionov, 2009). Dzhangildinsky 12,550 476.40

_This  study ~demonstrates the  pzpetygarynsky 48,755  1,850.74
feasibility of processing agricultural Kamystinsky 12,764 48452
waste into bioethanol. Karabalyksky 27,966 1,061.59

In addition to abovementioned Karasusky 25,834 980.66
sources for the production of ethanol, Kostanaysky 70,468 2,674.97
municipal public owned treatment plants, ~ Mendygarinsky 27,841 1,056.84
organic waste from certain industrial ~ Naurzumsky 11,080  420.60
sectors, and municipal solid waste ~ Sarykolsky 20,976 796.25

: Taranovsky 25,432 965.40
landfills can also be used (Raud et al., Uzunkolsky 21,479 815 34

2014). . . Fedorovsky 25,953 985.18
Norms for munl_clpal solid waste Arkalyk 41,354 3.622.61

(MSW) are the following: Kostanay 239,652  20,993.52
— for urban residents — 1.2 kg per* Lisakovsk 40,842 3,577.76

day at the humidity of 50%; Rudny 130,068  11,393.96
— for rural residents — 0.52 kg per' ~ TOTAL 55,671.52

day (it is assumed that food waste in rural
areas is used for feeding domestic animals and birds and is not included in waste).
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Calorific value (MSW) is set equal to 0.2 tons of reference fuel (oil equivalent) per
ton of dry matter (MSW). Household waste is considered dry at the humidity of 50%
(Vitkovskaya et al., 2012).

Economic potential of solid waste generated in the region during one year is shown
in Table (Table 2).

According to ‘Atameken’ National Chamber of Entrepreneurs, by 2018 Kazakhstan
produced over 43 billion tons of production and consumption waste, only 9% of which
are recycled. Paper, tires and some types of plastic are most often recycled in this
country. Separate waste collection campaigns have been started in major cities, and new
processing plants are being launched. Main raw material here is recycled waste paper.

Paper and packaging waste is collected throughout Kazakhstan: it is not only about
14 regional centers and three cities of republican subordination. There are also partners
in several border regions of Russia.

As a result of solid waste recycling, about one million tons of ethanol can be
produced (Table 3).

If we assume that every third resident uses about two kilograms of newspapers and
magazines a year, then we can additionally get more than six hundred tons of ethanol
(Grinin, 2002).

Table 3. Potential for bioethanol production from solid waste

Type Gross yield,  Ethanol yield per  Ethanol Price Total

of (thousand ton of raw material, yield, total  per ton, (thousand
biomass tons) (ton) (ton) (tenge) tenge)

SW 55,671.52 17 946,415.8 9,425 8919,969,292
Newspapers 22,182 29 643,278 5,655 3637,737

and magazines

CONCLUSIONS

The above calculations show that settlements of the region can in whole or partially
meet its needs for energy sources. Considering that about one million tons of solid waste
is burned in Kostanay landfills during one year, waste recycling will completely provide
the city with fuel.

In addition to saving energy resources, such a source creates a culture of waste
processing and the most careful attitude to nature and provides energy independence
from centralized suppliers of electric and thermal energy.As a result of this study, we
can make the following conclusions:

— Processing agricultural waste into bioethanol will allow peasant farms receiving
an additional source of renewable energy;

— Distillers grain being the result of processing crop waste can be used for feeding
animals;

— plastic recycling will reduce environmental stress, contribute to establishing
plants for processing this waste and offer the society a non-waste production algorithm;

— Obtained this way environmentally friendly fuel can be used for the production
of thermal and electric energy in conditions of remoteness of consumers from the central

gas supply.
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Abstract. The Scots pine (Pinus sylvestris L.) is the second-most widely used tree species in
forestry in Latvia and is the only species used for afforestation on nutrient poor soils that cover
considerable forest land in Latvia. Several studies have shown that, in such conditions, the
lodgepole pine (Pinus contorta var. latifolia) may be more productive in terms of biomass and
yield. It is important to consider climate change studies to assess the potential for a larger-scale
use of the lodgepole pine in forestry. The aim was to assess the intra-annual height growth
patterns of both species, the differences between them, and the influence of meteorological
parameters on their height growth. Their height growth was monitored on a weekly basis in two
sampling sites in central Latvia, and the height increment curves were described by Gompertz’s
model. The height growth dynamics of individual trees and species differed notably, indicating
the potential for the selection of the best-adapted genotypes. Our results indicate that the early
onset of the active growth phase might be the most important factor determining the total height
increment for both species. Temperature-related meteorological parameters were the only ones
with a statistically significant influence on pines height growth and only when at least one of the
variables were standardised prior to the analysis. A temperature increase had a slightly stronger
positive effect on the growth of the lodgepole pine, indicating that it might be suitable for more
intensive use in forestry under the climate change scenarios for Latvia.

Key words: apical growth, growth intensity, height increment, Pinus contorta, Pinus sylvestris.
INTRODUCTION

The adaptation of forestry to the foreseen climate change scenarios might be one of
the greatest challenges for modern forestry (Millar et al., 2007; Lindner et al., 2010;
McLane et al., 2011a). Apical or the height growth of trees is among the most important
factors to assess regarding species selection for future forestry to ensure that the use of
species and families is as productive as possible and is less vulnerable to the changing
environment (Neimane et al., 2016). Over the last several decades, the vast majority of
studies in the field of dendroclimatology have focused on assessing the influence of
climate on tree radial growth (Speer, 2010; McLane et al., 2011a; Seidling, 2012;
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Rimkus et al., 2018). However, studies on the relationship between climate and height
growth have been scarce (McCarroll et al., 2003; Lindholm et al., 2009a), presumably
due to the complexity of gathering data on height increments in comparison to collecting
data on radial increments (Jansons et al., 2013). Furthermore, in most of these studies,
the climate effect on the inter-annual height growth has been assessed (Pensa et al., 2005;
Lindholm et al., 2009b), while the intra-annual height growth and its determinants have
been less studied (Neimane et al., 2016).

The height growth of monocyclic tree species, such as the Scots pine (Pinus
sylvestris L.) and lodgepole pine (Pinus contorta var. latifolia), is influenced by the
conditions of the previous growing season, affecting bud development and inducing stem
units and storage of carbohydrates, and of the current growing season, affecting the
timing and speed of shoot elongation as well as assimilation (Jalkanen & Tuovinen,
2001; Salminen & Jalkanen, 2005; Lindholm et al., 2009a). Regarding pine species, most
studies on height growth and the climate relationship have been conducted in areas close
to the northern distribution border of particular species (Jalkanen & Tuovinen, 2001;
Pensa et al., 2005). In northern regions, due to the short length of the growing season,
the role of the current-year meteorological conditions in determining the annual height
increment might be less important than in regions with a longer growing season.

Another obstacle to assess climate and the intra-annual height growth relationship
is the sigmoidal pattern of height growth with the obvious phase of active growth and
the less intense growth prior and afterwards, which does not correspond to the intra-
annual trend of meteorological conditions. However, this intra-annual height growth
trend can be described using nonlinear growth models, such as Gompertz’s model
(Fekedulegn et al., 1999). The coefficients of these models can be used to evaluate the
growth dynamics between species, families of particular species, or even on the tree
level, thus providing a tool for selecting genotypes with the necessary traits (e.g. higher
total increment or more rapid growth) (Neimane et al., 2016).

The Scots pine is the most widely used species in forestry in Latvia, covering 33%
of all the forest area (Ministry of Agriculture, 2019). One of the major causes for such
intense use and natural distribution of the Scots pine is its ability to occupy nutrient-poor
and sandy soils (Richardson, 2000). Forests growing on nutrient-poor soils compose
16% of the total forest area in Latvia. From these forests, a notable part is located on
sandy soils, occupying 282,000 ha of forest land. Currently, afforestation is ongoing to
a large extent in nutrient-poor soils, and these areas are used only for establishing Scots
pine stands.

However, several studies have shown that the lodgepole pine can demonstrate
higher productivity (both in terms of yield and biomass) in such conditions (Elfving &
Norgren, 1993; Elfving et al., 2001; McLane et al., 2011b; Jansons et al., 2013; Fries et
al., 2017). Moreover, information on the cause of such differences in productivity
between these two Pinus species is scarce. Furthermore, several recent studies have
focused on solutions, such as early thinning, using small-scale forest machinery, and
simplifying the assortment system to secure high growth rates in such afforested
territories (Kalgja et al., 2014; Prindulis et al., 2015; Lazdin$ et al., 2016), while the
potential of a wider use of the lodgepole pine has been poorly analysed. The aim of the
study was to assess the formation of the intra-annual height increment of the Scots pine
and lodgepole pine and the relationship between the meteorological parameters and
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height growth to better understand the potential for a more intense use of these species
in Latvia, considering the foreseen changes in the climate.

MATERIALS AND METHODS

Study area and sampling sites

The sampling sites were located in central Latvia, 13 km apart in Zvirgzde (56°39’
N, 24°27’ E) and Daugmale (56°47° N, 24°35’ E) for the lodgepole pine and Scots pine,
respectively. Both sampling sites were situated on a flat relief, and the elevation was
between 20 and 30 ma.s.l. The lodgepole pine sampling site in Zvirgzde was an
experimental (provenance) trial planted in 2000 with two-year-old bare-rooted seedlings.
The forest type in the lodgepole pine sampling site according to the classification system
used in Latvia (Buss, 1976) corresponded to Vacciniosa in nutrient-poor mineral soil.
The Scots pine was represented by open pollinated families of plus-trees selected in
Latvia. Each family consists of progenies of a single mother tree, all together there were
22 families. The Scots pine sampling site in Daugmale was located in nutrient-poor
mineral soil and corresponded to the Cladinoso-callunosa forest type (Buss, 1976). The
age of the trees at the time of measurement was 6 years.

The climate in the study area is determined by dominant western winds that bring
moist and warm air masses from the Baltic Sea and the Atlantic, resulting in mild and
oceanic weather throughout the year. According to the data from the nearest
meteorological station of the Latvian Environment, Geology, and Meteorology Centre,
the mean annual temperature is about 5.5 °C, and the annual precipitation ranges from
500 to 650 mm. The monthly mean air temperature ranges from ~-5 °C to 17 °C. January
is the coldest month, and July is the warmest month. The length of the vegetation period
is around 185 to 190 days.

Sampling and meteorological data

The intra-annual height growth of both species was monitored on a weekly basis
by measuring the increment of the apical shoot. The measurements started in year 2012
in the middle of April for the Scots pine and at the beginning of May for the lodgepole
pine sampling site and ended in the middle of July (2012) for both sites. For height
growth monitoring in both sampling sites, trees were selected randomly, avoiding trees
with visible insect or browsing damage. In total, the height growth was monitored for
71 lodgepole pines and 468 Scots pines.

Near the Zvirgzde sampling site, the meteorological conditions were monitored
on-site for the whole time of analysis by the meteorological station Wireless Vantage
Pro2 (Davis Instruments) to obtain data on the air temperature, precipitation, air
humidity, solar radiation, and atmospheric pressure. Daily temperature data were also
obtained from the nearest meteorological station of the Latvian Environment, Geology,
and Meteorology Centre — Lielpeci.

Data analysis

To describe the intra-annual height growth of the monitored trees (individually,
between and within species) the nonlinear Gompertz model was fitted (1):
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f(A) = aexp(—p eXP(— KA)) (1)
f(A) = aexp(— pexp(— xA))
where a —asymptote parameter; S — displacement parameter or biological constant;
& — growth rate parameter; A — days since the beginning of the year.

Gompertz’s model has been used for both intra-annual height growth (Fekedulegn
et al., 1999) and intra-annual radial growth (Seo et al., 2011) curve development in
biology. The coefficients of Gompertz’s model parameters were used to assess the
differences in height growth trends at a species level: lodgepole pine vs. Scots pine, as
well as within species (between Scots pine families). The F test was used to compare the
variances of the Gompertz model coefficient values between the two species, whereas
the t-test was performed to compare the mean values (the normality was checked by
graphical inspection). The differences in values of the Gompertz model parameters
between families of Scots pine were assessed using the analysis of variance. Pearson’s
correlation analysis was used to assess the relationship between the total annual height
increment and the coefficients of Gompertz’s model.

During the first stage of analysis, the raw data of both the height growth intensity
(intensity defined as height increment mm day™) and meteorological parameters were
used. Prior to the next two steps of analysis, either data on the height growth intensity or
data on both the height growth intensity and meteorological parameters were
standardised. The standardisation was conducted by applying a cubic-smoothing spline,
thus reducing the intra-annual biological and meteorological trends of the analysed
variables. The cubic-smoothing spline is an empirical model that uses a flexible curve,
which is allowed to adjust at a regular interval and has been considered to provide an
organic fit to the data (Speer, 2010). All steps of the data analysis were carried out using
the statistical software R 3.3.2. (R Core Team, 2013).

RESULTS AND DISCUSSION

Even though the height growth intensity trends of the lodgepole pine and Scots pine
showed similar patterns, especially the sharp decrease in height growth intensity in the
last week of May, the correlation of these variables was not statistically significant
(r =0.59; P> 0.05). Due to the too-late start of height growth monitoring in the
sampling site at Zvirgzde in this study, the exact onset of the height growth was missed
for the lodgepole pine. Both species reached the maximum of their height growth
intensity within May 2012, but slight differences exist in the timing of the most intense
growth. The lodgepole pine reached the peak of its height growth intensity of
11.02 + 2.12 mm day™ (mean + standard deviation) earlier than the Scots pine, and after
reaching the peak, the height growth intensity gradually decreased (Fig. 1, b, c).
Meanwhile, the Scots pine reached a maximum height growth intensity of
10.61 + 2.71 mm day™ (mean * standard deviation) one week later but kept relatively
intense growth for a slightly longer period. Such intense height growth early in the
growing season is associated with the use of stored carbohydrates along with the ability
of the pine species to produce around 30% of the whole growing season in
photosynthates in spring in favourable conditions (Dougherty et al., 1994; Hansen &
Beck, 1994; Strand et al., 2002). Considering the small distance between both sampling
sites, the different timing of the most active phase of height growth might be caused by
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the phenology of the two species (Dougherty et al., 1994; Chuine et al., 2006) rather than
by meteorological conditions.
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Figure 1. a) Meteorological parameters (weekly mean temperature recorded near the sampling
site (points joined by a solid line) and at the nearest meteorological station (points joined by a
dashed line) and precipitation sums (bars) recorded near sampling sites) during height growth
monitoring; b) Raw and c) standardised data on the height growth intensity of lodgepole pine
(solid line) and Scots pine (dashed line).

The Gompertz model was successfully fitted to the height-increment curves of all
trees that continued height growth at least until the middle of the monitoring period and
to the mean height-increment curves per species (Fig. 2). Similarly, on the intra-annual
height growth of the Norway spruce (Picea abies (L.) Karst.), Neimane et al. (2016)
reported that the variance of the Gompertz model coefficients showed that the
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intra-annual growth curves of the studied trees differed notably (Fig. 3). However, no
statistically significant differences were found in the mean value and variance of the
asymptote parameter values of the Gompertz model between both species (Fig. 3).
Although the homogenous variance and mean value of the asymptote parameter
indicated that the total annual height increment of the studied trees did not differ
significantly between the species, from the forestry point of view, these differences were
notable because the mean annual height increment of the lodgepole pine in the analysed
year was 19.85% higher. Similar slightly higher but insignificant results for certain
provenance of lodgepole pine in comparison to Scots pine were reported in study by
Jansons et al., 2013. The mean values of the growth rate parameter of the two species
were not statistically different, whereas the variances of this parameter differed
(P < 0.001). The homogenous mean values of the growth rate show that the average rate
at which the total height increment was reached during the active growth phase did not
differ between both species. The mean value of the biological constant or displacement
parameter in the Gompertz model was higher for the Scots pine in comparison to the
lodgepole pine, and this difference was statistically significant (P < 0.001) even though
there were no statistically significant differences in variances of this constant between
the species. The lower value of the biological constant means that the lodgepole pine
started the active growth phase sooner after the onset of height growth than the Scots
pine. The height growth trends of both species and the above-mentioned differences in
the timing of the peak of the height growth intensity corresponded to this finding.
Nevertheless, differences in the mean value of the biological constant might also be
affected by the missed height growth onset for the lodgepole pine. All Gompertz model
coefficients differed significantly (P < 0.001) between the Scots pine families (group of
progenies of a single plus-tree), thus indicating the potential for the selection of
genotypes with the necessary height growth patterns. Similar results were reported by
Neimane et al. (2016) on the height growth of the Norway spruce.
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number in brackets represent day of growth.
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correspond to the lower and upper quartiles. Whiskers show the minimum and maximum values
(within 150% of the interquartile range from the median), and outliers are shown by circles.

All Gompertz model coefficients of the Scots pine showed statistically significant
relationships with the total height increment, whereas this relationship for the lodgepole
pine was insignificant in all cases, presumably due to the insufficient sample size. The
strong correlation of the asymptote parameter with the total height increment (r = 0.97;
P < 0.001) of the Scots pine trees can be explained using the total height increment as
one of the starting values for fitting the Gompertz model. Scots pine trees with a longer
period between the onset of growth and the start of the active growth phase tended to
have a shorter total height increment, as indicated by the negative correlation (r = -0.23;
P < 0.001) between the biological constant and the total height increment. The negative
correlation between the total height increment and growth rate parameter (r = -0.29;
P < 0.001) showed that Scots pine trees that grow faster during the active growth phase
tend to have a shorter total height increment. These results might be explained by the
strong correlation between the biological constant and the growth rate observed for both
the Scots pine (r=0.78; P <0.001) and the lodgepole pine (r =0.88; P < 0.05),
indicating that the studied trees unsuccessfully tried to compensate for the late start of
the active growth phase by growing faster during it.

None of the meteorological parameters showed a significant relationship with the
height growth intensity when neither the height growth intensity data nor the data on the
meteorological parameters were standardised (Fig. 4, a) prior to the analysis. The
standardisation of the growth data time series has been a commonly applied practice in
dendroclimatology and increases the signal of interest by removing the biological growth
trends and variability that can be considered noise when the climate-growth relationship
is studied (Speer, 2010). The height growth of trees is among such traits with an
expressed biological trend, for example, growth intensity is the highest during the middle
of the growing season, whereas at the beginning and end of the growing season, height
growth is significantly slower (Fekedulegn et al., 1999; Seo et al., 2010). This growth
trend is mainly determined by physiological processes of trees, for example, towards the
end of the growing season, the secondary growth exceeds the primary growth and excess
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assimilates are stored for the next growing season (Pallardy, 2008; Speer, 2010). Both
species reached the peak of their height growth intensity in the middle of May (Fig. 1, b),
while the temperature continued to increase until July and August (Fig. 1, a), which are
usually the months with the highest amount of precipitation (Klavins et al., 2008).
Therefore, the analysis of un-standardised data might provide erroneous results.
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Figure 4. Coefficient values of the Pearson correlation between the meteorological parameters
and height growth intensity of the lodgepole pine and Scots pine when a) raw data on both
variables are used; b) raw data on meteorological parameters and standardised data on the height
growth intensity are used and c) both variables are standardised prior to the analysis. Asterisks
indicate statistically significant coefficient values (P < 0.05). T1-mean growing season
temperature at the nearest meteorological station; T2 —mean growing season temperature
recorded near sampling sites; Ht —heat index; Hum —air humidity; P —mean precipitation;
Psum — sum of precipitation; R — solar radiation.

When the height growth intensity data prior to the analysis was standardised using
the cubic-smoothing spline heat index, the mean temperature recorded near the sampling
sites showed the strongest correlation with the height growth intensity of both species
(Fig. 4, b). Almost identical correlation values for these two factors can be explained by
the high correlation between them (r =0.99, P < 0.001). The relationship between
temperature and height growth was even further emphasised when the data on both
height growth intensity and meteorological parameter were standardised before the
analysis (Fig. 4, ¢). The mean temperature recorded at the nearest meteorological station
showed a relatively high positive correlation with the standardised data on the height
growth intensity, but this relationship was statistically significant only when both
variables were standardised. The positive effect of temperature on the height growth of
both species can be explained by the direct influence of the temperature on the
assimilation and meristematic activity (e.g. cell division, differentiation, and elongation)
(Pallardy, 2008). The temperature during the months of the growing season showed a
significant positive relationship with the inter-annual height increment of the lodgepole
pine in previous studies conducted in the same study area in Latvia, but the strength of
this relationship differed between families (Jansons et al., 2013). Similarly, as in this
study, Jansons et al. (2013) found no significant relationship between the temperature
during the growing season and the inter-annual height increment of the Scots pine. In
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another study, Salminen & Jalkanen (2007) suggested that the cessation of the annual
height growth occurs when a location’s specific temperature sum threshold is attained.
Such a threshold-related cessation of height growth would lead to a positive relationship
between the height growth and temperature during the first part of the growing season
and to no relationship at the last part of the season, thus possibly resulting in an
insignificant relationship when the whole growing season is analysed together. The lack
of relationship between the unstandardised data on the height growth and meteorological
parameters is furthermore explained by the allocation of carbon for height growth from
the reserves of the previous year, resulting in a lower influence on the meteorological
conditions during the growth season (Jalkanen & Tuovinen, 2001; Salminen & Jalkanen,
2004). However, our results indicate that, in areas with a longer growing season, the
meteorological parameters during the season might have a more important role in
determining the total annual height increment than in areas further north where the
previously mentioned studies have been conducted.

None of the precipitation-related meteorological parameters (e.g. the sum of
precipitation, mean precipitation, and humidity) showed a statistically significant
correlation with the height growth of both species. These results indicate that water
availability is not the limiting factor for the height growth of both pine species in the
study area. Water availability has often been reported as the main limiting factor for the
growth of trees closer to the southern border of their distribution area (Lindner et al.,
2010; Speer, 2010). In regions like Latvia, where the precipitation exceeds
evapotranspiration (Klavins et al., 2008), the lack of a relationship between the height
growth and precipitation is not surprising, especially considering the high drought
resistance of the pine species (Richardson, 2000). Similarly, the precipitation-related
meteorological parameters of growing season have not shown a significant relationship
with the inter-annual height growth of the Scots pine (Jansons et al., 2013, 2015) and the
intra-annual height growth of the hybrid aspen (Populus tremula L. x P. tremuloides
Michx.) (Jansons et al., 2014) and the lodgepole pine (Jansons et al., 2013) in other
studies conducted in Latvia. The exceptions are for the height growth of the Scots pine,
which was affected by the precipitation in October of the year preceding the growth, and
for the height growth of the lodgepole pine, which was affected by the precipitation in
February of the growth year (Jansons et al., 2013, 2015).

CONCLUSIONS

The intra-annual height growth dynamics of both the lodgepole pine and Scots pine
were successfully described by the Gompertz model, but notable differences exist at the
individual tree level. The relationship between the Gompertz model coefficients and total
annual height increment indicate that trees starting the active growth phase earlier after
the onset of height growth had a higher total annual increment, but the faster growth
during the active growth phase did not compensate for the too-late start of the active
growth phase. Thus, the reduced time between the onset of the height growth and the
start of the active growth phase might be a more important parameter for the selection
of faster-growing trees than the maximal height growth intensity.
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The height growth of the lodgepole pine showed a slightly stronger relationship
with the meteorological parameters than the height growth of the Scots pine, indicating
that it is more sensitive to variations in meteorological parameters. Our results indicate
that the increased use of the lodgepole pine in forestry might be beneficial in the long
term considering the increase in temperature and the more frequent occurrence of
extreme temperatures during the growing season that are foreseen in the climate change
scenarios for Latvia (Klavins et al., 2008; Avotniece et al., 2010).
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Abstract. Teff (Eragrostis tef (Zucc.) Trotter) is a well-adapted, fast-growing crop with
competitive forage quality as its nutritive value for livestock fodder is similar to other grasses
utilized as hay or ensiled feeds. Two field experiments were conducted from May to October
2017 in order to determine the effect of cutting frequency on yield and quality of teff (Eragrostis
tef) as fodder crop under Mediterranean climatic conditions. The agronomic performance and
nutritive value of teff was analyzed in order to define alternatives to local forages for animal
feeding in the Mediterranean region. The experiments conducted at two sites (Western and
Central Greece) were laid out in a completely randomized design with three replicates and three
cutting frequencies (10, 20, 30 days’ interval between cuttings - F10, F20, and F30, respectively).
The results of this study demonstrate that the cutting interval has a marked effect on the fodder
yield and quality. The highest total dry matter yield (6,322—6,778 kg ha') was found in F10
treatment. In terms of qualitative characteristics, the highest fat levels and lowest ADF levels was
found in F30 treatment, the highest protein levels and the lowest NDF levels in F10 treatment,
and the highest levels of fibrous substances, ADF and NDF, in F20 treatment. Data suggest that
teff could be successfully integrated into Mediterannean grasslands with the prospect for
improving their nutritional quality and the possibility for increasing protein yield through the
application of frequent cuttings.

Key words: alternative fodder crop, Mediterranean region, crude protein, acid detergent fiber,
neutral detergent fiber.

INTRODUCTION

For sustainable and stable food production, the genetic diversity maintenance of
crop types is increasingly being realized as the most indispensable action. This is further
emphasized by unpredictable human food needs, changes in taste, and the biotic and the
abiotic production constraints that change with the environments (Ketema, 1997). At the
same time, meat production and consumption increase likewise plant materials are
required for this production (Herak, 2016; Raphaeli & Marinova, 2016). Nowadays,
there is a great demand of innovative fodder crops and many new crops evaluated as
quinoa, chia etc. (Kakabouki et al., 2014, Bilalis et al., 2016).
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Teff (Eragrostis tef (Zucc.) Trotter) is a self-pollinated, warm season, annual grass
that belongs to Poaceae family (Watson & Dallwitz, 1992) and it is native to Ethiopia.
Although its attractive nutrition profile made it worldwide known mostly for its grains -
as it is predominantly grown as a cereal crop - teff is also used as a livestock forage or
pasture crop. It is characterized as an ‘orphan crop’, a term used to describe plants that
have not been genetically improved and are highly underutilized (Chanyalew et al.,
2019). These orphan (or minor) crops are considered to be an alternative solution to the
economic dependence on the major cereals and will help the cropping and farming
system (Chanyalew et al., 2019). Low productivity is the main restriction for these kinds
of crops to be cultivated but in case of Eragrostis tef several studies have shown potential
of great economic and scientific importance in terms of quality and yield (Roseberg et
al., 2005; Roussis et al., 2019).

The increasing interest for this crop gravitates to its wide range of adaptation. Teff
is well suited to various marginal growing conditions; from arid areas, salt-affected and
drought-stressed soils to waterlogged soils (Hunter et al., 2007). Besides this, it is a fast-
growing crop with competitive forage quality. Teff is typically fed as hay or straw for
livestock, including ruminants, while, it is also relatively popular as forage for horses in
the form of hay or pasture grass (Yami, 2013). The nutritive value of teff for livestock
fodder is similar to other grasses utilized as hay or ensiled feeds (Boe et al., 1986;
Twidwell et al., 2002). Its ability to produce high-quality hay in a relatively short
growing season with relatively low inputs makes teff a promising forage crop. Moreover,
its straw is highly preferred feed for livestock, compared to the other cereal straws,
especially during the dry season with somewhat deficient in nitrogen supply (Mengistu
& Mekonnen, 2012).

Although many studies have demonstrated the beneficial properties in animals and
trait diversity, limited data are available regarding the fodder yield and quality of teff
crop (Mengistu & Mekonnen, 2012; Yami, 2013; Bilalis et al., 2018). Forage yields of
teff are highly dependent upon planting date and number of cuttings (Stallknecht et al.,
1993). In addition, climate change effect is expected to lead to large reductions in crop
productivity of the Mediterranean region and a strategy to cope with the increasing
demand for feed production includes the introduction of alternative crops, such as teff
characterized by adequate yield and exceptional nutritional value (Bilalis et al., 2018;
Roussis et al., 2019). Therefore, the objective of this study was to determine the effects
of cutting frequency on dry matter, yield protein and quality of teff crop in order to define
alternatives to local forage sources for animals feeding in the Mediterranean region.

MATERIALS AND METHODS

The experiments were conducted from May to October 2017 growing season on
two experimental sites. The first site is situated in the experimental field of the
Agricultural University of Athens (Central Greece, Latitude: 37° 5'01.8"N, Longitude
23° 4'07.3" E, Altitude 170 m above sea level). The soil is classified as a Clay Loam
(35.9% sand, 29.8% clay and 34.3% silt), with pH 7.21 (1:1 water H20), 0.113% total
nitrogen, available phosphorus (P) 47 mg kg™ soil, available potassium (K) 338 mg kg™
soil, 16.82% CaCO; and 1.39% organic matter content (Wakley & Black, 1934). The
second site was located in the Agrinio region (Western Greece, Latitude: 38°35' N,
Longitude: 21°25" E, Altitude: 80 m above sea level). The soil type was a Silt Loam
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(13.9% sand, 61.2% loam, and 24.9% clay) with 1.46% organic matter, 0.156% total
nitrogen, available phosphorus (P) 172 mgkg® soil, available potassium (K)
621 mg kg™ soil, 14.34% CaCOs, and a pH of 7.44. The sites were managed according
to organic agricultural guidelines (EC 834/2007).
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Figure 1. Meteorological data (mean temperature: °C and precipitation: mm) for the
experimental sites (Athens and Agrinio) during the experimental period (May-October 2017).

Mean values of meteorological data concerning air temperature and precipitation
of the experimental sites are presented in Fig. 1. Each experiment was set up according
to a Completely Randomized Design with three replicates and three cutting frequences.
The cutting interval was every 10 (F10), 20 (F20) and 30 days (F30), since 41 DAS

(Tablel) in three levels. The
experimental area was 90 m? which
was devised in 3 replicates with 3 plots
(10 m?) each. Soil tillage encompasses
agronomical ploughing at a depth of
20 cm. Organic fertilizer (2,000 kg ha™
seaweed compost, 1-2% N) was
applied as basal fertilization by hand
on the soil surface and then harrowed
in. Teff was sown at the beginning of
May by a 10- rows manual seed planter
(seed rate 3.7 kg ha™®). A drip irrigation
system was installed in the
experimental plots. The drip irrigation
frequency was designed to be 7 days,
and the irrigation amount was 10—
15 mm each time.

Mean values of meteorological
data concerning air temperature and

Table 1. The cutting dates in treatments (F10:
10 days’ interval, F20: 20 days’ interval, F30: 30
days’ interval). The dates expressed as days after
sowing (DAS) are the same for both of the
experimental sites (Athens and Agrinio)

Interval between cuttings
F10 F20 F30

41 DAS X X X
51 DAS X
61 DAS X X
® 71 DAS X X
< 81 DAS X X
T; 91 DAS X
£ 101 DAS X X X
£ 111 DAS X
O 121 DAS X X
131 DAS X X
141 DAS X X
151 DAS X
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precipitation of the experimental sites are presented in Fig. 1. Each experiment was set
up according to a Completely Randomized Design with three replicates and three cutting
frequences. The cutting interval was every 10 (F10), 20 (F20) and 30 days (F30), since
41 DAS (Table 1) in three levels. The experimental area was 90 m?, which was devised
in 3 replicates with 3 plots (10m?) each. Soil tillage encompasses agronomical ploughing
at a depth of 20 cm. Organic fertilizer (2,000 kg ha™ seaweed compost, 1-2% N) was
applied as basal fertilization by hand on the soil surface and then harrowed in. Teff was
sown at the beginning of May by a 10- rows manual seed planter (seed rate 3.7 kg ha™).
A drip irrigation system was installed in the experimental plots. The drip irrigation
frequency was designed to be 7 days, and the irrigation amount was 10-15 mm each
time.

Dry weight sampling dates were the same as cutting frequency. So, there are 12
samples for 10 days’ frequency, 6 samples for 20 days’ frequency and 4 samples for 30
days’ frequency (Table 1). Dry weight was determined after drying for 72 hat 75 °C.

The samples were chosen randomly within each plot. All samples were analyzed
for neutral detergent fiber (NDF) assayed without a heat stable amylase and expressed
inclusive of residual ash and acid detergent fiber (ADF) expressed exclusive of residual
ash according to Van Soest et al. (1991). Furthermore, the total nitrogen and protein
content was determined by the Kjeldahl method (Bremmer, 1960) using a Buchi 316
device. After all, the AOAC method 920.39 used to determine crude fat (AOAC, 2000).

The Total Dry Matter and Protein Yield were estimated by the following
mathematical equations.

n

Total Dry Matter = » ~ DWi

i=1
where n =12 (cutting frequency 10 days), n =6 (cutting frequency 20 days), n=4
(cutting frequency 30 days).

n
ProteinYield = Z (Protein Content; * DM;)
i=1

where n = 12, n = 6, n = 4 (respectively for each treatment).

Analysis of variance was carried out on data using the Statistica (StatSoft Inc., 2300
East 14th Street, Tulsa, OK 74104, USA) statistical software as a Completely
Randomized Design. The significance of differences between treatments was estimated
using LSD test and probabilities equal to or less than 0.05 (P <0.05) considered
significant.

RESULTS AND DISCUSSION

In the present study, it was indicated that teff growth in the experimental site in
Athens was significantly affected (F = 85.01; P < 0.001) by cutting frequency. More
specifically, the plants in F30 treatment had the greatest height (73.06 cm) followed by
the plants in F20 and F10 with a height of 59.83 cm and 41.51 cm, respectively. A same
trend was also noticed in Agrinio region (F = 64.82; P < 0.001) with the highest plant
(69.45 cm) observed in F30 treatment. The cutting frequency effects on teff growth and
yields are shown in Table 2.

Although in F20 the plant’ height levels increased during the second cut, from the
third cut until the last have been showed a decrease. In the experiment of Kannika et al.
(2011), the studding objective was the cutting frequency impact on yield biomass and
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growth components of Napiergrass (Pennisetum purpureum Schumach) in Thailand
(tropical climate), where the height process indicated an upward trend until the fourth
cut, while in the fifth cut it declined in all of the three varieties.

Regarding the total dry matter yield, our results revealed that there were statistically
significant differences among the cutting treatments. Teff total dry matter yield in the
experimental site in Athens ranged from a low of 3,656 to a high of 6,778 kg ha™ for the
F30 and F10 treatment, respectively (Table2). A same trend observed in the
experimental site in Agrinio with total dry matter yield ranged from a low of 3,708 to a
high of 6,322 kg ha™ for the F30 and F10 treatment, respectively, and the mean
difference were statistically significant between F10- F20 and F10-F30. In general, it
was found that the total dry matter yield was increased as the cutting interval increased
from every 10" to 30" days. Similar results were also noticed by Slepetys (2010) for the
biomass yield of galega (Galega officinalis L.) crop.

The crude protein constitutes a critical component in cattle diet and the deficiency
of this component can lead to reduced growth and milk production (Ul-Allaha et al.,
2014). The results of this research indicated that protein content was influenced by the
cutting frequency with F10 at 18.93% DM / 17.25% DM, F20 at 17.53% DM / 15.52%
DM and F30 16.63% DM / 14.21% DM (Athens / Agrinio, respectively) (Table 2). As
the cutting interval increased from every 10" to 30" days, the protein content decreased.
This might be due to higher maturity by harvesting less frequently such as every 30" day
cutting treatment. Protein content at the most frequent cutting treatment (12 cuttings
during growing season) was significantly (F = 113.9; P < 0.001; F=101.3; P < 0.001
in Athens and Agrinio, respectively) higher than other cutting frequency treatments.
This might be due to a lower maturity stage for the most frequently harvesting treatment
(i.e., every 10th day) than rest of cutting intervals.

Table 2. Effects of cutting frequency (F10: 10 days’ interval, F20: 20 days’ interval, F30: 30
days’ interval) on height (cm), total dry matter (DM) yield (kg ha™), protein (% DM), ether
extract: EE (% DM), acid detergent fiber: ADF (% DM) and neutral detergent fiber: NDF
(% DM) of teff, in Athens and Agrinio area

Athens Agrinio
Cutting Height Total DM Protein Height Total DM Protein
frequency (cm) yield (% DM) (cm) yield (% DM)
(kg hat) (kg hat)
F10 4151a 6778 a 18.93a 38.42 a 6322 a 17.25a
F20 59.83 b 4989 b 1753 b 57.61b 4355 b 15.52b
F30 73.06 ¢ 3656 b 16.63 ¢ 69.45 ¢ 3708 b 14.21c
Feutting frequency 85.01***  19.43** 113.9%** 64.82***  11,21* 101.3***
EE ADF NDF EE ADF NDF
(% DM) (% DM) (% DM) (% DM) (% DM) (% DM)
F10 2.06c 26.12 ab 56.79 a 2.00c 25.61 ab 54.47a
F20 2.23b 26.66 a 57.95b 2.17b 27.01a 58.02b
F30 2.27a 25.65b 56.99 a 2.30a 23.22b 55.03 a
Feutting frequency 1496.9*** 13.24** 14.75** 711,2***  10.87* 10,11*

F-test ratios are from ANOVA. Significant at *, ** and *** indicate significance at P = 0.05, 0.01 and 0.001,
respectively and ns: not significant (P > 0.05). Mean values within each column followed by different letters,
differ significantly according the LSD test (P < 0.05).
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The results of the present study are suitable to previous studies; on Festuca
scabrella (Willms & Beauchemin, 1991) was noted that the levels of protein content
increased by proliferate the frequency of cuts. Moreover, in the research study of Puteri
et al. (2015) investigating the productivity and nutritional quality of sorghum at different
cutting rates appeared that as the interval between the cuts raised, the protein levels
reduced. Decline of protein content levels has been recorded in many studies (Kidunda
et al., 1990, Seyoum et al., 1998, Zewdu et al., 2002) and is predominantly attributed to
the dilution of the protein content of the feed crops by the rapid accumulation of cell
carbohydrates in the late stages of growth (Bayble et al., 2007). On the other hand,
Baghdadi et al. (2017) noticed that crude protein of silage could be affected and
increased by the increase of plant-available nitrogen.

The total protein yield is a function of total dry matter yield and protein content.
Besides that, as expected, in Athens area, total protein yield ranged from 1,283.03 to
607.92 kg ha™ for the F10 and F30 treatment, respectively, (Fig. 2, a) and in Agrinio area
ranged from 1,090.55 to 526.9 kg ha* (Fig. 2, b) for the F10 and F30 treatment,
respectively. For both areas, there is significant differences among values of the three
cutting frequencies. Moreover, the correlations between the mean total protein yield
(kg ha™) and dry matter (kg ha™) of the two experimental areas in F10, F20 and F30
treatments were also calculated (Table 3). The F30 treatment displayed no significant
linear regression (y =ax + b; R*=0.26, p >0.05). Contrastingly, in F10 and F20
treatments identical correlations noticed with R?=0.49 (p<0.01) and R?=0.47
(p < 0.05), correspondingly. During the time of teff’s biomass increased simultaneously
the total yield protein increased. The equation slope of F20 was higher (a = 4.4) than F10
(a=1.7). That result led to the conclusion that cutting every 20 days, protein yield
growth rate is higher than cutting every 10 days.

~1,600 a ~—~ 1,600 -
S1400 | L & 1400 -
21,200 ] £ 1,200 -
21,000 2 1,000 -
> 800 > 800
‘T 600 % 600 - c
O S
g 400 & 400 -
g 200 g 200 -
F10 F20 F30 F10 F20 F30
(@) (b)

Cutting frequency Cutting frequency

Figure 2. Effects of cutting frequency (F10: 10 days’ interval, F20: 20 days’ interval, F30: 30
days’ interval) on total protein yield (kg ha™) of teff plant a) in Athens and b) in Agrinio area. Values
belonging to the same characteristic with different letters within a column denote significant
differences on cutting treatments (LSD test, P < 0.05). Vertical bars indicate standard deviation.
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Table 3. Line correlation equations between protein yield (kg ha') and total dry matter yield
(kg ha'l). Significant at *, ** and *** indicate significance at P =0.05, 0.01 and 0.001,
respectively and ns: not significant (P > 0.05)

Treatments Equation Slope R? P- Level
F10 y=1.713x+271.79 1.7 0.4898 *x

F20 y = 4.4053x + 203.74 44 0.4733 *

F30 y = -2.8924x + 1340.5 -2.8 0.2569 ns

In addition, it has been observed that as the interval between the cuts increases, the
percentage of the strain increases while the protein concentration decreasing and the cell
wall contents increasing (fibrous substances, NDF and ADF) (Bach & Munck, 1985).

ADF and NDF are important components of forage and are frequently used as a
factor to define forage quality (Collins & Fritz, 2003). Analysis of variance revealed that
cutting frequency affected both ADF and NDF (Table 2), though the differences among
the treatments were significant differences between values on F10 and F30, in both areas.

NDF levels in teff biomass were significantly higher in F20 (57.95% DM),
followed by F30 (56.99% DM) and F10 (56.79% DM) treatments in Athens, and the
same trend was found in Agrinio with the values being 58.02% DM at F20, 55.03% DM
at F30, and 54.7% DM at F10 (Table 2) with significant differences among them. In the
F30 treatment, there was an increase in NDF levels in the second and third cutting, and
a decrease in the fourth cutting (data not shown). In correspondence with the results of
this research, the research by Staniar et al. (2010) found that NDF levels increased during
the second cutting and decreased on the third one.

The response of neutral detergent fiber (ADF) was similar to the above-mentioned
for NDF, with the highest values observed in F20 treatment (26.66% DM and 27.01%
DM in Athens and Agrinio, respectively), followed by F10 and F30 treatments. Willms
& Beauchemin (1991) indicated that the levels of ADF content decreased by increasing
the frequency of cuts. In the present study, the levels of NDF and ADF are acceptable
and lower than Staniar et al. (2010) approach for ruminants. Moreover, these authors
observed that the fiber constituents, NDF and ADF, increased as the cutting interval and
stage of maturity increased. For most forages, as the plant cell walls thicken with
advancing plant maturity, the amount of fiber content (cell wall constituents) is generally
increased (Van Soest et al., 1991).

The ether extract has a heterogeneous composition and is formed by lipids
(galactolipids, triglycerides, and phospholipids) and all other non-polar compounds,
such as phosphatides, steroids, pigments, fat-soluble vitamins, and waxes. Its amount in
forage is generally low, with values usually less than 3% of the dry matter (Coleman &
Henry, 2002). According to Table 2, ether extract was increased as the cutting interval
increased from every 10" to 30" days. As mentioned above, this might be due to higher
maturity by harvesting less frequently such as every 30" day cutting treatment. A
significant increase in the NDF, ADF, and ether extract (EE) contents of tumbleweed
(Gundelia tournefortii L.) were reported with increasing maturity of plants (Kamalak et
al., 2005).

428



CONCLUSIONS

The analysis of the results revealed that the highest total yield of dry weight
biomass was observed in F10 (10 days’ interval) treatment, while the lowest was
observed in F30 (30 days’ interval) treatment for both sites. In general, F10 treatment
exhibited the highest levels of quantitative and qualitative characteristics. In terms of
qualitative characteristics, the highest fat levels and lowest ADF levels was found in F30
treatment, the highest protein levels and the lowest NDF levels in F10 treatment, and the
highest levels of fibrous substances, ADF and NDF, in F20 treatment. Despite its
versatility in adapting to extreme environmental conditions, the productivity of teff is
low and is similar to the quantity produced by natural grasslands of Greece at annual
basis (1.5 tonnes ha™). Although, the high ADF, NDF and relatively high CP content
characterized teff biomass can meet the requirements of lactating animals. In conclusion,
teff could be successfully integrated into Mediterranean grasslands with the prospect for
improving their nutritional quality and the possibility for increasing protein yield
through the application of frequent cuttings.
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Abstract. Considering cotton, one of the most non environmentally friendly crops, new types of
fertilizers, such as the urease inhibitor, are now being used for fertilization. Furthermore, the need
of increasing the nutrient use efficiency which is an important contributor to yield has arisen. The
objective of this study was to assess the impacts of four different urea combinations (Urea,
Urea+NI+UI, Urea+NI, Urea+UIl) on cotton (Gossypium hirsutum L.) yield and fiber traits. For
this purpose, different inhibitors used on urea fertilizer such as nitrification inhibitor (NI),
dicyandiamide (DCD), urease inhibitor (Ul), N-(n-butyl) thiophosphoric triamide, and a
combination of urease (UI) and nitrification inhibitor (NI) (double inhibitor). Additionally,
Nitrogen indicators were also used to evaluate the efficiency of these combinations. Two field
experiments were conducted in Agrinio and Copaida region, Central Greece during 2019. The
total dry weight ranged from 13,027 to 14,481 kg ha' in Agrinio area and from 12,567 to
14,136 kg ha* in Copaida area. The highest seed cotton yield was recorded under Urea+NI+UlI
fertilization at 5,145 kg ha* application in Copaida area and 5,318 kg ha application in Agrinio
area. Also, the total plant nitrogen uptake (kg N ha) was affected by the inhibitors NI and ULI.
The range for Nitrogen Utilization Efficiency (NUtE) index was 9.27 to 23.06. Moreover, results
indicated that NI and Ul inhibitors have a marked effect on fiber quality such as strength (g Tex™?).
In the Mediterranean region of Greece, the combined use of inhibitors Ul and NI resulted in
higher yield and finest fiber quality.

Key words: cotton, fiber quality, nitrogen inhibitor, iNUE.
INTRODUCTION

Cotton (Gossypium hirsutum L.), is considered one of the major industrial plants,
for most countries, including Greece (Avgoulas et al., 2005; Bilalis et al., 2010).

Nitrogen is most often the major limiting nutrient to cotton cultivation. It is
classified among the soil minerals that get absorbed by cotton, and influences the crop’s
height, fruiting, yield and fiber quality (Ma et al., 2008; Ducamp et al., 2012). N
deficiency, affects the number of leaves per plant, thus reducing the photosynthetic
capacity and accumulation of sugars in the boll set and ultimately affecting the plant's
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maturation and height (Wullschleger & Oosterhuis 1990; Emara & EI-Gammaal 2012).
Dong et al. (2012) report a 10% increase of the biological yield, the photosynthesis and
protein concentration, when high nitrogen amounts are applied. Urea production rose to
174.3 million tons in 2016, down 0.6% to 2015.

Overall, nitrogen is an essential macronutrient for cotton cultivation, due to its
pivotal role in cotton growth and yield. The right amount of nitrogen during the plant
growth, affects the photosynthetic capacity of leaves, providing the growing of the
productive components (Bondada & Oosterhuis, 2001; Wullschleger & Oosterhuis,
1990). Furthermore, nitrogen has an impact on boll and seed formation by increasing
their size and weight (Bondada et al., 1996 and Saleem et al., 2010). Cotton yield showed
a significant increase which followed the increase of N application rates and the
mulching consistently exerted the additive effect of N fertilization on cotton growth and
yield (Allanov et al., 2019).

Since cotton fibers are primarily composed of cellulose, any influence on the plant’s
photosynthetic rate and production of carbohydrates will cause similar influence on fiber
growth. Micronaire (MIC) measures the rate of airflow, under pressure, of a plug of lint
cotton (of known weight) compressed into a chamber of fixed volume. Micronaire, is
often treated as the fiber maturity measurement in classing-office (Bradow & Davidonis,
2000). Micronaire is considered more important in spinning and fiber maturity and seems
to impact more on dye-uptake rate. Maintaining fiber quality standards is essential for
growers in order to avoid price reduction, however the expression of fiber properties
genetic potential depends on complex interaction among crop management and growth
environment (Darawsheh, 2010). Micronaire (fineness-maturity), length, strength and
color grade are very important parameters for spinning, while maturity, elongation, and
short fiber index are also important fiber quality characteristics (Christidis, 1965;
Deussen, 1986). Fiber quality parameters is a genetic characteristic (Bauer et al., 2000;
Davidonis et al., 2004; Bednarz et al., 2006), however these fiber parameters are
significantly affected by crop management and environmental conditions (Subhan et al.,
2001; Darawsheh et al., 2009).

The use of urea based fertilizers leads to high Nitrogen losses due to ammonia
volatilization. During the volatilization, ammonium is converted to ammonia and is lost
in the atmosphere. Through the years 2006 to 2016, the tendency of urea production was
to annually increase by 2.8%. The biggest producing countries are at the same time the
largest consumers, referring to China and India. China is self-sufficient for nitrogen
fertilizers, but India's demand for imports is significant. Most of the new nitrogen
capacity in the world is in the form of urea, so naturally the production/consumption
growth rates are higher for urea than for ammonia/total nitrogen. Nowadays, the
difference has been quite large, as urea has a market share. Compared to other products,
urea has high nitrogen content (46%), a fact that makes its transport relatively cheap.
The most commonly used N fertilizer is urea (46-0-0), due to high N content, low cost
and easy transport storage and application (Glibert et al., 2006).

One of the most useful Nitrogen Indicators is the Internal crop Nitrogen Use
Efficiency (iNUE). This indicator refers to the ratio between the applied nitrogen and
the nitrogen that is removed by the crop. In addition, iNUE calculates the nitrogen loss
to the environment (Brentrup & Lammel, 2016). Other indicators are Nitrates (NO3’) and
ammonium (NH"4), which are the major forms of organic N in agricultural soils. Nitrate
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is water soluble and is commonly used to calculate the availability of N in soils.
Ammonium is often used for the same purpose as well (Maynard et al., 2016).

The most widely used inhibitors are the urease inhibitor, thiophosphorictriamide
(NBPT) and the nitrification inhibitor, dicyandiamide (DCD) (Li et al., 2020). Urease
inhibitors delay urea hydrolysis in soil, by reducing the formation of NO3 and NH4. In
that way, the toxic effect of high ammonia concentration on seed germination is
narrowed. The existence of the inhibitor in the soil, affects the effectiveness of
controlling NHs losses. According to Krol et al. (2020), urease inhibitors, when added
to urea, reduced ammonia loss and thus increased cotton yield and N uptake, compared
to single urea application. Due to the fact that N is a component of the chlorophyll
structure, the addition of NBPT causes an increase of the chlorophyll content in the
leaves (Makino & Osmond, 1991). Liu et al. (2017) reported that the nitrification
inhibitor did not alter yield; however the N use efficiency of cotton increased, under a
drip-fertigation system. Double inhibitor NBPT and DCD, are unknown to slow down
the N conversion to meet the crop’s needs (Li et al., 2020). As for crops an increase on
5-12% to iNUE is reported, while urease inhibitor increase the yield of cotton crop
Cantarella et al., 2018). On the other hand, Li et al. (2020), demonstrated that cotton boll
yield, lint percentage, lint yield and fiber quality, were not affected by fertilizer
treatments, including polymer-coated urea (ESN) and urease inhibitors.

The scope of this study is to determine the improvement of the fertilizer yield by
adding nitrification (DCD) and urease (NBPT) inhibitors in urea.

MATERIAL AND METHODS

Location and soil classification of the experimental site

The experiments were conducted as an open-field experiment at two areas in
Greece, during 2019. The first site was located in Agrinio region, West Greece (Latitude:
38°35" N, Longitude: 21°25" E, Altitude: 80 m above sea level). The type soil is
characterized as Clay Loam (40.9% clay, 26.5% silt and 32.6% sand), organic matter
content in the topsoil of approximately 1.46% (Wakley & Black, 1934) and pH 7.44.
The second experimental field was located in the drained Copaida basin, Veotia
prefecture, Central Greece (Latitude: 38° 24’ N, Longitude: 22° 59” E, Altitude 110 m
above sea level) in an alluvial plain of lake deposits, intensively cultivated with maize,
wheat and cotton. The experimental soil of Copaida area was (43.7% clay, 25.6% silt
and 30.7% sand), pH 7.32 and organic matter 2.29.

The meteorological data, collected from a nearby weather station, regarding
temperature and rainfall during the crop growing season is given in Fig. 1.

Experimental design and treatments

A randomized complete block design (RCBD) with factorial arrangement (taking
urea combinations and application methods as factors with equal importance) was
followed with 4 replications and plot size of 5.0 m x 6.0 m. The total experimental area
was 600 m? which was devised in 4 replicates with 5 plots. The experiment consisted of
four Urea combinations (Urea, Urea+NI+UI, Urea+NI, Urea+Ul) and control. In all
experiments, the following treatments and doses applied as followed:

1) Control (0 kg N ha®) 2) Urea (46-0-0): at a rate of 160 kg N ha™, 3) Urea +
Nitrification Inhibitor (NI) + Urease Inhibitor (Ul): at the same rate as urea. 4) Urea+NI:
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at the same rate as urea. 5) Urea+Ul: at the same rate as urea. Half dose was applied
before sowing and the remaining half was side-dressed applied 4 weeks after sowing.
The nitrification inhibitor was dicyandiamide (DCD) and urease inhibitor was
N-(n-butyl) thiophosphoric triamide (NBPT).

For the purpose of this experiment, we used the very early maturity cotton variety
ST 402. The planting of cotton (Gossypium hirsutum L.) took place on April 22 & 24,
2019 (at Agrinio & Copaida region, respectively) by using 20 kg seed ha™. The plant
density was evaluated over row spacing 95 cm and intra- row spacing 4 cm. Soil tillage
encompasses 35 cm deep agronomic chisel plough, followed by rotary hoeing. Drip lines
irrigation system was applied over the soil surface and water was being distributed every
10 days. Two manual hoeings were carried out to achieve weed control. The final hand
picking took place in October 3",
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Figure 1. Meteorological data, mean month temperature and precipitation for experimental site
during the growing periods in Agrinio and Copaida regions (April-October, 2019).

Samplings, measurements and methods

Agronomic traits

The height of plants was measured from the base of the plant to the tip of the main
stem. Leaf Area Index (LAI) was measured by using SunScan AT devices. Total weight
of opened bolls (g) was counted per plant.

Yields

The Total Dry Weight (kg ha*) was measured during the harvest period. A number
of 10 plants was selected from the middle rows and was dried at 64°C for 48 h. Then the
Seed Cotton Yield (kg ha™) was calculated according to Eq. ().

Seed Cotton Yield= Density x Number of Bolls x Bolls Yield 1)

435



The Above-Ground N Content (%) & Seed Cotton N Content (%) were determined
by the Kjeldahl method (Bremner, 1960) using a Buchi 316 device.

Seed Cotton N Yield (kg N ha™)
To estimate the N yield in seed cotton, N concentration (%) is multiplied by the dry
weight of the seed cotton (kg ha™) resulting the yield in N (kg ha™).

Total Plant Nitrogen Uptake (kg N ha™)
Once the seed cotton was calculated less than 13%, it was ginned on a 10_saw, and
after ginning the lint yield (kg ha*) determination followed.

Fiber guality
To estimate fiber quality parameters and lint proportion, 500 g. seed cotton was

selected for each plot; subsequently a laboratory gin machine with saw ginning system
was used to separate the fibers from the seeds. Fiber quality characteristics, micronaire,
length, strength, uniformity and spinning consistency index (SCI) were determined
under standard ambient laboratory conditions (21 +1°C and 65% + 2% relative
humidity) by High Volume Instrument (HVI-100), USTER Technologies AG.,
according to the international standards, ASTM D586 (standard test methods of
measurements of physical properties of raw cotton classification instruments). Cotton
samples before measurement were air conditioned for 12 hour according to ASTM
D1776 (standard practice for conditioning and testing textiles).

The Uniformity Ratio expresses the ratio of the Mean Length to the Upper Half
Mean Length, expressed as a percentage according to Eq. (2).

Uniformity Ratio= Mean Length/ Upper Half Mean Length 2

Spinning consistency index (SCI) was calculated based on a regression equation
(Eq. 3) which considers the measured indexes.
SCI = -414.67+2.9 x strength -9.32 x micronaire + 49.17 x length (**) +4.74 x @3)
uniformity + 0.65 x RD + 0.36 x +b

Nitrogen indicators

Nitrogen Utilization Efficiency (NUtE) and internal crop Nitrogen Use Efficiency
(iNUE) indicators were used to evaluate the efficiency of nitrogen in cotton cultivation
(Gerloff & Gabelman, 1983). The NUE is calculated according to Eqg. (3).

NUtE= seed yield (kg ha)/ total plant N uptake (kg ha*) 4)

This ratio shows the seed yield (kg ha™) to the N concentration (kg ha™) in the
above-ground part of the plant per crop.

Crop iNUE was determined in field experiments by Eg. (4) and it indicates how
efficiently cotton produces lint in relation to the amount of N, accumulated by the crop.
Crop iNUE measurements have been reported for cotton (Bronson 2008; Zhang et al.,
2008a; Rochester, 2011).

iNUE = kg lint kg™ crop N uptake (5)

Soil Nitrate N_NO; and extractable Ammonium N_NH, estimated by flow
injection Analyzer Method (Kenney & Nelson, 1982) at 3 different stages, 60, 100 and
140 DAS (days after sowing).
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Statistical analysis

Analysis of variance was carried out on data using the STATISTICA (Stat Soft,
2011) logistic package as a Completely Randomized Design. The significance of
differences between treatments was estimated using the LSD test and probabilities equal
to or less than 0.05 were considered significant.

RESULTS

All different fertilizers had an effect on total dry weight and in seed cotton yield, in
both areas, as shown in Table 1. The values in total dry weight ranged from 7,941 to
14,136 kg ha™ in Copaida area and from 8,206 to 14,881 kg ha* in Agrinio area. The
total dry weight resulting from fertilization with Urea+NI+Ul containing inhibitors,
Nitrification (NI) and Urease (Ul) and fertilization with Urea+Ul containing inhibitor
Urease showed statistically significant difference comparing to all other treatments.
Urea+NI+UI treatment marked the highest value in total dry weight, in both areas. It is
worth emphasizing that Fcopaida * agrinio Was not statistically significant (Table 1,2,3) due
to the fact that Copaida and Agrinio areas are characterized by similar type of soil and
climatic conditions. For all the above reasons there is no differentiation.

Table 1. Agronomic characteristics as affected by fertilizer treatments in Copaida and Agrinio
regions

Plant Total Dry Seed Cotton Weight of open Lint
Height LAI Weight Yield bolls per plant  yield
(cm) (kgha')  (kgha') (9) (kg hat)
Copaida
Urea+ NI+ Ul 131.20° 4.75%  14,136% 5,1452 80.29° 2,287.202
Urea + Ul 119.70®  458%  14,028% 57105° 79.27%® 2,255.30 2
Urea + NI 112.50®  4.43%  13564° 4,932° 73.74%® 2,188.30°
Urea 101.10° 3.70°  12,567° 4,568° 62.75° 1,939.80 °
81.30° 228¢  7941° 1,634°¢ 25.22°¢ 687 ¢
Control(0 kg)
Agrinio
Urea+ NI+ Ul 139.80° 4.94?%  14,881% 15,3182 85.11°2 2,442.50 2
Urea + Ul 127.60® 4.87%  14,794* 5201%® 84.09 2,406.50
Urea + NI 117.40® 457% 14,106 4,953%® 76.09 2,256 °
Urea 105.40° 3.88%® 13,027 4,572° 66.06 " 1,986 °
Control 84.80 ¢ 2.34°  820650°¢ 1,650.25¢ 26.14°¢ 707.30°¢
Fcopaida Value 8.46> 10.91** 20.85**  51.26%** 25 34** 18.22**
F Agrinio value 6.14* 8.27*  24.92*%  42.34%* 16.47** 40.53**
Fcopaida*Agrinio ns ns ns ns ns ns

F-test ratios are from ANOVA. Different letters within a column indicate significant differences according
to Tukey’s test (a = 0.05). Significance levels: * p <0.05; ** p <0.01; *** p < 0.001; ns, not significant
(p > 0.05).

The values of the seed cotton yield ranged from 1,634 to 5,145 kg ha™ in Copaida
area and from 1,650 to 5,318 kg ha™® in Agrinio area, respectively. Urea+NI+UlI
treatment showed statistically significant difference comparing to all other treatments in
Copaida area, whereas in Agrinio area, Urea showed statistically significant difference
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comparing to Urea+NI+UI treatment and Control. As for the plant height factor, in both
regions, Urea+NI+UI treatment showed statistically significant difference comparing to
Urea. The highest value was reported in Agrinio area at 39.80 cm, when using Urea with
inhibitors Nitrification (NI) and Urease (Ul) treatment, while the lowest value was
reported in Copaida area at 81.30 cm, in Control (Table 1). LAI values (Leaf Area
Index), in Agrinio area, ranged from 2.34 to 4.94 (highest value, in Urea+NI+UI
fertilization). Urea with inhibitors Nitrification (NI) and Urease (Ul), Urea+Ul and
Urea+NI treatments showed statistically significant difference with Control. On the
contrary, in Copaida area, Urea+NI+Ul treatment showed statistically significant
difference comparing to Urea and Control, with LAI values ranging from 2.28 to 4.75
(Table 1). The weight of open bolls per plant values ranged from 25.22 to 80.29 g in
Copaida area whereas in Agrinio area the range value was from 26.14 to 85.11 g,
respectively. Concerning, the Lint yield factor, Urea showed statistically significant
difference comparing to other treatments, in Copaida region. Urea+NI+Ul and Urea
when containing inhibitor Urease (Ul) treatments showed statistically significant
difference comparing to Urea+NI and Urea treatments, in Agrinio region (Table 1). The
lint yield values ranged from 687 to 2,287.20 kg ha™ in Copaida region and from 707.30
to 2,442.50 kg halin Agrinio region. Moreover, in Agrinio area, Urea containing
inhibitors Nitrification (NI) and Urease (Ul) treatment marked a higher value from the
corresponding treatment in Copaida area (Table 1). In the current study, statistically
significant differences were found among the fertilizer treatments, concerning the
agronomic characteristics of cotton such as total dry weight, seed cotton yield, lint yield,
LAI and plant height. The Inhibitors used in this study, were NBPT (Urease inhibitor),
DCD (Nitrification inhibitor) and double inhibitors NBPT+DCD.

Our results indicated that the different treatments in both regions (Agrinio &
Copaida) showed statistically significant difference, in both Nitrogen Utilization
Efficiency (NUtE) and Internal crop N use efficiency (iNUE) sectors. The values of
iNUE, ranged from 6.82 to 9.81 in Copaida area and from 6.10 to 9.16 in Agrinio area.
Respectively, the values of NUtE ranged from 16.20 to 23.06 in Copaida area and from
9.27 t0 13.74 in Agrinio area. Urea with double inhibitors showed statistically significant
difference with Urea+NI, Urea+UI and with Urea, in Copaida areca. Also, Urea’s value
with inhibitor Urease, in Copaida area, was 21.53, higher from the corresponding
treatment in Agrinio area, which were 12.94. It is worth pointing out that, the treatments
showed statistically significant difference comparing to control (Table 2).

Furthermore, the Seed Cotton N Content, Seed Cotton N Yield and Total Plant
Nitrogen Uptake showed statistically significant difference between treatments in
Copaida and Agrinio regions. The fertilizations that Urea showed statistically significant
differences were Urea+NI+UIl, Urea+Ul, Urea with inhibitor Nitrification (NI)
treatments and Control in Copaida area (Table 2). The seed cotton N yield values ranged
from 43 to 179.25 kg N ha™ in Copaida area and from 48.50 to 211.75 kg N ha™ in
Agrinio area. The seed cotton N content values ranged from 2.64 to 3.48% in Copaida
area and from 2.71 to 3.66% in Agrinio area. In regard to total plant nitrogen uptake, the
values ranged from 103.50 to 250.50 kg N ha™ in Copaida area and from 117.75 to
286.75 kg N ha™ in Agrinio area. In total, plant nitrogen uptake value in Urea was
198.50 kg N ha* in Copaida area, and it was lower than the value of Urea in Agrinio
area (218 kg N ha™). In the above ground N content, the value ranged from 1.29 to 1.77%
in Copaida area and from 1.42 to 1.94% in Agrinio area. Urea+NI+Ul and Urea with
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inhibitor Urease (Ul) showed statistically significant difference with Urea in Copaida
area, and Urea+NI+Ul and Urea+Ul showed statistically significant difference with
Urea+NI and Urea in Agrinio area.

Also, in Agrinio area, all treatments marked higher values when compared to the
ones in Copaida area. The highest values in all parameters concerning nitrogen content
are given by Urea with inhibitors Nitrification (NI) and Urease (UI) in both areas
(Table 2).

Table 2. Content nitrogen in seed cotton, cotton yield, in plant, NUtE, iNUE as affected by
fertilizer treatments in Copaida and Agrinio regions

Above Seed Seed Total Plant Nitrogen Internal
Ground N Cotton N Cotton N Nitrogen  Utilization  crop N use
Content  Content  Yield Uptake Efficiency  efficiency
(%) (%) (kg Nha?t) (kg Nhal) (NULE) (iNUE)
Copaida
Urea + NI + Ul 1.77°2 34872 179.25% 250.50* 23.06° 9.812
Urea + Ul 1.74° 3452 1762 245508  21.53° 9.56?
Urea + NI 1.69 3.342 164.75° 229.252 20.79° 9.17°
Urea 1.57° 3.08° 140.50° 198.50°  20.52° 9.12°
Control (0 kg) 1.29°¢ 2.64° 43° 103.50°¢ 16.20 ¢ 6.82°
Agrinio
Urea + NI + Ul 1.94% 3.66° 211.75% 286.75%  13.74° 9.16°
Urea + Ul 1.89° 3.62° 204.75%  282.25%® 12.94° 9.07°
Urea + NI 1.76° 3.42%® 183.75° 249 °° 12.05° 8.51°
Urea 1.66° 3.16° 157.50 ¢ 218°¢ 11.97° 8.50°
Control (0 kg) 1.42°¢ 2.71°¢ 48.50 ¢ 117.75¢ 9.27¢ 6.10°¢
F copaida value 25.34**  26.30**  73.31*** 37.38**  5.56* 6.21*
F Agrinio value 30.73** 22.31** 69.23*** 35.01*** 6.44* 9.56*
Fcopaida * Agrinio ns ns ns ns ns ns

F-test ratios are from ANOVA. Different letters within a column indicate significant differences according
to Tukey’s test (a. = 0.05). Significance levels: * p <0.05; ** p <0.01; *** p < 0.001; ns, not significant
(p > 0.05).

Generally, micronaire was higher in Copaida than in Agrinio region (Table 3).
However, in both regions it was significant higher (4.04—4.30) when Urea+NI+UI
treatment was applied and lower in Control and Urea treatments (3.25-3.39). Micronaire
in all other treatments (Urea+Ul and Urea+NI) marked intermediate values of about 3.80
and 4.07 in Copaida and Agrinio regions, respectively.

SCI (Spinning Consistency Index) generally was higher in Agrinio than in Copaida
region. In Copaida area, SCI marked significant lower values in Urea and Control
(137.52 and 125.31 respectively) whereas the values were the same in the rest three
treatments (Urea+NI+UIl, Urea+Ul and Urea+NI) (Table 3). In Agrinio area, SCI
showed significant differences between all treatments, marking the higher value in
Urea+NI+UI (158.16) treatment, the lower value in Control (129.33), and intermediate
values in all the rest treatments ( Urea+UI, Urea+N & Urea, 149.66, 140.31 and 140.06,
respectively). As for the other fiber parameters, fiber length in both two regions (Copaida
and Agrinio), was significantly higher in Urea+NI+UI treatment (28.50, 28.35 mm in
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both two regions respectively) and lower in Control (26.94 and 26.33 mm in both two
regions respectively).

Table 3. Fiber quality as affected by fertilizer treatments in Copaida and Agrinio regions

Upper Spinning Lint
Half Mean Strenght  Elongation Micronaire Consistency Propotion
Length g Tex?! (%) Index (%)
(mm)
Copaida
Urea+ NI+ Ul 28.50°% 30.472 9.18% 4.04% 140.38% 43.87°
Urea + Ul 28.14° 30.07% 9.06% 3.83% 139.17% 43.82°
Urea + NI 28.02° 29.95% 9.02° 3.81¢ 138.52% 43.55°
Urea 27.75° 28.71° 8.94° 3.39° 137.78° 42.52°
Control (Okg)  26.94¢ 27.62° 8.69° 3.25 125.31° 41.49°
Agrinio
Urea + NI+ Ul 28.35°? 32.34% 9.76¢° 43¢ 158.16 % 46.20°
Urea + Ul 28.32° 31.82% 9.66° 4,07%® 149.66 * 45912
Urea + NI 27.64° 31.06® 941° 3.99 % 140.31 ™ 45,57 %
Urea 27.17° 29.85°  9.20° 3.54 b 140.06 ° 43.94 ¢
Control O kg) 26.33° 28.61° 9.06° 3.39°¢ 129.33¢ 42.86°¢
F copaida value 62.23***  8.71** 21.97*%*  19.83** 19.28** 5.34*
F Agrinio value 16.12** 11.01**  22.67** ns 6.67* 5.11*
Fcopaida * Agrinio ns ns ns ns ns ns

F-test ratios are from ANOVA. Different letters within a column indicate significant differences according
to Tukey’s test (o = 0.05). Significance levels: * p <0.05; ** p <0.01; *** p < 0.001; ns, not significant
(p >0.05).

Fiber strength (Table 3) data demonstrates the same alterations with SCI, marking
significant higher values in Urea+NI+UI (30.47 g tex™), in Urea+Ul (30.07 g tex™) and
in Urea+NI (29.95 g tex™) treatments in Copaida region and lower values in Urea and
Control treatments (28.71 and 25.62 g tex, respectively). Additionally, in Agrinio
region significant differences between all treatments were marked but the values were
significantly higher in Urea+NI+UI treatment (32.34 g tex™) and significantly lower in
Control (28.61 g tex™). Also, fiber strength was significantly higher in Agrinio than in
Copaida region.

Fiber elongation, showed similar variations for both two regions. It was
significantly higher in Urea+NI+UIl and Urea+Ul treatments (9.18% and 9.76% in
Copaida and Agrinio regions, respectively) and it was lower in the rest of the treatments
(Urea+NI, Urea and Control). Finally, it was higher in all treatments, in Agrinio region.

Lint proportion was generally higher in Copaida than in Agrinio region, marking
significant higher values in Urea+NI+UI and Urea+Ul treatments rather than in all other
treatments.

It is emphasized that the application of Urea containing Nitrification (NI) and
Urease (Ul) inhibitors as fertilizer, resulted all fiber quality parameters to mark the
highest values in both regions (Copaida&Agrinio), as shown in the Table 3.

Fig. 2 depicts the N_NH,4 concentrations in different DAS (Days After Sowing).
Observing the case of Copaida area, it is demonstrated that at 40 DAS, all treatments
marked high values, ranged from 23 ppm to 37 ppm. Urea+NI treatment marked the
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highest value and Control the lowest. At 100 DAS a value decrease was noticed, with
Urea+NI, Urea treatments and Control demonstrating 26 ppm, 24 ppm and 16 ppm
N_NH. concentrations, respectively. Although at 140 DAS, Control showed an
increased value compared to 100 DAS, still, it marked the lowest values along with
Urea+NI treatment (23 ppm for both treatments). The highest values were marked by
Urea+Ul and Urea treatments. It is worth pointing out that while Urea+NI treatment
showed originally the highest value at 60 DAS, it shows the lowest at 140 DAS.
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Figure 2. Ammonium concentrations (N_NH,4) in Copaida and Agrinio regions at 60, 100 and
140 DAS.

Observing Agrinio area, at 60 DAS Urea marked the highest value and Control the
lowest. At 100 DAS Urea value decreased. At 140 DAS the lowest value is given by
Control and the highest by Urea+UI treatment, (14 ppm and 25 ppm, respectively). The
remarkable fact is that we noticed a decrease in Urea, at 140 DAS in Agrinio area, while
the highest value marked at 60 DAS. On the contrary, in Copaida area, Urea+NI
treatment showed the highest value at 60 DAS, and then it decreased at 140 DAS.
Additionally, we observed that Control in Copaida area demonstrates an increase at
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140 DAS compared to 100 DAS while in Agrinio area it continuously declines
until140 DAS.

Fig. 3 depicts the N_NO; concentrations at different DAS (Days After Sowing).
While noticing Copaida area, it is demonstrated that Urea marks the highest value at
60 DAS but at the same time Urea marks low values at 140 DAS (35 ppm and 15 ppm,
respectively). The values of Control are the lowest at 60, 100 and 140 DAS (17 ppm,
14 ppmand 12 ppm respectively). Urea marked the highest decrease in comparison with
all other treatments. From 60 DAS to 140 DAS the decrease in all treatments was
impressive.
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Figure 3. Nitrate concentrations (N_NO3) in Copaida and Agrinio regions at 60, 100 and 140
DAS.

In Agrinio area, Control values at 60 DAS and 140 DAS were 14 ppm and 10 ppm
respectively. Urea value at 60 DAS was 35 ppm but at 140 DAS was 15 ppm.
Urea+NI+UIl, Urea+NI and Urea+UIl treatments marked the same value at 140 DAS
(20 ppm). At 60 DAS all three fertilizations marked different values (27 ppm, 30 ppm
and 24 ppm respectively). Control's values are significantly lower than the
corresponding in Copaida area. The values of all treatments decreased from 60 DAS to
140 DAS.
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DISCUSSION

Agronomic characteristics

Urea with inhibitors Urease and Nitrification treatment demonstrated significant
differences in the total dry weight. Similar studies have also demonstrated a positive
effect of NBPT on Urea especially in total dry matter (Oosterhuis et al., 1983; Bondada
& Oosterhuis, 2001).

In the present research, during treatment with double inhibitors, differences in LAI
were recorded. Similar results presented by Makino & Osmond (1991), who
demonstrated that NBPT increases the leaf chlorophyll concentration. This is due to the
positive correlation between N and leaf chlorophyll concentration in cotton (Buscaglia
& Vacro, 2002).

Seed cotton yield and lint yield were higher when Urea was applied along with
NBPT and DCD. Also, seed cotton yield and lint yield marked a significant positive
correlation with above ground N, total plant nitrogen Uptake and with seed cotton N
(Table 4). Meaning that, these forms of N enhances the seed cotton yield and lint yield.
Kawakami et al. (2012) in his study, also demonstrated, that N uptake, in Urea and NBPT
treatment, results in higher cotton lint and seed yields.

Table 4. Correlation matrix between nitrogen index, plant growth parameters and yields
Total Dry  Seed Cotton Plant

Weight  Yield '-k'”thy',?'d LAl Height
(kghal)  (kghat)  (Kgha) (cm)
Above-Ground N (%) .83*** .80*** .82%** JEF** 7R
Seed Cotton N (%) 84F** 81*** .83*** A
Seed Cotton N Yield (kg N hal) .97** 93** .98** 92** .83***
Total Plant Nitrogen Uptake .98** 94** 96** Q2%*x g7 EIE
(kg N ha?)
Nitrogen Utilization Efficiency  .18™ 32* .26 .18 .04ns
(NULE)
Internal crop N use efficiency .60*** J4F** J2%** b5e***  39*
(iNUE)

F-test ratios are from ANOVA. Different letters within a column indicate significant differences according
to Tukey’s test (o = 0.05).

Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05).

Quiality characteristics

Fiber growth and development is affected by most factors that also influence the
plant’s growth. Since the fiber is primarily cellulose, any influence on the plant’s
photosynthetic capacity and production of carbohydrate will cause similar influence on
fiber growth (Bange et al., 2009). Variations in fiber maturity were linked with source-
sink modulations related to flowering date (Bradow et al., 1997).

In this study, while comparing Control and Urea treatments, micronaire was higher
when Urea+NI+UIl, Urea+NI and Urea+UIl treatments were applied. Additionally,
micronaire marked significant positive correlation with plant N uptake (Table 5) and
with the N content in the above the ground part of plants. Therefore, these forms of N
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enhances the micronaire, and this may by related with the higher LAI values in
Urea+NI+UI, Urea+NI and Ul treatments.

Table 5. Correlation matrix between nitrogen index and cotton parameters quality

Upper
Micronaire Half Mean

Spinning  Lint

Strength  Elongatio Consistency Propotion

Length (mm) (@ Tex) n (%) Index (%)
Above-Ground N 68*** T3 J2FFx JoxxE GTEER T2%x*
Content (%)
Seed Cotton N Content .67*** BLxH* J2FFx B4FFR GFHE .B6***
(%)
Seed Cotton N Yield — .71%** .80*** J4FFx xR J Rk TQ*F**
(kg N ha?)
Total Plant Nitrogen =~ .71*** 81F** J3FFE LRI fREE* 2%
Uptake (kg N ha'l)
Nitrogen Utilization -.07m .34* -.22m -44%* - 10™ -.34*
Efficiency (NULE)
Internal crop N use 29" A49** 29" 22" A42** .28"

efficiency (iNUE)/

Nitrogen Physiological

Use Efficiency (NPUE)

F-test ratios are from ANOVA. Different letters within a column indicate significant differences according

to Tukey’s test (o = 0.05). Significance levels: * p <0.05; ** p <0.01; *** p < 0.001; ns, not significant
(p >0.05).

N is a component of both proteins and chlorophyll. For instance, Bondada et al.
(1996) found a strong relationship among lint yield, canopy photosynthesis, and soil N.
From a fiber development perspective, changes in the relationship between canopy leaf
area and boll number affect the maturity (thickness of the secondary cell wall) of
developing fibers leading to differences in micronaire (Bange et al., 2009).

The N effect on canopy photosynthesis is probably predominately caused by the
effect N has on leaf area production and light interception. N deficiency also impacts
photosynthesis through effects on both the dark and light reaction components of
photosynthesis, something that isn’t unusual, considering that N is a component of both
proteins and chlorophyll Reddy et al. (1996), Pettigrew (2016) demonstrated a close
relationship between CER, Rubisco activity, and leaf N concentration. Based on
previous reports regarding the effect of N on cotton fiber micronaire, the results of the
present research, indicated that the same can be assumed regarding the other fiber
parameters (length, strength, SCI and lint proportion) that marked significant higher
values, as in the case of micronaire, when comparing Control and Urea treatment with
Urea+NI+UI, Urea+NI and Urea+UI treatments.

Also, all the fiber quality parameters demonstrated significant positive correlation,
as in micronaire, with N content in cotton seed, with above the ground part of plants and
with total plant N uptake. The degree of deposition of cellulose in the fiber cell is
significantly affected by factors that affect photosynthesis (Bange et al., 2009). The
present research findings showed this factor may be LAI since it marked significant
higher values when Urea and Control treatments compared to Urea with inhibitor
nitrification (NI), Urea with inhibitor Urease (Ul) treatments.
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Few agronomic or climatic conditions indicated a consistent effect on fiber bundle
strength, as the loss of leaf area can reduce photosynthesis. The strength of cotton fibers
is related to the degree of wall thickening. Important, however, substantial differences
in strength of fibers will depend on the chemical structure of the cellulose being laid
down in the secondary wall. The longer the cellulose molecule chains that are laid down,
the stronger the fiber becomes. The length of fiber is analogous to the yarn’s strength
(the longer the fiber is, the yarn is made stronger). The different fiber strength among
cotton varieties is related to the composition of the cellulose. Nitrogen and potassium
nutrition can have a significant effect on fiber quality (Pettigrew, 2016).

According to Boquet et al. (1993), the nitrogen fertilization demonstrated
significant impacts on plant growth, lint yields and fiber quality.

Higher values in treatments with inhibitors, were observed mainly because Urease
inhibitors delay Urea hydrolysis in soil and, this way, decreases the intensity of the soil
pH while NH3/NH4" concentration is increased in the surrounding area of the fertilizer
granule, thus reducing the toxic effect of high ammonia concentration on seed
germination (Xiaobin et al., 1995; Grant & Bailey, 1999). The benefit of using Urea with
inhibitor Urease (UI) fertilization in crops is well documented (Norman et al., 2006;
Mozaffari et al., 2007). The nitrification inhibitor, by blocking nitrification, caused the
soil NH3/NH." concentration to remain high for a longer period, allowing volatilization
losses to continue (Soares et al., 2012). The use of Urea with inhibitor nitrification has
been reported to positively affect N fertilization and yield of crops (Di & Cameron,
2002).

3D Contour Plot of Seed Cotton Yield (kg ha™!) against Treatment and Nitrogen
Utilization Efficiency (NUtE)

Seed Cotton Yield (kg ha™) = Distance Weighted Least Squares
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Figure 4. 3D-plot of seed yield against treatments and NUtE.
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Each year larger amounts of N fertilizers are applied to croplands and cost billions
of money (Nour, 2015). The estimated efficiency of applied N ranges from about 30%
to about 70% (John D., 2007). Concerning to Nitrogen Utilization Efficiency (NUtE),
we created Fig. 4, which shows the optimal area. According to Table 1 and Fig. 4, Urea
with double inhibitors marked higher seed yield (12.63%), Urea+Ul (11.76%) and
Urea+NI (7.97%) than Urea. It should be noted that the same quantities of fertilizers
were used in all treatments. In general, the efficiency of the inhibitors can reduce from
12.63% to 7.96% the quantities of Urea and therefore the losses arising from its use.

Corresponding to Fig. 5, the optimal area is depicted, when using Urea+NI+UI
treatment. Under the same quantities of fertilizers, Urea+NI+UI treatment increases
micronaire by 20.34%, Urea+UI treatment by 13.99% and Urea+NI treatment by 12.55%
compared to Urea. This results from improved Nitrogen Use Efficiency (NUE), which
leads to better fiber quality.

3D Contour Plot of Micronair against Treatment and Nitrogen Utilization Efficiency (NUtE)

Micronaire = Distance Weighted Least Squares
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Figure 5. 3D-plot of micronaire value against treatments and NUtE.
CONCLUSION

The findings of the present study clearly indicate that, Urea with inhibitors
Nitrification (NI) and Urease (UI) results in better plant growth, Nitrogen Indices as
NUE, and better fiber quality, compared to Urea. Urea with Urease (UI) inhibitor and
Urea with Nitrification (NI) inhibitor showed the immediate best results in cotton
cultivation. It is emphasized that the above apply in both experimental regions (Agrinio
and Copaida). According to the above, when using the same amount of fertilizer in all
treatments, Urea with double inhibitors increases the seed yield by 12.63% and
micronaire by 20.34% compared to Urea. Fertilizers that contain inhibitors, have the
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potential to increase yields, as well as quality characteristics with less losses to the
environment.
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Abstract. Spring rape is a high-marginal crop that can be used in different areas of the national
economy. Despite this, the area used for sowing this crop in the Russian Federation is still small,
and the quality of its seeds does not always meet the standards. The purpose of the research is to
identify the most effective doses of mineral fertilizers that allow obtaining the planned harvest of
high-quality spring rape seeds in the southern forest-steppe of the Republic of Bashkortostan. The
paper presents the results of triennial field researches (2016-2018) on the effect of mineral
fertilizers on some indicators of the quality of spring rape seeds of the lubileynyi variety. The
research was carried out in the educational and scientific center of Bashkir State Agrarian
University (Ufa, the Russian Federation) on leached black soils of heavy loam granulometric
composition. The positive effect of calculated doses of mineral fertilizers on the object of interest
was evident. Fertilization increased the spring rape yield capacity and its oil content by
0.34-0.51 t ha' and 0.1-1.8%, respectively. The yield of oil per hectare also increased. The use
of fertilizers increased the content of nitrogen and potassium, averaging over three years
3.32-3.36% and 1.00-1.03%, respectively. The use of fertilizers did not significantly effect the
content of phosphorus. The content of phosphorus did not exceed 1.74-1.79%. Crude protein
content was 19.4-19.6% for researched period.

Key words: crude protein, mineral fertilizers, oil content, quality, spring rape.
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INTRODUCTION

Spring rape is a high-marginal crop. It is used in many different ways in national
economy (Zotz et al., 2018; Zemeckis et al., 2019). In recent years the crop areas have
been increasing all over the world as well as in the Russian Federation (FAO, 2019;
Statistics of The Russian Federation, 2018). China, Canada, countries of the European
Union and India are the world leaders in growing rape today. These countries harvest 58
million tons in total, which is equal to 57% of the world's crop. The main exporters of
rape seed in the world are Europe, Canada and Australia. The main importers are China,
Mexico, Japan, Bangladesh, Pakistan and a number of other countries (FAO, 2019).
These countries regulate the market for oil seeds using market and political conditions.
There is a guaranteed area for oilseeds cultivation allotted for countries of the EU, which
is established every year and is at least 10% of the total area. The EU policy on oilseeds
has a certain export quota for rape and a system of per-hectare surcharges (Venus et al.,
2017; Forleo et al., 2019). It should be noted that the structure of Russian market for
oilseeds differs from that one worldwide. Sunflower occupies the main share of oilseed
production, while rape accounts for 3—-4% of Russian production.

There are two forms of rape: spring and winter rape. In Canada, for example, spring
rape is widespread as conditions for winter rape are unfavorable, while in European
countries (Germany, Poland, France, Great Britain, etc.) the climate is more favorable
for winter rape cultivation, the yield of which there is almost twice higher than that of
spring rape. In Sweden, the same attention is paid to both forms of rape. In the
continental climate of Eastern Europe the cultivation of winter rape is a risky business.
In Russia, spring rape is mainly grown. Rape production area in Russia was 1,387
thousand hectares and 37 thousand hectares in the Republic of Bashkortostan in 2018.
The gross yield in the Russian Federation amounted to 2,216.3 thousand tons with an
average yield of 1.4 t ha™ in the country (Statistics of The Russian Federation, 2018).

Both forms of rape are very demanding of nutrients and require high doses of
fertilizers. Many farms in the country are unable to apply the necessary amount of
fertilizers due to the disparity in prices prevailing in the market, the lack of necessary
state subsidies and available loans. Therefore, farms need to develop such a system of
fertilization, when the natural potential of plants and soil is used to the maximum extent
possible. At the same time, non-production expenses are minimized, and the necessary
doses of fertilizers are applied. Thus, our research plays an important role in solving the
problem of increasing the efficiency of fertilizers applying.

To develop a rational system of fertilization, it is necessary to take into account
numerous parameters, such as the content of nutrients in the soil, the biological needs of
plants, the phytosanitary situation of sowings, etc. (Hu et al., 2017; Xiao-Bo et al., 2017).
The use of rational doses of fertilizers will allow agricultural producers to obtain
maximum yields of high-quality spring rape seeds (Nurlygaianov et al., 2019a). If the
amount of fertilizers is insufficient, the seeds of spring rape may not get ripened. Deficit
of any nutrient leads to development disorders. For example, a lack of potassium, can
lead to the accumulation of ammonia in plant cells. Excessing nitrogen can lead to the
accumulation of nitrates in the seeds (Kasiuliene et al., 2016; Szczepanek & Siwik-
Ziomek, 2019). Ferilization system requires correct calculation and precise compliance
with the technological process (Queiros et al., 2015).
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Soil and climatic conditions, phytosanitary situation and biological requirements
are important for developing recommendations for the rational spring rape cultivation.
The purpose of the research is to identify the most effective doses of mineral fertilizers
for obtaining high yield of high-quality spring rape seeds in the southern forest-steppe
of the Republic of Bashkortostan. The increase in the doses of mineral fertilizers can
affect the quality of spring rape seeds. Macronutrients content (N, P, K) is important
marker of fertilization efficiency. Oil and crude protein content may depend on fertilizer
system.

MATERIALS AND METHODS

Researches were conducted in 20162018 in the Training and Research center of
the Bashkir State Agrarian University of the Republic of Bashkortostan (Russian
Federation, 54.769 °N, 55.866 °E). Field experiment was carried out on leached heavy
loam black soils. The arable layer contained 6.8-7.2% of humus, 90 mg of easy
hydrolysable nitrogen per 1 kg of soil, 110 mg of mobile phosphorus per 1 kg, 160 mg
of exchange potassium per 1 kg. The soil was slightly acidic (pHkci = 5.2).

lubileinyi recognized variety was studied according to the scheme: the control
variant (without fertilizers); nitrogenous fertilizers were applied in one step for pre-
sowing cultivation in a dose of N12sPgoKso; the dose of nitrogen fertilizers was adjusted
according to the soil diagnostics results and was applied in one step in a dose of
N75-80Pg0Kso; split nitrogen fertilizing was used, where 2/3 of the dose was applied for
pre-sowing cultivation and 1/3 — for feeding in a dose Of N125(2/3 of the dose for pre-sowing cultivation,
1/3 - for fertilization)PsoKso; Split nitrogen fertilizing was used, where the dose was adjusted
according to the soil diagnostics results in a dose of N7s3 of the dose for pre-sowing cultivation, 1/3 —
for feeding) - 80P8oKso; Nitrogen fertilizers were applied in one step for pre-sowing cultivation,
but potassium deficit increased — N12sPsoKeo (Table 1).

Table 1. Experiment scheme

Experiment Variant N, % - - P, K,
pre-sowing feeding % %
Without fertilizers(control variant) - - - -
N125Pg0Kso 125 - 80 50
N75(80)-PsoKso 75(85) - 80 50
N125(2/3 for a pre-sowing cultivation and 1/3 for fertilization) PBOKSO 83.33 41.67 80 50
N75(2/3 for a pre-sowing cultivation and 1/3 for feeding)(SO)*PBOKSO 50(56-67) 25(2833) 80 50
N125Ps0Ke0 125 - 80 60

Variants was arranged in a classified order, in three replications. The harvest area
of the plot is 50 m?. During the experiments, we followed generally accepted
recommendations for research institutions (Dospekhov, 2012).

Farm machinery used during the research corresponded to the scientific system of
agriculture recommended for the zone (Puponina, 2010). Phosphorus and potassium
fertilizers were applied in autumn for basic soil treatment. Nitrogen fertilizers were
applied manually for pre-sowing cultivation and at the stage when spring rape had 4
leaves.
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Treatment of spring rape seeds was performed with Kruiser agrichemical in a dose
of 15 dm® t™%. It was established that to improve drum treatment process, a transit mode
of seeds moving inside the working drum is necessary (Khasanov et al., 2019). Fertilizers
were introduced in the form of potassium chloride, ammophos, cal urea and ammonium
saltpeter. The crop was sown in an ordinary way in the second decade of May with a
seed application rate of 2.5 million germinating seeds per hectare. One-phase harvesting
conducted when moisture content was lower 25%.

Mean annual precipitation in 2016 was twice less compared to normal rate,
averaging 37.3 mm during the growing season. 2017 was characterized by heavy
precipitation reaching record values of 166 mm, and the air temperature was below the
standard. Climate conditions in 2018 were amounting to the long-term average annual
values (Hydrometeorological Center of Russia, 2016-2018).

Statistical processing of research results was carried out by the variance and
correlation analysis using standard computer software packages such as Microsoft Excel
and Statistica 8.0 application. Arithmetic averages, standard errors, standard deviations,
variances, confidence intervals, and coefficients of variation were calculated. The
reliability of differences for the 95% level of significance was determined by Student's
test between the variants of the experiment.

Agrochemical analysis of plants:

— determination of dry matter content and gyroscopic moisture according to All
Union State standard 8719-58;

— determination of nitrogen content using the Nessler chemical agent (Jeong, Park
& Kim, 2013);

— determination of phosphorus content using vanadomolybdate method (Lew &
Jakob, 1963);

— determination of potassium using the flame photometry method (All Union State
standard 26726-85, 1987);

— the oil content was determined by extracting it with the use of the Soxhlet
apparatus (All Union State standard 10857-64, 1964);

— crude protein content was determined according to All Union State standard
28074-89 (1990).

RESULTS AND DISCUSSION

Oil content is an important indicator of seed quality (Arrua et al., 2017,
Nurlygaianov et al., 2019b). The study of the effect of calculated doses of mineral
fertilizers on the quality of spring rape products led to the increase in both yield and oil
content by 0.34-0.51 t ha™* and 0.1-1.8%, respectively. The use of fertilizers resulted in
the increase in oil yield which amounted to 0.902—0.909 t ha™ (Table 2).

Oil content of seeds in all of the studied variants was lower in 2016 compared to
2017 and 2018. This is caused by a decrease in the synthesis of nutrients during the
formation of seeds. The decrease in the synthesis was caused by a high air temperature
and moisture deficit.

The yield of oil per unit of area is increased by increasing the yield of seeds.
Increasing the doses of mineral fertilizers heightened the yield of oil from 1 hectare
compared to the control variant by 210 kg due to increased seed yield.
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Table 2. Oil content and oil yield of lubileinyi variety, depending on the calculated doses of
mineral fertilizers (average over 2016-2018)

Experiment variant Yield, Oil content,  Oil yield,
that % that
Without fertilizers (control variant) 1.76° 41.7° 0.740
N125Pg0Kso 2.142 43.0° 0.903
N75(80)<PsoKso 2.107 42.3° 0.903
N125(2/3 for a pre-sowing cultivation and 1/3 for fertilization) P80K50 2.272 418b 0.902
N75(2/3 for a pre-sowing cultivation and 1/3 for feeding)(80)*P80K50 2.18% 427ab 0.909
N125Pg0Kso 2.13? 43.5% 0.909
LSDo.05 0.25 0.69 0.01

The same results were obtained by Indian scientists. They studied the effect of
macronutrients on the yield and oil content of rape in their research. Increasing the
nitrogen dose to 100 kg a. m. per ha increased the yield of spring rape seeds. Further
increase in the dose did not lead to an increase in the yield (Liu et al., 2019).

Oil content in the Ni2sPgoKeo Vvariant of lubileinyi variety was maximum and
amounted to 42.5%. In the variant, where fertilizers were applied in the dose of
N125Ps0Kso, 0il content was 42%, and 41.7% — in the variant with the fertilizers dose of
N75(2/3 for pre-sowing cultivation, 1/3 for feeding) (80)*P80K50-

Quality of seeds depend on mineral fertilizers content of macronutrients in the seeds
of spring rape can show efficiency of applied fertilizers. Feeding qualities of rape seed
are decreases for high rates of fertilizers. Nitrogen is an element that plays a major role
in plant metabolism, being a part of complex and simple proteins (Gamzikov et al.,
2000).

Research results for 2016-2018 showed that the use of fertilizers increased the
nitrogen content by 0.68-0.72%, amounting to 3.32-3.36% per completely dry matter
(Table 3). In 2016, due to dry and hot weather, the increase was higher compared to other
years of research and amounted to 3.51-3.58% for fertilized variants.

Table 3. Nitrogen content in spring rape seeds, % per completely dry matter
On average Increase

Variant 2016 2017 2018  over three compare
years to control

Without fertilizers (control) 275 248 263 264 -
N125Pg0Kso 358 3.03 346 3.33 0.69
N75(80) PgoKso 352 311 343 3.32 0.68
N125(2/3 for a pre-sowing cultivation and 1/3 for feeding) PSOKSO 351 3.16 3.48 3.36 0.72
N75(2/3 for a pre-sowing cultivation and 1/3 for feeding)(80)* PBOKSO 3.54 3.11 3.42 3.33 0.69

N125 PgoKso 353 312 341 333 0.69
LSDg.05 0.26 0.22 0.24 - -

Phosphorus compounds in a living organism are fundamental. They perform a
certain function in the energy volume, formation of adenosine triphosphate, etc.
(Postnikov et al., 2001).

The results of the research indicate that the use of calculated doses of mineral
fertilizers did not effect on the phosphorus content, and made up 1.74-1.79% (Table 4).
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Potassium plays an important role in plant photosynthesis and is involved in many
different types of reactions (Predein, 1991).

In the course of research, it was found that the potassium content of spring rape
seeds strongly depended on the calculated doses of fertilizers used by us (Table 4). The
potassium content increased by 0.13-0.16% to 1-1.03%. The maximum potassium
content in Spring rape seeds was observed in the Nizs variant (213 for a pre-sowing cultivation and 1/3 for
feeding)) PsoKso and was 1.07%.

Table 4. Phosphorus content in spring rape seeds, % per completely dry matter

Variant 2016 2017 2018 Onaverage
over three years

Without fertilizers (control variant) 1.73 1.65 1.7 1.69

N125 PgoKso 1.80 1.69 1.78 1.76
N7580)=PgoKso 1.80 1.68 175 174

N125(2/3 for a pre-sowing cultivation and 1/3 for feeding) P80K50 1.86 1.72 1.80 1.79

N75(2/3 for a pre-sowing cultivation and 1/3 for feeding)(80)* PSOKSO 1.82 1.7 1.78 1.77

N125 PgoKso 1.81 1.71 1.77 176

LSDo.os 0.05 0.04 0.05 -

Accumulation of potassium in spring rape seeds was largely dependent on the use
of fertilizers (Table 5). At the same time, on average, the content of this element
increased by 0.15-0.17% in the fertilized variants over four years.

Table 5. Potassium content in spring rape seeds, % per absolutely dry matter

On average
Variant 2016 2017 2018 overthree Increase
years
Without fertilizers (control variant) 087 089 0.86 0.87 -
N125 PgoKso 095 106 1.02 1.01 0.14
N75(80)<PgoKso 094 105 1.010 1.00 0.13
N125(2/3 for a pre-sowing cultivation and 1/3 for feeding) PSOKSO 0.98 1.07 1.05 1.03 0.16
N75(2/3 for a pre-sowing cultivation and 1/3 for feeding)(80)* PSOKSO 0.95 1.06 1.02 1.01 0.14
N125 PgoKso 0.96 1.07 103 1.02 0.15

LSDo.05 015 016 014 - -

Experiments conducted in Central Europe (Poland) to study the effect of nitrogen,
phosphorus and potassium on the accumulation of phosphorus and potassium showed
that with average doses of fertilizers, there is an increased accumulation of phosphorus
and potassium in shoots and roots during flowering and seed ripening. Very high doses
of fertilizers cause the plant to heavily absorb phosphorus and potassium (Szczepanek
& Siwik-Ziomek 2019).

It is necessary to determine the content of crude protein in spring rape seeds,
because this indicator is one of the most important in determining the quality of products.
Proteins play a major role in metabolism, performing structural and catalytic functions.

Our studies have shown that the content of crude protein in fertilized versions of
spring rape seed varied on average over three years from 20.0-20.3% per absolutely dry
matter and showed an increase of 3.5-3.9% (Table 6). The content of crude protein of
20.3% was noted in the N125 application variant (2/3 for a pre-sowing cultivation and 1/3 for feeding) PSOKSO-
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Over the years of research, the maximum increase in the content of raw protein was
observed in 2016 due to weather conditions. It was 20.5-20.7% in fertilized variants.
The minimum increase was noted in 2017 and was 19.4-19.9%.

Table 6. The content of crude protein in spring rape seeds when using calculated doses of mineral
fertilizers, % per absolutely dry matter

On average
Variant 2016 2017 2018 overthree Increase
years
Without fertilizers (control variant) 17.2 159 16.3 16.5 -
N125 PsoKso 206 195 198 20.0 3.5
N75(80)* PoKso 20.7 194 202 201 3.6
N125(2/3 for a pre-sowing cultivation and 1/3 for feeding) P80K50 20.7 19.9 20.4 20.3 3.9
N75(2/3 for a pre-sowing cultivation and 1/3 for feeding)(80)* PSOKSO 20.6 19.7 20.3 20.2 3.7
N125 PsoKso 205 198 20.2 20.2 3.7

LSDo.os 027 025 024 - -

The results of our research confirm previously published works about the effect of
nitrogen fertilizers on protein content in crop yields (Charbonnier et al., 2019).

The study on the effect of calculated doses of mineral fertilizers on the yield and
quality of spring rape seeds proved that climatic conditions had a significant impact on
these indicators. Therefore, we need to determine the effect of our calculated doses of

mineral fertilizers and weather
conditions on variability. Table 7. Influence of various factors on crop
Fluctuations in the yield of fluctuations and the content of nitrogen, phosphorus,

spring rape seeds show that 87% of potassium and oil in spring rape seeds, %

it was determined by weather Seeq  CoOntent
conditions, 11% by the calculated Factor yield of spring rape Seeqls
doses of mineral fertilizers used, N P K Oils

Weather conditions 87 50 82 61 51

0,

and 2% by oth_er fe}ctors (Tal_ble 0. Calculated doses of 11 46 15 32 45
The variability of nitrogen

. . . mineral fertilizers
content in the yield of spring rape Other 2 4 3 7 4

seeds was almost equally
determined by weather conditions
and doses of mineral fertilizers. Fluctuations in phosphorus content n seeds by 82%
depended on weather conditions, by 15% — on mineral fertilizers, and by 3% — on other
factors.

Fluctuations in the potassium content mainly depended on the calculated doses of
mineral fertilizers (61%), in 32% — on weather conditions, and in 7% — on other factors.
Oil content depended almost equally on weather conditions and calculated doses of
mineral fertilizers.

Studies on the impact of various factors on the yield and quality of spring rape
seeds, conducted in Canada and the United States, have shown that water supply,
balanced nutrition, early planting at low depth, high seeding rate, and a diverse crop
rotation are among the best management methods for increasing the yield of spring rape
seeds (Assefa et al., 2018).
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Under production conditions, the planned level of yield of spring rape seeds is not
formed, and its actual value is lower than the planned one. Increasing the dose of mineral
fertilizers and changing types and methods of their application lead to the increase in the
growing season by 19 days. At the same time, yield varied from 1.3 to 2.2 t ha, and the
oil content — from 43.0 to 46.0% (Nurlygaianov et al., 2019a).

Low availability of nitrogen in sowing time leads to the reduction in yields and oil
content (Liu et al., 2019). The study showed that plant height, the number of branches,
pods, seeds per pod and weight of 1000 seeds significantly depend on nitrogen and
phosphorous fertilizer levels. The use of fertilizers in a dose of NigoPso allowed to get
the highest yield. But the increase in the dose of nitrogen fertilizers above 100 t ha™ does
not allow to get higher yields of rapeseeds (Singh et al., 2019).

During three years of studies, conducted in the conditions of the Republic of
Bashkortostan, the average concentration of digestible protein per 1 spring rape feed unit
was 147.2-153.8 g., 191.2-197.8g. per 1 spring vetch feed unit and 202.1-209.0g. per 1
feeding mallow feed unit. The use of these crops in mixed sowing together with Sudan
grass allowed increasing the concentration of digestible protein to the level of 102.4—
190.4 g. When the control concentration was 92.9-98.8 g., the highest concentration of
digestible protein was noted with a ratio of 20+80 of NssPs7Kss mineral nutrition level.
High concentration of digestion protein allows improving feeding diet for highly
productive dairy cows, beef cattle, and other types of farm animals and poultry
(Kuznetsov et al., 2018).

Thus, our results confirm earlier published works on the reduction of seeds oil
content with the increase in doses of nitrogen fertilizers (Ahmadi & Bahrani, 2009;
Nurlygaianov et al., 2019b). But as it can be seen, the yield of oil from 1 hectare of spring
rape crops increases together with the increase in crop yield. In our studies, the use of
fertilizers slightly increased the content of nitrogen and potassium in spring rape seeds
and amounted to 0.68-0.72% and 0.13-0.16%, respectively. But if we compare our
results with the research of Polish scientists, we can distinguish some differences
(Szczepanek & Siwik-Ziomek, 2019). According to the results of their research, the
introduction of increased doses of fertilizers (N1goP70Ki32) leads to the increase in the
accumulation of phosphorus and potassium. But our results prove, that the increase in
doses of nitrogen fertilizers does not have a significant effect on the accumulation of
phosphorus in the seeds of spring rape.

It should be noted that Russia lag manyfold behind the rest of the world in the
volume of fertilizer application (Statistics of The Russian Federation, 2018), though our
country is in the top 5 for fertilizer production (FAO, 2019), and the results of different
countries will have significant differences (Xiao-Bo et al., 2017; Abdulkhaleq et al.,
2018; Jankowski & Sokolski, 2018; Kachel-Jakubowska et al., 2018; Meifang et al.,
2018).

Our research makes it possible to note once again, that a balanced nutrition plays
an important role in obtaining high yields of high-quality rape seeds.

CONCLUSION

According to the results of the study, a positive effect of calculated doses of mineral
fertilizers is confirmed. Fertilization has increased the spring rape yield capacity and its
oil content. In particular, it is proved that the maximum oil content corresponds to the
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use of nitrogen fertilizers N12sPgoKeo. The current research reveals the reduction of seeds
oil content with the increase of nitrogen fertilizer dosage. However, at the same time,
the yield of oil from 1 hectare of spring rape crops increases together with the increase
in seed yield. The reduction in oil content may be caused by high air temperature and
moisture deficit, associated with a decrease in the synthesis of nutrients during seed
formation. It is also found that the use of calculated doses of mineral fertilizers on
average over three years leads to an increase in the content of nitrogen, potassium, and
raw protein in spring rape culture. In turn, the accumulation of phosphorus in the seeds
remains the same. The analysis shows that the yield and phosphorus in spring seeds are
more dependent on weather conditions, and less on the calculated doses of used
fertilizers. The identical effect of weather changes and fertilization is noted on the
content of nitrogen and oil. In turn, fluctuations in the potassium mainly depend on the
estimated doses of fertilizers, and in a less degree on weather conditions. Considering
the results achieved, various factors should be taken into account when calculating doses
of mineral fertilizers to increase the yield and quality of spring rape seeds. Our
developments can be applied to study the yield of other crops, being highly relevant and
promising due to global climate change.
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Abstract. The aim of this work is to determine how the germination of seeds of the invasive tree
Acer negundo depends on the period of cold stratification under the snow and the duration of
stratification in the air on the branches of the trees. For comparison with A. negundo, we used
seeds of Acer ginnala, introduced but not invasive tree in the Middle Urals. The period of
stratification in the air modeled by collecting seeds in October and December. The duration of
cold stratification under the snow was 0, 1, 2, 3 and 4 months. We hypothesized that the duration
of stratification in the air did not affect the germination of A. negundo and A. ginnala seeds. Cold
stratification under the snow had a positive effect on seed germination of both species. The best
seed germination of A. negundo and A. ginnala was after 4 months of cold stratification under the
snow, the germination rate differs: in A. negundo 12 * 4% (small seeds) and 79 + 7% (large
seeds), in A. ginnala — 1 + 2% (small seeds) and 18 + 4% (large seeds). In both species, large
seeds germinated at 7 to 18 times more intensively than small ones. In A. ginnala case, even after
cold stratification under snow for 4 months, no more than 22% of the seeds germinated. The
germination of A. ginnala seeds was 4-5 times lower than that of A. negundo seeds.

Key words: Acer ginnala, Acer negundo, cold stratification, invasive plants, propagule press,
seed biology.

INTRODUCTION

Acer negundo L. (boxelder maple) is a North American native tree and intentionally
introduced in Europe for horticulture and landscaping purposes (Merceron et al., 2016).
It is invasive in Northern Eurasia, particularly in Russia (Vinogradova et al., 2010).
A. negundo develops mainly in disturbed and semi-natural territories (Tret’yakova,
2011; Straigyté et al., 2015; Merceron et al., 2016; Gusev et al., 2017; Kostina et al.,
2017). A. negundo actively spread in the urbanized forests of the Middle Urals (Veselkin
et al.,, 2018; Veselkin & Korzhinevskaya, 2018). In Europe and Asia A. negundo
invasion leads to a replacement of economically important trees (Ryabinina & Nikitina,
2009; Bottollier-Curtet et al., 2012; Gusev, 2016). In the forest management, the search
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for the most efficient methods to kill and remove invasive A. negundo in invaded natural
habitats is continuing (Merceron et al., 2016; Kostina et al., 2017).

A.negundo may form monospecific stands (Ryabinina & Nikitina, 2009;
Tret’yakova, 2011; Lamarque et al., 2012; Gusev et al., 2017), reducing both native
species richness and abundance (Saccone et al., 2010, Bottollier-Curtet et al., 2012).
Therefore, A. negundo is a convenient subject for studying the penetration mechanisms
of invasive alien plants into natural communities. It remains unclear how seed
germination conditions related to propagation mechanisms. The outcomes of penetration
depend on a number of factors, such as the generative maturity age, the spread of seeds,
and their susceptibility to pathogens and others. They are important for predicting the
ability to create propagule pressure in recipient communities (Colautti et al., 2006,
Johnston et al., 2009; Dyderski & Jagodzinski, 2018). Searching for optimal seed
germination conditions needs to clarify the reproduction success of A. negundo over its
original communities.

The seed germination of the Far Eastern maple Acer ginnala Maxim analyzed in
comparison with seed germination of A. negundo. These two maple species are the most
common maples in urban plantings in the Middle Ural (Mamaev & Dorofeeva, 2005).
A. ginnala is an adventive alien decorative plant for Yekaterinburg (Tret’yakova, 2015).
Single individuals planted throughout the city, but A. ginnala does not extend beyond
plantations of trees and shrubs, despite annual fruiting. The only dense thickets of A.
ginnala in Yekaterinburg is located in the Institute Botanic Garden (Ural Branch,
Russian Academy of Sciences).

Both maple species are stable in culture, although they are slightly frostbitten
during severe winters (Mamaev & Dorofeeva, 2005). Thus, A. ginnala is similar to A.
negundo, but not an invasive species.

Many species of the genus Acer are of practical importance and are usually
propagated by seeds. Therefore, some conditions for maple seed germination are known
(Mamaev & Dorofeeva, 2005; Solarik et al., 2016). It was stated that the seeds of A.
negundo do not have a dormancy (Mamaev & Dorofeeva, 2005) or have a shallow
dormancy from 2-5 months (Aksenova, 1975) to 2 years (M6llerova, 2005; Kostina et
al., 2017). At the same time, during the growing season, seeds of A. negundo may have
an extended germination period (Kostina et al., 2017). Estimates of A. negundo seed
germination vary in the ranges of 37-48% (Agishev, 2016), 36-80% (Khudonogova &
Tyapaeva, 2019), 73-85% (Sofi et al, 2014). There are indications of ‘high germination’
(Kostina et al., 2017).

According to various sources and practical recommendations, cold stratification is
necessary for the germination of Acer species. Its duration for A. negundo recommended
for about 40 days and for other Acer species for a longer time (Rastorguev, 1960). There
are no information in the introduction about morphological heterogeneity of A. negundo
and A. ginnala seeds and its effect on seed germination. Our study provides the first
analysis of seeds size, stratification type and cold period effect on seed germination of
these species.

The aim of the work was to find answers to the questions: 1. How does A. negundo
and A. ginnala seed germination depend on the period of cold stratification on the soil
surface under snow? 2. Does A. negundo seed germination depend on the time of cold
stratification in the air? 3. Is A. negundo and A. ginnala seed size related to the success
of their germination?
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MATERIALS AND METHODS

Study area

Yekaterinburg is a large industrial city in the Middle Urals with an area of 49.8
thousand hectares with a population of about 1.4 million inhabitants. Yekaterinburg is
located in the southern taiga subzone. In the surrounding territories, pine forests of
natural origin prevail on soddy podzolic soil and brown forest soil. The territory of
Yekaterinburg is heavily polluted (Sturman, 2008) due to a large number of industrial
enterprises and the high density of the motor transport network.

The climate is temperate continental, bordered by continental, with cold winters
and warm summers. The average annual temperature is + 3 °C. The average annual
rainfall is 542 mm. The average snow cover depth in February is 20-25 cm, and the
average snow accumulation season is 160—-180 days (Borisov, 1967).

Weather conditions

The weather conditions during stratification and seed germination obtained from
the meteorological observing station (experimental area in the Institute Botanic Garden,
Yekaterinburg, Sverdlovsk region, Russia) and presented in Table 1.

Table 1. The weather conditions of experimental period

Snow cover depth on the Air temperature (°C)
last day of the month, cm monthly average maximum  minimum

Month and year

October 2018 11 4.3 18.5 -5.7

November 2018 10 -5.5 3.3 -19.4
December 2018 14 -11.0 -0.9 -25.3
January 2019 21 -12.6 -1.6 -22.7
February 2019 39 -11.1 1.5 -31.9
March 2019 16 -1.1 10.3 -12.1
April 2019 9 4.3 18.8 -10.4

Seed collection

Seeds of A. negundo collected from dense thicket (monospecific stands) in three
locations in the city Yekaterinburg. Seeds of A. ginnala were collected in one habitat
(the only dense thicket of this maple in the city). Seeds of each species in each location
were collected during two tours: October 20, 2018 (tour 1) and after 52 days on
December 11, 2018 (tour I1).

The dry double winged fruit of maples when ripe easy breaks up into two samaras.
Each of samara is one seed with wing. They were removed frome the trees by hands,
then dried and stored in linen bags in a cool room. The air drying was carried out for 5
days at room temperature (20 °C). Seeds from different species, habitats (locations) were
stored, sown and analyzed separately.

Determination of field germination

Vegetation experiments with stratification and seed germination were carried out
from November 2018 to May 2019. The field germination experiment was the main one.
Before the experiment, seeds with obvious mechanical, fungal, or bacterial damage were
rejected. Then the seeds were sorted into large and small by manual separation
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(Figs 1, 2). The criterion for separation was the length of the winged seeds, the seeds
were considered large: more than 35 mm for A. negundo; seeds larger than 15 mm for
A. ginnala. Plastic boxes of 50x30x12 cm with a standard peat substrate were used for
seed germination.

Figure 1. Seed heterogeneity of Acer negundo.

Figure 2. Seed heterogeneity of Acer ginnala.

On December 28, 2018, large and small seeds of A. negundo from each tour of
collection were sown in boxes in isolation from each other. The seeds from different
habitats were arranged systematically in the boxes. In each combination, ‘seed size’ x
‘tour’, a block of 5 boxes contained seeds from only one of the three habitats. In total 60
boxes, steps of 15 boxes of each variant: 15 boxes with small seeds from tour I, 15 boxes
with small seeds from tour 11, 15 boxes with large seeds from tour I, 15 boxes with large
seeds from tour 1. In each box 40 seeds were sown.

Also, large and small seeds of A. ginnala from each tour of collection were sown
in boxes in isolation from each other (in total 20 boxes, steps of 5 boxes of each variant:
5 boxes with small seeds from tour I, 5 boxes with small seeds from tour 11, 5 boxes with
large seeds from tour I, 5 boxes with large seeds from tour I1). In each box 40 seeds were
sown.

Seeds germination was carried out in a greenhouse of Institute Botanic Garden,
Ural Branch, Russian Academy of Sciences. Mean daily air temperatures
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during germination ranged from +18 to +23 °C. Boxes with seeds were exposed to the
10-a-clock lighting under OSRAM HPS Grow Lamps (photon flux density
150-220 pmol m2s™).

A single number of boxes with each sowing variant taken from individual habitats
of A. negundo and A. ginnala was left in the greenhouse for germination without
stratification under snow 12 boxes with A. negundo seeds, 4 boxes with A. ginnala seeds.
Thus, the seeds in these boxes were not exposed to additional exposure to cold. The
designation ‘Str0’ is a variant of the experiment without cold stratification under the
Snow.

The remaining 48 boxes with A. negundo seeds and 16 boxes with A. ginnala seeds
were carried outside. Boxes were placed on the surface of the soil and covered with a
layer of snow of the same height as it was in the surrounding area. Thus, the seeds in
these boxes were exposed to cold - an experiment with cold stratification under the snow.
From the 56 boxes, twelve boxes with A. negundo seeds and 4 boxes with A. ginnala
seeds were placed in a greenhouse for seed germination on February 1 (designation
‘Str1”), similarly on March 1 (‘Str2”), April 1 (‘Str3’) and May 1 (‘Str4”’).

Thus, the duration of cold stratification under the snow was: Strl - 1 month, Str2 -
2 months, Str3 - 3 months, Str4 - 4 months. The number of germinated seeds was counted
on the 20th day after sowing in the Str0 variant or on the 20th day after the boxes were
placed in a greenhouse in the Strl - Str4 variants.

Determination of viable seeds

On the 20th day of the germination experiment the viability of all the seeds was
determined after determining germination. For this purpose, the seed peel of the
unsprouted seeds was opened with a scalpel and it was determined whether the embryo
was alive. The criterion of viability was the color of the embryo — cream or yellow-green
without oil according to GOST 13056.7-93. Sprouted seeds were also considered viable.

Determination of laboratory germination

Laboratory experiments were carried out in May 2019. We performed laboratory
measurements according to standard (GOST 13056.6-97) to compare with other authors
results. Samples were germinated on filter paper with wicks dipped in water (daylight
300 lux, temperature from +18 to +23 °C). We used only the seeds from second lot of
collection (tour Il). We took the combined average sample of the seeds from three
habitats of A. negundo and average sample of the seeds of A. ginnala from one habitat.
Then the seeds were sorted into large and small by manual separation (Figs 1, 2). The
seeds were not additionally treated by cold stratification under the snow. Large seeds
were sown apart from small to compare laboratory and field germination. Each average
sample had 200 seeds (100 large and 100 small). There were 4 sowing variants in total:
for A. negundo large and small seeds; for A. ginnala large and small seeds. The number
of seedlings was counted on the 25th day of germination.

Data analysis

The influence of all tested factors on field germination was evaluated by 4-way
ANOVA. Factors in ANOVA in different combinations were: 1) the species of tree —
A. negundo or A. ginnala; 2) seed collection tour — | or Il; 3) the duration of cold
stratification — Str0, Strl, Str2, Str3 or Str4; 4) seed size — large or small. Another
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analyzed source of variability was habitat (factor ‘location’), i.e. the place where the
seeds were collected. In ANOVA, viable and sprouted seed fractions were analyzed after
arcsine transformation.

The figures and text show the untransformed values of viable and sprouted seeds.
Designations in the text and in the table: SD — standard deviation; dF — the number of
degrees of freedom; F — the value of the Fisher criterion; P — the significance level. All
differences were considered statistically significant if P < 0.05.

RESULTS AND DISCUSSION

Germination

The species of the seeds, the duration of stratification on the soil surface and the
size of the seeds significantly influenced the germination of the seeds individually and
in some interactions (Table 2). The duration of stratification in the air did not affect seed
germination either independently or in interactions with other factors (Table 2).
Consequently, the presence of seeds on the tree branches in October — December
(additional 52 days) did not affect their germination. In further analysis, the time of air
stratification was not considered.

Table 2. The effect of species membership (‘species’), duration of stratification in the air (‘tour’),
duration of cold stratification under snow (‘stratification’) and seed size (‘seed size’) on the
germination and viability of seeds (dF — the number of degrees of freedom; F — the value of the
Fisher criterion; P — the significance level). All differences were considered statistically
significant if P < 0.05

Factors and interactions dF IC:Sermlnatlon P \F/'ab'“ty P
Species [1] 1 32.89 < 0.0001 3.87 0.0560
Tour [2] 1 1.86 0.1800 2.76 0.1046
Stratification [3] 4 51.40 < 0.0001 1.07 0.3829
Seed size [4] 1 53.53 < 0.0001 726.15 < 0.0001
[1] x [2] 1 0.05 0.8281 0.00 1.0000
[1] * [3] 4 10.48 < 0.0001 0.47 0.7573
[2] x [3] 4 0.62 0.6538 1.43 0.2409
[1] x [4] 1 11.59 0.0015 4.10 0.0497
[2] x [4] 1 0.33 0.5713 3.14 0.0841
[3] x [4] 4 15.44 < 0.0001 0.82 0.5207
[1] x [2] % [3] 4 0.42 0.7902 0.45 0.7720
[1] x [2] = [4] 1 0.61 0.4394 0.20 0.6582
[1] x [3] * [4] 4 1.98 0.1166 0.96 0.4426
[2] x [3] * [4] 4 0.47 0.7602 0.27 0.8932
[1] x [2] x [3] x [4] 4 0.07 0.9912 0.14 0.9659

Seed germination of two Acer species almost exponentially depended on the
duration of their stratification under the snow (Fig. 3). In the absence of cold under snow
stratification and with under snow cold stratification of 1 month, the seeds did not
germinate. After 4 months of cold stratification under the snow, the germination rate
differs: in A. negundo 12 * 4% (small seeds) and 79 + 7% (large seeds), in A. ginnala —
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1 £ 2% (small seeds) and 18 + 4% (large seeds). In both species, large seeds germinated
at 7 to 18 times more intensively than small ones.

Habitat conditions did not affect seed germination (Fig. 3). In the 3-way ANOVA
(factors: ‘stratification’, ‘seed size’, and ‘location’), the differences associated with the
factor ‘location’ were insignificant (F (2; 30) = 2.24; P = 0.1234). After 4 months of
cold stratification under the snow, the range of germination average values in three
habitats was small: at 73 to 83% for large seeds and at 10 to 14% for small seeds of
A. negundo.

30
a: Acer negundo b: Acer ginnala

B o =]
< < <
T

[
<

Germination percentage, %

(=]

Str0  Strl Str2  Str3  Str4 Str0  Strl Str2  Str3 Str4

Duration of cold stratification

Figure 3. Germination (+ SD) of large (®) and small (o) seeds of Acer negundo (a; data for three
different habitats) and Acer ginnala (b) depending on the duration of cold stratification under the
snow (StrO - without stratifications; Strl — Str4 — stratification 1-4 months, respectively).
Attention should be paid to the difference in scale along the ordinate axis in Figures a and b.
SD — standard deviation.

Viability

Viability was significantly related to the size of the seeds (Table 2) and was not
related to other factors (‘species’, ‘tour’, ‘stratification’, ‘seed size”). Seed viability also
did not differ significantly between the two species of maples. Large seeds were more
viable (78-93%), small seeds were less viable (5-30%) (Fig. 4). Viability depended
neither on the time of seed collection (October or December) nor on the duration of cold
stratification under the snow (Table 2).

The results confirmed that the duration of cold stratification under the snow is
crucial for stimulating seeds germination of both Acer species. In the absence of cold
stratification under snow or if its duration was at 1 to 2 months, the germination of A.
negundo and A. ginnala seeds is limited. In such cases, no more than 10% of germinable
seeds sprouted on the soil (Fig. 3).

Laboratory germination, which is determined without stratification, is also low in
both types of maples. The average laboratory germination of A. negundo large seeds was
13%, small — 0%. The average laboratory germination of A. ginnala large seeds was 6%,
small — 0%.

The average field germination of A. negundo seeds was about 50-70%. This value
depends on the ratio of large/small seeds and it was 2/1 based on our assessment. This is
close to other similar estimates, under which A. negundo seed germination ranges
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between 37-48% (Agishev, 2016), 36-80% (Khudonogova & Tyapaeva, 2019) and
73-85% (Sofi et al., 2014). The average germination of A. negundo and the ratio of
large/small seeds in the climatic and environmental conditions of the Middle Ural and

other regions need to clarify.
100
80 | M
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100 r
80 r
60 r

b: Acer ginnala

40 r 40

' ‘ 0
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20

Viable seed percentage, %
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Figure 4. Viability (+ SD) of large (e) and small (o) seeds of Acer negundo (a; data for three
different habitats) and Acer ginnala (b) depending on the duration of cold stratification under
snow (StrO — without stratifications; Strl — Str4 — stratification 1-4 months, respectively).
SD — standard deviation.

The duration of cold stratification under the snow of about 4 months raises the level
of the actual A. negundo seeds germination toward the optimal germination (Fig. 3).
After such stratification, the proportion of germinated A. negundo seeds from seeds that
are capable to germinate was 93% among large seeds and 80% among small ones.

The proportion of viable seeds in A. ginnala is the same as in A. negundo. But in
A. ginnala case, even after cold stratification under snow for 4 months, no more than
22% of the seeds germinated (Fig. 3). Thus, A. ginnala seeds apparently require some
other conditions for optimal germination.

Our estimates are generally consistent with existing knowledge on A. negundo and
A. ginnala seed germination. It is known that the viability of A. negundo and A. ginnala
seeds are close (Aksenova, 1975), as in our estimate. It is also known that the seeds of
A. ginnala germinate much less vigorously (Khudonogova & Tyapaeva, 2019), as we
found. Thus, our data confirm that the A. negundo ability to create propagule-pressure is
higher than that of A. ginnala. This is consistent with its invasive status in the region. In
particular, this is in agreement with the existence of a strong positive relationship
between the adult plant number and young plant number of A. negundo in urban forest
parks (Veselkin & Korzhinevskaya, 2018).

Our estimates point to the need for a long, up to 4 months, cold stratification under
the snow for A. negundo seeds, while in the literature were recommended 3040 days as
enough time of stratification (Rastorguev, 1960; Aksenova, 1975). Seed germination of
A. negundo and A. ginnala did not change after 52 days of additional stratification in the
air during the cold season. This is consistent with the fact that the seeds of A. negundo
that have fallen to the soil surface either sprout quickly or lose their germination rate
quickly (Aksenova, 1975), but seeds held on branches retain germination ability to 2
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years (Kostina et al., 2017). The opinion that the seeds of A. negundo do not have
dormancy (Mamaev & Dorofeeva, 2005) has not been confirmed.

Our results showed that the seed size of A. negundo and A. ginnala is uniquely
associated with germination. In other words, size is a convenient criterion for selecting
quality seeds. Perhaps seed size affected germination due to the different stages of fruit
maturity.

Seed size may reflect the fitness of the parent plants (Fenner, 1985; Silvertown,
1989). Large seeds of trees and herbs have usually higher germination in comparison
with small ones (Gross, 1984; Shipley & Parent, 1991; Bursem & Miller, 2001; Deb &
Sundriyal, 2017). One possible explanation of such success is the large seeds have more
resources that provide greater survival (Harper, 1977; Fenner, 1985; Moles & Westoby,
2004). Seed size is the principal factor that affects the germination and seedling growth
along with many internal and external factors (Moles & Westoby, 2004; Sahi et al.,
2015).

The seed heterogeneity of A. negundo may be manifested for example, due to
abiotic conditions of the habitat of mother trees (Erfmeier et al., 2011). But we did not
study this phenomenon. We collected seeds in different habitats on the territory of a big
city. These were both relatively vast areas of green space, and areas near residential
buildings and highways. However, the seed germination of A. negundo did not differ
significantly among seeds collected in the different habitats.

Our data allow us to raise some questions. Is the achieving of maximum
germination after 4 months of cold stratification related to the synchronization of the
A. negundo seeds ripening with the regional climate? How geographic variation in the
optimal stratification period for A. negundo seeds differ in other regions?

The results of this study allow us to discuss the reasons for A. negundo distribution
in Northern Eurasia. We assume that the absence of prolonged cold stratification under
the snow can limit the distribution of harmful A. negundo in regions where the climate
is hot. Probably global climate warming should reduce the A. negundo propagation
activity and the ability to spread.

Our results can be used in the control of A. negundo invasion. Cold stratification
under the snow affects the success of germination. Therefore, all ways to disturb this
optimal condition should be effective to diminish seed germination.

CONCLUSIONS

We elucidated that A. negundo seeds germinate significantly greater than the
A. ginnala seeds to improve understanding of invasive plants biological characteristics.
This may be one of the explanations of the different status of these species in the region:
A. negundo is invasive, actively spreading species; A. ginnala is alien, but not spreading
plant. In other respects, our research is mainly monitoring. The results are consistent
with previously known.

These are two conclusions: 1) the duration of cold stratification under the snow is
crucial for the germination of seeds from A. negundo and A. ginnala; 2) the duration of
cold stratification of seeds from A. negundo and A. ginnala in the air does not affect their
germination. In practical terms, our data allow us to recommend the use seed size of
A. negundo and A. ginnala as an effective predictor of their ability to germinate and it
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requires prolonged cold stratification under the snow to ensure their optimal
germination.
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Abstract. Field pea (Pisumsativum L. ssp. sativum) is a universal pulse crop. One of the actual
problems in its production is the influence of weather condition on the variability of pea economic
characters and its properties. The purpose of the research (2009-2018) was to compare the
vegetation period and interstage periods of the Hangildin and Chishminskiy 229 pea varieties
with weather condition and seed yield. According to the results of the conducted research, it can
be seen that the duration of the vegetation period and the yield of field pea grain was influenced
by weather condition. The average daily air temperature affected the duration of the sowing-
sprouting period in pea varieties Hangildin and Chishminskiy 229. The duration of the two
periods (sprouting-flowering and flowering-ripeness) was influenced by features of the used
varieties and the temperature condition (r = -0.472, the link is significant and r = -0.788). The
duration of the sprouting-ripeness period depended on the average daily temperatures
(r =-0.481), the amount of precipitation (r = 0.937), and the HTC (hydrothermal coefficient)
(r=0.927). Precipitation increased the duration of the full vegetation period (r = 0.892). On
average, over 10 years of research on field pea it should be noted that there wasa close relationship
between the duration of its vegetation period (r = 0.844), the duration of the flowering-ripeness
period (r = 0.679) and the yield of seeds. The relationship between the seed yield and the sowing
- sprouting period (r = 0.451) and between the seed yield and the sprouting - flowering period
(r = 0.446) was revealed. The connection was found positive. The connection with the average
daily air temperature of this period was negative (r = -0.213). The results of the research can be
successfully used during cultivation of domestic and foreign varieties of field pea. In international
practice, the results of this experiment can be successfully applied in selective improvement of
field pea and the development of new, high-tech varieties.

Key words: field pea, variety, weather condition, vegetation period, yield.
INTRODUCTION
Grain legumes have important food and fodder value (Dahl et al., 2012). In many

countries around the world, an increase in production of grain legumes, including peas
is observed. The production is increased in order to solve the problem of food and fodder
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protein (Rungruangmaitree & Jiraungkoorskul, 2017). This is due to the fact that the
proteins of grain legumes are dissolved in water, weak solutions of alkalis and neutral
salts. As a result they are well absorbed by the bodies of both humans and animals
(Kuznetsov et al., 2018). American scientists point out that research on incorporating
more effective and sustainable production strategies into existing agricultural and food
systems is necessary for growing agricultural crops in order to reduce the negative
impact on the environment. The inclusion into the daily diet of organic, alternative main
food crops such as nutritious field pea can ease the problem of micro-element
deficiencies and enable more sustainable farming methods worldwide (Powers &
Thavarajah, 2019).

Pea is one of the most popular leguminous plants in Western Europe. In Poland, it
is particularly important due to its short vegetation period. It is cultivated throughout the
entire country. Due to its high demand, the number of publications related to modeling
the yield of this crop has lately increased (Grabowska & Kuchar, 2008). According to
French scientists, increasing the yield stability of peas is the main selection goal.
Therefore, it is very important that breeders understand the basis of the phenomenon of
yield instability in order to create stable and high-yielding varieties (Kosev & Vasileva,
2019).

Field pea is a universal leguminous crop that is successfully cultivated in various
soil and climatic zones of the Russian Federation. Field pea is widely spread in the
middle Volga region as well as, in the Central black earth and North-Western regions. It
occupies large areas in the Ural, lower Volga, Volga-Viatka and North Caucasus regions
of the Russian Federation. Pea culture has a high ecological plasticity, when judging it
by its distribution areas and cultivation zones. As a result, the study of bio-climatic
parameters of field pea is important (Badretdinov et al., 2019).

One of the important issues in pea cultivation technology is the optimal temperature
for its growth and development. According to scientists (Davletov et al., 2016; Ayupov
et al., 2019), -25 °C are considered to be the optimal temperature. When cool weather
conditions occur, there is an increase in the duration of the vegetative period of field pea
and its reduction under hot weather conditions. The sum of active temperatures for field
pea, depending on the vegetation period is 1,360-2,790 °C (Aiupov et al., 2019).

Pea is the main leguminous crop in the Republic of Bashkortostan. Its share in the
structure of sown areas in individual agricultural facilities reaches 9% (Davletov &
Gainullina, 2013). The vyield of field pea in recent years has not been high enough
(Davletov et al., 2016).

Review of the research on the influence of weather condition on the duration of the
vegetative period and the yield of pea grain shows the need to conduct research on
specific varieties of field pea, which are adapted to specific growing conditions. The
purpose of our research was to compare the vegetation and interstage periods of
Hangildin and Chishminskiy 229 pea varieties with weather condition and seed yield.

MATERIALS AND METHODS

Field experiments were conducted in 2009-2018 on experimental fields of an
educational and scientific center of BSAU (Bashkir State Agrarian University). As part
of the research, the reaction of 15 most promising varieties of seed peas for the
conditions of the Ural region and the Republic of Bashkortostan was studied. The article
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presents the results of research on the most productive varieties of field pea (Hangildin
and Chishminskiy 229). All studies were performed in 4 repetitions. The soil type on the
experimental site is leached black soil with a heavy loamy mechanical composition
(humus -10.5%, total phosphorus -0.19%, total nitrogen -0.5% and potassium-1.2%, pH
with a salt extract of 6.0-6.2).

It was found that weather conditions influence the duration of vegetation, interstage
periods and grain yield. In accordance with this, there were many problems being solved
in the research, such as; determination of the sowing-sprouting period duration for
Hangildin and Chishminskiy 229 pea varieties; the relationship of seed yield of pea with
the length of the full vegetation period and amount of precipitation; determination of the
dependence of the sowing-sprouting period duration on the average daily air
temperature, HTC (hydrothermal coefficient) and the amount of precipitation.
Selyaninov hydrothermal moisture coefficient (HTC) — characteristic of the level of
water availability of the territory. The ratio of precipitation during the active vegetation
period to the sum of average daily temperatures over the same time. Calculated by the
formula: K = Rx10/Zt; where R is the sum of precipitation in millimeters over a period
with temperatures above +10 °C, Xt is the sum of temperatures in degrees Celsius (°C)
over the same time; the relationship of seed yield of pea with the length of the full
vegetation period and the sowing - sprouting period; the relationship of seed yield of pea
with the length of the full vegetation period and the average daily air temperature.

A unique aspect in the Republic of Bashkortostan is its climate. It is moderately
warm in summer and cold in winter. The frost-free period is 93-123 days. According to
the average annual data, frosts are observed in the summer period (beginning of June).
Autumn frosts are observed in the last 10 days of August. The sum of active temperatures
(above +10°C) is equal to 1,810-2,210 °C (over the vegetation period). Annual
precipitation is 410-505 mm (132-185 mm during the vegetation period) (Ayupov et al.,
2019). The weather conditions during the of experimental period was unfavourable, i.e.
2010, 2012, and 2013 were characterized by very dry conditions 2009, 2015, 2016 and
2018 were dry, but 2011, 2014 and 2017 were characterized by wet conditions.

Agricultural technigue used in the experiments was generally accepted for the zone.
Predecessor was winter rye. Primary tillage was carried out, followed by moldboard
plowing to a depth of 30 cm. Pre-sowing treatment of soil included carrying out early
spring harrowing with heavy harrows followed by cultivation in the aggregate with
medium harrows. The accepted parameters of mineral fertilizers application in the
experiments were taken on the basis of general recommendations for their use around
the zone (Gabitov et al., 2014) and made up NzoPso Kao. The experimental plots were
sown in optimal time, with 130 seeds per m? and row spacing (15 cm) using the RS-1
selective seeder. The area of each option was 10 m? the repeatability was four times.
Crop tending is generally accepted for the zone. Experimental work with field pea was
conducted in accordance with the guidelines of the All-Russian Institute of Genetic Plant
Resources named after N.l. Vavilov. On the territory of Russia, all research with
promising varieties is controlled by the state Commission of the Russian Federation for
testing and protection of breeding achievements. Published 5 issues of guidelines for all
crops. In our research, we were guided by the requirements of the first and second issues
(Fedin, 1985; Methods of statevariety testing of agriculturalcrops (issue two), 1989).
Mathematical processing of research results was carried out using B.A. Dospekhov’s
method (Dospekhov, 1985). Snedecor application program was used.
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RESULTS AND DISCUSSION

The duration of the vegetation period plays a crucial role in the cultivation of any
crop in one or another region. The duration of each stage such as sowing-shoots (initial),
shoots-flowering (average) and flowering-maturation (final) is of interest for selection
and production. This largely depends on specific soil and climate conditions.

According to the existing data in our study, the duration of interstage periods in the
years of research in varieties Hangildin and Chishminskiy 229 was within the limits of
as follows: sowing-sprouting - 10—12 days (same for both varieties); sprouting-flowering
- 27-38 days (Hangildin variety) and 28-44 days (Chishminskiy 229), flowering-
ripeness - 23-38 days (same for both varieties); sprouting-ripeness - 53-75 days and
56-78 days; sowing-ripeness - 63-86 days (Hangildin variety) and 66-90 days
(Chishminskiy 229). Duration of the periods between stages was different for each
variety. Thus, the vegetation period of pea varieties depended on the characteristics of
the variety and environmental conditions. In some years (2010, 2012), the Hangildin
early ripening variety matured in 54-55 days, while the mid ripening Chishminskiy 229
variety matured in 57 days. Serious attention to the formation of pea yields from the
vegetation period is paid by Turkish scientists. The yield of dry matter is influenced not
only by the number of days of the vegetation period (from 78 to 91 days), but also by
the height of plants (68-102 cm), the degree of lodging and other factors. The collection
of dry matter in the cultivation of field pea, depending on these factors, can range from
4,861 to 6,853 kg ha™ (Tan et al., 2013). This is in many ways combined with our
research results. The characteristics of the varieties affected the passage of interstage
periods.

According to the results of our experiments, the duration of the vegetation and
interphase periods is largely determined by the combination of heat and moisture, as well
as the reaction of the genotype of varieties to these conditions. This is in agreement with
the results of Kosev's research (2015) during the formation of the model of high-
productive varieties in forage pea. Kristal variety had high ecological plasticity and could
be considered as close to an ideal type as possible. It can be grown in a wide range of
environments. This is also confirmed by research of Chinese scientists. It has a stronger
influence on the daily variability of the water potential of spring wheat leaves and field
pea (Zhang et al., 2008).

Sowing-sprouting period

According to Davletov et al. (2016), pea seeds begin to germinate at a temperature
of 1-4 °C (if they are provided with enough moisture). With an increase in temperature
from 11 to 19.5 °C the sowing — sprouting period is noticeably reduced. The sowing-
sprouting period for field pea during our experiments was 10—12 days with an average
of 10.9 £ 0.29 days (variation coefficient V = 8.6%). During this period, the average
daily air temperature was 11.6-18.6 °C with an average of 14.0 £ 0.91 °C (variation
coefficient V = 20.7%). The amount of precipitation for the period was 0.8—-35.1 mm (on
average 14.8 +3.89 mm). HTC (Hydrothermic coefficient) - 0.04-2.71 (average
1.06 £ 0.29).

The shortest duration of the sowing-sprouting period was observed in 2010, from
2013 to 2014 and in 2018. At that time the average daily temperature of air was above
14 °C. So, based on the results of ten years of research, we can note a significant
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connection between the duration of the sowing-sprouting period and the average daily
air temperature. In our studies the sowing - sprouting period and the temperature
conditions had a negative relationship (r = -0.506). Correlation analysis of the duration
of the sowing - sprouting period with the amount of precipitation for the sowing -
sprouting period had a very low correlation (r = 0.019). This is due to the sufficient
amount of moisture reserves in the arable layer (45-55 mm in years), which was enough
for seeds swelling.

Sprouting-flowering period

During this period, compared to the previous period, the need for heat is increased.
Period 6°C is the lowest period, the optimal periods were periods 16-18 °C. During this
period, the need for moisture in pea increases (Davletov & Gainullina, 2013).

The average daily temperature of air during the years of the experiments varied
from 14.4 °C (2017) to 20.7 °C (2015). At the same time, the change in the amount of
precipitation varied from 12.2 mm (2009) to 131.1 mm (2017). The duration of the
sprouting-flowering period in Hangildin pea variety was closer related to the amount of
precipitation (r = 0.583, the link is significant). The relationship between the duration of
the sprouting-flowering period and the temperature level (r =-0.472, the link is
significant) was mid negative. The sprouting-flowering period was within 26-44 days in
our experiments. The amount of precipitation for the period was 12.3-131.5 mm (on
average 45.0 + 11.65 mm). HTC (Hydrothermic coefficient) - 0.21-2.32 (average
0.72 £ 0.20). The variability of the sprouting-flowering period in Hangildinvariety was
V = 11.7% and Chishminskiy 229 pea variety by year was V = 11.3% (Table 1).

In our experiments the correlation
coefficient for the duration of the Table 1. Correlation coefficient of the duration

sprouting-flowering  period  with of the vegetation and interphase periods of peas
precipitation was r = 0.583, with HTC- with weather conditions (2009-2018)

r=0.575. The experiments showed an  |rorgraqe  SOMTEation coefficient *
increase in the duration of interstage periods  Precipitation Dailyair |+
periods with an increase in _ temperature
precipitation and a decrease in the ?F?r"c‘)’g;?ng 0.019 -0.506 0.052
average da_lly air temperature. In 2017, Sprouting 0.583 0472 0575
the sprouting-flowering period of the flowering

Hangildin variety lasted 38 days (the Flowering- 0.408 20.788 0241
amount of precipitation was 131.0 mm, ripeness

the temperature was 14.5°C). The Sprouting- 0.937 0.481 0.927
sprouting-flowering period of the ripeness

Chishminskiy 229 variety lasted 44 Sowing-  0.892 -0.166 0.877

days (the amount of precipitation ripeness
was 131.5 mm, the temperature was * Note: —the correlation coefficient is significant at
14.6 °C). The shortest duration of 5% of the significance level (0.22).
the sprouting-flowering period was
observed in 2015, when the average daily air temperature was 20.8 °C. It lasted 27 days
for Hangildin variety and 229-28 days for Chishminskiy 229 variety.

Thus, the analysis of data collected over many years showed that the duration of
the sprouting-flowering period is closely related to weather conditions. It is significantly
influenced by varietal characteristics and the genotype.
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In the course of research, it was found that pea plants of different varieties differ in
the growth rate in the initial phase of vegetation. Depending on the conditions of the year
in the branching phase, their height reached 5.1-12 cm. On average, in 2009-2018, the
growth reached its maximum value in the flowering phase (from 4.1 to 5.3 cm per day).
In our experiments, the increase in height was greater in wet years. Under the influence
of drought and elevated temperatures, growth processes were suppressed (Fig. 1).
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Figure 1. Influence of humidification conditions on the growth of pea plants of the Chishminsky
229 and Hangildin varieties for 2009-2018, cm.

Flowering-ripeness period

According to French scientists Roche et al. (1999), the time of flowering in pea is
mainly related to the photoperiod (P) and mean temperature (T(m)) during the vegetation
period. In field conditions, both variables depend mainly on the latitude (LAT) and the
date of sowing (RDS). The lowest limits of temperature for pea should not be lower than
10 °C (Davletov et al., 2016). The optimum temperature is 18-20 °C.

The variability of the flowering-ripeness period in Hangildin and Chishminskiy 229
pea varieties by year was V = 17.3-17.6%. The coefficient of variation of the flowering-
ripeness period with HTC and precipitation for 2009-2018 was 47.7-47.8% and
50.0-50.1%, respectively.

The duration of the flowering-ripeness period, according to our research, had a
close relationship with precipitation and temperature conditions. This is confirmed by
the results of the research done by French scientists. Their research shows high yield
variability, which depends on provision of soil with water during the flowering period
(Biarnés-Dumoulin et al., 1996).

In 2010, 2012, 2013, 2016, 2018 the flowering-ripeness period for Hangildin and
Chishminskiy 229 variety lasted 23-27 days (the average daily air temperature was
21.4-23.2 °C). In 2014 with a temperature of 17.1 °C it was only 38 days. The amount
of precipitation for the period was 5.0-70.1 mm (on average 40.3 + 6.30 mm). HTC
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(Hydrothermic coefficient) - 0.09-1.10 (average 0.65 £ 0.03). The correlation coefficient
between the number of days during the flowering-ripeness period and the average daily
air temperature was r =-0.788. The duration of the flowering-ripeness period was
influenced by the amount of precipitation (r = 408).

According to Molchanov (2003) in the period of budding-full ripeness, the
relationship between the yield of peas of the Malyshok variety and hydrothermal factors
was as follows: between the yield and the duration of the growing season, the
dependence was highly positive r =0.92, between the amount of rainfall and yield
positive r =0.67, between the yield and average daily air temperature - negative
(r =-0.32). The results of the experiments have a similar trend with our research, the
influence of varieties and cultivation conditions (Kuban) is manifested.

As can be seen in our research, the most difficult period for the development of pea
plants is the flowering-ripeness period. This is confirmed by the results obtained by
Hungarian researchers. Most favourable part of the vegetation period is in spring, when
precipitation and evapotranspiration increase month after month. The least favorable
period for soil moisture conditions lasts from July to September, when
evapotranspiration significantly exceeds the amount of precipitation (Varga-Haszonits
et al.,, 2008). In our experiments, a weak connection between the duration of the
flowering-ripeness period and HTC was found r = 0.241 (Table 1).

Sprouting-ripeness period

The duration of the sprouting-ripeness period in Hangildin variety was closely
related to the amount of precipitation (r = 0.937). The duration of the sprouting-ripeness
period had an average negative connection with the temperature level (r = -0.481). The
sprouting-flowering period in our experiments was within 53-78 days. The variability
of the sprouting-ripeness period in pea varieties Hangildin and Chishminskiy 229 by
year was V = 9.5-10.1%.

The experiments showed an increase in the duration of interstage periods with an
increase in precipitation and a decrease in the average daily air temperature. The high
dependence between pea seed yield and the period of sowing-ripeness was shown in the
studies of Indian scientists Nagarajan et al. (2002).With delay in sowing, there was an
increase in flowering days(7—26 days). In their experiments, they came to the conclusion
that the change in thermal units during the growing season of pea had a high correlation
with seed yield per ha (r = 0.937, P = 0.0015). Therefore this coincides with the results
of our research. In 2014 and 2017, the sprouting - ripeness period of the
Hangildinpeavariety lasted 69-75 days (with a temperature of 17.1 to 17.5 °C). The
sprouting-ripeness period of the Chishminskiy 229 variety lasted 71-78 days (with a
temperature of 17.2 to 17.5 °C). The coefficient of variation for the sprouting-ripeness
period and the average daily air temperature was 6.2-6.4%. With an increase in the
average daily air temperature, there was a reduction in the period from sprouting to
ripeness. In the experiments, the shortest duration of the sprouting-maturation period
was observed in the Hangildin pea variety and was 53 days. The shortest period of
sprouting-maturation for Chishminskiy 229 pea variety was 56 days in 2010. The
average daily air temperature during this period was 20.8°C the amount of precipitation
- 27.2 mm. The duration of the period from sprouting to ripeness in Hangildin pea variety
is closely, in a good way, correlated with the amount of precipitation (r = 0.937) and the
HTC (r =0.927). In all legumes crops waterlogging at flowering led to damage, which
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could not be recovered during seed filling (Pampana et al., 2016).The connection
between the duration of the period from sprouting to ripeness and the average daily air
temperature was negative (r = -0.481).

Data on the coefficients of variation (V, %) of the interstage periods of pea
development and weather conditions. The conducted analysis shows that precipitation
and HTC are more variable. Analysis of weather conditions for the entire vegetation
period shows the negative impact of excess precipitation and low air temperature. This
is more obvious during the flowering period of pea.

Grain yield

The creation of technologically advanced high yielding varieties is one of the main
directions of selection. In ten years of research, the maximum grain yield was obtained
in 2011. It was obtained during favorable for the growth and development of pea plants
conditions. It was 2.69 tha® for Hangildin pea variety and 229-2.70 t ha® for
Chishminskiy 229 pea variety. The lowest grain yield was observed in a very dry year
of 2010 and in a dry year of 2013 (Fig. 2).
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Figure 2. Pea grain yield for 2009-2018 (t ha™).

As can be seen in figure 1, during research years, the yield of pea grain in Hangildin
pea variety and in Chishminskiy 229 variety ranged from 0.60 to 2.69 and from 0.58 to
2.70 t hat, respectively (coefficients of variation —40.96 and 42.84%). The average
yield of Hangildin pea variety was 1.50 t ha™ and 1.60 t ha™ for the Chishminskiy 229
pea variety.

In the experiments of Shevtsova (2000) in the conditions of the Saratov Region
(Russia), the influence of weather conditions on the yield of sowing peas is noted, which
has a similar tendency with our research. On average for 1967—-2000. Yields in wet years
were 3.01 t ha™, in dry years - 1.51t ha™ and in extremely dry years - 0.61 t ha™. The
coefficient of variation was 45.8%.
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It was found that, on average for 2009-2018, the yield of pea grain had a close
correlation with the duration of the periods sowing-ripeness (r = 0.844) and flowering-
ripeness (r=0.679). A weaker positive correlation (r=0.451 and r = 0.443,
respectively) was observed between the duration of the sowing-germination and
germination-flowering periods (Fig. 3).
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Figure 3. Correlation dependence of pea grain yield on the duration of the vegetation period, the
duration of interstage periods and weather conditions (2009-2018).
* Note: — the correlation coefficient is significant at 5% of the significance level.

For Hangildin pea variety during the sowing-ripeness period, there was a weak
negative correlation between the yield of pea grain and the temperature regime
(r =-0.213), and a positive correlation between the yield, the amount of precipitation and
the HTC (r =0.486 and r = 0.449, respectively). The Chishminsky 229 variety had a
similar trend. During the sowing-maturation period, there was also a weak negative
correlation between the yield of pea grain and the temperature regime of the variety
(r =-0.217), positive correlation between the yield, the amount of precipitation and the
HTC (r=0.478 and r = 0.475 respectively). Analysis of research results, data from
Figs1 and 3, Table 1 shows a high dependence of pea yield on the amount of
precipitation during the growing season.

At the same time, according to Masilionyté & Maiksténiené (2011) when using
organic fertilizers in the organic farming system, there was a strong connection between
pea yield and the amount of precipitation. There was no such high dependence when
N3oPsoKeo mineral fertilizers were applied. A more significant relationship between the
yield and the amount of precipitation is observed during the warm period. During this
period, plants are able to use their moisture reserves more effectively.
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CONCLUSIONS

The results of the research showed that weather conditions affect the duration of
the growing season and the yield of field peas. The duration of the vegetation and
interphase periods is determined largely by the combination of heat and moisture, as well
as the reaction of the genotype of varieties to these conditions. In some years (2010,
2012), the early-matured variety of hangildin's Memory matured in 54-55 days, and the
medium - matured Chishminsky 229 - in 57 days. The experiments showed an increase
in the duration of interphase periods with an increase in precipitation and a decrease in
the average daily temperature. This is most acute during the flowering period of peas.
With an increase in the average daily air temperature, there was a reduction in the period
from germination to maturation. The highest yield during 20092018 was formed by the
medium-ripened variety of peas sown Chishminsky 229.

A comparative study of the vegetation period and interstage periods with weather
condition and seed yield should help researchers to choose the starting material for the
creation of new high-yielding, technological pea varieties for the conditions of the
Republic of Bashkortostan.
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Abstract. The influence of bio humus on chemical indicators of the arable layer of sail,
productivity and ecological safety indicators of spring wheat of ‘Chelyaba - 75’ variety during
the period of 2017-2019 were studied. The object of research was samples of the soil arable layer
from the control and experimental field, the structure of wheat yield from control and
experimental plots. Bio humus aqueous extract was introduced in the soil of the experimental
field before wheat sowing and in the phase of spring tillering at the rate of 10 L/200 L /1 hm?
using the trailer sprayer ‘Zarya’ (Russia) during the dark hours of day.

In the study of soil and grain samples, generally accepted methods and techniques were used. It
is established that regular chernozems under the conditions of technogenic impact of emissions
of thermal power plants are characterized by low humus content (4.58-4.60%) and weak acid
reaction of medium (pH =6.1-6.5); imbalance between biochemically active (copper, zinc,
cobalt) and toxic (lead, nickel, cadmium) elements, as confirmed by soil contamination
coefficients: for copper (Co = 1.50-1.58), zinc (Co = 0.79-0.85). The introduction of bio humus
in the tilth top soil before sowing and during tillering of spring wheat contributed to the increase
in humus composition by 1.88 times, the change in acidity to pH = 6.9-7.0, reduction of lead and
cadmium concentrations in 1.63 and 1.20 times against the background of increased zinc and
cobalt levels by 15.62% and 7.98%; increase of field germination of spring wheat from 75.0 + 0.4
to 82.0 + 0.9%; quantity of developed stems to be harvested per 1 m? by 10.15%, productive
tilling capacity by 8.33%, average quantity of spikes per ear by 20.00%, average quantity of grain
per ear by 7.69%, mass of 1,000 grains by 16.12%, and wheat yield increase by 10.2 hwt ha* and
decrease in spring wheat grain concentration of lead and cadmium at 14.00 and 16.00%.

Key words: bio humus, soil, humus, heavy metals, detoxication, spring wheat, yield.
INTRODUCTION

One of the crucial tasks of modern crop production is creation of optimal conditions
for growing strategically important grain crop wheat, taking into account agro-ecological
features of its cultivation territories while preserving soil fertility (Kolesnikova, 2012;
Marenych et al., 2019).

An effective method of increasing agricultural productivity is the application of
fertilizers. Their use should take into account the method and mode of application,
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agrochemical properties of soil, biological features of crops grown, natural and climatic
conditions of territories, etc. (Zharova, 2016; E et al., 2017; Zhang et al., 2017). This, on
the one hand, allows to increase the useful properties of fertilizers by 25-30% (Zharova,
2016), and on the other hand, realize the genetic potential of plants and stabilize the
yield, increase their resistance to adverse environmental factors (Marenych et al., 2019),
improve soil fertility (E et al., 2017).

In recent years in agriculture, humin-containing fertilizers are widely used, which
improve the ecological condition and fertility of the soil, saturating it with minerals,
vitamins and amino acids and increase the activity of soil microflora, stimulate plant
growth through better absorption of nutrients, intensify biosynthesis of proteins,
carbohydrates and vitamins, increase resistance to adverse environmental factors
(Marenych et al., 2019). This allows to reduce the ripening time of plant crops, increase
their yield and improve the quality of produced products. In addition, humic fertilizers
reduce the plant extraction degree of heavy metals and pesticides from soil, allowing to
obtain environmentally sound products (Ali Mohamed Elyamine et al., 2018).

The use of bio humus (vermicompost) is a promising technique to increase soil
fertility, yield and environmental safety of plant organisms. It is prepared by
vermicomposting a variety of organic waste into a humus-like material (Bernard et al.,
2011; Zhao et al., 2016; Strachel et al , 2017; Sartaj Ahmad Bhat et al., 2018). Bio humus
has physical, chemical and biological effects on soil (Lim et al., 2015). When applied to
the soil, it improves its aeration, porosity, density and moisture retention capacity,
changes the content of organic and mineral substances, conductivity and pH. All this
creates conditions for better plant growth and higher yield.

Given that in the territory of Chelyabinsk region (one of the industrialized regions
of Russia) is concentrated a large number of nature-polluting and nature-destructive
industries, the fertility of soils in most agricultural land is very low. This is due to the
peculiarities of the territories' geochemical background, and the ability of the soil to
accumulate and retain various pollutants in its composition for a long time (Baishanova
& Kedelbaev, 2016; Huang et al., 2017; Schossler et al., 2018), and with the application
of a huge amount of different inorganic fertilizers and plant protection products, and
with the disregard of crop rotations, and with non-compliance to technological discipline
(Antille et al., 2019). These factors together determine low crop yields (Vitkovskaya et
al., 2013; Dogra et al., 2019). Therefore, there is an urgent need to restore or increase
the fertile potential of arable land (Vodyanitsky, 2011; Naumkin et al., 2013; Rai et al.,
2019). For these purposes, it is efficient to use bio humus, which allows to quickly
replenish organic nutrients in the soil.

However, vermicompost acts positively on soil fertility, plant growth and yield
when applied in a highly regulated quantity and under certain regimes (Lim et al., 2015;
Doan et al., 2015). According to data (Baldotto et al., 2016) it improves plant development
only in complex with mineral fertilizers. In addition, the properties of vermicompost
depend on the raw materials used to produce it (Doan et al., 2015; Conselvanet et al.,
2017; Sartaj Ahmad Bhat et al., 2018), as well as on cultivated agricultural crops
(Manzoor et al., 2014; E et al., 2017). This determines the recommended amount, dose
of application and concentration of fertilizer, compatibility with other fertilizers
(Marenych et al., 2019). Therefore, the technique of using bio humus to increase soil
fertility and plant growth in particular agro-ecological conditions has specific features.
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Taking into account the above mentioned, the aim of the work was to study the
influence of bio humus on the ecological condition of soils, germination, productivity
and ecological safety of spring wheat in conditions of biogeochemical province of the
Southern Urals.

MATERIALS AND CONDITIONS OF RESEARCH

Research work was carried out during 2017-2019 in the conditions of the Peasant
farm holding ‘PE Khayrullina R.R.” (Troitskiy district, Chelyabinsk region), Department
of Natural Sciences and the Laboratory of the Innovative Research Center of the South
Ural State Agrarian University (Chelyabinsk region, Troitsk, Russian Federation).

The object of the study was: a) the arable soil layer of agricultural land of the
peasant farm holding ‘PE Khayrullina R.R.”; b) spring wheat of the variety ‘Chelyaba
75’, grown in the fields of the farm.

Weather conditions during the research period are shown in Table 1 according to
the data of the Troitsk weather station (Chelyabinsk region, Russia). Their analysis
showed that the air temperature in the growing period of 2017-2019 was not much
different from the average for previous years, although May and June were colder and
July was warmer. At the same time, precipitation was unevenly distributed by months.
In 2017 and 2018, precipitation was higher in May and June, with July, August and
September lower than the previous year average. To some extent, this has negatively
affected the growth, development and formation of plant yields. May and August of 2019
were dry, with June, July and September more rainy.

Table 1. Weather data in the growing period of 2017-2019

Indicators Year May June Jule August September
Air temperature, °C

Average monthly 2017 12.4 17.4 20.4 19.6 11.8
2018 115 16.1 21.7 17.4 13.3
2019 12.2 18.1 21.3 17.9 9.8

Average annual  1936-2019 13.2 19.1 20.1 17.8 11.7
Precipitation, mm

Monthly 2017 78.0 48.0 51.0 44.0 29.0
2018 41.0 53.0 28.0 47.0 13.0
2019 12.0 52.0 65.0 34.0 43.0

Average annual  1936-2019  39.0 43.0 63.0 48.0 31.0

Consequently, the weather conditions during 2017-2019 were not very favorable,
which allowed to assess the effectiveness of bio humus impact on the studied indicators
more reliably.

Bio humus was obtained from cattle manure by worm composting in a container
way using earthworms ‘Staratel’. Vermicomposting duration - 3 months. Aqueous
extract of bio humus was prepared in 5 m® tanks, mixing it with water at a rate of 1:10
and using a compressor for air supply. The filtered agueous extract was a dark brown
odorless liquid with neutral to slightly alkaline medium reaction (ph 7.0-7.2).

Scientific and production experiment is performed according to the following
scheme. Firstly, the influence of bio humus on the chemical composition of the arable
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layer of soil has been studied. To this end, in the conditions of peasant farming two fields
were chosen considering the wind rose (control 9.2 h m?, experimental 8.3 h m?). They
were located in the southern forest-steppe part of Chelyabinsk region and exposed to air
emissions of thermal power complex JSC Second Generating Company of the wholesale
electricity market of PJSC Branch ‘Troitskaya GRES’ (Troitsk) - the main source of
anthropogenic pollution in the city of Troitsk and Troitsk district.

On the experimental site, aqueous extract from bio humus was applied to the soil
before sowing wheat and in the tillage phase of spring tillering at the rate of
10 L/200 L /1 hm? using the trailer sprayer ‘Zarya’ (Russia) during the dark hours of day.

Monitoring plots (control, experimental) of 1 hm? were set on each field. On these
fields spot samples of topsoil (regular chernozem) were taken by layers; samples were
taken before wheat sowing (May) and after harvesting (September), using envelope
method by soil tube. Average sample was formed out of spot samples using quartering.

Secondly, the influence of bio humus on environmental safety and productivity of
spring soft wheat ‘Chelyaba-75’ has been studied. For this purpose, the control and
experimental field was sown in the 2nd decade of May with reproductive seeds. Seeding
standard - 5 million germination grains per 1 hm?,

In order to assess the quality of wheat crop in control and experimental fields,
record plots of 25 m? in 4 times repetition were laid. Harvesting was carried out in a
phase of complete ripeness with the harvester ‘Polesie GS12°. The actual yield was
determined by weighing the grain and bringing it to a standard humidity of 14%.

METHODS OF RESEARCH

Scientific and production experiment was performed during 2017-2019. The object
of the study was samples of the arable layer of soil from control and experimental fields,
the structure of wheat yield from control and experimental plots and the ecological safety
of the grain obtained.

The pH ofkc) was determined determined in the average sample of the arable layer
of soil, the content of humus - according to Turin in modification of Qinao, the
concentration of mobile forms of metals (copper, zinc, lead and cadmium) after ashing
of 1M with nitric acid using the Minotavr device (Russia) by atomic absorption
spectrophotometry on the spectrophotometer Kvant-2 (Russia) in the flame of propane-
air (Kuznetsov et al., 1992).

The following indicators were taken into account in the analysis of crop
structure: laboratory germination by the number (%) of normally germinated sample
seeds (100 grains) on filter paper in Petri dishes at t 20 °C for 10 days and germination
energy for 5 days; field germination by calculating the density of plant standing on the
accounting sites in the phase of full growth; number of developed stalks for harvesting,
productive tilling capacity, the average number of developed ears and the average
number of grains in an ear, the mass of 1,000 grains according to the methods
recommended for grade testing (Pylneva, 2016). In addition, heavy metals (lead,
cadmium, copper, zinc) were determined in the samples of wheat grain; determination
was carried out according to GOST 13586.3-83, 2001. by atomic absorption
spectrophotometry (GOST 26929-1994, 1996).

To assess the ecological condition of soils and ecological safety of grain, the level
of metals, including toxic ones, was compared with the regulatory data regulated by
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GN 2.1.7.2041-2006. medical and biological requirements and sanitary standards of
quality of food raw materials and food products (1996). In addition, the pollution factor
was calculated in order to estimate the coefficient of soil contamination (Co) by the
formula:
Ac
Co== m (1)

where Ac — the actual content of the element in the soil; Smec — the value of the element's
MPC in the soil.

The results of the research are subject to mathematical processing on the personal
computer using the ‘Analysis Package’ add-on in the program for spreadsheets
processing ‘Microsoft Excel-2007°. Statistical processing of the data included
determining the average value and its deviations. Reliability of differences between
groups of traits was assessed using the t-criterion of Student.

RESULTS AND DISCUSSION

On monitoring sitesof control and experimental fields regular chernozem prevailed,
which before wheat sowing was marked by low content of humus (4.58-4.60%) and
slightly acidified medium reaction (pH =6.1-6.5). Copper concentration fluctuated
within range 4.54 +0.11 -4.75+0.10 mg kg®, which exceeded MPC value
(Ko =1.51-1.58). On the contrary, zinc content did not reach MPC value, which was
18.32 £ 0.21 — 19.54 + 0.16 mg kg™ (Ko = 0.79-0.85) (Table 2).

Table 2. Chemical composition of topsoil in average during 2017-2019
Control site Experimental site

Indicator Before sowing  After harvesting Before sowing  After harvesting MPC
PHkel 6.25 £ 0.37 6.30 £ 0.31 6.35+0.34 6.95 + 0.28* -
Humus, % 458+0.13 3.96+0.11 4.60+0.16 7.90 + 0.14* -

Lead, mg kg'* 10.50 £ 0.36 9.75+£0.33 10.92 £ 0.38 6.70 £ 0.19* -
Cadmium, mg kg* 0.32 +£0.03 0.29 £0.01 0.41+£0.04 0.18 £ 0.006* -
Copper, mg kg? 4.54+0.11 4,62+0.13 4.75+0.10 456 £0.10 3
Zinc, mg kg'* 18.32+£0.21 19,27 + 056  19.54 £ 0.16 22.59 £ 0.93 23

Note: * — p < 0.05 compared to the control site.

Lead content in soil samples of monitoring plots of control and experimental sites
was 10.50 + 0.36 — 10.92 + 0.38 mg kg™*. The main sources of soil contamination of the
peasant farm holding with lead and nickel were atmospheric emissions, as of local nature
(PJSC “Troitskaya GRES’ Branch, including ash dump), and transboundary transfer
from the side of the city of Magnitogorsk, which is one of the most ecologically
disadvantaged cities in the world. It should be noted that lead in the soil loses its toxicity
due to the formation of complex compounds with phosphates and humates (Zybalov &
Popkova, 2018). Therefore, countries such as England (300 mgkg?), Canada
(500-1,000 mg kg™*) and the USA (2,000 mg kg™) have dramatically increased the MPC
value compared to Russia (Table 2).

Although the content of the mobile cadmium form in the soil is not normalized, it
is one of the most toxic elements in the environment. The main source of pollution of
the territory of Troitsky district of Chelyabinsk region by this metal is emissions of PJSC
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Branch ‘Troitskaya GRES’, which in the technological cycle uses Ekibastuz coal with
high ash content. Therefore, the concentration of cadmium in arable soil samples of
monitoring sites fluctuated between 0.32 +0.03 —0.41 +0.04 mg kg™. It should be
noted that the presence of this element in the soil negatively affects the ecological safety
of soils, slowing the growth and development of plants (Table 2).

In estimating the degree of soil pollution by the value of the pollution coefficient it
was found that Co exceeded the unit of copper, indicating its intensive accumulation in
the arable layer. Consequently, the soil monitoring plots of control and experimental
sites showed degradation, as indicated by low humus content, weak acidic reaction and
excessive content of, firstly, toxic elements. Together this determined the biological and
physico-chemical properties of the soil and its barrier geochemical functions.

Therefore, as a method of fertility restoration and detoxification of soils, we
introduced aquatic extract of bio humus in the soil of the experimental field before
sowing and in the phase of spring wheat tillering. At the same time, we proceeded from
the fact that bio humus is a complex fertilizer of organic origin, which contains high
concentrations of humus, nitrogen, phosphorus, potassium and microelements (Ali
Mohamed Elyamine et al., 2018; Rékasi et al., 2019).

Analysis of samples of arable soil layer from monitoring sites of control and
experimental sites after harvest showed that application of bio humus contributed to
increase of organic matter (humus 7.90 £ 0,14%). Its content in experimental field soil
was increased by 1.88 times compared to the control field. Due to this, the acidity of
soils also changed — the pH value was approaching the neutral level (pH = 6.9-7.0). The
positive influence of bio humus is seen in the content of chemical elements in the soil of
agricultural fields. Thus, in the samples of the soil of the experimental field, compared
with the control site, the content of typical ecotoxicants decreased significantly: lead and
cadmium by 1.63 and 1.20 times, due to their ability to form poorly soluble and stiff
complex compounds with organic components of bio humus. In addition, changes in soil
pH were reflected at the level of the exchange cations of biogenic elements, determining
an increase in the concentration of zinc (by 15.62%) in soil samples. At the same time,
the use of bio humus practically did not affect the content of iron and copper.

Similar conclusions in their studies were obtained by (Moslehi et al., 2019; Trentin
et al., 2019). The authors noted that bio humus affects the bioavailability of lead and
cadmium in soil, but does not have this effect on copper.

When assessing the influence of bio humus on the structure of wheat yield and its
mineral composition, the following was revealed.

Laboratory germination of spring wheat seeds of the variety ‘Chelyaba 75’
(Table 3), from control and experimental plots had practically no difference, which
indicates same-type nutrients reserve in grains. A similar dependence has been found in
relation to germination energy. At the same time, the difference between laboratory
germination and germination energy characterizing the activity of biochemical processes
in germinating seeds was only 3%, reflecting the high quality of obtained grain.

Wheat field germination had significant differences between plots (Table 3). at the
experimental plot with comparable seed control data the average field germination level
was 82.0 +0.9% (p < 0.05). Therefore, the use of bio humus had a positive impact on the
formation of sprouts of spring wheat.

Similar conclusions in their research was obtained by (Devi et al., 2020). They
noted that the introduction of bio humus to the soil increases seed germination by
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1.05-1.3 times. According to (Gong et al., 2019) the seed germination index increased
by 1.46-1.48 times.

The process of plant development was associated with the plot, reflecting their
ability to respond to changes in soil fertility. Thus, against the background of application
of biofertilizer the best growth and development of plants was observed, which has
further influenced the wheat yield structure. Thus, the number of developed stems for
harvesting per 1 m?increased by 10.15%, productive tilling capacity increased by 8.33%,
and average number of developed spikes per ear by 20.00%. This determined average
grain quantity per ear, as well as the size of the formed seeds and the yield of spring
wheat (Table 3).

Table 3. Structural elements of spring wheat yield in average during 2017-2019
Experimental

Indicator Control plots plots
Laboratory germination, % 90.0 £ 0.3 91.0%0.6
Germination energy, % 87.0x1.1 88.0+0.7
Field germination, % 75.0+04 82.0+0.9*
Quantity of developed stems for harvesting per 1 m?  315.0+2.5 347.0 £ 3.9*
Productive tilling capacity 1,2+0.1 1,3+0.1
Average quantity of developed spikes per ear, pcs. 10.0+0.5 120+0.4
Average grain quantity per ear, pcs. 26.0£0.6 28.0+£0.6
Weight of 1,000 grains, g 31.0£0.6 36.0+0.7*
Yield, hwt ha' 254 +0.2 35,60 +0.2

Note: * — p < 0.05 compared to the control plots.

Therefore, the introduction of bio humus into the soil created more favorable
conditions for the yield formation of wheat and the realization of biological potential of
sowing material. According to data (Suslov et al., 2011) the use of bio humus creates
conditions for stable increase of soil fertility, providing plants with necessary organic
and mineral substances.

At the same time in the work of (Sarma et al., 2018) it is noted that the effect of
vermicompost on yields is compatable to the action of biochar. According to (Manzoor
et al., 2014) humic substances increase wheat yield only when combined with inorganic
fertilizers. Perhaps the appearance of biological properties of bio humus is influenced by
the type of soil of agricultural land.

When assessing the environmental safety of grain, it determined the content of
elements, the level of which is controlled by regulatory documents (Medico-biological
requirements and Sanitary standards for the quality of food raw materials and food
products, 1996). Thus, the introduction of bio humus into the soil of the experimental
site contributed to a decrease in the concentration of lead, cadmium, copper and zinc in
the resulting products. The greatest impact of the use of biofertilizer had on the level of
the most toxic elements (lead, cadmium), the content of which decreased in grain by
14.00 and 16.00% (Table 4). In our opinion, this is the result of reduced mobility of
chemical elements in the soil due to change of its reaction medium and their binding by
humus components into hardly soluble compounds. Consequently, this fact is reflected
in the migration mobility of elements from soil to plants.
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Table 4. Metal content in spring wheat grain (mg kg™)
Indicator Permissible level Control site  + % to PL Experimental site + % to PL

Lead 0.5 0.25+0.02 -50.00 0.18 £ 0.01* -64.00
Cadmium 0.1 0.036 + 0.002 -64.00 0.020 +0.003*  -80.00
Copper 10 540+0.21 -46.00 450 +0.12* -55.00
Zinc 50 34.66 +0.88 -30.68 29.33 + 1.66* -41.34

Note: * —p <0.05 compared to the control site; PL according to biomedical requirements and sanitary
quality standards of food raw materials and food products, 1996.

Research (Moslehi et al., 2019) also confirmed the effectiveness of bio humus
application to reduce lead and cadmium concentration in sunflower.

Therefore, the introduction of bio humus helped to reduce the imbalance of
microelements in soils of agricultural lands, increase of organic matter, which had a
positive impact on the structure of yield of spring wheat and ecological safety of the
received grain.

The results of the conducted tests testify to the potential of using bio humus as an
element of biologized technologies and means of increasing the yield of wheat. At the
same time, an important environmental problem of waste disposal of livestock is solved.
At the same time, further research is needed to better assess the potential of bio humus
in the soils of the southern forest-steppe.

CONCLUSIONS

1. Chernozem under the conditions of technogenic influence of emissions of
thermal power plants are characterized by low humus content (4.58-4.60%) and weak
acid reaction of medium (pH = 6.1-6.5); imbalance between biochemically active
(copper, zinc, cobalt) and toxic (lead, cadmium) elements, as confirmed by soil
contamination coefficients: for copper (CO = 1.50-1.58), zinc (C0O = 0.79-0.85), cobalt
(C0 =0.42-0.55).

2. The introduction of bio humus in the arable layer of soil before sowing and
during tillering of spring wheat contributes to the increase in humus composition by 1.88
times, the change in acidity to pH =6.9-7.0, decrease in lead and cadmium
concentrations of 1.63 and 1.20 times against the background of an increase in zinc and
cobalt at the levels of 15.62% and 7.98%.

3. Bio humus has a positive effect on the value of structural elements of spring
wheat yield. Field germination rate of wheat is increased from 75 to 82% at the same
values of seed control of seed material (laboratory germination of 90-91%, germination
energy 87-88%), as well as the processes of plant growth and development, which
determine the increase in the number of developed stalks for harvesting per 1 m? by
10.15%, productive tilling capacity by 8.33%, average number of developed spikes per
ear by 20.00%, the average number of grains in the ear by 7.69%, the mass of 1,000
grains by 16.12%, the yield of spring wheat increases by 10.2 hwt ha™.

4. Introduction of bio humus in the soil contributes to the reduction in the
composition of the spring wheat received grain of lead and cadmium concentration by
14.00 and 16.00%, determining the level of its ecological safety.
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Suggestions for production

Based on the obtained results of scientific and production experiment during 2017—
2019, in order to increase soil fertility and spring wheat yield we recommend to introduce
aqueous extract of bio humus to the soil before sowing and in the spring phase of grain
culture in the dark time of the day calculated as per 10 L/200 L /1 hm?
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Abstract. An increase in the productivity of potato plants and natural resistance of tubers to
external influences during growth, while preserving the qualitatively new properties of tubers in
the process of low-temperature preservation, can be achieved through the effect of bioactive
compounds on the metabolism of potato plants in our work, we used a regulator derived from the
hydrolysis of natural collagen down to low molecular weight fractions and pure glycine. The
evidence of its effectiveness is based on shortening the growing season and increasing plant
productivity as well as the content of bioactive and nutrient compounds in their storage organs,
reducing losses during low-temperature preservation caused by natural biological processes,
physiological diseases and damage by microorganisms. The paper deals with issues related to the
growth and development of potato plants and their storage organs until the growing season is over
and a possible increase of potato productivity after the planting material was treated with an
amino acid growth regulator.

Key words: glycine, potato, tubers, dormancy breaking, phenological phases, yeld.
INTRODUCTION

Different growth stimulants are widely used in agriculture to increase crop yields
(Marenych et al., 2019, Mazur et al., 2019). There are many different studies indicating
the effect on potato yield and quality of various methods of treating potato seed tubers
by different stimulating factors before planting. Different methods are used for breaking
potato tuber dormancy. Physical methods of impact (temperature, electric current),
chemical treatment, and biochemical methods based on the use of phytohormones are
being actively studied. So, in the studies of Kocacaliskan et al. (1989), Deligios et al.
(2017), Haider et al. (2019) proved the effectiveness of applying electric current to
disturb the dormancy of potato tubers. V. Eremeev et al. (2008 and 2012) successfully
used thermal shock for tuber dormancy breaking. The use of GA3; contributes to an
increase in tuber yield (Bruinsma et al 1967; Salimi et al., 2010; Virtanen et al., 2013;
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Gemeda et al., 2017). However, a negative effect of GAs on the development of sprouts
and plants after such GAs artificial termination method has been proven by Bruinsma et
al. (1967). Thiourea terminates the dormancy of tubers in potato cultivars with weak
dormancy or in which the dormancy period ends (Struik & Wiersema 1999). Various
sources of scientific literature have shown that thiourea acts as a catalase inhibitor and
leads to an increase in the concentration of hydrogen peroxide, which plays an important
role in the mechanism of interruption of tuber dormancy (Mani et al., 2013). Its
application terminates the dormancy of tubers and enhances their germination on potato
tubers. The most effective for disturbing the dormant period and increasing the number
of sprouted micro-tubers is a method when they are treated with 250 mM of thiourea and
60 mM of hydrogen peroxide. Both of these substances affect the hormonal regulation
and antioxidant effect of enzymes, which leads to dormancy in tubers (Virtanen et al.,
2013; Gemeda et al., 2017). In addition, it was proved that the treatment with thiourea
accelerates the emergence of seedlings, and has a positive effect on the number and
height of stems, as well as on the yield of tubers (Suttle, 2008; Hosseini et al., 2011;
Germchi et al., 2011; Mani et al., 2013). The feasibility of effective use of bromoethane
for tuber dormancy breaking has been proved by W. Coleman (1982).

In order to increase the effectiveness of the effect of artificial dormancy of tubers
on plant development and, accordingly, to increase the potato yield, many researchers
have proved the advantage of combining several agents simultaneously. W. Coleman
(1987), as well as R. Fazal et al. (2001) and L. Secretaria et al. (2018), used several
chemicals and growth regulators in experiments to disturb dormancy of potato tubers, as
well as to verify their subsequent exposure on the productivity in greenhouse conditions.
Rindit-treated tubers showed the highest germination rate among all varieties. Thiourea-
treated tubers caused the highest number of germinated sprouts compared to all other
treatments. A comparison of two dormancy methods was carried out by Wrabel et al
(2017), using agueous solution of GAs and kinetin (standard 1) as well as agueous
solution of GAgs, thiourea and daminoside (standard 2) with the method based on ethanol.
They also tested the effect of ethanol alone or in combination with GAs and / or kinetin
on dormancy and the germination of potato tubers. They showed that the use of an
aqueous solution of gibberellic acid (GAs) and kinetin (standard 2) is the most effective
method for to disturbance of dormancy and stimulation of growth of sprouts.
Experiments have shown that the use of a standard 2 - aqueous solution of GAs, thiourea
and daminoside is the most effective approach to overcome dormancy, especially for
varieties with a long dormant period. W. Coleman, (1998) reported the high efficiency
of the use of carbon dioxide, oxygen and ethylene for breaking the dormancy of tubers
and increasing the rate of germination.

The effect of amino acid treatment with collagen hydrolysate on the biochemical
processes occurring in potato plants is expressed in the accumulation of bioactive and
nutrient compounds in the storing organs of plants and in the acquisition of increased
natural resistance to stresses required for longer low-temperature preservation in the
process of growth and development. Such influence can be achieved only through the
impact on intracellular metabolism. The mechanism of glycine’s effect on plant
development is described in detail in a number of publications (Murashev et al., 2009;
Kolomicheva & Murashev, 2011; Murashev et al., 2011). They discuss the development
of plants, the characteristics of plant products that are developed under the effect of
glycine, and the protective mechanisms acquired by a plant’s storage organs.
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The biochemical features of storage organs in plants and their permanently
functioning protective mechanisms, enabling longer low-temperature preservation with
retained consumer qualities, nutritional and biological value, are formed under the effect
of the treatment with a plant growth regulator. In view of this, it is necessary to consider
the processes developing in the planting material immediately after processing in
collagen hydrolysate water solution as well as during the formation of tubers, while
simultaneously observing the development of the above-ground parts of potato plants
and their development phases. So, the purpose of this work is to consider issues related
to the changes occurring in potato seed material when it is treated with a growth regulator
and during the formation of storage organs in potato plants, including the problem of
yield, as well as the formation of potato plants themselves in the context of improving
quality indicators of raw plant produce.

MATERIALS AND METHODS

The influence of the growth regulator obtained by collagen hydrolysis on plant
development and the formation of productive parts of plants was studied on the Nevsky
and lzora potato varieties for five years (2014-2019). The studies were carried out in
triplicate, with the calculation of the standard deviation during mathematical processing
of the reliability of the data (Dospekhov, B.A., 2012). Potato tubers were treated in an
aqueous solution of collagen hydrolyzate for 10 min by completely immersing them in
solution. The control was tubers of the same grade and quantity treated with water
containing no drug. After processing, the tubers immediately planted the earth. The work
presents the results of experiments obtained when processing potatoes with an effective
concentration at which the results of the action on plant development and tuber formation
achieve the maximum effect (Bolshakov, 1999).

To study the effect of the growth regulator on the growth processes of tubers, the
seed tubers of cv. Nevsky was soaked in aqueous solutions of collagen hydrolyzate with
various concentrations, then dried and stored for 10 days at a temperature of 12 ... 14 °C.
The control was tubers of the same variety, treated only with water that did not contain
the drug, and stored similarly as experimental ones. After 10 days, the change in the
chemical composition (on the content of solids, monosaccharides, sucrose, starch,
ascorbic acid), the enzymatic activity (on the activity of catalase) and the darkening
(enzymatic and chemical) in the experiment and control were evaluated.

During the growing season of potato plants and after harvesting, the chemical
composition, enzymatic activity and darkening were determined in the experimental and
control versions of tubers. By visual observation, the effect of collagen hydrolyzate on
the rate of passage of the growth phases of the experimental and control plants of the
Nevsky and lzora varieties was determined. When assessing the effect of collagen
hydrolyzate on the yield of Nevsky and Izora varieties, the average weight of tubers from
one bush for each of the varieties was determined, depending on the treatment.

The biochemical and physico-chemical studies of potato tubers were carried out
according to the following methods given by A. Ermakov (Ermakov, 1988): the starch
content in potatoes was determined by the polarimetric method; the content of mono-
and disaccharides was determined by the cyanide method ; the level of enzymatic and
chemical darkening was determined by the photocolorimetric method; catalase activity
was determined by permanganometric method; ascorbic acid was determined by titration
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with Tilmans paint; determination of the activity of hydrolytic enzymes (o and
[-amylases) was carried out by the colorimetric method; the content of water and solids
was determined by drying the sample to constant weight.

RESULTS AND DISCUSSION

It is known that the nutrients of potato tubers are a source of plastic material and
energy during plant germination. Potato tubers grown from seed material that has
undergone pre-treatment with an amino acid growth regulator acquire a higher
nutritional and biological value, as well as the ability to be stored for a longer time.
Results of a study of the effect of treatment with an amino acid growth regulator on
maternal potato tubers Nevsky are presented in Tables 1 and 2.

Table 1. The effect of collagen hydrolysate on the changes in the chemical composition of seed
potato tubers of cv. ‘Nevsky’

Components of chemical composition, g per (100 g, wet weight) Control Experiment
Dry matter, % 20.0+0.01 19.8+0.01
Total sugar (monosaccharides + sucrose) 1.14+0.05 1.26 £0.05
Monosaccharides 1.00+£0.05 1.04 £0.05
Sucrose 0.140+£0.01 0.220 £ 0.02
Starch 9.02+0.4 8.82+0.4
Browining, absorbance units

total 0.056 +0.005  0.068 + 0.005
enzymatic 0.025+0.003  0.031£0.003
chemical 0.031+0.003 0.037 +0.003
Catalaze (CA) activity, mg H,O, g* 0.030£0.005 0.038 +0.005
Vitamin C, mg per (100g, wet weight) 154+1 140+1

Table 2. The effect of collagen hydrolysate on the changed in the chemical composition of seed
potato tubers, cv. ‘Nevsky’ calculated on a dry weight basis

Components of chemical composition, g per (100 g, dry weight) Control Experiment
Dry matter, % 20.0£0.01 19.8 £0.01
Total sugar (monosaccharides + sucrose) 5.69+0.3 6.38+0.3
Monosaccharides 4,99+0.3 5.26£0.3
Sucrose 0.699 £ 0.05 1.11+0.1
Starch 4501 446+1
Vitamin C, mg per (100 g, dry weight) 61.5+4 56.9+4

From an analysis of the results, presented in Tables 1 and 2, it follows that the
treatment of seed with a collagen hydrolyzate activates hydrolytic processes in tubers.
This is indicated by a decrease in starch content and an intensive accumulation of mono-
and disaccharides in seed tubers. The total content of low molecular weight
carbohydrates, represented by the sum of monosaccharides and sucrose, in comparison
with the control increases by 10.5%, mainly as a result of an increase in the sucrose
content in the tubers processed.

The reason for these changes is the action of endogenous auxin, the synthesis of
which in tubers is enhanced as a result of treatment with a growth stimulator. It is known
that under the action of auxin, hydrolytic enzymes are activated (Kuznetsov &
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Dmitrieva, 2005), which leads to a more intensive conversion of starch and other spare
substances in germinating potato tubers into well-soluble and easily transported
substances that quickly reach the growth points.

In addition, another direction of action of auxin is to increase the intensity of
respiration (Medvedev, 2004). Therefore, the increase in glucose in stimulated tubers is
not as significant as sucrose due to its immediate use as a substrate for respiration. This
is also indicated by a decrease in the solids content in stimulated tubers. Therefore,
glucose in experimental tubers is more involved in the respiration process during which
ATP synthesis occurs, without which the implementation of energy-dependent processes
of germination of potato tubers is impossible.

Thus, endogenous auxin accelerates the germination of potato seed tubers due to
activation of hydrolytic enzymes and respiratory enhancement (Medvedev & Sharova,
2014). During which glucose is consumed and ATP (adenosine triphosphoric acid) is
synthesized to realize energy-dependent growth processes. The accelerated
decomposition of reserve nutrients, which occurs under the influence of amino acid
treatment, creates the necessary conditions for their rapid involvement in plant growth
processes and the beginning of the formation of healthy plant materials capable of long-
term refrigerated storage.

There are two types of darkening - enzymatic and non-enzymatic (chemical)
(Burton, 1985; Flaumenbaum et al., 1986). Processing potato seed tubers with a growth
regulator increases both enzymatic and chemical browning in tubers. The reason for the
increase in non-enzymatic browning of tubers is the activation of starch hydrolysis and
the accumulation of glucose, which is capable of non-enzymatic glycosylation.

The treatment of tubers reduced the vitamin C content of tubers by 9.4% compared
with the control. This is due to the activation of metabolic and redox processes in the
seed material. This is also indicated by the activation of catalase, the induction of which
occurs with an increase in the content of reactive oxygen species (ROS - reactive oxygen
species). This fully applies to the increase in the content of hydrogen peroxide during
oxidation-reduction processes occurring in potato tubers under the influence of the
growth regulator, which catalase breaks down (Sharova, 2016).

As follows from the data in Tables 1 and 2, in the mother tubers, catalase is
activated under the influence of treatment with the growth regulator. The active state of
catalase prevents the formation and accumulation of ROS in cells, which slows down
the development of free radical oxidative processes in plant tissues (Sharova, 2016).
Thus, DNA molecules are protected from damage, which ensures the normal
development of plants. Violations of DNA molecules resulting from oxidation are
considered as the main cause of developmental abnormalities and accelerated aging of
living organisms. The active state of catalase is a characteristic feature that the modified
plant material acquires under the influence of collagen hydrolyzate treatment. Catalase
activation is consistent with the theoretical model of the action of an amino acid
preparation on developing plants and continues to persist during the cold storage of plant
generative organs (Murashev et al., 2014; Murashev, 2015 and 2016)

The effect of processing potato seed material with collagen hydrolyzate on the
quality of potato storage organs has been investigated during plant vegetation. For this
purpose, the composition of the experimental and control tubers of the Nevsky variety
was analyzed in the middle of the growing season (the second half of July is 55 days
after planting). The research results are presented in Table 3. From the presented data it
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follows that in the emerging tubers of experimental potatoes, the solids content increased
by about 20%; the content of starch, sucrose and monosaccharides became significantly
higher - by 50.1%, 93.8% and 164%, respectively; the vitamin C content in the
experimental tubers is also 5.70% higher. Consequently, the action of the growth
stimulator positively affects the vegetation of plants and the accumulation of bioactive
and nutrients in storage parts. This is possible due to a fuller use of solar energy during
photosynthesis of experimental plants under the influence of auxin (Kuznetsov &
Dmitrieva, 2005).

In addition, studies were carried out on the chemical composition of tubers of
experimental and control Nevsky potatoes after harvesting at the end of August (90 days
after planting), which are shown in Table 3. It is interesting to compare the analysis
results not only between the control and experimental potato varieties obtained in the
end of the potato growing season, but also obtained in the middle of the growing season.
By the time of harvesting in the tubers of the control and experimental potatoes, there
was a significant increase in the dry matter content in the control, compared with the
middle of the growing season. Therefore, the control potato is much closer to the
experimental option for the solids content; and the excess solids content in the
experimental tubers compared with the control potato tubers is only 1.20%.

Table 3. The effect of collagen hydrolysate treatment on the chemical composition of the
emerging potato tubers of cv. ‘Nevsky’ in the process of growth and after harvesting, calculated
on a wet weight basis

Components of chemical
composition,

In the process of tuber growth In freshly harvested tubers

G per (100 g, wet weight) Reference Experiment Reference Experiment
Dry matter, % 14.8£0.01 17.8+£0.01 21.5+£0.01 22.7+0.01
Total sugar (monosaccharides 0.820 £ 0.05 1.26 +0.08 0.730+£0.05 0.70+0.05
+ sucrose)

Monosaccharides 0.560 + 0.03 0.950 + 0.06 0.310+0.05 0.320+0.05
Sucrose 0.260 + 0.02 0.310 £ 0.02 0.420+0.03 0.400+0.03
Starch 521+0.3 7.82+05 13.0+£0.7 15.2+0.8
Vitamin C, mg per (100 g, wet 13.3+1 141+1 27.2+2 35.0+3
weight)

Browning, absorbance units

total 0.022+0.002 0.030+0.002 0.021 +0.002 0.04 +0.003
enzymatic 0.017+0.001 0.021+0.001 0.018+£0.001 0.00 = 0.00
chemical 0.005+0.001 0.009+£0.001 0.003+0.001 0.04+0.003

On total sugar content (monosaccharides + sucrose), the control and experimental

potato varieties also almost leveled at the time of harvesting, but only in this case there
was a significant decrease in the total sugar content in both potato varieties compared to
the middle of the growing season. Moreover, in the experimental samples of potatoes,
this decrease was more significant. Therefore, in experimental potato tubers, the total
sugar content was slightly lower than in control potatoes - by 0.2%. At the same time,
the dynamics of changes in the content of individual monosaccharides and sucrose in the
tubers of both potato varieties is very interesting as they approach the end of the growing
season.
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The sucrose content in both potato varieties after harvesting increased, comparing
with middle of the growing season, and the monosaccharide content decreased.
Moreover, the decrease in the content of monosaccharides in both potato varieties
occurred by a more significant value than the increase in sucrose content. If we consider
the results of the control and experimental variants separately, then in the experimental
potato the monosaccharide content decreased by a more significant amount than the
sucrose content compared with changes in the tubers of the control potato. During the
harvesting period, the monosaccharide content in the tubers of the potato treated with
collagen hydrolyzate was only slightly (by 0.010%) higher than their content in the
control potato tubers. The sucrose content in the tubers of the processed potato after
harvesting turned out to be less than in the tubers of the control potato by 0.020%. A
change in the content of monosaccharides in potato tubers is associated with a change in
the dynamics of non-enzymatic browning of potato.

On starch content, the control variant approached the experimental one by the end
of the growing season, nevertheless, this difference continued to remain significant and
amounted to 2.20% compared with 2.61% in the middle of the growing season. Thus,
the carbohydrate system, due to the processing of collagen hydrolyzate in experimental
potatoes, prevailed over the control in terms of the most important indicator - starch
content.

Along with the starch content, there is one more indicator according to which the
experimental version of potato significantly exceeded the control one - this is the content
of vitamin C. The tubers of the experimental potato at the end of the growing season
contained 17.3% more starch, and in terms of vitamin C content they exceeded the
control version by 28, 9 %. The increased content of vitamin C in the experimental plant
products is a common pattern that arises under the influence of the processing of seed
material with an amino acid solution (Kuznetsov & Dmitrieva, 2005). It indicates a large
recovery potential that appears as a result of optimization of metabolic processes in cells.

During the growing season, significant changes occur in the values of the levels of
darkening, both general and enzymatic and chemical. As follows from the data of
Table 3 in the middle of the growing season, the experimental potato tubers significantly
exceeded the control in all indicators of browning. At the end of the growing season, the
situation changed to the opposite. The total and enzymatic browning in the potato treated
with the growth regulator became much less than in the control.

Only by chemical darkening, the processed potatoes at the time of harvesting
slightly continued to exceed the control variant. This is probably due, although with an
insignificant, but higher content of monosaccharides in the experimental version
compared to control tubers. The decrease in the level of chemical darkening of the
experimental potato occurred during the growing season more significantly, in
comparison with the control. If at the end of the growing season both varieties of potatoes
did not differ much in chemical darkening, then during the growing season the
experimental variant exceeded the control one in this indicator. The reason for this may
be the equalization of the content of low molecular weight forms of carbohydrates in
both variants as the potatoes ripen. In the experimental version, as the ripening, both the
content of monosaccharides and the level of chemical darkening decreased. The
chemical darkening accounts for an average of only 15% of the total level of darkening.
According to Table 3, this ratio between chemical and enzymatic darkening is satisfied.
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Since the bulk of the darkening is due to enzymatic darkening, it needs to be considered
in more detail.

As mentioned earlier, both potato varieties, control and experimental, during the
growing season, but even more at the time of harvesting, differ in the level of enzymatic
darkening of tubers. The enzymatic component of the browning process directly depends
on the activity of the polyphenol oxidase enzyme (Medvedev, 2004). This enzyme is
activated by damage to plant organisms. Therefore, it is especially active in freshly
harvested potatoes due to its participation in the healing of injuries received by tubers
during harvesting (Polevoy, 1989). At the time of ripening of tubers in the control potato,
the level of enzymatic browning is increasing, while in the potato treated with the growth
regulator, enzymatic browning exceeds this the indicator of control potatoes during the
growing season and then sharply decreases by the time of harvesting.

The low activity of polyphenol oxidase is a characteristic feature of plant products
grown using the amino acid growth regulator (Murashev et al., 2013, 2014; Murashev,
2016). The low activity of polyphenol oxidase promotes the accumulation of phenolic
compounds that perform various protective functions in plant tissues. They take part in
the formation of lignin, and many phenols are inhibitors of IAA oxidase (Kuznetsov &
Dmitrieva, 2005), which contributes to the accumulation of indolylacetic acid. Changes
in the hormonal status of plants affect the characteristics of the relationship between the
host and the parasite. Given that experimental potatoes are more resistant to
phytopathagens, a change in hormonal status has a significant effect.

On the other side, with high activity of polyphenol oxidases, quinones formed from
phenols, which are active and nonspecific oxidizing agents, can disrupt the normal
functioning of cells (Polevoy, 1989). The phenolic metabolism activated in this case
requires significant energy expenditures and the consumption of nutrients for respiration.
This situation occurs in the control, not processed potatoes. Processed potatoes have the
ability to intensively form the wound periderm (Murashev, 2015). This ability probably
compensates for the absence of the need to activate the protective system (polyphenol
oxidase + phenols), which actively functions in the control potato in order to prevent
infection through epidermal ruptures during the injury of tubers.

The effect of treatment with an amino acid growth stimulator was also reflected in
the tuber ripening. This parameter is determined by the ratio of starch / sugar and sucrose
/ monosaccharides, the higher these ratios, the higher the degree of maturity and the
better the ability to store potatoes. According to the results in Table 3, it follows that the
ratio of sucrose / monosaccharides for both potato varieties during harvesting was equal
to 1.30, and the ratio of starch / sugar was more favorable for experimental potatoes, for
which it was 20.5. For control, this ratio turned out to be less - 17.7.

In cultivated potato the tuberization occurs at any length of daylight hours,
however, a reduction in the duration of daylight hours, as well as lower temperatures at
night, inhibiting vegetation, stimulate tuberization. In addition, the ability to form tubers
depends on the stage of development of potato plants; it appears only when the plants
come into maturity and this is due to a change in the hormonal background of plants
(Medvedev 2004; Medvedev & Sharova, 2014). The ability to tuberization, as already
mentioned, depends on the hormonal background, namely: on the ratio of auxins and
cytokinins. Their ratio is affected by the length of the day, the reduction in daylight
changes the ratio between auxins and cytokinins in favor of the latter. As aging in plant
organisms increases the activity of IAA oxidase, as well as other oxidative enzymes.
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IAA oxidase oxidizes auxin; as a result, the auxin content in plant tissues decreases with
aging (Kuznetsov & Dmitrieva, 2005).

Tuberization is promoted by the reduced activity of oxidative enzymes such as
polyphenol oxidase and peroxidase (Medvedev & Sharova, 2014). This may be due to
several reasons. First of all, one should pay attention to the fact that the oxidation
pathways catalyzed by non-mitochondrial oxidases (polyphenol oxidase, ascorbate
oxidase) are not associated with the synthesis of ATP (Medvedev, 2004), which ensures
the occurrence of all energy-dependent processes, including the need for accelerated
plant development and intense tuber formation.

The formation of tubers requires a high content of low molecular weight
carbohydrates. While in the ripened tubers the amount of low molecular weight
carbohydrates (glucose + sucrose) decreases and the starch content increases (Kuznetsov
& Dmitrieva, 2005). This is what is observed in practice mainly for experimental variant.

Thus, a whiter, higher degree of maturation is established for experimental
potatoes. A high degree of maturity of storage organs of plants suggests a higher rate of
their development during the growing season. The rate of passage of growth phases by
potato plants is characterized by the
duration of the interphase ‘sprouting Table 4. The effect of collagen hydrolysate on

period — budding’ presented in the passage speed of growth phases in potato
Table 4. ’ plants of cvs. ‘Nevsky’ and ‘Izora’ for two years

According to the data given jn  OFobservations

Table4, the experimental plants Mean duration of the
passed the growth and development Potato  Treatment  sprouting-budding

phases at an accelerated pace, as a cultivar  version |1n'E[erphase perlzod(i days
result of which the ripening time of the iz0ra Reference 23 year 19 year
crop is reduced by an average of 5-10 Izora Experiment 16 14
days. Such a reduction is very Nevsky Reference 26 19
significant for the northern regions Nevsky Experiment 22 16

with a short and unstable warm summer
period suitable for crop production in
open ground. The reduction in ripening time is the result of achieving the optimal ratio
between the metabolic pathways of the conversion of substances in plant tissues,
as a result of which the plastic material and plant hormones that control plant growth are
synthesized in quantities necessary for

accelerated growth and biomass Table 5. The effect of collagen hydrolysate on
accumulation. potato yield of cvs. ‘Nevsky’ and ‘Izora’ for two

The  attractive  effect  of years of observations

phytohormones, which affect the flow
of nutrients to the storage organs of

Mean weight of potato

Potato  Treatment . per plant, g,

cultivar  version

plants, accelerates their formation and 1st year 2nd year
is reflected in an increase in potato Izora Control 260.6 417.4
productivity. The effect of collagen Izora Experiment 287.8 769.0
hydrolyzate on the productivity of Nevsky — Control 357.7 1,078.0
Nevsky  Experiment 385.1 1479.0

potato plants is shown in Table 5.
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In terms of yield of potato plants, the experimental potatoes of the Nevsky and Izora
varieties in the first year of testing did not significantly exceed the control. However,
during the second year of testing, the average tuber yield as a result of processing
increased by almost 1.5 times. Statistical processing of the values of the mass of tubers
from one bush of a 2-year crop showed the reliability of such a significant increase. In
the following years of testing, the experimental version also exceeded the yield control,
which is a manifestation of the general trend. It is possible that weather and climatic
conditions for growing potatoes are superimposed on the preparation. Nevertheless,
despite the fluctuations in weather conditions, treatment with an amino acid stimulator
demonstrates a steady increase in plant productivity.

The accelerated development of plants is due to the fact that IAA actively affects
the phases of cell growth. This hormone stimulates cell stretching and provides
accelerated formation of the stem of development. This is due to the fact that IAA causes
an influx of water into the cells. The flow of water into the cells lowers the viscosity of
the cytoplasm, which causes an increase in the rate of chemical reactions that occur in
them. In addition, auxin significantly changes the intensity of energy processes in plants.
Under its influence, the intensity of photosynthesis increases and respiration increases.
The conjugation of oxidation and phosphorylation increases (Medvedev & Sharova,
2014), which leads to a more efficient use of the respiratory substrate for ATP synthesis.
An increase in the conjugation of oxidation and phosphorylation also reduces the release
of physiological heat in plants without performing useful work on the implementation
of energy-dependent processes.

It should be noted that the plant material obtained using the growth regulator is not
only larger, but also more attractive in appearance, since it is less susceptible to
phytopathological influences. So. for example, sugar beet root crops grown using
collagen hydrolyzate were less affected by scab and necrosis (Sapronov et al., 2002;
Sapronov et al., 2005). In addition, plant products obtained using collagen hydrolyzate
are characterized by a more perfect form, characteristic for this type of plant products.
The protective properties of root crops are enhanced even more when pure glycine is
used as a growth regulator.

Thus, the experimental data confirm the provisions presented earlier about the
mechanism of the effect provided by a glycine-containing amino acid preparation on the
changes in maternal potato tubers, during the growth of potato plants and formation of
their storage organs. This effect supposes changes in metabolic and energy flows within
cells for acceleration of synthetic processes in plant organisms.

CONCLUSIONS

A treatment of potato seed tubers with a water solution of the amino acid
preparation made from hydrolyzed collagen and having an increased content of glycine
accelerates disintegration of starch in maternal tubers with mono- and disaccharides
being formed. The content of low molecular weight carbohydrates increases by 10.5%,
and they are rapidly involved in the growth processes so than the shoots receive more
abundant nutrition.

The measured sucrose/monosaccharides ratio for the potato treated with an amino
acid growth stimulant was equal to 20.5. It is the evidence of a higher maturation rate
within the same period of time as in the reference version. Potato tubers treated with the
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growth stimulant also had a higher content of bioactive compounds, which grows on
average by 15 to 50%. The increase of ascorbic acid content is approximately 8 mg per
100 g, fresh weight. The increase of starch content in potato averages 15 to 17% and
reaches 15 to 16% of the tubers’ wet weight.

A high degree of maturity in plant storage organs suggests an increased rate of their
development during the growing season. Measuring the speed at which the potato plants
had passed their growth phases showed that the length of the sprouting-budding
interphase period reduced on average by 20%. The growing season of potato plants was
5 to 10 days shorter.

The treatment with an amino acid growth stimulant accelerates potato plant
development, accompanied by a concurrent increase in productivity by 20 to 30%. Potato
tubers grown with the use of collagen hydrolysate were prone to phytopathological
changes to a considerably less extent.

The effective influence of the growth regulator produced from collagen on the
development of potato plants and formation of their tubers is an evidence of fuller
utilization of the potential reserved in plants.
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Abstract. Growing crops under artificial conditions need a very favourable environment,
especially the spectral composition of radiation influencing the plant biometry greatly. The study
objective was to find how to assess the closeness of real growing conditions to the optimal ones
using a single coefficient, which would reflect several time dependencies of individual growth
indicators. The plant growth friendliness factor (Kg) was proposed for this purpose. Tomato
transplants (Lycopersicon Esculentum Mill., ‘Polonaise F1’) were grown in a peat substrate under
two lighting systems with different light quality.One system consisted of eight fluorescent lamps
OSRAM L58W /840 LUMILUX Cool White and eight lamps L58W / 77 FLUORA mounted on
the standard frame, alternating the lamp types (Type | spectrum).In theother lighting system, the
PCB Star LEDs with wavelengths of red 630 nm and far-red 735 nm were added (Type Il
spectrum). The irradiance level was maintained at 140 umol m s, the photoperiod was 16 h.
The ratio of long-wave flux to the total flux K. was calculated for these lighting systems
(0.37 rel.units for Type | spectrum and 0.50 rel.units for Type Il spectrum) and K¢ factor was
determined by the proposed formula. The value of K was found to be twice as small for Type |
spectrum than for Type Il spectrum. The significant difference in biometric parameters of tomato
transplants grown under Type | and Type Il spectra was revealed. The plants grown in the
environment characterized by higher Kg, were higher; they had more significant wet mass and
stem neck diameter.

Key words: greenhouse, plant lighting, Lycopersicon esculentum, light quality.
INTRODUCTION

Tomato (Lycopersicon Esculentum Mill.) is a fruit of great commercial importance.
It is considered one of the most widely spread vegetables in the world cultivated under
various production systems - from field plantations to modern plant factories. In
industrial greenhouses, certain crops are grown throughout the vyear, with all
environmental factors being under control. Therefore, these facilities are essential for
food supply and food security in many parts of the globe, especially in the high latitude
countries. In addition to natural sunlight, artificial radiation sources are used. In some
cases, plants are grown under artificial lighting only (city farms, grow boxes, green
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walls, etc.). The plants require an optimal combination of environmental factors, with
the light taking a special place among them. Variation in lighting conditions (intensity,
duration, periodicity, and, particularly, the light quality) has a different effect on the
growth and development of plants (Baeza et al., 2018).

The light quality is usually characterised by the share of energy in certain bands
of photosynthetically active radiation (PAR) in blue (B) 400-500 nm, green (G)
500-600 nm, and red (R) 600—700 nm spectrum range. The far-red (FR) 700-800 nm
energy plays an essential role in plant lighting. The general pattern is the intense light
absorption by the plant leaves in B and R bands, and the reflection in G band. In FR
band, both reflection and transmission are observed (Larcher, 2000). In several
experiments, the effects of wavebands on plants were established. The B band radiation
was found to be of critical importance. It affected the morphology of pepper stem and
leaves and caused variations in the chloroplast composition (higher ratio of
Chla/Chl b) that improved the photosynthesis efficiency (Hoffmann et al., 2015).
G radiation has a positive effect on the development of tomato and sweet pepper plants
(Samuoliené et al., 2012). The FR radiation was revealed to increase the height of sweet
pepper plants and the stem mass (Dale & Blom, 2004). The energy ratio in the above
bands was found necessary for the normal photomorphogenesis of various plants as well
(Kim et al., 2006).

The investigation results, available to date, prove an increased share of B radiation
to contribute to the cell division and the emergence of first sprouts, and to prevent the
seedling elongation. R radiation stimulates the root system development, influences the
formation of fruits and seed germination, and promotes the flowering (Park & Runkle,
2018). The G wavelength has a minimal effect, although it is essential in the plant
lighting, especially in the case of inter-lighting (Kim et al., 2004).

Advanced technical solutions associated with protected agriculture practices must
focus on energy saving, in the first place, and provide the favourable environment for
plants. In this context, the researchers need to take into account the recent fundamental
scientific achievements. It is known that the low degree of optical energy conversion
into the dry matter of plant tissues causes significant energy inputs in the lighting.
Therefore, the use of artificial lighting sources brings forward the issues of energy
efficiency and inside environment assessment (Rakutko & Patsukov, 2013).

The most important indicator of the plant lighting effectiveness is the plant growth
dynamics, which is characterised by several biometric parameters. To create the
mathematical models of their behavior is an important step towards the development of
the theory and practice of plant lighting control. The obtained data can be used to develop
the algorithms for plant performance control (Rakutko, 2018).

The mathematical relationship between the environmental factors and the
productional process in plants will allow optimizing the plant growth and development
by selecting the necessary combinations of parameters of these factors while achieving
the maximum plant productivity. For this purpose, a dynamic model of a plant is
required, which would consider the changes in its mass or the assimilating surface area
in the growing process.

The study objective was to find how to assess the closeness of real growing
conditions to the optimal ones using a single coefficient, which would reflect several
dependencies of individual growth indicators on time.
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MATERIALS AND METHODS

The study object was tomato plants (Lycopersicon Esculentum Mill., ‘Polonaise F1’).
Tomato seeds were sown in one container with the peat substrate. The container was
covered with film and placed in the room with the air temperature of +26 to 28 °C and
the humidity of 70 to 75%. The first single sprouts appeared on the 3™ day. After the
mass emergence of sprouts, when about 80% of their total number appeared, the plants
were exposed to the round-a-clock lighting with the HPS lamp DNaz 400 (with
irradiation 100 umol m?s™). From this moment, the age of plants was recorded
(DAE — the day after seedling emergence). On the 3™ DAE, the photoperiod was set at
16 hours. On the 10"DAE at the second true leaf phase, the plants were picked out in
pots with the volume of one-litre filled with the 2:1 mix of peat and garden soil. The
acidity of peat was neutralised with dolomite meal to pH of 6.0. One kilogramme of peat
included the following mineral nutrients: KO —330.2mg, P20s—42.8 mg,
CaO — 151.6 mg, MgO — 102.8 mg, and N2Os — 63.1 mg. On the 14" DAE, the pots were
placed under the lighting facilities. The plants were watered and fertilized as required.
On the 20"DAE, the third true leaf appeared. The first measurements were carried out
on the 22"DAE, the second measurements — on the 30" DAE, the third measurements —
on the 38" DAE, and the fourth measurements — on the 46" DAE.

A comparative experiment was carried out in a laboratory room (6x6x3.5 m), with
the specialized equipment being installed to provide the required plant growing
conditions: an air conditioning system, electric fans, a water evaporator, a combined
sensor for microclimate parameters, a control panel, and irradiation facilities. The room
was divided into two zones by the light tight screens made of white plastic film,
protecting the plants from being irradiated by the unit in the adjacent section and from
the natural light, but not impeding the airflow inside the sections. During the experiment,
the same level of total photon flux density (PAR+FR) 140 umol m? s in each zone was
maintained by varying the height of the lighting facilities above the plant tops. The
unevenness of irradiance in the zones characterized by the coefficient z = Emax/E.y did
not exceed 10%.

In the first zone, the installed _ _
lighting system consisted of eight PAR
fluorescent lamps OSRAM L58W / 3 G 2 R
840 LUMILUX Cool White (5000— - S W
7000K) and eight lamps OSRAM |
L58W [/ 77 FLUORA (Germany),
mounted on the standard frame,
alternating the lamp types. In the
second zone, the installed lighting 0.50
system had the same lamps as in the
first zone and PCB Star LEDs (China)
with the wavelengths of red 630 and
far-red 735 nm (40 pieces each) were 0.00. ' '
added. 400 500 600 700 800

. Wavelengh, nm

Photon flux density (PFD) was
measured with a TKA VD /04 (Russia) Figure 1. Photon flux density.
device. The results are shown in Fig. 1.

1.00

Type I
m——ee Type If

PFD ( rel.units)
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The methodological challenge in searching for the plant response to the light quality
of radiation is that it is difficult to describe this composition by one indicator. In this
study, the radiation fluxes in the blue and green wavelengths were totalled and
considered as the radiation in the short-wavelength band (SW) of total radiation
(PAR+FR). The radiation fluxes in the red and far-red wavelengths were totalled and
considered as the radiation in the long-wavelength band (LW) of total radiation.

This approach made it possible to introduce a coefficient characterizing the share
of long-wave radiation energy in the total radiation flux.

F
Kp=—+%—,
) Fow + Fuw @
where Fgy,, Fry, is radiation flux in SW and LW bands, correspondingly.

This coefficient was used to describe the spectrum type in the experiment variants:
Type | —the spectrum with a smaller share of the long-wave radiation energy
(KL = 0.37); Type Il —the spectrum with a larger share of the long-wave radiation energy
(KL = 0.50). In order to change the light quality, an additional flux from the LEDs was
used, which increased the K. value. To maintain the same level of PFD, the height of the
lighting systems over the plant tops was different (0.38 m for Type | spectrum and
0.71 m for Type Il spectrum). lllumination in the plant growing zones was 11.9 kLk and
9.7 kLK, respectively. Due to this difference, the plants in the experiment looked more
illuminated under Type | spectrum.

In the series of measurements on different DAEs, the main biometric parameters of
tomato plants were recorded: 1) stem neck diameter D (with a calliper), 2) number of
leaves N, 3) height of hypocotyl H (with a ruler), 4) wet mass of the plant M (with
scales), 5) leaf surface area S (by taking a pictures with a digital camera), and 6) dry
matter content v (by oven drying at 105 °C).

Variation dynamics in the stem diameter D(t) and the number of leaves N(t) were
approximated by logarithmic curves. For example, the number of leaves

N(t) =Y, (L —-e 20T, )
Variation dynamics in the height of hypocotyl H(t), the wet mass M(t) and the leaf

surface area S(t) were approximated by the Gompertz curves. For example, for the height
of hypocotyl

~B(t-Tm)

H(t)=Y,+Y,e™® 3

The dry matter content v(t) was approximated by the polynomial
v(t)= At + Bt +C.. (4)

Parameters Ym, Yo, Tm, A. B, C in the formulas 2-4 are approximating coefficients.
They were obtained for both types of the spectrum. The best-fitting growth curve was
selected based on the residual sum of square (Karadavut et al., 2008).

The energy and inside environmental conditions were assessed by the plant growth
friendliness factor (Kg), which showed how close was the adopted lighting practice to
the suitable optimal or best available technique (BAT).

The closeness degree was estimated by the normalized Euclidean distance between
the two trajectories for the real conditions (R) and for the optimal (BAT) conditions (O)
in the n-dimensional factor space of the biometric parameters of plants. Symbolically,
this can be expressed as
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KG= k;t ’ (5)
O € BAT

where 5779 is the mentioned normalized Euclidean distance.
Since the functional time dependences of plants’ biometrics are given in the
analytical form (equations 2—4), the expression for the plant growth friendliness factor

takes the form
17| Y-R(t)—Y-o(t)Jz
Kg== wi| =21 37 dt, 6
© T!\/Zl [ Yo ©
where T is the estimated time period, Y?(t) and Y,°(t) are the functional time
dependences of the i-th parameter for real (R) and optimal (O) techniques, respectively,
w; is the weighting factor of the i-th parameter.

Optimal plant biometrics was taken from the expert opinion obtained during the
interviews.

One-factorial experiments were arranged in three replications, with the mean values
being calculated from six plants per replication. The curves were approximated in Excel
2013. The data were processed with STATISTICA 7.0 software packages. Statistical
differences were analyzed using a one-way analysis of variance (ANOVA). The least
significant difference (LSD) at the 0.95 level (P < 0.05) was used to compare the mean
values by Fisher’s test.

RESULTS AND DISCUSSION

According to expert estimates, Type | spectrum with the smaller share of LW
radiation was found more favourable
for plants (Fig. 2). The plants under
such radiation were stronger and better
met the transplant quality standards.
Figs 3 and 4 show, respectively, the
dependence between the number of
leaves on a plant and time, and the
dependence between the neck diameter
and time. Plants under the radiation
spectrum with bigger K.w had the more
significant height and wet mass, but
the smaller leaf area.

Statistically significant differences
in these parameters in plants grown
under the different radiation spectrum Figure 2. Tomato plants.
were not identified.

Figs 5, 6, and 7 show the dependencies between the hypocotyl height, its wet mass,
and the leaf area and time. Dependencies have a characteristic sigmoid look. Fig. 8
shows the dependence between the plant dry matter content and time.
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At the end of the experiment, the higher dry matter content was observed in plants
exposed to radiation with lower K. The solid line in Figs 3 to 8 shows the development
path of specific biometric parameters; it is plotted according to the expert estimates,
based on the desired values of these parameters at any time point.
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Table 1 presents the coefficients of approximation curves for the dynamics of
specific biometric parameters for both types of spectrum, as well as for the optimal
techniques.

The values of K¢ calculated by the formula 6 are 0.22 rel. units for Type | spectrum
and 0.38 rel. units for Type Il spectrum. Kg increases with an increase in the share of the
longwave radiation.

The proposed approach
associated with Kg-based assessment Table 1. Coefficients of approximation curves

is confirmed by the previously o Values

obtained knowledge that the blue arameter 1" vy H(LW) O
radiation has a favourable effect on Model of the number of leaves N = f(t),pieces
plant development at an early stage Ym 10.686 10.806 11.000
(Hoffmann et al., 2015). Insufficient B 0.110 0.110 0.087
light intensity or its inadequate light T 19.027 10.034  18.325
development of tomato transplants, ém gigi gggg gﬁg
especially during the initiation of the T 15 724 12 355 15 175

first flower cluster that lowers the Model of the plant height H = f(t), cm

quality of transplants (Brazaityte et Yo 5296 5008 6.941
al., 2010). Yin 50345  89.360  54.019
For optimizing plant growth, it is quite B 0.098 0.100 0.126
possible to use only a rather simple Tm 32.684 31.865 31.366
Ke-based approach, which does not Model of the plant wet mass M = f(t), g
encapsulate the notion of the crop Yo -0.674 -0.311 0.716
yield formation as such. This Ym 117.900 101137 97.802
approach is designed to describe the B 0.077 0.096 0.097
dynamics of plant development T 37.706 3’4'126 5 35.004
adequately in the various environments !}AOdel of thgslegé area $ = (t), cm
. 0 -28.304 -37.546 -27.950

and/or to givea short-term forecast_ of Yo, 3772168 3366.178 3386.076
these dynamics based on extrapolation B 0.075 0.080 0.081
of the initial data. Similar approaches Tn 38.072 36.783 36.788
are quite popular in the practice of Model of the dry matter content v = f(t), %
plant cultivation. A 0.022 0.013 0.023

Such empirical method s B -1.287 -0.755 -1.345
associated with the comprehension of C 26.337 17.823 26.592

experimental data and selection of the
most appropriate (usually simple) formulas or a system of equations for their adequate
description. This method of quantitative generalization and approximation of
experimental data often makes it possible to understand the mechanisms responsible for
the plant response (Medina-Ruiz et al., 2011). Changes in the phenotype during the
growth can be modelled using the growth curves. The properties of these curves depend
on the plant species, its phenotype and environmental conditions (Karadavut et al., 2008).
The ratio of energy shares in the shortwave and longwave band of the total flux was
used as an indicator of the light quality of radiation. This indicator allows to express the
diversity of spectral information by one number quantitatively. The changes in
biometrics of tomato plants in the growth process were described by mathematics.
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As a result of the empirical approach based on the experimental data, the suitable,
rather simple, formulas for the main biometrics of plants were chosen. The dependence
of plant biometrics on the proposed indicator K. was revealed. The shift of the share of
long-wavelength band (R+FR) from 37% to 50% (by 13%) was found to lead to a
significant difference in almost all biometric parameters of plants in their cultivation
process and to variation in the plant growth friendliness factor Ke from 22% to 38%
(by 16%).

In previous studies, we proposed a method for monitoring the energy and ecological
compatibility in various plant growing conditions (Rakutko et al., 2016). In this study, a
similar approach was applied for growing tomato transplants under different light
quality. The obtained data can be used to optimize the process of growing plants by
varying the lighting parameters, environmental conditions and other factors.

CONCLUSIONS

The experiments confirmed the possibility to present the light quality of the
radiation, usually given by the dependence of the radiation energy at each wavelength,
with one number, namely the K. indicator, which was numerically determined as the
ratio of long-wave flux to the total flux.

A similar approach was applied to present the dynamic pattern of plant biometrics
with Kg indicator, which characterized the proximity of real and optimal plant growing
techniques.

The study experiments with tomato transplants demonstrated that the empirical
dependence of Kg on K. was a convenient tool for assessing the effectiveness of artificial
plant lighting.
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Abstract. The purpose of this paper is to give an overview of the changes in Estonian agricultural
producers according to the size of the land use. Data from the Estonian Agricultural Registers
and Information Board (ARIB) data from 2011 and 2016 is used. This data shows that agricultural
land use area per producer has increased and most of the agricultural land is used by agricultural
producers in size groups 400-< 1,000 ha and > 1,000 ha. This means that a small number of
agricultural producers are using a large area of agricultural land. For example, in 2016, the largest
agricultural producer was using 27% of agricultural land located in Tiri municipality. The
outcome of the study shows a trend of farm size growth in Estonia; there is a need to find out if
this model of agricultural production guarantees us food and a future of sustainability.

Key words: agricultural producer, Estonia, land use, sustainable agriculture.
INTRODUCTION

Motivation

It is estimated that by 2050 another 2.5 billion people will be added to the current
population of 7 billion (United Nations, n.d.; G1Z, 2012). This means that there is also a
growing need for food and feed, which puts more pressure on agricultural production
(Példaru et al., 2018). Hence there has been a long ongoing debate on the effect of farm
size on productivity. Are the family farms the ones that will lead us to a future of
sustainable agriculture while feeding the population, or should we rely on large corporate
agricultural businesses or mega-farms? What kind of balance should there be between
them?

Agriculture is a significant user of natural resources (Bruinsma, 2003), although in
different ways and to different extents depending on the farming system. Farming is also
a major source of greenhouse gases, and as the world’s greenhouse gas levels continue
to rise, climate change is occurring much faster than anticipated (United Nations, 2019).

The number of people suffering from hunger has been on the rise since 2014
(Bruinsma, 2003; United Nations, 2019). To ensure that future agricultural production
guarantees food security for the world’s growing population, we need productive yet
sustainable agriculture. Which agricultural model is best for sustainable growth in
agricultural production? Opinions differ; some sources (Sheng & Chancellor, 2018;
Rada & Fuglie, 2019; Ren et al., 2019) support intensive, industry-based production
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models; others (Monbiot et al., 2018; Ricciardi et al., 2018; Glenn et al., 2019) are in
favour of farming based on smallholders. Some studies show that small family farms are
more diversified than large ones, but they are also less likely to conserve structural
elements, they leave a higher share of their soils bare during winter, and use more of
their fields for monoculture (Wuepper et al., 2020). The Sustainable Development Goals
report (United Nations, 2019) states that small-scale food producers are a big part of the
solution to world hunger. For example, in the European Union, 50% of farms are smaller
than 2 hectares but operate on only about 2.4% of agricultural land (Graeub et al., 2016;
Lowder et al., 2016). The share of agricultural land controlled by larger farms is higher
in countries with larger average incomes (Lowder et al., 2016).

In many parts of the world, there is an ongoing process of farm size growth (Viira,
2014; Pdder, 2017; Hubert, 2018; Sheng & Chancellor, 2018). While the number of
farms is decreasing, the average area of agricultural land use per farm is growing (Sheng
& Chancellor, 2018; Wuepper et al., 2020). Mega-farms of up to 500,000 hectares appear
in the countries of the former Soviet Union, Latin America, North America, Australia,
and even Central Europe (IAMO, 2017). Large-scale agricultural producers are evolving
because of the abundance of land resources in some parts of the world. Improved access
to outside capital is one reason why large size farms attract investors that do not have
experience in primary agriculture (Constantin et al., 2017). It is also believed that given
the introduction of modern production technologies, large farms can achieve the
expected returns much faster than small ones. Some studies (Ren et al., 2019) show that
large-scale farming has no direct negative impact on the environment and lead to a
positive environmental impact.

However, the question of whether large-scale farming is more efficient and
profitable than the small or medium-size farms, remains. It is believed that small ones
are diversified and contribute more to environmental sustainability, preservation of
traditional values, and economic resilience than large farms (Graeub et al., 2016; van der
Sluis et al., 2016; Rada & Fuglie, 2019). It is known that the smallest two farm size
classes (0-1 ha and 1-2 ha) are the most significant contributors to global food
production compared to all other classes (Graeub et al., 2016). Farms less than 2 ha
produce 28-31% of total crop production and 30-34% of the global food supply
(Ricciardi et al., 2018).

In the case of small farms, much of the labour comes from the household: family
members are self-supervising, motivated to work with care, and flexible to accommodate
the unpredictable timing of some farm operations (Llambi, 2010; Graeub et al., 2016).
Large farms, on the other hand, often depend heavily on hired labour that needs to be
recruited and supervised, thereby raising transaction costs and, thus, the implicit cost of
labour (Llambi, 2010). Agriculture is the single largest employer in the world, providing
livelihoods for 40% of today’s global population (United Nations, n.d.) and small farms
typically apply more labour per land unit than larger farms (Llambi, 2010; Rada &
Fuglie, 2019). Thus, it is essential to maintain small farms (Constantin et al., 2017;
Dell’ Angelo et al., 2017) to support the livelihoods of rural populations.

By number, there are more than 570 million farms in the world; more than
475 million farms are smaller than 2 ha, and more than 500 million are family farms
(Lowder et al., 2016). Accordingly, investing in small farms is a crucial way to increase
food security and nutrition for the poorest, as well as food production for local and global
markets.
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The ongoing debate on the effect of farm size on productivity remains; however,
the structural adjustment has seen resources shift from smaller and less productive farms
to the larger ones. This, in turn, raises the question: is the large-scale model for
agricultural production sustainable?

In 2015, countries adopted the 2030 Agenda for Sustainable Development and its
17 Sustainable Development Goals. Of these 17 goals, three are linked directly to
agriculture and its sustainability. Goal 2 leads our attention to people suffering from
hunger; this number has been on the rise since 2014. The purpose of this goal is to end
hunger, achieve security and improved nutrition, and to promote sustainable agriculture.
The United Nations, 2019 report on sustainable development goals states that special
attention needs to be given to increasing the agricultural productivity and incomes of
small-scale food producers. Small-scale food producers are a big part of the solution to
world hunger.

The purpose of goal 13 is to take urgent action to combat climate change and its
impacts. The purpose of goal 15 is to protect, restore, and promote sustainable use of
terrestrial ecosystems, sustainably manage forests, combat desertification, and to halt
and reverse land degradation and halt biodiversity loss. One of the primary drivers of
biodiversity loss is habitat loss from unsustainable agriculture.

Therefore, it is essential to determine what is sustainable agriculture. Does this
model include small-scale or large-scale farms or both, and in what proportions? To do
s0, there is a need to map the present situation. Therefore the purpose of this paper is to
give an overview of the changes in Estonian agricultural producers according to the size
of the land use. The paper is organized as follows: first, to clarify the changes that have
taken place in Estonian agriculture, we present a historical overview based on literature
and document analysis; second, an introduction of data and method used; third,
presentation of the results of the case study of Estonia according to data from ARIB;
fourth, discussion of the results and conclusions are given.

Historical overview of changes in Estonian agriculture

Agriculture in Estonia has been through significant structural changes. From 1919
till today, there have been five major land reforms, each influencing Estonian agriculture.
After the independence of Estonia in 1918, an extensive area of agricultural land was
owned and used by large farms (owned mostly by Baltic Germans) (Grubbstrém, 2011;
Grubbstrom & Soovali-Sepping, 2012; Jirgenson, 2017). At the same time, the peasants
had a strong desire for land ownership. These circumstances created a suitable
environment for the 1919 land reform, the purpose of which was to create more
landowners (Grubbstrom, 2011; Jirgenson, 2016). As a result, there evolved more than
40,000 landowners, while more than 20,000 land users were in the process of acquiring
land (Rosenberg, 2019). The average area of one farm was 23 ha (Rosenberg, 2019). The
number of small farms rose more than two times; however, the reform also created some
bottlenecks. For example, there emerged many tiny and economically not-profit farms,
and there were no longer enough workers in large farms (Jirgenson, 2017; Rosenberg,
2019).

In 1940 the Soviet Union occupied Estonia and started new land reform. Private
ownership was abolished, and the land was included in state property (Grubbstrém,
2011; Jurgenson, 2016, 2017). The previous landowner became a land user, and the
ceiling of the land-use area was supposed to be 30 ha (Jurgenson, 2017; Rosenberg,
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2019). The area of state land fund was over 758,000 ha (Rosenberg, 2019). The outcome
was that successful farms were weakened, and lots of small, economically not efficient
farms were created. These were steps towards later agricultural collectivization.

In 1941 Germany occupied Estonia, and reform made by the Soviet Union was
cancelled. The land was partly returned to the use of its earlier/rightful owners; however,
the state still owned the land. Three years later, the Soviet Union occupied Estonia again
and picked up with its land reform where it left off. All changes made during the German
occupation were cancelled (Jirgenson, 2017). This time land reform comprised 42,274
landowners and equitable owners and 972,000 ha of land (Rosenberg, 2019). By this
time, there were only 136,000 farms left in ESSR and living conditions in rural areas
were getting worse (Rosenberg, 2019). The next step was compulsory collectivization,
resulting in the creation of large collective farms and the disappearance of small farms.

In the Soviet Union planned economy, there was only one suitable form of
agriculture: state farms - kolkhozes and sovkhozes (Jurgenson, 2017; Pdder, 2017).
Because of that, the number of people living in rural areas and working in agriculture
shrank quickly. A further result was the shrinking number of villages and peripheries
that arose.

There was a large shortage in the peoples’ food supply and it didn’t get any better.
In the middle of 1980, the Soviet regime decided to allow family farms, small co-
operatives and by the year 1986, there were 206 collective farms in Estonia (Jiirgenson,
2017; Rosenberg, 2019). Socialistic agriculture was in a jam, and one way to snap out
of it was seen in establishing rental farms in the peripheries. A bit later, talk about proper
farms and self-sufficiency were put on the table. By the end of 1988, there were about
100 farms in Estonia; only a year later, at the end of 1989, there were over 1,000 farms
(Rosenberg, 2019).

The demise of the large socialistic farms had started already in December 1989. A
single farm of up to 50 ha was permitted (Rosenberg, 2019). After the regaining of
Estonian independence in 1991, restitution of farmlands based on the pre-Second World
War ownership and privatisation of collective farms took place (Grubbstrém, 2011;
Grubbstrom & Soovéli-Sepping, 2012; Viira, 2014; Jirgenson, 2017; Péder, 2017). The
land reform law and then the agriculture reform law both favoured agriculture based on
small farms (Kasepalu, 1991; Lillak, 2003; van Dijk, 2007; P&der, 2017). In the first ten
years of regaining independence, the number of farms in Estonia increased from 7.4
thousand in 1991 to 55.7 thousand in 2001 (Viira, 2014). Many small agricultural users
arose (Viira, 2014; Pdoder, 2017) but in the following years this number decreased
(Grubbstrém & Soovéli-Sepping, 2012; OECD, 2018; Jirgenson & Rasva, 2020).

Today, small-scale farms are family farms that were established due to the
restitution of land, the disintegration of former collective farms, or the expansion of
household plots (Viira, 2014; Jurgenson, 2017). Large-scale producers are mostly
corporate or co-operative farms, with a few exceptions in individual farms that have
grown and will continue to expand (Viira, 2014). Although the number of agricultural
holdings has decreased, the number of final consumers of their production is steadily
increasing — there are 7.5 billion inhabitants in the world, and they all need food (Viira,
2014).
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DATA AND METHODS

To introduce a more detailed overview of the recent changes in the pattern of
agricultural landholdings in Estonia, ARIB? Field Register data from 2011 and 2016 is
used. The Field Register is one of three registers in charge of ARIB, and area support is
one of the subsidies that ARIB delivers. The digitalised database of agricultural plots is
required for payment of area supports from the budget of the EU. In the process of
delivering national and EU subsidies, ARIB collects information about the applicant
(every applicant receives an ID number) and land that is filed for area support.

ARIB data about the agricultural land area and the number of producers were
analysed to get an overview of changes in Estonian agricultural land users’ land holdings
in 2011 and 2016. Agricultural land users and land area per producer were summarized
using GIS software ArcGIS for Desktop 10.4. As information about the producers’
location was also included, it gave us information seen in Figs 2 and 3.

Using GIS software, producers were divided into six groups according to the size
of their landholdings: 0—< 2 ha, 2-< 40 ha, 40-< 100 ha, 100-< 400 ha, 400—< 1,000 ha
and >1,000 ha; data was taken on the basis of these size groups. The basis for this
division comes from Farm Accountancy Data Network® (FADN), where the agricultural
land area is divided into four size groups (0-< 40 ha, 40-< 100 ha, 100-< 400 ha,
> 400 ha). To get a closer look at the smallest agricultural land users, FADN size group
0-< 40 ha was divided into size groups 0-< 2 ha and 2-< 40 ha. FADN size group
> 400 ha was divided into size groups 400—< 1,000 ha and > 1,000 ha to characterise the
largest agricultural land users. These size groups are presented in Tables 2 and 3. More
detailed information about three producers are presented in Figs 4 and 5.

Harjumaa
Laane-Virumaa - Ida-Virumaa

Hilumaa’ {asnemas, Rapiamaa £Jdrvamas

Figure 1. Location of Estonia (study area) in Europe and its administrative division (Jirgenson
& Rasva, 2020).

There are currently 15 counties in Estonia, according to its administrative division
(Fig. 1). This study is based on the division that existed before 01.01.2018. After
administrative-territorial reform, the division was revised, and with it, the borders of
counties also altered to some extent. The administrative division that existed before

2 ARIB is responsible for the delivery of national and EU subsidies for agricultural activities.
% https://maainfo.ee/index.php?page=9&
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01.01.2018 is used because the data from other sources precede the administrative-
territorial reform as well.

Information about those 15 counties with their name, area (ha), agricultural land
use area (ha) in 2016 and 2011 and the number of land users in 2011 and 2016 is
presented in Table 1.

Table 1. Data concerning area (ha), agricultural land use area and the number of agricultural land
users of the 15 counties in Estonia

County Area Agricultural land use area The number of

(ha)! (ha) agricultural land users

2016 2011 2016 2011

Harjumaa 432,669 71,098 61,417 1,232 1,023
Hiiumaa 103,244 13,957 12,188 364 352
Ida-Virumaa 297,158 36,384 31,028 570 606
Jégevamaa 254,486 74,817 69,268 1,029 1,117
Jarvamaa 267,415 80,544 76,776 785 785
L&&nemaa 181,558 52,117 43,052 852 809
La&ne-Virumaa 369,572 109,356 101,711 1,129 1,133
Pélvamaa 182,335 53,310 48,377 1,102 1,212
Pérnumaa 541,873 85,783 78,622 1,535 1,556
Raplamaa 276,506 69,520 64,911 1,129 1,204
Saaremaa 293,765 53,637 46,822 1,200 1,116
Tartumaa 334,931 84,071 75,921 1,248 1,380
Valgamaa 191,709 45,265 41,333 1,144 1,220
Viljandimaa 342,003 85,601 77,829 1,156 1,254
Vérumaa 277,314 52,358 47,781 1,794 2,038
Estonia 4,346,538 967,816 877,036 15,456 16,226

1 County area (ha) before 01.01.2018.

This study concentrates on agricultural land users’ land holdings that cover all plots
which are used for agricultural production in Estonia. No distinction is made between
land in ownership and leasehold land. Also, no differentiation was made between
different production groups.

RESULTS

According to ARIB data, agricultural land use area in Estonia has grown 11%
between 2011 and 2016; the growth has taken place in all counties (Fig. 2). The largest
growth of agricultural land use is in Laanemaa county (21%) and the smallest in the
county of Jarvamaa (5%).

The number of land users between 2011 and 2016 (Fig. 3) has dropped in nine
counties (lda-Viru, Jdgeva, Pdlva, Parnu, Rapla, Tartu, Valga, Viljandi, and V&ru),
representing a 5% drop. The number of land users has increased in four counties (Harju,
Hiiu, Laéne, and Saare) and it is almost same in two counties (Jarva and Laane-Viru).
The most significant drop in the number of agricultural land users took place in the
county of Vérumaa (-12%); the largest increase in the number of agricultural land users
took place in the county of Harjumaa (17%).
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Figure 2. Changes (%) in agricultural land use area in counties between 2011 and 2016 (ARIB).
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Figure 3. Changes (%) in the number of agricultural land users in counties between 2011 and
2016 (ARIB).

The majority of the producers in counties are in size group 2—< 40 ha (Table 2).
The number of producers in size group 2—< 40 ha is the largest (1,338) in Voru county
and smallest (249) in Hiiu county. The number of producers using land in size group
>1,000 ha is the smallest in every county. The largest number (25) of producers in size
group >1,000 ha is in Jarva county. In Hiiu county, there are no producers using land
over 1,000 ha. There are also very few producers in counties in size group
400—< 1,000 ha (in total 546). Producers division into size groups 0—< 2 ha, 40—< 100 ha
and 100—< 400 ha is quite similar all over Estonia.
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Table 2. Division of the agricultural users according to size groups in counties in 2016 (ARIB)

Number of agricultural land users in size groups

County 0<2 2-<40  40-<100 100-<400 400-<1,000 > 1,000
Harjumaa 79 845 119 129 47 14
Hiiumaa 33 249 43 32 7 0
Ida-Virumaa 52 375 52 63 21 8
Jarvamaa 63 486 88 93 38 25
Jégevamaa 92 691 93 97 39 23
Laane-Virumaa 72 684 130 153 65 22
Ladnemaa 48 568 91 105 34 8
Parnumaa 115 1,058 152 152 44 13
Pdlvamaa 153 691 104 111 44 11
Raplamaa 69 747 144 115 39 13
Saaremaa 110 850 121 93 18 8
Tartumaa 126 821 113 115 51 23
Valgamaa 81 831 104 87 30 11
Viljandimaa 80 766 125 124 43 19
VoOrumaa 187 1,338 116 121 26 7
Estonia 1,360 11,000 1,595 1,590 546 205

The largest area of agricultural land is used by land users in size groups
400-< 1,000 ha (in total 237,671 ha) and 100-< 400 ha (in total 260,957 ha) (Table 3).
In counties like Jarva, JBgeva, Viljandi, Laane-Viru and Tartu, land users in size groups
400-< 1,000 ha and >1,000 ha are using over 50% of the agricultural land. Most of the
agricultural land in Estonia is used by size groups 100—< 400 ha, 400-< 1,000 ha, and
> 1,000 ha (in total 750,739 ha). A small part of the agricultural land in counties is used
by those in size group 0—< 2 ha, 2-< 40 ha and 40—< 100 ha (in total 217,077 ha).

Table 3. Division of agricultural land use between the land users in different size groups in
counties in 2016 (ARIB)

Agricultural land use area in size groups (ha)

County 0<2 2<40 40<100 100-<400 400-<1,000 > 1,000
Harjumaa 112 9,790 6,403 21,507 22,745 10,540
Hiiumaa 51 2,696 2,662 5,652 2,896 0
Ida-Virumaa 77 3,741 3,133 9,859 9,257 10,334
Jarvamaa 93 6,343 4,766 15,127 11,727 43,377
Jégevamaa 135 7,511 5,083 16,158 14,551 31,471
Laane-Virumaa 106 8,115 8,143 27,074 32,361 32,827
Laanemaa 71 6,787 5,196 18,040 14,402 7,832
Parnumaa 175 12,286 9,136 25,180 20,362 18,380
Pdlvamaa 228 6,884 5,600 13,470 16,773 10,649
Raplamaa 103 9,433 9,069 19,201 15,938 15,658
Saaremaa 166 9,491 7,353 16,172 11,001 9,454
Tartumaa 185 8,397 6,616 19,331 25,488 23,995
Valgamaa 125 8,886 5,565 12,689 10,563 7,170
Viljandimaa 120 9,331 7,696 23,333 19,478 25,646
Vorumaa 279 12,266 6,671 18,165 10,131 4,783
Estonia 2,026 121,959 93,092 260,957 237,671 252,111
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The area of land holdings varies a lot. For example, there were land holdings from
0.1 ha up to 5,756 ha in the year 2011. In 2011 the largest agricultural landholding was
in the county of Jarvamaa; it used 5,756 ha of land. The smallest was in the county of
Harjumaa, and it used 0.1 ha of land. In 2016 the largest landholding was still the same
as in 2011 and it used 5,523 ha land in the county of Jarvamaa. In Tartumaa county, the
smallest agricultural landholding was 0.3 ha in 2016; a different land holder used 0.1 ha
of land in 2011. Land users with the smallest landholdings in 2011, and 2016 are self-
employed workers, and the largest user is the corporate body.

The largest agricultural landholding area was 5,523 ha in 2016, situated in the
county of Jarvamaa (Fig. 4). The land plots where scattered over the Tiri municipality.
The area of these land plots formed 27% of the Tlri municipality total land-use area
registered in ARIB.

Figure 4. The location of the largest agricultural land user land plots in 2016 (ARIB).

While the largest land user in Estonia used land in only one municipality in 20186,
some big producers used land throughout Estonia (Fig. 5). For example, land user
ID 141094 used 1,341.37 ha of land, which was scattered over 147 plots. This user
farmed land in eight different counties (Ida-Viru, Valga, Voru, Tartu, Viljandi, Pdlva,
Harju, and L&&ne-Viru).

Legend

@ D 141094
® D49s59

Figure 5. The location of two agricultural land user (ID 141094 and 1D 49859) land plots in 2016
(ARIB).
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Land user ID 49859 farmed 1,149.9 ha of land that was scattered over 90 plots.
This user farmed land in six different counties (Parnu, Saare, Voru, Harju, La&ne, and
L&&ne-Viru) and had land both on the island of Saaremaa and on continental Estonia.

DISCUSSION AND CONCLUSIONS

While our population is growing, there is also a growing need for food and feed,
which puts more pressure on agricultural production. At the same time, agriculture is a
significant user of natural resources and greenhouse gas producers (Bruinsma, 2003). As
the world’s greenhouse gas level continues to rise, it has brought up questions about
sustainability in agriculture and its production. The long ongoing debate on which farm
structure could lead us to a future of sustainable agriculture and feeds our growing
population remains. Some studies (Ren et al., 2019) show that farm size has a substantial
influence on agricultural sustainability and supports the idea that large-scale farming has
no direct negative impact on the environment. Are family farms the ones that lead us to
the future of sustainable agriculture and feed the population, or should we rely on large
corporate agricultural businesses or mega-farms? Additional and broader research is
needed to formulate a direct answer to this question. In this paper, we aimed to provide
ground for further discussions and studies.

As in many parts of the world, Estonia is in an ongoing process of farm size growth.
The number of agricultural producers is decreasing, while the average area of
agricultural land use per producer is increasing in size (Jurgenson & Rasva, 2020). The
increasing competition among farmers has resulted in small and uncompetitive farmers
being forced to end their activities; some are not able to find a successor after retirement
(Beckers et al., 2018). According to ARIB data, agricultural land area in Estonia has
grown 11% between 2011 and 2016, but the number of agricultural producers has
dropped 5% in the same period. It shows that agricultural land use area per user has
increased. According to OECD 2018 report, one reason is that CAP single area payments
encouraged people to reclaim abandoned agricultural land.

From its history, we can see that Estonia has been through significant structural
changes that have influenced the country’s agriculture. Through different occupation
periods and simultaneous reforms, Estonia has come to independence once again and
has undertaken the most recent, still unfinished land reform. The land reform law and
also the agriculture reform law both favoured agriculture based on small farms. At first,
the number of farms in Estonia increased, and many small agricultural producers arose;
however, as the years went by, this number has decreased and is still decreasing.
According to ARIB data, the largest increase between 2011 and 2016 in the number of
agricultural producers took place in Harjumaa (17%). At the same time, the land-use
area grew there by 14%.

While the number of agricultural land users in Estonia has dropped, changes at the
county level have been in different directions. As the number of land users dropped in
nine counties, it increased in four counties and remained almost the same in two counties.
The most significant drop in the number of agricultural land users took place in the
county of Vorumaa (-12%), where the land area grew 10% at the same time. One possible
reason for the change is Vorumaa’s location in the southern part of Estonia, far from the
capital.
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Some studies (Beckers et al., 2018) indicate that farm size will continue to increase,
with small farms disappearing. That structural shift to large, more effective agricultural
producers is also seen in Estonia. The OECD report (2018) cited that farm consolidation
in Estonia in the 2000s led to increase in average farm size and in the number of larger
farms. However, analyses presented in this paper show that most producers in Estonian
counties are in smaller size groups; most of the agricultural land is indeed used by
agricultural producers in size groups 400—< 1,000 ha and >1,000 ha. In counties like
Jarva, Jdgeva, Viljandi, Ladne-Viru, and Tartu, these land users are using over 50% of
the agricultural land. At the same time, the number of producers using land in these size
groups is the smallest in every county. This indicates that a small group of agricultural
producers is using a large area of agricultural land in Estonia. At the same time a small
part of the agricultural land in counties is used by those in size group 0—< 2 ha, 2-< 40 ha
and 40—< 100 ha; the number of agricultural land users in those small size groups is the
biggest.

Some studies show that small agricultural producers are diversified and contribute
more to environmental sustainability, preservation of traditional values, and economic
resilience than large ones (Wuepper et al., 2020). It is also essential for rural livelihoods
to maintain small farms because agriculture is the largest employer in the world, and
small farms typically apply more labour per land unit than larger farms. However, still,
today’s structural adjustment in agriculture has seen resources shift from smaller and
less productive farms to larger ones. This growth for survival will lead to larger farms,
sometimes creating larger parcels, and this upscaling may lead to a decrease in landscape
diversity and ecological value (Beckers et al., 2018). As in the case of Estonia, the largest
agricultural producer in 2016 was using 27% of agricultural land located in the Tiri
municipality. While this user was using agricultural land within one municipality, some
large agricultural producers are using land plots scattered throughout Estonia (some plots
even on the island of Saaremaa).

History has shown us that from one point forward; large farms are no longer
sustainable. As large state farms in the Soviet Union period collapsed, there is a need to
think forward about what the future could hold for today’s large agricultural producers.
Future agricultural production must guarantee food security for the world’s growing
population. Productive yet sustainable agriculture is essential.
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Abstract. Different tomato cultivars may present differentiated water needs, making it
indispensable to study water demand. Thus, the objective of this work was to evaluate the
influence of six water stresses in the soil on the extraction potential of macro and micronutrients
in the aerial part of tomato in vegetative stage, cultivar ‘Dominador’ F1, under protected
cultivation and drip. The experiment was installed in a greenhouse with a randomized block
design with four replications. The treatments consisted of six soil water stresses as indicative of
the time of irrigation. The preset stresses were 20, 45, 70, 95, 120 and 145 kPa at 20 cm depth.
At 140 days after transplanting, the variables evaluated were: the macro and micronutrient content
of shoots. The results showed that to obtain higher levels of macro (P and S) and micronutrients
(B and Cu) of the total aerial part of the ‘Dominador’ tomato plant F1, it was obtained at a voltage
of 20 kPa, and its value was reduced linearly with the increase of the water tension in the soil.

Key words: Solanum lycopersicon L., production, quality.
INTRODUCTION

Tomato (Solanumly copersicon L.) is one of the most cultivated vegetables in the
world. Its fruits contain a large amount of water (93 to 95%), and the practice of irrigation
is indispensable for its cultivation. It is one of the most demanding vegetables in the
water, and the moisture content of the soil should show little variation. Both excess and
water deficit are harmful to culture (Chitarra & Chitarra, 2005; Alvarenga et al., 2013).

Available water and soil fertility are among the main factors that affect crop
productivity. Therefore, in the development of the tomato production system, irrigation
management is extremely important. This practice increases the yield of the cultivated
area, produces fruits with better quality and increases the efficiency of the absorption of
macro and micronutrients by plants (Carrijo et al., 2004; Mantovani et al., 2009).
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The main damages caused by inadequate irrigation management in tomatoes are
morphological damages, such as: cracks, apical rot, fall of flowers and fruits, hollow
fruits, less dry matter production, physiological changes due to the lack of absorption of
nutrients that affect the nutritional quality of fruits. tomato, among other damages (Sun
et al., 2013; Hott et al., 2014; Kusgu et al., 2014).

The study of adequate irrigation management cannot be generalized for tomatoes,
as each cultivar responds differently to the water content in the soil. According to
Marouelli et al. (2012), the recommended water stress in the soil to restart irrigation
varies from 30 to 70 kPa. This variation in water tension in the soil demonstrates the
need for more specific studies for tomatoes, as there are different responses between
cultivars.

Morales (2012), when assessing the resistance to water deficit in 20 tomato
families, observed greater fruit production, productivity, apical rot and water content in
the leaves in some tomato cultivars to the detriment of others. This fact corroborates the
importance of studying the water needs for each cultivar.

Thus, the objective of this work was to evaluate the influence of six water stresses
in the soil on the extraction potential of macro and micronutrients in the aerial part of
tomato in vegetative stage, cultivar Dominador F1, under protected cultivation and drip.

MATERIAL AND METHODS

Characterization of the experimental area
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Figure 1, Maximum, minimum and average temperature (°C) of the air that occurred inside the
greenhouse. UFLA, Lavras, MG, 2015.

The experiment was carried out in a greenhouse (protected environment) located in
the experimental area of the Engineering Department of the Federal University of Lavras
(UFLA), from March to October 2015. UFLA is located in the municipality of Lavras,
south of Minas Gerais, which is at an average altitude of 910 meters, latitude 21°14' S
and longitude 45°00" W. Fig. 1 and 2 shows the variation in temperature and relative
humidity maximum, minimum and average air respectively inside the greenhouse,

530



measured throughout the experiment (140 days). The average air temperature inside the
greenhouse was 25.0 °C, the minimum mean reached was 14.4 °C and the average
maximum was 35.6 °C, resulting in a thermal amplitude of 21.2 °C.
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Figure 2. Relative humidity (%) average and minimum occurred inside the greenhouse. UFLA,
Lavras, MG, 2015.

Irrigation equipment and management

The drip irrigation system was installed using in-line emitters, self-compensating
and distanced by 0.30 m. The emitters presented an average flow rate of 1.74 L h™ with
pressure of 1.95 kgf cm™. Since each experimental plot was composed of two rows of
plants, spaced at 1.0 m, in each line a drip tube was installed in order to provide water to
the plants, that is, in each experimental plot two drip tubes were required.

A solenoid valve was used for each treatment. These valves were actuated by a
controller previously programmed in each irrigation to function as long as necessary to
replenish the blade indirectly estimated by the moisture sensors. In all irrigations, the
humidity corresponding to the tension verified at the time of irrigation was increased to
the field capacity.

The calculation of the operating time of the irrigation system in each treatment was
made based on the installed humidity sensors. The moment of irrigation was established
when four sensors, of six installed (three in block 1 and 2), presented the corresponding
tension of the treatment, obtaining the mean reading. Irrigation management was
performed based on soil moisture, using granular matrix sensors (watermark) and a
matrix potential meter. All sensors used were previously tested. The net, crude depth and
the operating time of the irrigation system, used to raise the current soil moisture to the
field capacity, was determined by Eqg. 1, 2 and 3, respectively.

LL = (HCC - eatual) 4 (1)
LL

- 2

LB Ea CUD @)
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In which: LL = Liquid irrigation depth (mm); 6cc = Humidity in field capacity
(cm®cm®); 6 actual = Current humidity (cm®cm™); Z = Effective depth of the root
system (mm); LB = Crude irrigation depth (mm); Ea = Water application efficiency by
irrigation system (dimensional) (Ea used = 95%); CUD = Uniformity coefficient of
distribution of the irrigation system (dimensional); T = Irrigation time to raise soil
moisture to field capacity (h); A = area occupied by the plant (m?); ga = average flow of
emitters (L h™); e = number of emitters per plant (two).

For the determination of the CUD (Eq. 4), the uniformity of water application in
one of the treatments randomly chosen was evaluated, using the mean of four repetitions
(four blocks). For this, the flow rates of the 16 emitters contained in the plot were
collected. The CUD value found was 98%.

425

CUD =100— 4)
dm

In which: q25 = average value of the 25% lower flows observed, L h™*; gm = mean
flow of drippers, L h™. The initial irrigation management before the differentiation of
the treatments, up to 18 days after the seedling snare, was performed with watermark
sensors, whose critical stress established for the beginning of irrigations was 13 kPa,
thus trying to maintain soil moisture, close to the field capacity.

Voltages and water depths applied

Table 1 presents data on the management of irrigation (treatments) of tomato during
the experiment. For this, the applied blade was calculated based on two depths, being
20 cm until the end of flowering and 40 cm after flowering (Alvarenga, 2013).

Table 1. Water stresses in the applied soil (kPa stress), blades applied before differentiating the
treatments (1), during the cycle (2), total (3), mean by irrigation (4), mean interval between
irrigations (5) and number of irrigations (6). UFLA, Lavras, MG, 2015

Tension (kPa) 1Blade (mm) 5 3 7 5 (days) 6
20 (T1) 38.58 877.87 916.45 28.32 3.9 31
45 (T2) 38.58 481.24 519.82 43.75 10.7 11
70 (T3) 38.58 251.73 290.31 50.35 22.4 5
95 (T4) 38.58 159.39 197.97 53.13 33.3 3
120 (T5) 38.58 107.32 145.90 53.66 45 2
145 (T6) 38.58 108.57 147.15 54.28 49 2

In order to establish the crop, irrigations were made whenever the soil moisture
sensor (‘watermark’) charged an average voltage of 13 kPa, resulting in a blade of
38.58 mm at 18 days after transplantation. On the 18th day after transplantation, the last
irrigation of establishment was made and the differentiation of the treatments was
initiated. The total water replaced by the crop throughout the cycle for each treatment
was 916.45 mm (T1), 519.82 mm (T2), 290.31 mm (T3), 197.97 mm (T4), 145.90 mm
(T5) and 147.15 mm (T6). Figs 3, 4, 5, 6, 7 and 8 show the average stresses recorded by
the humidity sensors, installed at a depth of 20 cm, used for decision making and
calculation of the applied irrigation depth.
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Figure 3. Variation of soil water stresses in
treatment T1 (20 kPa) during conduction of
the experiment. UFLA, Lavras, MG, 2015.
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Figure 5. Variation of soil water stresses in the
T3 treatment (70 kPa) during the conduction
of the experiment. UFLA, Lavras, MG, 2015.
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of the experiment. UFLA, Lavras, MG, 2015.
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Figure 4. Variation of soil water stresses in the
T2 treatment (45 kPa) during the conduction
of the experiment. UFLA, Lavras, MG, 2015.
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Design and experimental assembly

A randomized complete block design (RCB) was used, with six (6) treatments and
four (4) repetitions. The treatments consisted of six soil water stresses, as an indication of
restarting irrigations (20, 45, 70, 95, 120 and 145 kPa). Four (4) granular matrix sensors
(Granular Matrix Sensor, GMS, watermark® model 200SS) were installed, 3 (three)
‘watermark’ at 20cm of soil depth, which served as indirect indicators in each plot to
know on when and how much to irrigate (decision sensors), and 1 (one) to 40 cm deep
to only monitor soil moisture, at this depth, using the spacing between 60 cm sensors.

Each experimental plot was 1.40 m wide and 2.90 m long (4.06 m?). The
experimental plots were composed of two rows of plants spaced 1.0 m between them
and 0.60 m between plants. Useful plots were considered those composed by the central
plants (four plants), because, in the total of 8 plants that composed each experimental
plot, 4 plants were discarded, two plants at each end, aiming to reduce the border effect.
The spacing between the plots was 0.80 m.

Macro and micronutrient content of shoots

To obtain the levels of macro (N, P, K, Ca, Mg and S) and micronutrients (B, Cu,
Mn, Zn and Fe) of the aerial part of the tomato, the plant was also divided into three
thirds (lower, middle and upper). The content of the elements of the total shoot was
obtained by the sum of the three thirds of the plant. Samples were taken from leaves and
stem for drying in an oven at 65 ~ 70 °C until constant weight. The samples were crushed
in a Wiley knife mill, conditioned in paper bags and taken to the Foliar Analysis
Laboratory of the UFLA Chemistry Department, and the contents of the elements were
determined by the methodology of Sarruge & Haag (1974) adapted by the laboratory.

Statistical analysis
The statistical analysis of the data included the analysis of variance with the f test
and regression analyses at 5% and 1% probability.

RESULTS AND DISCUSSION

Macro and micronutrient content of shoots

Tables 2, 3 and 4 present the abstracts of variance and regression analyses for the
macronutrient contents of the lower, middle and upper third, respectively, of the
Dominating Tomato F1 submitted to different water stresses in the soil. Table 5 shows
this analysis for the total aerial part of the plant. According to the analysis, it was noted
that there was no significant effect among treatments for macronutrient levels N, K, Ca
and Mg in the three thirds of the plant and in the whole plant (mean of 5.59; 2.96; 9.12
and 1.73% - equivalent t0 55.9; 29.6 and 17.3 g kg™ - for N, K, Ca and Mg, respectively).
There was significant effect only for element P in the three thirds of the plant. And for
element S the effect of the treatments was significant only in the lower third of the plant.

The results obtained in this study indicate that tomatoes require the same amounts
of water to extract nutrients for the lower third and total plant. The best vegetative
development of the tomato occurred at a tension of 20 kPa. however, the tomato has a
lower water demand in the vegetative stage. The lower water consumption may be
associated with the low evapotranspiration surface of the tomato during the vegetative
period (Duarte et al., 2010).
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Table 2. Summary of variance and regression analysis for macronutrient content of the lower third of
Dominator Tomato F1, submitted to different water stresses in the soil

Source of D E M. S.

Variation ' N P K Ca Mg S
Tension 5 0.29 0.01™ 0.03™ 0.25™ 0.00™ 0.08™
Block 2 0.29 0.00" 1117 0.28™ 0.01™ 0.08"
Residue 10 0.10 0.00 0.03 0.11 0.00 0.01
Mean (%) - 1.78 0.13 1.09 3.10 0.58 0.62
C. V. (%) - 17.83 17.19 15.76 10.66 4,51 18.54
Linear 1 - 0.05™ - - - 0.31™
Quadratic 1 - 0.01™ - - - 0.05™
Cubic 1 - 0.00"™ - - - 0.01™
Deviation 2 - 0.00" - - - 0.00™
Residue 10 - 0.00 - - - 0.01

*and™"significant at 5 and 1% probability by the F test, respectively; "not significant. UFLA, Lavras, MG,
2015.

Table 3. Summary of variance and regression analysis for macronutrient content of the middle
third of Dominator Tomato F1, submitted to different water stresses in the soil

Source of Variation D F M. S.

' N P K Ca Mg S
Tension 5 0.22 0.00™ 0.07™ 0.14™ 0.00™ 0.03™
Block 2 0.29 0.00"™ 0.41™ 0.13™ 0.01™ 0.02m
Residue 10 0.08 0.00 0.05 0.16 0.00 0.01
Mean (%) - 1.91 0.13 0.95 3.21 0.59 0.61
C. V. (%) - 15.12 16.69 24.27 12.35 6.29 20.46
Linear 1 - 0.02™ - - - -
Quadratic 1 - 0.00" - - - -
Cubic 1 - 0.00™ - - - -
Deviation 2 - 0.00m™ - - - -
Residue 10 - 0.00 - - - -

“andsignificant at 5 and 1% probability by the F test, respectively; "not significant. UFLA, Lavras, MG,
2015.

Table 4. Summary of variance and regression analysis for macronutrient content of the upper third of
Dominator Tomato F1, submitted to different water stresses in the soil

Source of D E M. S.

Variation ' N P K Ca Mg S
Tension 5 0.22 0.00™ 0.18™ 0.17™ 0.00™ 0.03™
Block 2 0.16™ 0.00" 0.37™ 0.01™ 0.01™ 0.04"
Residue 10 0.10 0.00 0.07 0.11 0.00 0.01
Mean (%) - 1.90 0.12 0.92 2.81 0.56 0.54
C. V. (%) - 17.34 17.81 27.28 11.84 4,50 21.23
Linear 1 - 0.03™ - - - -
Quadratic 1 - 0.00" - - - -
Cubic 1 - 0.00" - - - -
Deviation 2 - 0.00m - - - -
Residue 10 - 0.00 - - - -

*and™"significant at 5 and 1% probability by the F test, respectively; "not significant. UFLA, Lavras, MG,
2015.
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Table 5. Summary of variance and regression analysis for the macronutrient content of the
total aerial part of the Dominator Tomato F1, submitted to different soil water stresses

Source of D.F. M. S.

Variation N P K Ca Mg S
Tension 5 0.53" 0.07™ 0.33™ 1.23™ 0.01™ 0.42"
Block 2 2.16™ 0.00" 5.28™ 0.99™ 0.11™ 0.44™
Residue 10 0.22 0.00 0.30 0.79 0.00 0.06
Mean (%) - 5.59 0.38 2.96 9.12 1.73 1.77
C. V. (%) - 8.38 14.99 18.24 9.75 3.91 13.90
Linear 1 - 0.30™ - - - 1.74*
Quadratic 1 - 0.05™ - - - 0.23™
Cubic 1 - 0.00" - - - 0.03™
Deviation 2 - 0.00" - - - 0.04"
Residue 10 - 0.00 - - - 0.06

*and™"significant at 5 and 1% probability by the F test, respectively. ™not significant. UFLA, Lavras, MG,
2015.

Delazari (2014) also found no significant effect of the applied irrigation depths on
the levels of N, Ca and Mg. The values found by this author were between 36.1 to
61.9 g kg™*for N, between 56.7 t0 66.4 g kg™* for Ca and between 5.8 to 8.4 g kg ‘for Mg.
According to Jones Junior (1999), the values considered ideal for tomato is 28 to
60 g kg™ for N (2.8 to 6.0%), from 9 to 72 g kg™ for Ca (9.0 to 7.2%) and from 4 to
13 g kg™ for Mg (0.4 to 1.3%).

The high production of biomass with the highest availability of water can be
attributed to one of the processes played by the plant - loss of water through transpiration,
to assimilate carbon dioxide (Steduto et al., 2007). Physiologically, CO2 uptake by the
stomatal cell occurs during sweating. However, stomatal closure directly implies phloem
sap flow, allowing macro and micronutrient extraction to stagnate, one of the main
mechanisms of vegetation to prevent water loss and directly reducing the assimilated
photo (Taiz & Zeiger, 2009 ), which may have contributed to the lower extraction of
macro and micronutrients submitted to greater water stress in the soil. (Hott et al., 2018)
in studies with tomato crops subjected to a tension of 70 kPa observed less development
of the root system with 56.31% compared to 15 kPa (Hott et al., 2014). In addition, (Silva
et al., 2014) found an increase of 43% for the dry mass of the roots and 70% for the dry
mass of the aerial part, when comparing the highest and lowest water depth.

Therefore, it is noted that the values found in the present study are within the ideal
limits, with the exception of Mg, which is slightly above the upper limit of the ideal.
When evaluating the macronutrient content in the total shoot, it was noted that the effect
was significant only for P and S, not differing among the other treatments. The regression
analysis for the phosphorus content in the three thirds of the plant and the total shoot is
shown in Fig. 9.

It is noted that the phosphorus content presented decreasing linear behavior with
the increase of water tensions in the soil. The highest values, in 20 kPa, were 0.27% in
the lower third, 0.20% in the middle third, 0.19% in the upper third and 0.66% in the
whole plant (sum of three thirds). When evaluating the total phosphorus content of the
plant, it is observed that the minimum content found (0.28%) and the maximum (0.66%)
within the limits (0.25 to 0.75%) adequate levels of this element obtained in leaf analysis
for tomato crop, according to Embrapa (2006).
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Figure 9. Phosphorus content (TP) in the lower, middle, upper and total third of the Dominating
Tomato Plant F1 at different soil water stresses (20, 45, 70, 95, 120 and 145 kPa).

This difference was expected because, in water deficit conditions, there is greater
root expansion due to the lack of moisture on the soil surface (Taiz & Zeiger, 2009;
Nangare et al., 2016). On the other hand, the low availability of water causes a reduction
in the leaf area to prevent sweating (Moreira et al., 2012), which may have contributed
to the occurrence of greater variations in the extraction of nutrients from the aerial part
at high tensions.

Delazari (2014), evaluating irrigation depths and nutrient doses, found a significant
effect for irrigation depths on phosphorus content in the leaf of the commercial hybrid
tomato carina TY, finding variations between 3.44 to 5.71 g kg™ of this nutrient, very
close to those found in this study (2.8 to 6.6 g kg™). Fig. 10 presents the regression
analysis for the behavior of the sulfur content as a function of water tensions in the soil.

The sulfur content in the lower third and in the whole plant (total) showed a
decreasing linear response with the increase of water tensions in the soil. The highest
values were obtained in the voltage of 20 kPa (0.85 and 2.34% for the lower and total
third of the plant, respectively) and the lowest were observed in the voltage of 145 kPa
(0.52 and 1.53%, for the lower and total third of the plant, respectively). According to
the equations generated, for both parties evaluated, more than 80% of the variation in
sulfur content in the plant according to soil water stresses can be explained by the linear
regressions presented.

Evaluating approximate values of stresses along the tomato cycle, Moreira et al.,
2012 found that the highest productivity was obtained with the voltage of 28.5 kPa.
However, the use of controlled water deficit during the vegetative stage provided the
best performance of the tomato (Nangare et al., 2016), while the use of stresses below
35 kPa during the same period can affect the productivity of the plant (Marouelli & Silva,
2007). Therefore, it can be inferred that the best macronutrient extraction potential from
tomatoes subjected to 20 kPa.
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Figure 10. Sulfur content (TS) in the lower, middle, upper and total third of the Dominating
Tomato Plant F1 at different soil water stresses (20, 45, 70, 95, 120 and 145 kPa).

Delazari (2014), when evaluating the influence of irrigation depths on the sulfur
content on the tomato leaf, found a statistical difference between the treatments, and that
the equation estimated by the regression analysis showed that the sulfur content in the
leaf fell linearly with the increase of the applied water depth, presenting a content
between 5.4 and 12.4 g kg™ (0.54 to 1.24%). For the lower third, the present study found
values between 5.2 and 8.5 g kg™ (0.52 to 0.85%) and for the total shoot the values were
higher (between 15.3 and 23.4 g kg™) (1.53 to 2.34%). However, these values are within
the considered adequate according to Jones Junior (1999), whose range should be
between 3.0 and 42.0 g kg™(0.3 to 4.2%). Tables 6, 7 and 8 present the abstracts of
variance and regression analyses for the micronutrient contents of the lower, middle and
upper third, respectively, of the Dominating Tomato F1 submitted to different water
stresses in the soil. Table 9 shows this analysis for the total aerial part of the plant.

Table 6. Summary of variance and regression analysis for micronutrient content of the lower third of
the Dominator Tomato F1, submitted to different soil water stresses

Source of D E M. S.

Variation T B Cu Mn Zn Fe
Tension 5 51.06™  52.48™ 9,237.60™  209.74" 9,433.69"
Block 2 97.40™  0.09™ 111.33m 316.43" 98,456.19"
Residue 10 29.93 5.29 3,332.41 50.86 5,390.66
Mean (mg kg?) - 18.03 9.09 190.48 45.23 688.93

C. V. (%) - 30.35 25.31 30.31 15.77 10.66
Linear 1 - 218.68™ - 149.69 -
Quadratic 1 - 43.33" - 20179 -

Cubic 1 - 0.06™ - 113.62m -
Deviation 2 - 0.16™ - 291.79" -

Residue 10 - 5.29 - 50.86 -

*and™"significant at 5 and 1% probability by the F test, respectively; "not significant. UFLA, Lavras, MG,
2015.
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Table 7. Summary of variance and regression analysis for micronutrient content of the middle
third of Dominator Tomato F1, submitted to different water stresses in the soil

Source of D E M. S.

Variation T B Cu Mn Zn Fe
Tension 5 106.94" 49.35™ 2,614.03™  95,55™ 19,260.07™
Block 2 1.85" 0.49™ 3,967.84"  124.20™ 43,161.99"
Residue 10 20.45 3.34 3,163.36 152.08 10,485.19
Mean (mg kgt) - 21.03 9.89 212.77 39.24 697.99

C. V. (%) - 21.50 18.48 26.43 31.43 14.67
Linear 1 362.74™ 181.72" - - -
Quadratic 1 93.99" 60.47™ - - -

Cubic 1 7.23™ 2.35™ - - -
Deviation 2 35.36™ 1.11m - - -

Residue 10 20.45"™ 3.34 - - -

*and™"significant at 5 and 1% probability by the F test, respectively; "not significant. UFLA, Lavras, MG,
2015.

Table 8. Summary of variance and regression analysis for the micronutrient content of the upper
third of the Dominating Tomato F1, submitted to different water stresses in the soil

Source of D F M. S.

Variation T B Cu Mn Zn Fe

Tension 5 73.62m 31.18™ 3,825.98™  67.16™ 20,720.46"
Block 2 21.85™ 0.10™ 5,701.31"  1.78™ 26,810.88"™
Residue 10 35.20 241 2,334.39 80.80 14,073.27
Mean (mg kg!) - 20.95 9.85 193.24 32.93 598.55

C. V. (%) - 28.32 15.75 25.00 27.30 19.82
Linear 1 - 126.90" - - -
Quadratic 1 - 16.02" - - -

Cubic 1 - 8.25™ - - -

Deviation 2 - 2.34" - - -

Residue 10 - 2.41 - - -

“andsignificant at 5 and 1% probability by the F test, respectively; "not significant. UFLA, Lavras, MG,
2015.

Table 9. Summary of variance and regression analysis for micronutrient content of the total aerial
part of the Dominating Tomato F1, submitted to different water stresses in the soil

Source of D E M. S.

Variation B Cu Mn Zn Fe

Tension 5 454.08" 385.89™ 27,211.59™ 882.17"  31,481.52"
Block 2 177.30m 0.76™ 59,517.71" 831.97"  442,269.36"
Residue 10 95.41 26.90 8,439.47 587.51 28,001.44
Mean (mg kg') - 60.01 28.83 596.49 117.40 1985.47

C. V. (%) - 16.28 17.99 15.40 20.65 8.43
Linear 1 2,110.90" 1,562.92 - - -
Quadratic 1 50.04" 337.19" - - -

Cubic 1 61.54" 21.64" - - -

Deviation 2 23.95™ 3.85™ - - -

Residue 10 95.41™ 26.90 - - -

*and™"significant at 5 and 1% probability by the F test, respectively; "not significant. UFLA, Lavras, MG,
2015.
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The analysis was noteworthy that there was a significant effect between treatments
for the micronutrient contents Cu and Zn in the lower third, for B and Cu in the middle
third, for Cu in the upper third and for B and Cu in the total aerial part of the plant (sum
of three thirds). When evaluating the micronutrient content in the total shoot, it was
found that the effect was significant for B and Cu, not differing for the other nutrients
(Mn, Zn and Fe) (mean of 596.49; 117.40 and 1,985.47 mg kg™ respectively).

However, Delazari (2014) when evaluating and effect of irrigation depths on the
micronutrient content in tomato leaves (leaf immediately below the bunch, at the time
of harvesting the first ripe fruit), found significant effect only for the manganese nutrient
(Mn), with reduction of this nutrient with increased irrigation depths. According to the
author, the range obtained was between 360.5 and 718.9 mg kg, higher value just above
the range considered appropriate by Jones Junior (1999), whose value should be between
250.0 and 500.0 mg kg™. In the present work the manganese content was also slightly
above (596.49 mg kg™) than recommended by Jones Junior (1999). This fact can be
justified by the fact that the samples were taken from the leaves and stem of the tomato
plant and by the sum of the three thirds of the plant (total plant).

The average value of Zn content (117.40 mg kg™) found in this study is slightly
above the range considered appropriate by Jones Junior (1999), which is 20.0 to
100.0 mg kg™*. Delazari (2014) found no significant response to Zn content in tomato
leaves submitted to different soil water stresses, observing levels between 35.3 and
45.4 mg kg™. The mean Fe content found in this study (1,985.47 mg kg™?) is well above
the range considered ideal by Jones Junior (1999), and should be between 40.0 and
300.0 mg kg™*. Delazari (2014) also found no significant response to this nutrient as a
function of irrigation depths, observing levels between 254.8 and 389.0 mg kg™. The
regression analysis for the copper content in the three thirds of the plant and the total
shoot is shown in Fig. 9.

The copper content showed decreasing linear behavior with the increase of water
stresses in the soil in all parts of the plant evaluated. The highest values, in 20 kPa, were
16.2 mg kg*in the lower third, 16.7 mg kg™ in the middle third, 14.3 mg kg™ in the upper
third and 47.03 mg kg™ in the whole plant (sum of three thirds). Delazari (2014) did not
observe a significant effect of irrigation depths on the copper content in tomato leaves.
According to the author, the range observed in the leaf was between 660.2 to
868.1 mg kg™. According to Malavolta et al. (1997) and Jones Junior (1999), the copper
contents in plants varied between 2 and 75 mg kg™ of dry matter, considering levels
between 5 and 20 mg kg™ as suitable for normal growth.

It is worth mentioning that phloem sap is the main conductor of mineral salts,
contributing to translocation and distribution (Grange & Andrews, 1994). However, the
transport of the elaborated sap, among other physiological processes, such as turgidity,
stretching, cell division and expansion, is limited by water deficit (Taiz & Zeiger, 2009),
hindering the potential for nutrient extraction. The use of the 20 kPa voltage throughout
the culture cycle has demonstrated the potential to increase micro nutrient increments.
However, the water demand of the tomato varies according to its phenological stage
(Nangare et al., 2016). Therefore, in order to improve water use management, it is
suggested to carry out irrigation management according to the tomato development
stages. The results found in these studies indicate that plants obtain greater potential for
the extraction of macro and micronutrients r with a tension of 20 kPa during the
vegetative phase.
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The copper contents in the present study, in the whole plant, were between
47.03 mg kg™ (20 kPa) and 21.67 mg kg™ being outside the limits considered ideal.
Fig. 10 shows the variation in boron content as a function of soil water stress for the
middle third and throughout the plant (sum of three thirds). The total boron content of
the plant (sum of three thirds) presented decreasing linear behavior with increased soil
water tension. The highest value was observed at the voltage of 20 kPa (80.57 mg kg™)
and the lowest in 145 kPa (45.40 mg kg™). According to the equation generated, for each
unit of tension added, there is a reduction in boron content of 0.2537 mg kg™. Similar
behavior was observed in the middle third of the plant, but with lower concentrations,
ranging from 31.87 to 17 mg kg™ at stresses of 20 and 145 kPa, respectively.

Delazari (2014), when evaluating the effect of irrigation depths on boron content
in tomato leaves, did not find a significant effect between treatments. The concentration
range obtained was 49.4 to 84.0 mg kg, values close to those found in this study.
According to Jones Junior (1999), the adequate values for Boron concentration should
be between 25.0 to 100.0 mg kg™

CONCLUSIONS

The highest values of the variables evaluated were found at the voltage of 20 kPa,
suggesting the study in lower values of water tension in the soil. The highest levels of
macro (P and S) and micronutrients (B and Cu) of the total aerial part of the Dominator
tomato F1, was obtained at the voltage of 20 kPa, with its value reduced with the increase
of water tension in the soil.
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Abstract. This paper is a summary of literature reviews concerning the diversity of medicinal
plants and the results of our many years studies. It includes scientific and practical justifications
of the importance of monitoring species diversity of the studied object. Results of monitoring the
species composition of wild medicinal plants in some areas of the southern slope of the Gissar
Range are specified. As a result of studying 11 gorges (Gazhne, Safedchashma, Gusgarf, Shamal,
Obi-Zugora, Gulobod, Yos, Yavroz, Semiganch, Odzhuk, Magov), 174 species of medicinal
plants were found that belong to different botanical taxa. This number of plants includes
representatives of 106 genera belonging to 46 families, among which representatives of the aster
family predominate: Asteraceae (36 species), Rosaceae (19 species), Lamiaceae (16 species), etc.
Compared with the number of known plants growing within the territory of the Republic of
Tajikistan, the number of species found was 11.6%. In relation to the number of plants that are
recognized as medicinal in the world, species diversity of the southern slopes of Gissar Range is
less than one percent. However, the number of species is comparable to locations with similar
climatic conditions.

Key words: biodiversity, medicinal plants, family, species, Gissar Range, agriculture.

INTRODUCTION

The problem of rapidly declining biological diversity, including species diversity,
is global concern rather widely discussed in modern scientific community (Altukhov,
1995; Taconay et al., 2018). The number of species in an ecosystem determines its
stability as of a functional unit over a long time period (Landscape Indicators, 2011).
The more species inhabit an ecosystem, the greater their number is concentrated on the
performance of similar functions what, in turn, is a kind of guarantee for maintaining
ecosystem stability if any species suddenly becomes extinct (Markov, 2010). Some
scientists believe that ecosystem stability is based on the laws of thermodynamics, in
particular, on the concept of self-regulating mechanisms (Rosenberg & Zinchenko,
2014). Self-sustaining systems are thought to be the prerogative of living organisms
(May, 1973). It is believed that the very fact of life appearance is a logical end to the
formation of a global biochemical metabolism. Moreover living organisms are a peculiar
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conservation factor due to the possibility of encoding hereditary information with the
help of nucleic acids. It is also important that due to the appearance of living organisms,
it is possible to use in biosphere more effective catalysts, such as enzymes (Markov,
2010; Moelling, 2016). Any biological species is an important, and sometimes
irreplaceable, element of global biochemical mechanism — based on the fact that
everything that is irrelevant sooner or later loses its competitive ability, and, accordingly,
the extinction of such species due to natural selection is just about timing (Markov &
Naimark, 2015). After all, as you know, freedom ends where it infringes on the freedom
of others, and therefore, selfish, genetically determined desire of species for personal
progress is limited by complex interspecific interactions where excessive egoists are at
a disadvantage (Dawkins, 1978). Each biological species is a unigue genetic reservoir;
the total of them is a global allele pool of biosphere stability. Quantitative ratio of
different species is also an evolutionarily developed mechanism. It is not for nothing that
people thought about different concepts of the conservation of biological diversity what
is specified in the provisions of different international conventions (Convention on
Biological Diversity. Rio De Janeiro, 1993). In particular, the mountains of Central Asia
are recognized as one of the most important global biological resources for the
conservation of mountain biodiversity (Khan et al., 2013).

Wild medicinal plants are a meaningful part of biocenoses. In particular, the
symbiosis of at least some of them with endophytic actinobacteria enriches biocenoses
with various sodium compounds what is estimated as a valuable resource for chemical
industry and agriculture (Golinska et al., 2015; Karlsons & Osvalde, 2019). It was
demonstrated that the species composition of plants, including those used for medicinal
purposes, closely correlates with the number of insects pollinators which, in turn,
increase the efficiency of pollination, and therefore, reproduction (Gailis et al., 2017). It
is well known that the biological diversity of wild medicinal plants is a fairly informative
criterion for assessing the overall environmental situation. In particular, species
composition of biocenosis is a rather informative visual tool for assessing the content of
heavy metals (Ozyigit et al., 2018; Imeri et al., 2019; Salama et al., 2019). Their
qualitative and quantitative composition is determined by a number of environmental
factors (Khan et al., 2013). Medicinal plants are an integral part of high mountain
ecosystems that are directly involved in stabilizing the functioning of lowland
ecosystems where the most part of the planet’s population is concentrated (Geist, 2005).

In addition, despite the development of biomedical technologies, medicinal plants
are still a valuable resource for pharmacological industry (Sofowora et al., 2013). In
developing countries up to 80% population use traditional system of medicine i.e. herbal
formulations derived from plants (Navaneethan et al., 2011; Nautiyal et al., 2015). In the
global volume of medicines, the number of herbal drugs is up to 5%, and investments in
this industry amount to hundreds of millions of dollars (Dutra et al., 2016). Thus,
monitoring the biological diversity of medicinal plants is a very important scientific and
practical issue.

Tourism development, over population, as well as intensification of
industrialisation are well-known factors in increasing the anthropogenic load by first
decades of the 21st century. Expansion of agricultural land that reduces the area of
unique natural ecosystems gives cause for special concern (Khan et al., 2013). In
combination with changing climatic conditions, this is a risk of the decrease in species
composition of flora and fauna. In particular, biodiversity of resources and the influence
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of different environmental factors on the seed productivity of wild medicinal plants in
the Republic of Tajikistan were studied (Sattarov et al., 2017, 2018, 2018a). In addition,
geographical and species analysis of the flora of Central Pamir-Alai was carried out
(Safarov, 2013, 2013a). Number and age composition of coenopopulations of
Thermopsis dolichocarpa under conditions of Vakhsh and Gissar ranges (Rakhimov,
2010), and the productivity of high-mountain pastures of Gissar (Madaminov, 2010).
Due to favorable climatic conditions, more than 1,500 species of wild medicinal plants
grow in the Republic of Tajikistan (Khojimatov, 1989). Fortunately a number of
measures are being taken to protect wild flora in the Republic of Tajikistan
(http://www.portali-
huquagi.tj/publicadliya/view_gonunhoview.php?showdetail=&asosi_id=2866).

The aim of this research is to study the species composition of wild medicinal plants
on the southern slope of Gissar Range, which is the natural buffer zone of the city of
Dushanbe from the north, northwest, northeast, and east.

RESEARCH OBJECTS AND METHODS

Studies were carried out in 2012-2017, on the southern slope of Gissar Range, on
the territory of the Ramitsky gorge zone: sites (Semiganch, Safedchashma, Obi-Zugora,
Magov, Yos, Yavroz), Varzob gorge zone (Gusgarf, Odzhuk, Gulobod, Gazhne) and
Shamal gorge (Almasy river basin). Surveys of the sites were carried out to the upper
limit of the middle-altitude belt, i.e. to an altitude of 2,500 m above sea level through
visual counting during hiking expeditions (Fig. 1). Vegetation analysis of ethnomedical
plants was carried out according to the method of stratified random sampling. The area
of square plots was 100 m? for trees, and inside the main squares there were two plots of
25 m? for shrubs and four plots of 1 m? for grass.

Figure 1. Study area of Gissar Range: 1 - Gusgarf; 2 —Odzhuk; 3 — Gulobod; 4 — Gazhne;
5 — Semiganch; 6 — Safedchashma; 7 —Obi-Zugora; 8- Magov; 9-Yos; 10- Yavroz,
11 — Shamal.
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Processing and verification of herbarium material for determining plant species was
carried out according to the reference book (Flora of the Tajik SSR, 1991), as well as an
to online plant guide (www.plantarium.ru). Taxon systematic affiliation was established
according to the accepted classifier (Takhtadzhyan, 1987). It should be noted that
Ramitsky and Varzbsky gorge zones are the most recreational areas of the Republic of
Tajikistan, and are subject to great anthropogenic stress in the form of tourism and
outdoor activities in the spring-summer and summer-autumn seasons.

RESULTS AND DISCUSSION

As aresult of studies performed, it was revealed that 174 species of medicinal plants
that belong to different taxonomic groups were found on the territory of the
abovementioned sites. Belonging to groups, classes, families, genera, and species was
determined in accordance with the existing phylogenetic classification (Takhtadzhyan,
1987). It was found (Table 1) that medicinal plants of Varzob and Ramitsky gorge zones
are represented by the groups of angiosperms, gymnosperms and fern-like plants. The
group of angiosperms is represented by monocotyledonous and dicotyledonous plants.
The class of monocotyledonous plants is formed by representatives of 9 families:
Liliaceae, Hyacinthaceae, Asphodelaceae, Alliaceae, Asparagaceae, Convallariaceae,
Amaryllidaceae, Iridaceae, Araceaea and 14 genera, and the class of dicotyledons is
formed by representatives of 35 families and 90 genera. The group of gymnosperms is
represented by only one species of ephedra horsetail — Ephedra equisetina Bunge that
belongs to the joint-fir class (Gnetopsida) and the coniferous family (Ephedraceae). The
Group of fern-like plants is represented by one species, Cystopteris filix-fragilis (L.)
Borbas that belongs to the family of ferns (Polypodiaceae R. BR.). As expected, most
species belong to the world’s largest taxon — group of angiosperms (Markov, 2010).

Table 1. Systematic affiliation of medicinal plants found on the southern slopes of Gissar Range
Number of  Number of Number of

Group Class

families genera species
Fern-like — Polypodiaceae — Polypodiopsida 1 1 1
Polypodiophyta
Gymnosperms — Joint-fir -Gnetopsida 1 1 1
Pinophyta
Angiosperms — Monocotyledons —Liliopsida 9 14 33
Magnoliophyta Dicotyledons —Magnoliopsida 35 90 139
Total 46 106 174

This is 11.6% in relation to the total number of species typical for the Republic of
Tajikistan. Samples found include representatives of 106 genera belonging to more than
40 families. The most numerous were representatives of Rosaceae (19 species),
Asteraceae (36 species), and Lamiaceae (16 species). According to the economic and
practical classification, found plant species were distributed as follows. 20 species
belonged to commonly recognized medicinal plants (Table 2), 56 species are used in the
medicine of local peoples (Table 3). In addition, monitoring revealed several rare and
endangered species; 8 of them are specified in the Red Book of the Republic of Tajikistan
(Table 4), and another 18 species are unique to the Pamir-Alai flora (Table 5).
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Representatives of four plant species were observed, which are a food resource regularly
used by the local population (gray blackberry — Rubus caesius L. and R. turkestanicus
Pavl., Rheum gissaricum Losinsk. and R. maximowiczii Losinsk). However, samples of
plants commonly used as medicinal products were also taken, for example, of herb-
Robert — Geranium robertianum L, common plantain — Plantago major, common
dandelion — Taraxacum officinale Wigg., L., and chamomile — Matricaria recutita L.

Table 2. List of widely recognized medicinal plants

No Name of plant No Name of plant
1 Marsh-mallow — Althaea officinalis L. 11 Rosa korshinskyana — Rosa
korshinskyana Bouleng.
2 Elecampane — Inula helenium L. 12 Rosa canina — Rosa canina L.
3 St John’s wort — Hypericum 13 Rosa ovchzinnikovii — Rosa
perforatum L. ovchzinnikovii Koczk.
4 Common dandelion —Taraxacum 14 Rosa foetida — Rosa foetida Herrm.
officinale Wigg.
5 Broadleaf plantain — Plantago major L. 15 Rosa divina — Rosa divina Sumn.
6  Wormwood — Artemisia absinthium L. 16 Rosa maracandica — Rosa maracandica
Bunge
7  Chamomile — Matricaria recutita L. 17 Rosa corymbifera — Rosa corymbifera
Borkh.
8 Licorice — Glycyrrhiza glabra L. 18 Fedchenko’s rose — Rosa fedtschenkoana
Regel
9 Rosa achburensis — Rosa achburensis 19 Rosa ecae — Rosa ecae Aitch.
Chrshan.
10 Begger’s rose — Rosa beggeriana 20 Horsetail ephedra — Ephedra equisetina

Schrenk

Bunge

Table 3. List of found medicinal plants that are used in traditional medicine

No Name of plant No Name of plant

1 Arctium leiospermum — Arctium 29  Achillea biebersteinii — Achillea
leiospermum Jus. et Serg. biebersteinii Afan.

2 Arum korolkowii — Arum korolkowii 30 Achillea filipendulina — Achillea
Regel filipendulina Lam.

3 Berberis heterobotrys — Berberis 32 Amygdalus bucharica — Amygdalus
heterobotrys E.L. Wolf bucharica Korsh .

4 Crataegus pontica — Crataegus pontica 33  Asian mint — Mentha asiatica Boriss.
C. Koch

5  Crataegus turkestanica — C. 34 Brittle bladder-fern — Cystopteris filix-
turkestanica Pojark. fragilis (L.) Borbas

6 Datisca cannabina - Datisca cannabina 35 Clary sage — Salvia sclarea L.
L.

7  Dianthus baldshuanicus — Dianthus 36 Common chicory — Cichorium intybus L.
baldshuanicus Lincz.

8  Dianthus seravschanicus — Dianthus 37  Common mugwort — Artemisia vulgaris
seravschanicus Schischk. L.

9  Dianthus tetralepis — Dianthus 38  Echinops maracandicus - Echinops
tetralepis Nevski maracandicus Bunge (2)

10 Erigeron Gissaricus — Erigeron 39  Eremurus ambigens — Eremurus

Gissaricus Botsch.

ambigens Vved.

547



Table 3 (continued)

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

Gentiana olivieri — Gentiana olivieri
Griseb.
Gymnospermium albertii —

Gymnospermium albertii (Regel) Takht.

Heracleum lehmannianum — Heracleum
lehmannianum Bunge

Hypericum elongatum — Hypericum
elongatum Ledeb.

Hypericum scabrum — Hypericum
scabrum L.

Inula macrophylla — Inula macrophylla
Kar. et Kir.

Lemon balm — Melissa officinalis L.

Lychnis coronaria — Lychnis coronaria
(L.) Desr.

Megacarpaea gigantea — Megacarpaea
gigantea Regel in Bull.

Origanum tyttanthum — Origanum
tyttanthum Gontsch.

Phlomis cashmeriana — Phlomis
cashmeriana Royle ex Benth.
Polygonum Gissaricum — Polygonum
Gissaricum M. Pop.

Potentilla canescens — Potentilla
canescens Bess.

Potentilla kulabensis — Potentilla
kulabensis Th.Wolf.

Verbascum songaricum — Verbascum
songaricum Schrenk

Vinca erecta — Vinca erecta Regel
Ziziphora brevicalyx — Ziziphora
brevicalyx Juz.

Ziziphora pamiroalaica — Ziziphora
pamiroalaica Juz.

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55
56

57

Ferula kuhistanica — Ferula kuhistanica
Korov.

Handelia trichophylla — Handelia
trichophylla (Schrenk) Heimerl
Pedicularis olgae — Pedicularis olgae
Regel

Polychryzum tadshikorum —
Polychryzum tadshikorum (Kudr.)
Kovalevsk.

Prangos pabularia — Prangos pabularia
Lindl.

Pseudohandelia umbellifera —
Pseudohandelia umbellifera (Boiss.)
Tzvel.

Pyrethrum parthenium — Pyrethrum
parthenium (L.) Smith

Rhaponticum integrifolium —
Rhaponticum integrifolium C. Winkl.
Ribwort plantain — Plantago lanceolata
L.

Rumex paulsenianus — Rumex
paulsenianus Rech. f.

Salvia turcomanica — Salvia turcomanica
Pobed.

Sicilian sumac — Rhus coriaria L.

Tanacetum pseudoachillea — Tanacetum
pseudoachillea C. Winkl.

Thermopsis dolichocarpa — Thermopsis
dolichocarpa V. Nikit.

Ungernia victoris — Ungernia victoris
Vved.

White nettle — Lamium album L.

Wild carrot — Daucus carota L.

Wild chamomile — Matricaria suaveolens
(Pursch) Buch.

Table 4. List of found medicinal plants included in the Red Book of the Republic of Tajikistan

No Name of plant No Name of plant

1 Allium rosenbachianum — Allium 5  Paeonia intermedia — Paeonia intermedia
rosenbachianum Regel C.A. Mey.

2 Allium stipitatum — Allium stipitatum 6  Eremurus aitchisonii — Eremurus
Regel aitchisonii Baker

3 Allium suworowii — Allium suworowii 7 Ungernia victoris — Ungernia victoris
Regel Vved.

4 Ostrowskia magnifica — Ostrowskia 8  Juno nicolai — Juno nicolai Vved.

magnifica Regel
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Based on the fact that the number of widely recognized medicinal plants in the
world is 13,787 species (Que et al., 2018), the proportion of medicinal plants found on
the southern slopes of Gissar Range is 0.15%, however, the total number of species found
is 1.27% of global fund. According to some estimates (Dasti et al., 2007), the biological
diversity of the Iran-Turan region bordering Gissar range is 19,000 plant species. Simple
calculations show that the number of plants found during expedition is less than one
percent, even in comparison with the diversity of the neighboring region. However, it is
worth considering that only plants somehow used for medical purposes were included in
our study.

Table 5. List of found plants that are endemic to Central Asia and the Pamir-Alai

No Name of plant No Name of plant

1  Astragalus macropodium — Astragalus 10  Oxytropis roseiformis — Oxytropis
macropodium Lipsky roseiformis B. Fedtsch.

2 Astragalus heterotrichus — Astragalus 11 Rheum Gissaricum — Rheum Gissaricum
heterotrichus Gontsch. Losinsk.

3 Anemone verae —Anemone verae Ovcz. et12  Asparagus bucharicus — Asparagus
Scharip. bucharicus Iljin

4 Iris hoogina — Iris hoogina Dykes 13  Thermopsis dolichocarpa — Thermopsis

dolichocarpa V. Nikit.

5  Cousinia tomentella — Cousinia 14 Tulipa praestans — Tulipa praestans Hoog
tomentella C. Winkl.

6  Cousinia grigoriewii — Cousinia 15 Chesneya Gissarica — Chesneya Gissarica
grigoriewii Juz. Boriss.

7 Potentilla kulabensis — Potentilla 16 Rosa achburensis — Rosa achburensis
kulabensis Th.Wolf. Chrshan.

8 Pseudosedum condensatum — 17 Rosa korshinskyana — Rosa
Pseudosedum condensatum Boriss. korshinskyana Bouleng.

9  Oxytropis baldshuanica — Oxytropis 18 Eremurus brachystemon — Eremurus
baldshuanica B. Fedtsch. brachystemon Vved.

As a comparison, we quote some monitoring data on the biodiversity of medicinal
plants found in literary sources. In relatively neighboring Pakistan, 106 species of
medicinal plants were identified, only 4% of them grew in mountainous areas (Akhtar et
al., 2013). However, the diversity of the southern slope of Gissar Range was somewhat
inferior to the diversity of families found (46 vs. 54). Up to 1,700 species of medicinal
plants have been reported to grow in Indian Himalayas (Bhat et al., 2013), but not only
angiosperms were taken into account for this study. In the vicinity of the capital of
Colombia, Bogota, 409 species of medicinal plants were found (Bussmann et al., 2018).
Only 100 species of medicinal plants were found in Dagala region (Bhutan) (Wangchuk
et al., 2016). In Algeria, 90 species were reported belonging to 42 families (Bouasla &
Bouasla, 2017). Global monitoring of the biological diversity of plant communities in
high mountain regions indicates that Gissar Range is a location with one of the highest
concentrations of species (Khan et al., 2013). This study generally confirms this point.
Taking into account that monitoring was carried out earlier than 2013, it can be stated
that over the past 5 years, the species diversity of the southern slopes of Gissar Range
has undergone no significant changes (Khan et al., 2013).
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The number of widely recognized medicinal plants was 11.49% of the number of
species found. Almost every species is a fairly significant phytopharmacological
resource. For example, the extract of Althaea officinalis has a coating property and is
applied in the treatment for stomach diseases. Galenical preparations with this herb are
used to treat for bronchitis and asthma (Sakovich et al., 1997). Elecampane is
acknowledged to be an expectorant. It is also used for gastrointestinal diseases including
inflammation of duodenum and gastric ulcers (Butko, 2013). Tincture of Hypericum
perforatum proved to be an antifungal drug (Hovsepyan & Ghazaryan, 2019). Common
dandelion, chamomile, wormwood, as well as various types of wild rose and licorice are
perhaps the most well-known and widely used medicinal plants from among those found
(Table 2). Common dandelion is a rather effective antidote to the poisons of insects and
arachnids (Karomatov & Davlatova, 2018). Its presence in the ecosystem of Gissar
Range, taking into account that there are species posing a danger to humans in the Middle
Asia, is a rather significant resource for ensuring the safety of the local population to
arthropod poisons. Dried parts of this herb compose a part of some gastric teas
(Sukhanov, 2000). Antiseptic properties of common plantain are well-known; that’s why
for many centuries it served people as an alternative to all kinds of adhesives even after
they were invented. In medicine, it is also used in the treatment for cancer and
inflammatory diseases (Moiseev, 2009; Korepanov & Openko, 2012). Wormwood is
used for a number of morpho-physiological systems of humans and animals: nervous,
endocrine, urinary, respiratory, etc. (Karomatov & Kakhkhorova, 2018). Chamomile has
proved to be an effective diaphoretic and antidote. It is also used to treat eczema, eye,
ear, nose diseases, jaundice and yellow fever (Karomatov et al., 2018). Licorice root is
used for making alcohol tinctures. Being sweet, it is an element of different herbal teas
in order to improve their taste. This plant is used as an expectorant, general stimulant for
tuberculosis, stomach diseases, allergic diseases. It is used for liver echinococcus,
emphysema, bronchial asthma, and blood diseases (Karomatov, 2013). Different types
of roses are known due to the high content of vitamin C. Plants are used as a diaphoretic
in the treatment for colds and liver diseases (Baimurodov et al., 2017)

CONCLUSION

As a result of the studies it was found that 174 species of medicinal plants belonging
to 45 different families, including 35 dicotyledonous plants and 9 monocotyledonous
plants are mainly distributed in some parts of Varzob and Ramit gorges, which are
located in close proximity to the capital of the Republic —Dushanbe city and are its
natural buffer zones.

Considering that the number of researched sites is less than 3% of the total area of
Varzob and Ramit gorges and despite the fact that the researched sites are under rather
high recreational and anthropogenic pressure, the presence of the above mentioned
number of medicinal plants indicates relatively favorable growing conditions. Therefore,
by organizing appropriate economic measures to protect and promote their natural
renewal, the biological diversity of medicinal plants in this area can be significantly
improved.
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Abstract. Currently, industrial potato processing waste recycling and re—use is an important topic
in the food industry, but no actual processing facilities could be found at the moment of this study.
The main aim of present research was to develop a method that could, potentially, be practically
applicable for industrial potato peel waste recycling into encapsulated phenolic compounds (fine
powder), with a further approbation as an antioxidant for ground pork meat. Potato peel wastes
were collected from the local potato processing facility, homogenized in the solvent media, and
two accelerated extraction technologies (microwave assisted (MAE) and ultrasound accelerated
extractions) were applied for the extraction of biologically active compounds and encapsulation
wall material. Produced extracts were concentrated (recovered solvent had been collected and
reused) and directed for spray-drying. In general, MAE alone showed higher extraction yields
than in combinations with ultrasound treatment. Extracts reached maximal biologically active
compound concentrations (and were possessing highest radical scavenging activities) after
10 min of MAE treatment. Produced capsules (food grade antioxidant) inhibited ground pork
meat lipid oxidation during the storage study at accelerated oxidation conditions. Acquired results
form a basis for development of a potato peel industrial scale processing technology.

Key words: extraction, encapsulation, oxidation inhibition, potato peel recycling.
INTRODUCTION

According to FOASTAT (2018), the potato production reached 475.9 million
tonnes worldwide in 2016. In general, potato consumption vary highly between countries
with different cultures and income levels. In lower income countries potatoes are mostly
sold raw, while in the First world countries up to 70% of all produced potatoes can be
utilized for industrial processing (Parr et al., 2018). In combination with the fact, that up
to 40% of total potato mass that enters the production facility can exit it in a form of
waste (Schieber et al., 2001) and that the most international waste regulations are
commanding to reduce the amount of generated wastes and maximise the recycling and
re-use, lately, potato by—product recycling has become a very important topic in the food
industry.

As an inexpensive by-product, potato peels contain extractable biologically
valuable compounds that can be applied in food and pharmaceutical industries
(Al-Weshahy & Rao, 2012; Friedman et al., 2017) and, upon consumption, are able to
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provide beneficial effect on the human health (Samarin et al., 2012; Hsieh et al., 2016).
Additionally, a potato peel extract can be applied as an antioxidant for various food
products prolonging the shelf-life (Habeebullah et al., 2010; Mohdaly et al., 2010; Farvin
et al., 2012; Samarin et al., 2012). Although, biologically active compound extracts are
usually unstable due to their reactivity and require an additional protection/stabilization.
One of the possible protection technologies is encapsulation — a method of entrapping
targeted compounds in the protective shell or matrix.

The main aim of present research was to combine both extraction and encapsulation
technologies to develop a compact method for encapsulated phenolic compound
production (fine powder) from actual industrial potato peel wastes, that, potentially,
could be applicable on potato processing sites.

MATERIALS AND METHODS

Potato peel waste processing schematics

Industrial potato peel wastes were processed into a food grade antioxidant (fine
powder) through following steps (Fig. 1):

1) potato peel homogenization in the solvent media;

2) valuable compound extraction through microwave assisted extraction and
ultrasound treatment;

3) solvent evaporation and extract concentration;

4) encapsulation of extracted compounds via spray-drying.

Solvent recover Finished
v y ¢ |

[] 1) :l:dE 2) 3) af

v

o — —_—
(o)

iS4

Figure 1. Steps for the simultaneous phenolic compound extraction and encapsulation. Where,
1) —homogenisation; 2) —microwave assisted extraction; 3)—vacuum evaporation
(concentration); 4) — encapsulation through spray—drying.

All steps are described in detail in further sections.

Chemicals and materials

All reagents and standards (96% ethanol, Folin—Ciocalteu reagent, sodium
carbonate, ethyl ether, gallic acid, hexane, isopropanol, isooctane, acetic acid, trolox,
2,2—diphenyl-1-picrylhydrazyl radical (DPPH")) were purchased form the Merck KGaA
(previous Sigma-Aldrich).

Industrial potato peel samples (brown skin, 3 £2 cm) were acquired form the
Paplate Nr. 1, Ltd. (Raubeni, Latvia). Freshly prepared ground pork meat was purchased
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form the local market chain Maxima Group (Jelgava, Latvia) and was used on the same
day, within two hours after the purchase.

Sample preparation

Industrial potato peel by—products were collected directly form the potato
processing lines into the plastic bags. Within an hour, peels were rapidly frozen in the
laboratory scale plate freezer FT34-MKII (Armfield, United Kingdom) and stored at —
20 °C for further analyses.

For extraction purposes, frozen potato peels (25 g) were homogenised in the 60%
ethanol (v/v; 250 mL) with a kitchen type blender RHB450-S-W (Rotex, China) for
30+ 1 s. Acquired samples were evenly divided between three 300 mL Erlenmeyer
flasks and used for the further extraction purposes.

Simultaneous phenolic compound and carbohydrate extraction

Microwave EMS 2840 (Electrolux, Sweden) had been used to conduct the
microwave assisted extraction (MAE) and three extraction methods had been applied:

1) MAE only;

2) MAE with following 5 min ultrasound treatment (UST) in the laboratory scale
ultrasonic bath YJ5120-1 (Zhengzhou Henan, China);

3) 5 min UST with following MAE.

For all three methods, four MAE regimes were applied: 5, 10, 15, and 20 min at the
power level of 180 W. This power lower had been chosen based on Singh et al. (2011)
work reporting that lower power levels result in the higher bioactive compound yield
form potato peels.

Concentration of extracts

After the initial extraction, still hot (to minimize sedimentation of dissolved
carbohydrates) supernatant had been collected and centrifuged at 2,500 x g for residue
separation in the CM-6MT (Elmi, Latvia) centrifuge. Resulting mixture of phenolic
compounds and soluble carbohydrates (with possible impurities of soluble fibre, free
amino acids, etc.) was collected and concentrated under the vacuum at 40 °C.
Recovered ethanol was collected and its concentration was adjusted to 60% (based on
density) and reused for the further extractions.

Encapsulation via spray-drying

After the concentration, phenolic extract had been directly fed into the bench top
type spray—drier B-290 (Buchi, Switzerland) that was operating at the following
conditions: inlet and outlet air temperatures were maintained at 170 £2 °C and
70 + 2 °C; feed rate: 15 mL min*; spray gas flow: 667 L h*. Collected samples were
transferred into the glass jar, that was additionally sealed with a paraffin paper and stored
in the plastic bag at —20 °C till the further application.

Determination of moisture content

Moisture content had been determined by a gravimetric method by the oven drying
at 105 °C to a constant weight, 1ISO 1442:1997 (iso.org).
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Determination of the total pehnolic compound content in the produced
capsules

Produced capsules were divided in two batches:

1. For the total phenolic compound analysis: 0.1 g of capsules was dissolved in the
2 mL of water and 40 mL of ethanol had been added for carbohydrate sedimentation and
phenolic compound dilution. Mixture was placed in the ultrasonic bath for 10 min,
centrifuged for 5 min at 2,500 x g and filtered.

2. For the phenolic compound content analysis on the capsule surface. 0.1 g of
capsules were washed with 10 mL of ethanol, centrifuged for 5 min at 2,500 x g and
filtered.

All filtrates were collected for the further analyses.

Jung et al. (2011) method with slight modifications had been applied for the
phenolic compound analysis. Briefly, 200 puL of the phenolic extract was mixed with
1 mL of distilled water and 100 pL of Folin—Ciocalteu phenol reagent (preciously diluted
with distilled water 1:1, v/v). After 5 min incubation, 2 mL of the 10% sodium carbonate
solution was added and mixture was allowed to stand at room temperature for 60 min,
and then centrifuged at 2,500 x g for 10 min. The absorbance was measured at 725 nm
by a laboratory spectrophotometer Jenway 6300 (Stone, United Kingdom). Results were
recalculated per dry matter and expressed as a gallic acid equivalent (GAE).

Determination of the free radical scavenging activity

DPPH" was used for in vitro determination of free radical scavenging activity (Yu
et al., 2003). Briefly, 0.5 mL of extract was mixed with 0.004% DPPH" ethanol solution,
and mixture was allowed to stand for 30 min in the dark at room temperature. The
absorbance was measured at 517 nm. Data had been expressed as a trolox equivalents
per 100 g of sample (mg 100 g* TE).

Determination of the total lipid content
The total lipid content was determined by the Soxhlet extraction method AOAC
920.39 Fat (Crude) or Ether Extract in Animal Feed.

Ground meat treatment with encapsulated phenolic compounds
Produced capsules (4.6 g) were added to the ground pork meat (500 g) in proportion
2 g of phenolic compounds per 1 kg of pork fat. Acquired meat mass was homogenized
in the kitchen type blender for 30 s and stored at the accelerated oxidation conditions
(+30 £ 1 °C), with daily sampling. All experiment had been conducted in triplicate.

Lipid extraction form he pork meat mass

Lipid extraction had been conducted according to the Hara & Radin (1978) method,
with modifications. Briefly, meat sample (ca. 15 g) had been mixed with the extraction
solution (hexane—isopropanol, 3:2 v/v) in proportion 1 : 6 (w/v). Extraction had been
conducted for 30 min under the constant energetic shaking. Supernatant was removed
by filtration, and evaporated under the vacuum at 40 °C. Collected condensed solvent
was re-used for the extraction of the same sample two more times. Extracted lipids were
kept under the vacuum till further analysis.
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Determination of lipid oxidation ratios

An active oxygen value was determined according to the International Fragrance
Association Analytical Method: Determination of the Peroxide Value (from October
17", 2011) (IFRA, 2011), that is based on the 1SO-Standard 3960 third edition 2001,
AOCS CD 8b-90, European Pharmacopeia, and Leatherhead Food RA second edition.

Microscopic analysis

Microscope Leica DM300 LED (Leica Microsystems, Germany) had bene used for
the microscopic analysis. Photos were taken with camera Leica DFC 290 HD and
analysed using software Leica Application Systems (LAS) V4.2.

Statistical analysis

Data statistical analysis was conducted in the MS Excel 2016 software. One—way
ANOVA (P <0.05) and Tukey’s test were applied for the statistical analysis of all
suitable data clusters. Were applicable, data is shown as a mean value with a standard
deviation.

RESULTS AND DISCUSSION

In the present research, a new potato peel (an industrial potato processing
by—product) recycling method had been developed. It is scalable and , potentially,
practically applicable and consists of several stages (Fig. 1) that include: collected peel
homogenisation in the solvent media, initial phenolic compound and carbohydrate
extraction, concentration of acquired extracts (recovery of the solvent for further reuse),
and following encapsulation through spray—drying. The proposed method offers a basis
for actual industrial scale technology development.

The first step (peel homogenisation) included also the first initial phenolic
compound extraction —a conventional extraction, when phenolic compounds (a result of
cell disruption and diffusion processes) are released into the solvent. Additionally, in the
case of present research (when applied samples were previously frozen) peel samples
were defrosted during the homogenisation process. On the industrial production scale,
depending on the available machinery and amounts of reprocessable material, it could
be necessary to increase homogenisation times in order to achieve complete cell
disruption and to rise phenolic compound extraction yields. Our previous research
(Shepelev et al., 2016) showed that, for the biologically active compound extraction
purposes, abrasion peeled industrial potato peels can be stored for up to two days at
ambient conditions (as it is on the actual potato processing plants). In addition, it had
been emphasized that it is critical to reprocess only peels with remaining whole cells,
but completely shredded peels are not suitable for extraction purposes even directly after
the peeling.

The second processing stage included the main extraction step. To achieve shorter
extraction times and, at the same time, maximize phenolic compound yields at minimal
energy consumption, two accelerated extraction technologies were applied (microwave
assisted and ultrasound accelerated extractions) in different combinations. Results show
(Fig. 2) that MAE without any additional ultrasound treatment is a method of choice for
phenolic compound extraction from ground potato peels. In case of the present research,
maximal phenolic compound yield had been achieved after the 10 min long extraction,
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and the prolongation of extraction time did not show a statistically significant increase
in phenolic compound concentrations in acquired extracts. As had been stated
previously, parameters could vary depending on the applied equipment and
simultaneously processed amount of peels.

The extraction time of 5 min gave the lowest phenolic compound yield in final
extracts. Samples extracted at 15 showed lower results comparing to 10 min, but higher
than samples extracted during the 5 min period. The incorporation of ultrasound
treatment gave a positive result only in 5 min samples. It can be concluded that MAE
allow to achieve maximal molecule agitation and diffusion during the extraction process
that makes ultrasound treatment unnecessary. In opposite case, when MAE treatment is
at too low rates, ultrasound treatment can increase biologically active compound
extraction yields till some extent.

It is known that concentrated ethanol solutions exhibit great antimicrobial activity
(Oh & Marshall, 1993). Taking in consideration the applied MAE, it can be concluded
that potato peels will undergo complete sterilization during the manufacturing time and
a possible microbial contamination during peel storage should not cause problems or
trigger necessity of implying additional critical control points. Although, it is advised
to minimize or prevent unnecessary pathogenic microflora development as it can result
in the presence of stable toxins in produced extracts.
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Figure 2. Total phenolic (TP) compound extraction yield depending on the extraction method
(n =9), similar lowercase letters indicate no significant difference among samples of the same
fraction (P<0.05). Where, TP —total phenolics; GAE —gallic acid equivalent;
MAE — microwave assisted extraction; MAE —> UST — microwave assisted extracting with
following 5 min of ultrasound treatment; UST —> MAE — 5 min of ultrasound treatment with the
following microwave—assisted extraction.

Similar results were acquired during free radical scavenging activity analyses
(Fig. 3). But in this case, free radical scavenging activity of samples that were extracted
for 10 min (and 20 min) dropped significantly with the incorporation of ultrasound
treatment. This fact could suggest that completely extracted phenolic compounds could
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undergo degradation, as ultrasound treatment was combined with higher temperatures (a
result of MAE). An advanced research on different extraction method combinations
should be performed to give a more precise conclusion. For the purposes of present
research, 10 min MAE had been chosen as an optimal method based on the ratio between
the phenolic compound yield and energy consumption.
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Figure 3. Free radical scavenging activity of produced extracts depending on the extraction
method (n = 9), similar lowercase letters indicate no significant difference among samples of the
same fraction (P <0.05). Where, TE — Trolox equivalent; MAE — microwave assisted extraction;
MAE —> UST — microwave assisted extracting followed by 5 min of ultrasound treatment; UST
—> MAE - 5 min of ultrasound treatment followed by microwave-assisted extraction.

The third processing stage consisted of the concentration of produced extracts. It
had been designed to achieve two main goals: 1) to recover the solvent for repeated
extraction (the concentration of ethanol had been adjusted based on density), and 2) to
decrease the volume of samples to minimize energy and time consumption for the next
stage — encapsulation via spray—drying.

Additional energy savings were achieved by the transfer of hot extracts (directly
after MAE) into the vacuum evaporator (at the average extract temperature of 79.0 £ 2.8
°C, upon leaving the MAE chamber). This allowed to achieve a rapid solvent evaporation
mostly without additional thermal treatment in the warm water bath. To minimize the
possible oxidation, after the concentration, extracts were kept under the constant vacuum
until they had been fed into the spray—dryer. It had been previously reported that phenolic
extracts can undergo also polymerisation processes resulting in the extract colour change
from lighter to darker (Vamos-Vigyazo, 1981).

The final fifth processing stage included the encapsulation of extracted phenolic
compounds by using carbohydrate compounds that should be dissolved in the same
extract. The comparison of total phenolic compound concentrations and gravimetric data
on dry weight of extracts (data is not shown) shows that carbohydrate-to—phenolic mass
ratios were ca. 11 : 1 (w/w), which was sufficient for encapsulation purposes.
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It had been planned that multiple types of encapsulation could take place during the
capsule formation. First of all, formation of the matrix type capsule should occur, as both
core and wall materials are water soluble and should form homogeneous structures. Low
molecular weight sugars should form a solid shell wall that should prevent oxygen
diffusion inside the capsule and active compound oxidation. Secondly, it had been
reported that amylose can encapsulate small guest molecules by forming inclusion
complexes (Cohen et al., 2008; Putseys et al., 2010; Gokmen et al., 2011; Kong &
Ziegler, 2014).

While it was possible to dry all extracts, unfortunately, particles of the dried powder
coagulated in the collection chamber, resulting in uneven capsule shapes (Fig. 4). Visual
inspection of the transparent collection chamber during the spray—drying process showed
that capsules were in the powdered form, and were moving around the chamber due to
the strong aeration (construction flaw/compromise of the small laboratory scale
benchtop dryer). This fact indicates that the same air that had been used for moisture
evaporation and transfer is coming into contact with the dry product in cooled conditions
of the collection chamber. As a result, it is possible that moisture could condensate on
the particle surface, causing the coagulation. Additionally, active aeration could
accelerate encapsulated compound oxidation (Anantharamkrishnan & Reineccius,
2017). Taking in consideration that carbohydrate content in the extract should consist
mostly of short chain carbohydrates (as applied 60% ethanol solution as a solvent for
phenolic compound extraction should result in the high molecular weight carbohydrate
sedimentation), it is possible that temperature in the collection chamber exceeded the
glass transition temperature of capsule matrix carbohydrates and resulted in the
carbohydrate transition into rubbery state forming the sticky surface. Increased surface
area of produced particles (in comparison to a theoretically possible spherical shape
capsules) could provide a practical benefit in a way of faster capsule dissolution in target
media and more rapid release of encapsulated compounds. Additional trials are
necessary in spray—dryers of advanced construction or industrial scale spray-dryers.

Figure 4. Irregular shape of produced capsules under the optical microscope.
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Based on the phenolic compound distribution between capsule surface and total
phenolic content (Fig. 5), encapsulation efficiency of produced capsules (the ration
between surface and bound compounds) reached 95.5 + 0.9%. This value should be
considered as too big, because capsule had been formed of the same polarity substances.
As a result, homogenous matrix should be formed and encapsulation efficiency should
be a function of surface—to—volume

ratio, and surface area should be 35

increased together with the decrease of _ 30

capsule size. As an example, in our 83 o5

previous study on gallic acid g

encapsulation in  low  dextrose Su 20

equivalent starch showed encapsulation S0 15

efficiency of 77 + 7% for spray dried 82 10

samples (Sepelevs et al., 2018). There o~

could be couple of reasons for a such _
high number. First of all, phenolic 0 Total  Surface
compounds could be mechanically phenolics
separated from the surface during the

encapsulation process in the cyclone Figure 5. Total and surface phenolic contents of

and withdrawn from the dryer together produced capsules (n = 3).

with the airflow. On the opposite side,

as it had been discussed previously, carbohydrates could undergo the glass transition
state and (forming sticky rubbery capsule surface) entrap phenolic compounds strong
enough preventing their extraction with a pure ethanol (as it was performed in present
study, as carbohydrates are not dissolvable in it). Deeper study of the capsule surface is
necessary for more precise conclusions.

There are several approaches that could be implemented to improve upon the
current product. First of all, assuming that there is a large proportion of low molecular
weight carbohydrates in sample extracts, a low dextrose equivalent (4—10) maltodextrin
could be added to the concentrated extract before feeding it into the spray—dryer in order
to increase the average dextrose equivalent and thus rise the glass transition temperature.
Secondly, different extraction solvent combinations with lower ethanol contents could
be used to increase solubility of longer chain dextrins. But it is important to take into the
consideration that decreased ethanol concentrations could negatively influence phenolic
compound extraction yields (Wu et al., 2012).

All five stages of the developed method took a half of a day in laboratory
conditions, with most of the time spent on the solvent evaporation and recovery. It had
been planned that on the production scale all process should take approximately one
work day, based on the available concentration technology. Due to the chosen MAE and
concentration stages, the present method is suitable for the production process that
consists of separate batches. This is a great choice for small scale production lines that
could be used in Latvia, due to the relatively small annual potato processing amounts
countrywide.

The functionality of produced encapsulated phenolic compounds as a food grade
antioxidant had been tested during the ground pork meat storage at accelerated oxidation
conditions (Fig. 6). It can be seen that after one day of storage at 30 °C, meat mass with
added encapsulated phenolic compounds shows ca. five times lower oxidation rates in
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comparison to control (active oxygen contents of 0.08 mmol kg* for treated meat
samples versus 0.44 mmol kg* for control samples, respectively). Unfortunately, on the
second day of storage oxidation rates of both samples were significantly increased. On
the third day of the storage, microbial degradation of meat samples did not allow
quantitative determination of active oxygen. The rapid ground pork meat spoilage had
been anticipated but a decision had been made against application of additional
preservatives as they could interfere with oxidation processes. Results can be evaluated
as a positive as present research part had been conducted at increased temperatures.

0.3
5802 i 2
c 'd
ST o2 L Aab
o 2 s
o= s /
02 o1 PR
2 7.
O \E/ Ce~ < 7
< 0.1 a ’
ele - - d -
0.0 Brm—m=== —
0 0.5 1 1.5 2 2.5
Storage time (days)
= Control A Treated meat

Figure 6. Changes in the active oxygen content in the ground pork meat lipid fraction during the
storage at accelerated oxidation conditions (n =3), similar lowercase letters indicate no
significant difference among samples of the same fraction (P < 0.05).

Number of studies reported a successful application of herbal extract as natural
antioxidants in meat and meat products (Nissen et al., 2004; Devatkal et al., 2012;
Mathenjwa et al., 2012; Ozvural & Vural, 2012; Sanchez-Muniz et al., 2012; Cao et al.,
2013; Reddy et al., 2013; Naveena et al., 2013; Gramatina et al., 2017). Although, in
majority of those cases, investigators chose raw materials with high phenolic compound
contents, as grape skin, green tea leafs, red peony, etc. And only couple of investigators
were using actual potato peel extracts, but prepared from potatoes that were peeled in
laboratory conditions (Mansour & Khalil, 2000; Kanatt et al., 2005; Farvin et al., 2012).
One of the major differences between potato peel samples acquired in laboratory
conditions and acquired from the actual potato processing facility is that on the
production sites peel by—products usually are being collected with an assistance of water,
and, as had been stated previously, water is a second food—grade solvent for phenolic
compound extraction after ethanol. Of course, an additional assistance (mechanical,
ultrasound, microwave, etc.) should be applied for better phenolic compound diffusion
from cells into water, but still some phenolic compound losses should be present. This
means that previously reported data is not fully scalable for industrial application, as
water and ethanol extracts results it the different phenolic profiles and different
antioxidant properties (Farvin et al., 2012).
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Theoretically, there could be additional applications of recovered and encapsulated
phenolic compounds — introduction of produced capsules as a separate specialized wall
material for another valuable compound encapsulation, to ensure the protection of
encapsulated materials against oxidation. For example, it could be used for unsaturated
oil encapsulation where (incorporated in the modified starch shell wall material)
phenolic compounds could serve as an additional oxygen barrier. Additionally, it had
been reported that some of water soluble polysaccharides (no specification reported)
from potato peels have good water holding abilities, fat binding capacity, foaming
properties (due to the presence of some protein remains), emulsification stability, and
possess a natural antioxidant abilities (Jeddou et al., 2016). As a result, it can be
concluded that the produced mixture of simultaneously extracted phenolic compounds
and carbohydrates have a potential to serve as a wall material, for example, for the
pharmacological use where active compound preservation plays a critical role and
application of more expensive wall materials (and technologies) is a common practice.

CONCLUSION

A practically applicable method for the industrial potato peel waste processing and
powdered encapsulated phenolic compound production had been developed, using the
industrial potato peel by—products as the only source material. It consists of four
subsequent steps: peel homogenisation in the solvent media, phenolic compound and
carbohydrate extraction, produced extract concentration, and encapsulation via spray—
drying. Microwave assisted extraction alone showed higher extraction yields than in
combinations with ultrasound treatment. Produced capsules showed a positive result
during the ground pork meat accelerated storage study during the first two days of the
storage at accelerated oxidation conditions. The developed method does not produce
chemical wastes that could be toxic for the environment. Acquired results form a basis for
development of a potato peel industrial processing technology.
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Abstract. Irrigation rate should correspond to the effective root depth, however, crop root growth
is influenced by a number of factors, and little data is available on the impact of irrigation. This
contribution presents the results of several experiments in which the influence of sprinkler or drip
irrigations on root density distribution of shallow, medium and deep rooted crops within the soil
profile were studied. Irrigation significantly increased the root density of potato, celery, and
wheat in the topsoil zone. On the contrary, at most cases there was only a slightly reduced root
density in the subsoil layers. Total root length, to maximum root depth, only increased
significantly with drip irrigation in potato. The root depths of these crops were not significantly
modified by irrigation. The results suggest that the use of a constant value for the calculation of
maximum irrigation depth in a specific crop may not correspond to the variability of root depth
nor the distribution in different years or fields.

Key words: drought, root distribution, root length, water depletion.
INTRODUCTION

In recent years drought has caused farmers in the Czech Republic (as well as in
many other countries) losses of hundreds of millions of euros. Agro-climate models
agree that water deficit, due to high evapotranspiration and uneven rainfall distribution
throughout the year, will become increasingly common in Central Europe and elsewhere
with impacts on yields (Stfedova et al., 2013; Spitz & Hemerka, 2014; Trnka et al.,
2019).

At present in the Czech Republic, primarily vegetables and early potato are
irrigated, as well as (to a different extent) fruit orchards, hops gardens, and vineyards
(Agriculture and Horticulture Czech Republic, 2019). Most irrigation water is applied to
field crops and vegetables by sprinkling; however, drip irrigation that is mainly applied
in orchards and vineyards is more effective. The study of Duffkova et al. (2019) showed
that over 80% of spring crop regions in the Czech Republic were threatened with
medium to severe water scarcity. The growing trend for the occurrence of dry periods,
will lead to the expansion of irrigated fields. There is concern whether there will be
enough water for irrigation in dry years. In addition, water is increasingly discharged
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from the landscape; and the water supply within both underground and surface resources
(and often additionally its quality) has been declining.

This implies the need to improve the use of water in agriculture. The efficiency of
irrigation water application depends on correctly determining both the current and
estimated future water needs of plants, as well as the available water supply in the root
zone. This subject matter has been described in a number of papers (Ahmadi et al., 2011,
2017; Haberle & Svoboda, 2015; Kirnak et al., 2017; Elzner et al., 2018; Assouline,
2019). If the irrigation dose is excessive, water can be lost by percolation below the root
zones of the crops; while too low a dose increases the need for repeated application of
water, thus increasing evaporation losses. Thus, actual crop root depth determines the
maximum irrigation depths, and the volume of soil with the relevant water capacity. It
is an especially important factor with shallow rooted potato, vegetables such as lettuce
and radish, which are also often grown on shallow light soils.

In the Czech Republic, the calculation of the irrigation dose is determined by Czech
national standard (CSN 750434, 2017). The standard defines the maximum irrigation
depth corresponding to the root depth for field crops, vegetables, and fruit trees.
However, the root extent is only described in general terms; the effective root depth (for
example, according to limit root density) not being defined. Based on this standard, the
IRRIPROG expert system (Spitz et al., 2011) was created to calculate the terms and rates
of irrigation. The calculation is based on: the FAO 56 evapotranspiration water balance
methodology (Allen et al., 1998), infiltrating proportion of rainfall and irrigation water,
decrease in available water supply in the root zone below the specified level, available
soil water capacity, and possible water leakage below the root zone. Again, the
maximum root zone depth of crops is fixed as an average value for a given species.

Root growth is influenced by a number of factors, and the question is whether the
root depth under farm conditions does not significantly deviate from the table values of
maximum irrigation depth (Spitz et al., 2011; CSN 750434, 2017). In addition to the
expected impacts of soil site conditions, agronomic measures, or cultivar differences,
there is concern that high soil moisture, due to irrigation or excessive fertilization
(mainly nitrogen), could reduce root depth or density (Svoboda & Haberle, 2006). In
such a case, too high an irrigation rate, calculated for an expected deeper root zone, might
result in a percolation loss of irrigation water outside of the root zone. Potato and most
vegetables have a high demand for nitrogen, but shallow roots and show a low efficiency
of N utilization from fertilizers and a high risk of nitrate leaching into the groundwater
(Haberle et al., 2018; Svoboda et al., 2018). It is especially important in regions also
used for the accumulation of drinking water. These are often situated in areas with light
soils near rivers where early potato and vegetables are produced. The on-farm
experiments with potato and celery presented here were carried out in the lower Jizera
river aquifer, source of 25% of the drinking water for Prague. Due to increasing nitrate
concentrations in drainage waters the concerns about optimal irrigation are more
pressing (Bruthans et al., 2019). To some extent the activities of these farms are
regulated, but the growing of irrigated vegetables and potatoes is not prevented.

Optimal or supra optimum soil resource availability generally reduce plant
investment in the root system, but there is little data on the effects of irrigation upon root
depth. Tracking roots to the maximum root depth is difficult, so there is little relevant
data to be found in the literature. We decided to determine the root density and depth in
early potato and celery on farms in order to obtain data relevant for the conditions found
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in the area. This data should verify the recommended maximum irrigation depths for
selected crops and to support the decisions of the farmers.

The aim of this research was to determine the effects of irrigation on the root density
distribution of potato and celery (crops with shallow and medium deep root systems,
respectively), and winter wheat (characterized by a large and deep root system).

MATERIALS AND METHODS

Site conditions

The basic descriptions of the crops studied, treatments, soils, irrigation systems,
and total amount of irrigation water (mm) are shown in Table 1. The potato and celery
roots were sampled at the farms, while the wheat was studied in a plot trial. Daily
precipitation sums and average temperatures at the experimental sites and years are
shown in Fig. 1. Soil moisture during the potato and celery experiments were monitored
with EC10 (Decagon, USA) and CS616 (Campbell Scientific, USA) sensors. In wheat,
the amount of water in the 0-90 cm zone was calculated from water balance data,
corrected according to a standard determination of soil moisture (Raimanova et al.,
2016).
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Figure 1. Temperature and precipitation in the experimental years and sites.
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Treatments

Potato (Solanum tuberosum L.) was studied during years 2017-2019, celery (Apium
graveolens L.) in 2018, and winter wheat (Triticum aestivum L.) during 2018-2019.

In 2017, the growth of roots of potato (cv. Impala), irrigated conventionally
according to the estimated water need by sprinkling (wheel sprinkler irrigation), was
compared with the control of a non-irrigated (rain-fed) potato crop at Benatky n. Jizerou.
Irrigation increased the water supply in 2017 by 250 mm compared to the non-irrigated
control. Due to technical problems, only the sums of irrigation water were recorded in
potato (2017 and 2019), and not the individual water doses.

In 2018, on another part of the same field, the growth of potato roots (cv. Adéla)
was monitored in two irrigation variants: the conventional empirical irrigation applied
to this farm and the irrigation operated by calculation from the IRRIPROG program
(Spitz et al., 2011) with the aim to save irrigation water use. Optimized irrigation in 2018
reduced the volume of water supplied to potato by 40 mm compared to the standard
control (Table 1).

Table 1. Summary of experiments with observations of the effects of irrigation on crops root
systems

Crop Total amount of
IYe_alr _ Site Soil topsoil irrigation water
rrigation . . Treatments (mm)
Coordinates Subsoil L
system [Precipitation
(mm)]*
Potato Benatky n. Jizerou sandy loam Without Irrigation nil
2017 50.2800797N loamy sand Irrigated conventionally 250 mm
Wheel! 14.8443431E [151.4 mm]
Potato Benatky n. Jizerou sandy loam Irrigated according 195 mm
2018 50.2829208N loamy sand IRRIPROG calculation 235 mm
Wheel! 14.8390903E Irrigated conventionally [80.0 mm)]
Potato Benatky n. Jizerou loam Irrigation stopped at 120 mm
2019 50.2781683N loamy sand butonization phase
Drip® 14.8378714E Irrigated according 270 mm
IRRIPROG calculation  [155.8 mm]
Celery Tufice loam Irrigated conventionally 150 mm
2018 50.2450472N sandy loam Irrigated according 120 mm
Sprinkler? 14.7544764E IRRIPROG calculation  [68.9 mm)]
Winter wheat Ruzyné silt loam Stressed from heading  nil
2018 50.0845428N clay loam [31.7 mm]
Drip® 14.2994058E Irrigated after heading 230 mm
[129.7 mm]
Winter wheat Ruzyné silt loam Stressed from heading  nil
2019 50.0845428N clay loam [64.5 mm]
Drip® 14.2994058E Irrigated after heading 220 mm
[141.4 mm]

YWheel sprinkler irrigation, 2Micro sprinkler irrigation, 3Drip irrigation, “Precipitation was summed from
start of April to harvest (celery), desiccation (potato) or to maturity (wheat).

In 2019, potato root distribution (cv. Antonia) was observed on the adjacent field
with drip irrigation (driplines placed under a thin layer of soil). The drip irrigation was
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terminated at the start of butonization (BBCH 53-55, at visible bud inflorescence, 5th
June) at two portions of the field, with the reduction in the amount of water compared to
the irrigated crop being 155 mm of water.

For celery (cv. Asterix) in 2018 in Tufice (micro sprinkler irrigation), the treatment
with conventional irrigation was compared with the variant where the irrigation was
adjusted by the IRRIPROG program's calculations.

The study of winter wheat was carried out in a field trial at Ruzyné in 2018 and
2019 as a part of experiments related to irrigation and the induction of water shortage
during grain growth (e.g., Haberle & Svoboda, 2014; Raimanova et al., 2016). The
growth of roots from drip irrigated and drought-stressed plants was studied; the lack of
water was induced from heading (BBCH 58-60) with the help of a mobile cover
(Table 1).

Commercial compost (ORGANIC, 2.8-3.2% N dry matter) was applied during
autumn soil tillage for both potato and celery at the rate of 5-10 t per hectare. Nitrogen
fertilizers in the form of ammonium nitrate were applied before potato planting. In total,
from 135 kg to 175 kg N ha™* was applied in organic and mineral fertilizers. For celery,
180 kg ha™ of nitrogen in the form of ammonium nitrate and calcium nitrate was applied
together with complex fertilizers with micronutrients in several doses during growth. For
wheat, 150 kg of nitrogen per hectare in the form of nitrate ammonium with limestone
was divided into a regenerative early spring dose of 35 kg ha™, and a production dose of
115 N ha at the start of stem elongation (BBCH 31-33).

RESULTS AND DISCUSSION

Root study

Soil samples were taken using a hand sampler with a diameter of 36 mm, in 10 cm
increments, with at least in six replicates, down to the root-free depth. The roots were
separated with water on sieves, cleaned, and their total length determined according to
Tennant (1975), after which the root density was calculated (in cm per cm= of soil). The
density distribution of the roots in potato was determined before desiccation of the plants
(BBCH 85-91); and for celery before the harvest, when the target size of the bulbs had
been reached. The roots of wheat were sampled during the grain filling period (BBCH
78-83). For potato and celery, soil with roots were taken on the ridge, row of plants, and
between the ridge and furrow. For wheat, the soil was sampled on and between plant
rows.

Statistical data evaluation was performed by the analysis of variance (ANOVA)
and by the Tukey’s HSD test (significance level P < 0.05). Statistica 13 (Stat-Soft Inc.,
Tulsa, USA) software was used.

The impact of irrigation upon yields

The weather during the experimental years were among the hottest of the last
several decades in the Czech Republic. The precipitation was mostly low (Fig. 1), water
shortage created conditions for a positive effect of irrigation on yields. In 2017, the
irrigation of potato, compared to the non-irrigated control increased the yield by
10.8 t ha (50.4 t ha™ against 39.6 t ha™), while the impact on the roots was weak. Also,
in 2019, drip irrigation greatly increased tuber yield (from 10.7 kg per ten plants in the
non-irrigated treatment, to 18.3 kg per ten plants); in agreement with the strong impact
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of drought on canopy and reduction of the root density in the stressed plants. The positive
effect of irrigation on potato yields has not only been reported in drier areas, but also in
areas with higher rainfall, where potato is grown on lighter soils (e.g., Elzer et al., 2018).
The irrigation increased yields in wheat by 50.7% and 49.8% in comparison with stressed
crop (3.81 tand 3.66 t ha') in the experimental years 2018 and 2019, respectively. On
the contrary, the effects of a relatively small reduction in supplemental irrigation on
potato in 2018 (34.3 t ha™ and 34.7 t ha), as well as on the celery yields (average weight
of bulb with tops 0.85 kg and 0.91 kg) were not significant.

The effect of irrigation on total root length and root distribution

In spite of different experimental conditions, the root distributions of the
experimental crops showed similar trends. However, the differences of the root density
between variants were not significant, in some cases, due variability in root density.

Root density (cm cm3) Root density (cm cm3)

00 20 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0
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70

Figure 2. Root density of potato without irrigation and with irrigation (Benatky and Jizerou -
2017) or with drip irrigation (Benatky n. Jizerou - 2019). Here and further, the effect of irrigation
is significant (p < 0.05) at layers with different letters.

Irrigation significantly increased the total root length to the maximum depth (TRL)
of potato only in 2019 (10.53 km m™ under irrigation, vs. 6.42 km m™ for the non-
irrigated crop) thanks to great root proliferation in the topsoil (Fig. 2). We have not found
similar results in the literature, and these observations should be verified with further
experiments. The strong effect was probably the result of frequent drip irrigation, with
relatively small amounts of water (about 5 mm every day) in contrast to the strong stress
due to low precipitation in the phase of the greatest need for assimilates for tuber growth
in the not irrigated treatment. Potatoes, due to their origin, have a dense shallow root
system aimed at the quick utilization of rainwater. Due to frequent small daily doses by
drip irrigation, water was quickly evapotranspired at high temperatures. The moisture
content was low in the top soil layers, except for periods with higher precipitation. (Fig. 3);
however, the demand for water was satisfied. Soil moisture was only monitored in the
irrigated treatment, but it can be deduced that the soil moisture was depleted to low levels
in the treatment without irrigation, resulting in both low yield and reduced root growth in
the top soil. The comparison of root distributions in years 2017 and 2019 shows significant
year and site variability and it suggests difficulty in determining constant effective depths.
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In 2017, the increase of TRL due to irrigation in potato was not significant
(9.72 km m?2 and 9.20 km m®). Irrigation only significantly increased the root density
of potato in the topsoil; and it slightly (but insignificantly) reduced the density in layers
below a depth of 20 cm (Fig. 2). It
was seemingly not fully consistent s Bendtky 2019
with the impact of the water ' —5em —15cm —35em —35cm
shortage on potato roots in 2019, 020
but in 2017 irrigation was not
applied from the beginning of
growth, and the potato plants
probably adapted to the lower
water content. The soil moisture
data (Fig. 4) suggest lower water
consumption of stressed plants in
2017. In 2019, irrigation was Dayfenth
stopped at butonization when the Figure 3. Soil moisture in irrigated potato (Benatky
canopy was fully developed, - 2019).

LAI was high, and the plants were
accustomed to a regular supply of water from the drip irrigation. Shallow roots in 2019
(Fig. 2) could not compensate for the water input reduction.
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Figure 4. Soil moisture in potato (Benatky 2017 and 2018). Conventional (Conv.) and controlled
(Contr.) irrigation in 2018.

In 2018, the increase of TRL due to the slightly higher conventional irrigation in
potato was not significant (6.29 km m? and 6.18 km m™), in agreement with the similar
amounts of water applied in both treatments (Table 1). Conventional irrigation of potato,
compared to lower irrigation (according to calculations) significantly increased root
density in the top layers, and insignificantly reduced root density under 20 cm (Fig. 5).
The soil moisture (Fig. 4) suggests periods of both low and high water supply that
complicates the interpretation of small differences in root growth.

The exact calculation of effective depths, where the density drops (for example
under 1 cm cm™®) would demand interpolation of the root density curve in ten-centimetre
segments. A simple comparison of potato root densities at these depths shows that the
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effective root depth was different in the experimental years (Figs 2 and 5). This suggests
that the application of constant maximum irrigation depth for a species may cause
irrigation doses that are either too low or too high.

Root density (cm cm?)
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Depth (cm)
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m Conventional irrigation

Root density (cm cm?)
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@ Controlled irrigation
70

Figure 5. Root density of potato (Benatky nad Jizerou - 2018) and celery (Tufice - 2018) with
conventional empirical irrigation and with irrigation according to sensors and calculation with

the IRRIPROG program.

Similar to potato in 2017 and 2018, TRL was (not significantly) greater at a greater
water irrigation dose (with conventional irrigation) in celery (11.9 km m™ compared to

10.9 km m?); however, the effect
on root distribution and root
length in both the top and subsoil
layers was significant (Fig. 5).
The soil moisture was slightly
lower at the 15cm depth, and
slightly higher at the 25 cm in the
conventional treatment in
comparison  with  controlled
irrigation; however, two different
types of sensors were used
(Fig. 6).

The TRL of irrigated wheat
was (marginally) significantly
greater (22.51 kmm?) than in
stressed plants  (20.70 km m?)
thanks to significantly greater root
length in the arable layer (Fig. 7)
in 2018 (an extremely dry year),

Celery Turice 2018
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Figure 6. The soil moisture in celery (Tufice - 2018).
The data from controlled irrigation treatment (EC 10
sensors) are incomplete because the station with the
sensors was stolen. Data from the conventional
treatment were recorded with CS616 sensors.

while in 2019, the effect of irrigation at the grain growth stage was practically nil
(11.21 km m?and 11.16 km m™). Plants in the stressed treatment were strongly affected

by a decrease of soil water content near

the wilting point level (Fig. 8), as was also shown

by the low yields in comparison with the irrigated treatment.
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Figure 8. Soil water content in stressed and irrigation treatments in the 0-90 cm zone in wheat
(Ruzyné - 2018 and 2019).

Despite different crops and locations, and great differences in the water supply, the
results suggest a similar effect of irrigation on root distribution. An interpretation of the
results is difficult. In the potato trials in 2017 and 2019, as well as in the wheat, the water
deficit was much higher than in both potato and celery in 2018 (Table 1). There is very
little literature data about the effects of irrigation on potato and celery root growth.
Published results come mostly from different soil-climate conditions or pot experiments;
thus, the described effects often differ. Ahmadi et al. (2017) observed greater total root
length under a partial root drying irrigation regime when compared with full irrigation
and deficit irrigation. On the other hand, Boguszewska-Mankowska et al. (2019) found
the root dry mass decreased in response to drought, but that the more drought-tolerant
cultivars developed elongated roots. Zarzynska et al. (2017) in a container experiment
found that the greater the length and weight of potato cultivars’ roots in the deeper layer
(60-80 cm), the lesser was the decrease in yield due to (short term) drought. Further, in
most experiments, root size was only determined during one term during growth.
Generally, maximum root size in annual crops is attained after flowering and during seed
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development. We decided to sample the celery roots before harvest, upon attaining their
target, retail, size of the bulbs; however, further root growth cannot be excluded.

The importance of root modification for effective irrigation

Generally, plants adapt to water and nutrient scarcity by investing more in
underground organs, increasing root density, and/or growing roots at depth - making it
possible to exploit the water reserve in the deeper subsoil layers. In our experiments, the
effect of the variants on the observed maximum root depth was both small (in the scale
of 10 cm layer) and inconsistent among crops and variants. A possible reason may be
that in spring, during the period of maximum root growth to depth, crops grow under a
more-or-less sufficient water supply accumulated from winter precipitation, while in the
latter period (when water shortage occurred) assimilates are preferentially used for seed
and storage organs.

The root density in the deepest layers (mostly formed by individual unbranched
root axes) is far below the levels considered effective (1.0-2.0 cm cm™®) (Haberle &
Svoboda, 2014; Haberle & Svoboda, 2015); therefore, the importance for water uptake
is probably low. However, not only in wheat, but also in shallow and medium rooted
crops, such as potato, varieties with deeper roots that are expected to be more resistant
to drought (Ahmadi et al., 2017; Zarzynska et al., 2017). Deep rooted crops, such as
winter wheat or sunflower, adapt to resources shortage by extracting water (and nitrate
nitrogen and other ions) from deep subsoil reserves (Haberle et al., 2006; Kautz et al.,
2013; Haberle & Svoboda, 2014). The plant’s demand for water is shifted downwards;
a low root density in the deep layers may to some extent be compensated by an enhanced
uptake per root unit. However, with irrigation depleted water is replenished in the
densely rooted topsoil; therefore, small changes of root depth and density in the deep
subsoil layers will probably not affect the water uptake and balance. The correct
determination of the maximum depth of irrigation is a key input value for any calculation
for both the optimum rates and timing of irrigation water. The possible reduction of the
root depth of potatoes and vegetables, with both shallow and medium deep root systems,
is more important than a lesser root density in the deeper subsoil zones. Soil compaction,
impermeable layers of clay / pebbles, even a high ground water level are known factors
limiting root penetration and the depletion of water and nutrients (e.g., Johansen et al.,
2014). According to the monitoring of fields in the lower Jizera region, the soils are often
highly variable due to their origins (Bruthans et al., 2019). In our experiment, potato root
distribution and maximum depths were influenced by soil conditions in an interaction
with the irrigation method. In those cases where fine tuning of the irrigation doses and
its timing are priority due to water quality concerns, farmers should check for the
possible reduction of root growth and accordingly adjust the maximum irrigation depth.
However, farmers lack a simple method for the calculation or estimation of the effective
root depth.

The lateral distribution of roots is another factor complicating standardization of
input value of effective root zone for maximum depth of irrigation. The root density of
wide-row crops varies according to the distance from the plant and the row. This aspect
should be taken into account under irrigation conditions. For example, Ahmadi et al.
(2011) found twice the amount of potato roots below furrows when compared with the
corresponding layers below ridges. We observed a lower density between rows with
potato, celery, lettuce, and other vegetables, as well as sunflower, or maize (not

576



published). This means that for wide-row crops it is not possible to determine any one
generally valid (effective) root depth to be used in standards and irrigation models. The
uptake and use of water from the entire soil volume will depend upon the density and
physiological properties of the roots at varying distances from the plant, with the soil
properties affecting the movement of water to the roots and the crop’s water demand.
With drip irrigation the use of one constant effective root zone seems even more dubious.
Our data did not support the idea about the local proliferation of roots only in the vicinity
of a dripping hose; however, this subject needs more experimental data.

CONCLUSIONS

Irrigation stimulated root growth in the topsoil, while reduced irrigation or non-
irrigation slightly enhanced growth in the deeper layer. The observed modifications of
root depth and distribution in subsoil seem too small to affect the effectiveness of
irrigation water utilization. These results suggest that the use of a constant value for the
calculation of maximum irrigation depth of a specific crop may not correspond to the
variability of root depth and distribution. When irrigation doses and timing are the
priority due to water supply shortage and water quality concerns, farmers should check
for any possible reduction of root growth and adjust the maximum irrigation depth
accordingly. This is especially important with shallow rooted vegetables and soil
limitations. However, a definition of effective depth has not yet been standardized.
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Abstract. This research focused on accurately modelling emergence (VEgmergence) and silking
(R1) dates using 5 cm deep soil temperature (ST) and how sowing date (SD) affects VEgmergence
and R1 date of different maturity hybrids and which is the optimum sowing date in the changed
climate. Three sowing dates were used between 4th April and 10th May. The same maize hybrids
(FAO 290, FAO 350, FAO 420) were involved in the experiment between 2011-2013. The 5 cm
deep soil temperature could be used for simulating the date of VEgmergence and R1 and the
Percentage of Predicted Deviation (PD) was below 10%. When calculating the effective heat units
(HU) at 5 cm depth, setting 6 °C as base temperature leads to better modelling. SD did not clearly
affect yield since due to the influence of genotype and crop years. The FAO 290 hybrid had the
lowest yield (11.534tha™) and it responded sensitively to sowing date. Its highest yield
(12.788 t ha'*; P < 0.05) could be obtained with SD3. FAO 350 and FAO 420 hybrids provided
stable yields without any significant effect of SD. The highest yield was provided by the FAO
420 hybrid (13.494 t ha'!) with a wide SD interval (4th April — 10th May). The obtained findings
help farmers in making grounded decisions to obtain high and stable yield under the changed
climatic circumstances. The obtained findings help farmers in making grounded decisions to
obtain high and stable yield under the changed climatic circumstances.

Key words: climate change, air temperature, CERES-Maize model, computer simulation.

INTRODUCTION

Over the past fifty years, world maize production has increased fivefold, partly due
to an increase in average yields and an increase in cultivated areas. On a global level,
there is a potential for increasing production (Schils et al., 2018), which is in great need
of food safety (Ort & Long, 2014).

— However, climate change - increasing air temperature and decreasing
precipitation — has a negative impact on agriculture (Pielke et al., 2007; Rosenzweig et
al., 2008; Lobell et al., 2011; Vanyiné Széles & Nagy, 2012; Bassu et al., 2014; IPCC,
2014). The global average above-ground temperature increased by about 0.89 °C
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(0.69-1.08) over the period between 1901-2012 (IPCC, 2013) and forecasts suggest a
temperature increase of 1.5 °C by 2030 (IPCC, 2018). The temperature rise pushes the
production zones 150 to 250 km towards the poles (Harnos, 2008). It is expected that
precipitation will also change and will show even greater regional variation (FAO,
2001), especially in southern parts of Europe, with more frequent and prolonged dry
seasons (Trnka et al., 2014).

— Several studies have shown that the most important factor in the growth and
development of maize is the temperature that affects germination, water and nutrient
uptake (Hunter et al., 1977; Nerson, 2007; Siebert et al., 2014). At 25 to 30 °C, uniform
emergence occurs after 4-7 days. Lower and higher temperatures slow down the
germination process (Silva-Neta et al., 2015). Low temperature causes early deformation
of the leaves (Santos et al., 2019) at an early stage of the plant, high temperatures
accelerate the rate of development, resulting in shorter vegetative and reproductive
phases (Hatfield et al., 2011; Lizaso et al., 2018) and it may change the metabolic
processes, especially photosynthesis (Xu et al., 2011; VVanyiné Széles et al., 2012; Song
et al., 2014). Furthermore, the vitality of the pollen decreases and the number of grains
on the ear is reduced, resulting in yield loss (Hatfield et al., 2011; Lizaso et al., 2018).
Lobell & Field (2007) showed an 8.3% yield decrease.

— Climate change has an impact on the soil, soil temperature increases and it has
a stronger tendency than that of air temperature (Zhang et al., 2001; Qian et al., 2011;
Yesilirmak, 2014). At the time of sowing, seedbed temperature and humidity can
stimulate or prolong maize emergence in the top 5cm layer of the soil (Kaspar et al.,
1990). Germination can start at a low soil temperature of 6 °C, but the process is very
slow and the germination force is greatly reduced (Miedema, 1982; Nagy, 2008). If the
soil temperature is below 10 °C, the germinated seed is viable for 14 hours, while it is
viable for 5 hours at -2 °C and for 4 hours at -4 °C (Modi & Asanzi, 2008). The 1 °C
change in soil temperature has a major impact on crop development (Barlow et al., 1977,
Stone et al., 1999). The low temperature of the root zone (9 °C) stops maize growth
(Mozafar et al., 1993), inhibits leaf growth (Thiagarajah & Hunt, 1982), silking (Cutforth
& Shaykewich, 1989; Hayhoe & Dwyer, 1990; Hayhoe et al., 1996) and physiological
maturity (Daynard, 1972; Afuakwa et al., 1984; Cutforth & Shaykewich, 1990; Akman,
2009).

Determining the sowing date for maize is a key element of production technology
and the change of sowing date is necessary in order to adapt to changes (Wang et al.,
2016). However, when determining the optimal sowing date, different conclusions were
reached by researchers, as agronomic experiments carried out in different regions cannot
be reproduced in space and time, as climatic and soil factors differ (Sorensen et al.,
2000). The use of simulation crop production models is of great importance for
environmental stress effects (high temperature, drought stress) in determining the
sowing date of maize, as well as in accurately assessing its growth and development
(Wilkens & Singh, 2001; Huzsvai & Rajkai, 2009; Tao & Zhang, 2010; Fodor, 2012;
Wang et al., 2018).

— Aims of the examination: (1) How exactly can the date of emergence be
modelled with the temperature of the 5 cm deep soil layer? (2) How does sowing date
affect the emergence and silking dates of different maturity maize hybrids? (3) How does
the date of sowing affect the yield of different maturity maize hybrids? (4) What is the
optimal sowing date in the changed climate?
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MATERIALS AND METHODS

Site description

The examinations presented in this study were performed at the Experiment Site of
the University of Debrecen in Hungary (47° 33’ N, 21° 26’ E, 111 m asl), in a moderately
warm and dry production area on calcareous chernozem soil with deep humus layers
formed on loess (Mollisol-Calciustoll or Vermustoll, clayey loam; USDA) in a small
plot long-term polyfactorial field experiment with four replications and a randomised
block design in three years (2011, 2012 and 2013). Plot size was 15 m?.

Weather data

The data collected by the weather station installed on the experiment site were
continuously logged. The obtained values were compared to the means of the 30-year-
long period (1981-2010) (Nagy, 2019).

The effective heat units (HU) were calculated for the entire growing season based
on the following formula:

Heat Unit = (Tmax + Trmin)/2 - Toasis, (1)
where Tmax = daily maximum temperature, Tmin = minimum daily temperature and
Trasis = temperature treshold value needed for development.

In the case of maize, this value is 10 °C (Davidson & Campbell, 1983; Nielsen,
2010).

In order to estimate the potential evapotranspiration (PET), we used the Szasz
(1977) PET estimation algorithm calibrated for Hungarian conditions.

PET = B[0.0095(T - 21)%(1 - R)Y?Rf(v)], 2)
where PET = potential evapotranspiration [mm day™], T = daily mean temperature [°C],
R =relative humidity, f(v) = effect function of wind speed, p = factor for expressing
oasis effect.

The growing season of the experimental period (2011-2013) was characterized by
variable weather conditions (Fig. 1). In 2011, the distribution of precipitation was very
uneven; precipitation in July was the most pronounced (185 mm), which was nearly
three times higher than the average (66 mm) of 30 years (1981-2010). Each month was
significantly above the average with the exception of July (-0.9 °C), thus the average
temperature during the growing season was 0.7 °C higher.

In the 2012 growing season, there was 277 mm of precipitation, which was 20%
below the average. The period between May and July provided sufficient amount of
precipitation. However, during the grain-filling period (August), there was only 4 mm
of precipitation, which was accompanied by high temperatures, 1.7 °C above average.
The average temperature of the growing season was 1.3 °C higher than the 30-year
average.

Precipitation sum of the 2013 growing season was 253 mm, which was 74% of the
30-year average and its distribution was disproportionate. Precipitation was sufficient
from sowing to emergence, but for the remainder of the growing season, water deficiency
was significant. The most critical period was silking, when the difference was 50 mm
from the average. The growing season ended with a significant lack of precipitation
(-93 mm) and was 5.3 °C warmer than the average (17.5 °C). The largest difference was
in August (+7.5 °C).
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While precipitation decreased during the growing season, temperature increased
relative to the 30-year average, in the case of all three years. HU values varied between
1,390 and 1,410 °C, which exceeded both the site-specific and the FAO 300 (1,140 °C)
and FAO 400 (1,250 °C) values (Menyhert, 1985). The growing season of all three years
was characterized by potential water scarcity (375 mm in 2011, 433 mm in 2012 and
434 mm in 2013).
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Figure 1. Precipitation and air temperature changes of the experimental space in the growing
period (Debrecen, 2011-2013).

Soil data

The average pHkcr of the soil is 6.6 (slightly acidic). In the upper (20 cm) layer of
the soil, the Arany’s plasticity index is 39, the total amount of water-soluble salts (anions
and cations) is 0.04%, i.e. salt deficient. The calcareous chalk content is around 0% in
the upper 80 cm of the soil (i.e. chalk deficient), but it is 12% from 100 cm down
(moderately calcareous). The organic matter content in the upper 20 cm layer of the soil
does not exceed 2.3%, while it does not exceed 1.00% at 120 cm depth. The potassium
supply of the soil is appropriate, and its P supply is moderate.

Experimental details

Three sowing dates (SD1, SD2, SD3) were used in the field experiment in the three
examined years. After harvesting the previous crop (winter wheat), 150 kg of N ha™,
65 kg of P,Osha™ and 130 kg of K.O ha™ fertiliser was applied. 50% of the 34%
ammonium nitrate was applied in the autumn and the other 50% was applied in the spring
before seedbed preparation. 100% of phosphorus and potassium were incorporated into
the at a depth of 27 cm with autumn ploughing. Sowing depth was 5 cm. The plant
number was set to 73,000 plants ha™. The same very early- (FAO 290; Mv 255),
early- (FAO 350; Mv 350) and mid-ripening (FAO 420; Mv Koppany) domestic hybrid
maize hybrids were included in the analysis. The harvested grain yield was corrected to
a moisture content of 14%.
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Treatment 2011 2012 2013

SD1 6th April 6th April 4th April
SD2 27th April 19th April 15th April
SD3 10th May 7th May 6th May
Harvesting 26th September 18th September 20th October

Applied analytical methods

Computerised simulation model

A computer simulation model was used to analyse the phenophases of maize. As a
result of a previous university cooperation, we have the source code of the CERES Maize
program (Ritchie et al., 1994). The program — originally written in FORTRAN — was
rewritten into R-language for faster and more flexible running (Huzsvai & Szdke, 2014).
The CERES Maize program simulates emergence as a function of sowing depth.
Furthermore, it assumes that there is so much moisture in the top layer of the soil after
sowing that germination starts the subsequent day. The model determines the heat time
required for emergence using the following formula:

DD =15+ 6 x SD (cm), (3)

where DD = Degree Days and SD = Sowing Depth (cm).

Statistical analysis

To model the 5¢cm soil temperature, real non-linear regression analysis was used.
When selecting the best fitting sinusoidal model, the difference was minimised by a
square sum. The overall form of the sinusoidal model was the following:

ST = a + b X sin (%D:y_c)), (4)

where Jday = Julian day, and a, b, ¢ = regression parameters.
The goodness of fit was characterised by the size of the residual standard error.

The effects of treatments on yield were analysed using a general linear model (GLM)
(Huzsvai & Vincze, 2013). Within the GLM, the evaluation was based on the Repeated
Measurement Model, and the year was taken into account as a repeated factor. Fixed
factors were sowing date and genotype. The significance level was chosen to be 5%.
Comparison of treatment mean values was performed with Duncan’s test (Mendiburu,
2017) to avoid the accumulation of alpha error. Within the homogeneous group, the
obtained yields did not differ from the 5% significance level. Evaluation was performed
with the latest version of R (R Core Team, 2018).

RESULTS AND DISCUSSION

Evaluation of soil and air temperature, 2011-2013

The days of the 2011-2013 period were converted to Julian for days for a
subsequent clear analysis. The first day was January 1, 2011 and the last day was
December 31, 2013, totalling 1,096 days.

The fluctuation of the soil temperature measured at a depth of 5¢cm is much smaller
than the air temperature measured at 2 m above the surface (Fig. 2). However, according
to the law of energy conservation, the average of the two temperatures must be the same
in the long run. In addition, this does not preclude a significant difference in between
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surface and air temperature at a given time. Average temperatures for the three years
were the following:

Average Minimum Maximum
soil temperature at 5 cm depth, °C 11.49 10.49 12.58
air temperature at 2 m above the ground, °C 11.11 5.85 16.31
30
20
o
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&
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Figure 2. Three-year average of daily soil temperature (STmean) and air temperature (AT mean) ON
the experiment site, 2011-2013.

The difference between the average air and soil temperature is only 0.38 °C. The
difference can also be caused by the accuracy of thermometers. Air decreases by an
average of 0.65 °C every 100 meters above the ground (Bartholy et al., 2013), which
means that there is a 0.013 °C difference at a distance of 2 meters. This method also
helps in comparing the accuracy of thermometers. If the thermometers at different depths
detect the same average temperature in the long run, their measurement accuracy can be
considered adequate.

A sinusoidal model was fitted with a real nonlinear regression analysis in order to
examine the 5¢cm deep soil temperature during the examined period (2011-2013).

ST = 113 + 103 x sin (XX U20-11D) (5)

where ST = soil temperature, Jday = Julian day, a, b, ¢ = regression parameters.

The sinusoidal model accurately modelled the soil temperature (Fig. 3) and the
residual standard error was 1.067. With this model, the soil temperature and the useful
temperature for the Ceres Maize emergence algorithm can be produced even if no
measured temperature data is available. Our algorithm can be used between latitudes
+23.45 and + 65.5. Parameters a, b, ¢ must be determined by taking into account the
values of the given location.
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Figure 3. Modeled values of daily soil temperature (STmen) based on three-year-long
(2011-2013) data.

Results of the computer simulation

The original model uses air temperature 2 m above the ground as input data and a
base temperature of 10 °C. Since soil temperature affects emergence must stronger, the
value measured at 5 cm depth was used during the simulation. At a depth of 5 cm, the
soil shows a lower average temperature fluctuation and is cooler than the air temperature
at 2 m height during the growing season; therefore, the best result was obtained with a
base temperature of 6 °C when calculating the useful soil temperature. This temperature
corresponded to a base temperature of 10 °C air temperature.

The goodness of the simulation was evaluated using the Percentage of Predicted
Deviation (%) (PD) index (Table 1). According to Jamieson et al. (1991), based on the
PD value, the result of the simulation is outstanding if PD < 10%, good if PD is between
10-20%, fair if PD is between 20-30% and poor if PD > 30%.

PD = (p - 0)/0 x100, (6)
where PD = Percentage of Predicted Deviation (%), p =predicted value and
0 = observed value.

The measured and simulated days of emergence were close to each other in the case
of early sowing (SD1). However, in the case of late sowing (SD2, SD3), we experienced
a significant difference between 2012 and 2013. The reason for this difference is
germination. The optimal relative humidity of the soil is 70-80%, which is necessary for
germination (Liu et al., 2010). If this value is less or more, germination does not start
and the emergence is delayed (Ma et al., 2012). The original computer model does not
take this factor into account. The solution may be to start the simulation from the actual
time of emergence or to run a high-resolution soil moisture model. However, these
models have little accuracy in the sowing depth.

In practice, sowing it performed at a depth of 6-7 cm in dry soil to make sure that
the seed is planted in a wet layer to facilitate germination. In the Maize model, eachcm
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depth increases the time of emergence by 6 DD. As a result, this period is increased by
one day in the case of early sowing and half day in the case of late sowing (Table 1).

Table 1. Observed and simulated values of the number of days between sowing and emergence
(VE) in the case of different sowing dates, experiment site, 2011-2013

Sb1 SD2 SD3
2011 o P PD (%) O P PD (%) O P PD (%)
FAO290 125 13,0 4.0 1125 100 -11.1 875 80  -86
FAO350 125 130 4.0 1200 100 -167 850 80 59
FAO420 140 13,0 -7.1 1250 100 -200 925 80  -135
2012
FAO290 12.0 140 167 1225 90  -265 120 60  -50.0
FAO350 14.0 140 00 1200 90 250 120 60  -50.0
FAO420 140 140 0.0 1250 9.0  -280 130 60  -53.8
2013
FAO290 90 9.0 00 900 50  -444 650 6.0  -7.7
FAO350 11.0 90  -182 925 50  -459 650 60  -7.7
FAO420 100 90  -100 1050 50  -524 725 60  -17.2

Note. O: Observed value; P: Predicted value; PD: Percentage of Predicted Deviation (%).

To determine the date of R1, the CERES Maize model also uses genetic parameters
in addition to temperature and day length. The latest model uses a trial method to
determine genetic parameters (Table 2). The best results were obtained with the
following values.

FAO 290, very early ripening, P1: 175, P2:0.7

FAO 350, early ripening, P1: 190, P2: 0.5

FAO 420, mid-ripening, P1: 240, P2: 0.1
where P = heat sum needed for the juvenile phase, P2 = photoperiod sensitivity (0.00—
1.00).

Table 2. Observed and simulated values of the number of days between sowing (SD) and silking
(R1) in the case of different sowing dates, experiment site, 2011-2013

2011 SD1 SD2 SD3
0 P PD (%) O P PD (%) O P PD (%)
FAO290 8050 79.0 -1.9 7225 730 10 635 680 7.1
FAO350 8250 820 -0.6 7350 750 20 640 680 63
FAO420 89.75 88.0 -1.9 7525 770 23 650 720 108
2012
FAO290 8275 750 -9.4 7200 660 -83 6000 630 5.0
FAO350 8300 750 -9.6 7175 660 -80 6350 630 -08
FAO420 8750 800 -86 7575 720 -50 6625 650 -1.9
2013
FAO290 695 650 -65 6350 57.0 -10.2 5650 610 8.0
FAO350 740 650 -12.2 6400 57.0 -109 5725 610 6.6
FAO420 760 67.0 -11.8 6675 63.0 -56 5975 640 7.1

Note. O: Observed value; P: Predicted value; PD: Percentage of Predicted Deviation (%).

The date of the R1 phase was perfectly predicted by the model. PD values, with
some exceptions, were below 10%. The number of under- and overestimations was

586



roughly the same. In 2012, the late emergence in the case of SD2 and SD3 did not appear
in the silking period. A similar pattern was observed in 2013 in the case of SD2, although
the silking of maize occurred 10% later than the model predicted. The difference
between the hybrids in terms of ripening can be well observed during the silking period.
In the case of early sowing (SD1), the difference is more pronounced, while it is more
moderate in the case of late sowing (SD2, SD3) decreases. The reason for this
phenomenon is the heat time calculated in degree days, which accumulates faster in the
case late sowing due to higher temperatures. Differences in ripening period can be
detected at low temperatures.

The effect of sowing date on yield and determining the optimal sowing date
Based on the results of the variance analysis, years (P < 0.001) and genotype
(P < 0.001) had a significant effect on yield, averaged over the three examined years.
Among the examined factors, year had
the most significant modifying effect Table 3. Analysis of variance of maize sowing

based on the MS value. Environmental date (SD), ripenir}g period (FAO number) and
factors affected the yield of all three ~ he years of experiment (), 2011-2013

FAO hybrids to a 0.1% extent, while ANOVA Hybrid

sowing date only modified the yield of FAO FAO FAO

the FAO 200 hybrid (P < 0.001), while 290 350 420
there was no significant effect in the sgx?vrirSg zjate (SD) wx s ns

case of the FAO 350 and FAO 420 Y x SD Kkk  kk Rk
hybrids (Table3). There was a Year

significant difference between yields 2011 2012 2013 Average
quantified for each crop year, averaged Year (Y) *xx

over the different treatments. The yield Sowing date (SD)***  *** s s
difference in all three years was Genotype (G) ~ *** Rk kkx sk

significant at the level of 0.1%. The Y xSD ek
biggest difference was observed YxG e
between 2011 and 2013 (2.537 t ha™®). SDXG ns ns e oo

The average vyield of hybrids in Y XSDXG o
2011 proved to be successful at the ggﬁ:ﬁca::*': =0.001%; **P=0.01%; ns=not

SD3 sowing date (12.837 t ha™), from
which the SD2 was not significantly
different with its 502 kg ha™* lower yield. In this year, we could not verify Kucharik's
(2008) conclusion that early sowing contributes to higher yields, as the yield of SD1 was
significantly less than that of SD2 (10.209 t ha; P <0.05) and SD3 (12.837 tha™;
P <0.001). The examined hybrids achieved their highest average performance
(13.335 t ha®) with the sowing date of SD1 in 2012, with a yield surplus of 1.002 t ha™*
(P < 0.05) compared to SD2 and 1.048 t ha™ (P < 0.05) compared to SD3. In accordance
with the findings of Long et al. (2017), delayed sowing resulted in decreased yield. There
was no significant difference between the yields of the two late sowing dates (SD2 and
SD3). In 2013, the different sowing dates did not affect average yield (Table 4).

The yield of maize hybrids was not significantly altered by the sowing date in every
year. In 2011, there was a clear difference in the case of SD1 (9.185 t ha) and SD3
(11.7454 t ha*) concerning the FAO 290 maize hybrid. In 2012, SD1 resulted in a 9%
yield increase compared to SD2 (P < 0.05) and SD3 (P < 0.05). The difference between
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the yield of SD2 and SD3 is not significant. The higher yield of 2013 can be linked to
SD3 (15.095t ha™). The rate of yield increase was 41% (P < 0.05) for SD1 and
30% (P < 0.05) for SD2. In 2011 and 2013, the FAO 350 hybrid showed no significant

difference between the yields of the
three sowing dates. In 2012, SD1 Table 4. The effect of sowing date (SD) on the

proved to be the best (12.928 t ha™), yield of maize hybrids on the experiment site
resulting in an 11.1% increase in yield between 2011 aer 2_013
compared to SD3 (1.293tha’; Sowing  Grain yield (t ha™)

P < 0.05). In the case of the FAO 420 ~ date 2011 2012 2013
hybrid, the delay in sowing increased ~ SD1 10.209a  13.335c  14.409
the yield in 2011 (P < 0.05), but there ~ SD2 12.331b  12333b  14.346a

was no significant difference between ~ S23 128370 12287a  14.231a

SD2 and SD3. In 2012, the yield of Note: Based on the Duncan’s test, yields indicated
o ' with different letter significantly differ from each

SD1 (14.005tha™) was the mOSt  gier at the significance level of P < 0.05s.

successful, with no significant decrease

in in the case of SD2 and SD3. In 2013, the highest yield was achieved as a result of SD1

(15.160 t ha®) and subsequent sowing dates resulted in a decreasing trend. However, the

only significant difference was the 17% decrease between SD1 and SD3 (P < 0.05) (Fig. 4).

grain yiled, t ha!
18

osSD1 msSD2 msD3 &
16 b a 1B
b a
14 b
b b ab A a
12 b aa
ab & a 4
10 24 —
8 4
6 4
4
2 pa
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2011 2012 2013 2011 2012 2013 2011 2012 2013
FAO 290 FAO 350 FAO 420

Figure 4. The effect of sowing date (SD) and the years of experiment on the yield of maize
hybrids of different FAO numbers on the experiment site between 2011-2013.

Legend: Data marked with the same letter do not significantly differ from each other on the basis of the
Duncan’s test.

In 2011, SD1 caused no significant difference between the yields of different
genotypes. In the case of SD2, there was a significant difference between FAO 420 and
FAO 290 hybrids (P < 0.01), and the FAO 420 hybrid had a 34% higher yield. In the
case of SD3, the FAO 420 hybrid was more favourable resulting in 2.204 t ha
(P < 0.001) higher yield compared to the FAO 290 hybrid and 2.444 t ha™ (P < 0.001)
higher yield than that of the FAO 350 hybrid. There was no significant difference in the
yield of the FAO 290 and FAO 350 hybrids.
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In 2012, there was a significant difference in the case of SD1 (P < 0.05) and SD3
(P < 0.05) between the FAO 420 and FAO 290 hybrids, and in the case of SD2 between
FAO 350 and FAO 290 hybrids (P < 0.05).

In 2013, there was a significant yield difference between FAO 290 and FAO 350
in the case of SD1 (P < 0.001) and SD2 (P < 0.01). FAO 290 and FAQ 420 hybrids differed
from each other by 0.1% in the case of all three sowing dates. In the case of SD3, the
FAO 420 hybrid had a significant yield surplus of 2.166 t ha™ (P < 0.001) compared to
the FAO 290 hybrid, and 3.044 t ha™* (P < 0.001) compared to the FAO 350 hybrid.

DISCUSSION

Due to the thermal insulation of the soil, the temperature at 5 cm depth is always
colder during the growing season than the surface or air temperature. Computer
simulation models, such as the CERES Maize model, take into account the temperature
of the air measured at a height of 2 m above the surface and provide the base temperature
in relation to the air temperature. In the case of maize, this value is 8-10 °C. At the time
of germination and emergence, computer simulation models use higher base
temperatures. After emergence, lower base temperatures are used. When calibrating the
model - based on our measurement results -, if the useful temperature is calculated based
on the temperature measured at a depth of 5 cm, then the resulting base temperature is
6 °C. This method resulted in the most accurate estimate of the VEgmergence date. If we
the sowing depth temperature is known, maize emergence can be perfectly modelled, as
long as the base temperature is reduced to 6 °C.

In the CERES Maize model, the heat time required for emergence is independent
of the ripening period of the given hybrid and its other genetic characteristics. The
amount of heat required for the sprout to appear on the surface of the soil depends solely
on the depth of sowing. Our experimental data confirmed this concept, and, regardless
of the examined hybrid, VEgmergence Values were the same. The wrong estimation of the
simulation model, when the PD value increased to around 50%, was caused by prolonged
germination.

With today's modern computer models, the date of the R1 phase can be precisely
predicted and, according to our data, apart from some cases, the PD values are below
10%. However, it should be noted that, as a result of determining the value of PD, the
obtained percentages may even be a bit misleading as a seven-day delay results in a PD
of 10% at the time of silking, while the same value results in a PD of 50% at the time of
emergence.

According to the results of the repeated measures ANOVA, averaged over the three
examined years, the years and genotype main effect was significant in relation to yield.
Of these factors, the effect of year on yield was the most significant based on the MS
value. Sowing date did not give a clear result. Several authors (Russelle et al., 1987;
Berzsenyi & Lap, 2008; Shrestha et al., 2016) achieved high yields with early sowing
(first decade of April), while others reported outstanding yields with sowing taking place
in the third decade of April (Johnson & Mulvaney, 1980; Berzsenyi & Lap, 2001;
Videnovi¢ et al., 2011), and Fut6 & Sarvari, (2003), El Hallof & Sarvari (2004) obtained
higher yields with late sowing (first and second decades of May). Based on the obtained
results, neither of these findings can be confirmed, but it can be concluded with the
authors (Bruns, 2003; Futdé & Sérvari, 2003; Berzsenyi & Lap, 2008) that the climatic
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changes of the examined years have a great influence on determining the proper sowing
date. Based on the sowing date*genotype interaction, sowing date had a significant effect
only on the very early ripening hybrid (FAO 290). In the case of this hybrid, late sowing
resulted in higher yields. As regards the FAO 350 and FAO 420 hybrids, sowing date
had no clear effect on yield, as they produced high yields in the case of all three SDs.

In conformity with the conclusions of Nagy (2012), Pep6 (2012) and Széles et al.
(2018), the climatic conditions of the different years affected yield to varying degrees.
The biggest difference was observed between 2011 and 2013 (2.537 t ha™).

In the three examined years, SD affected maize yield differently. In 2011, SD2 and
SD3 resulted in higher yields. In 2012, SD1 resulted in the highest yield, while in there
was no difference in 2013.

In all three years, the very early ripening hybrid (FAO 290) had the lowest yield.
In 2011 and 2012, the highest yield was provided by the mid-ripening hybrid (FAO 420).
In 2013, the early ripening hybrid (FAO 350) resulted in the highest yield. The length of
the ripening period clearly bears the potential for higher yields.

During the examined period, the smallest yield fluctuation was observed in the case
of the mid-ripening hybrid (FAO 420), CV =6.5%. However, the highest yield
fluctuations were shown by the early ripening hybrid (FAO 350), CV = 18.4%. The yield
fluctuation of the very early ripening hybrid (FAO 290) could be place between the two
other hybrids, CV = 9.3%. According to the obtained findings, growing mid-ripening
hybrids reduces the risk of production and these hybrids are not sensitive to sowing date
either.

CONCLUSIONS

If emergence is modelled with computer simulation and the 5 cm deep soil
temperature is used, a base temperature of 6 °C should be used to calculate HU, which
provides the best result.

The negative effect of delayed emergence was not detectable in crop yields. The
very early ripening hybrid (FAO 290) had the lowest yield and it responded sensitively
to sowing date and high yields were provided only in the case of late sowing. Yield
fluctuation was also higher than that of early-ripening (FAO 350) and mid-ripening
(FAO 420) hybrids.

Under the changed climatic conditions, the mid-ripening hybrid (FAO 420)
provided the highest yield, the lowest yield fluctuation, and it was not sensitive to sowing
date. When these hybrids are grown, one does not have to stick to a specific sowing date,
but they can be sown from April 4th to May 10th. This is very advantageous in
production, as there is enough time to wait for good soil moisture conditions and to
ensure a quick and even emergence.

The obtained findings help farmers in making grounded decisions to obtain high
and stable yield under the changed climatic circumstances.
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Abstract. Purple nutsedge (Cyperus rotundus L.) is globally an important perennial weed.
Infestations from this species lead to significant losses in yield and quality of crop production. A
field study was conducted at Kopaida region in Greece, to evaluate the efficacy of different
herbicides for the weed management in soybean. The evaluation of the herbicides was based on
the efficacy against purple nutsedge and the effect on soybean biomass production and crop seed
yield. Treatments included an untreated control, two pre-emergence applications (with
S-metolachlor and pendimethalin), as well as three post-emergence applications (with
trifloxysulfuron, bentazone and pyrithiobac sodium). A single application of S-metolachlor
maintained the density of purple nutsedge at 15 plants per m? in soybean and allowed the crop to
compete adequately with the weed. S-metolachlor also resulted in a seed yield of 3.26 tn ha, a
value 52% higher than the untreated control and 38-45% higher than the other herbicides. The
results from this study demonstrated that a combination of high seed density in soybean and
effective application of herbicides like S-metolachlor can lead to economically acceptable yields.

Key words: field crops, weed management, purple nutsedge, herbicides, yield.
INTRODUCTION

Substantial crop yield and economic losses can occur if weeds are not adequately
controlled (Auskalniené & Auskalnis, 2006; Pacanoski & Mehmeti, 2019). Cyperus
rotundus (purple nutsedge) is a perennial, noxious weed worldwide which poses a major
threat for many important crops (Lawal & Oyedeji, 2009; Singh et al., 2010). It is often
referred as one of the worst and most problematic weeds globally (Brecke et al., 2005).
The propagation and spreading of purple nutsedge is carried out mainly by tubers, while
this species has an extended subterranean network of creeping rhizomes (Bryson et al.,
2003; Webster et al., 2008). The underground propagules (tubers) have varying levels of
dormancy and can resprout producing multiple plants even within the same cultivation
period. This trait often makes this weed noxious and tolerant to several conventional
control methods which mostly aim on aboveground biomass of purple nutsedge, such as
chemical control and mechanical means (Tuor & Froud-Williams, 2002; Bryson et al.,
2003; Igbal et al., 2019; Travlos et al., 2009). Purple nutsedge can be acclimatized
efficiently in a broad spectrum of environments and growing conditions showing
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significant tolerance in high temperatures, drought and inadequate light exposure (Tuor
& Froud-Williams, 2002; Brecke et al., 2005). It competes strongly with several
cultivated crops, such as cotton, maize and soybean (Tuor & Froud-Williams, 2002; Das
et al., 2014). This capability makes this species a serious threat for the crop yields,
resulting to severe yield losses and increasing the production costs (Tuor & Froud-
Williams, 2002; Igbal et al., 2019).

Soybean (Glycine max (L.) Merr.), one of the most important legumes (Degola &
Jonkus, 2018; Degola et al., 2019), is a species with a slow initial growth and relatively
poor competition with weeds (Das et al., 2014; Datta et al., 2017). Especially in the first
growth stages of soybean, the interference with weeds can result in great yield losses
(Datta et al., 2017). The timing and the extent of the canopy coverage of the soybean is
an important parameter for the interference with weeds, because extensive leaf surface
of the canopy doesn’t allow solar radiation to reach soil surface and be utilized by the
quite competitive purple nutsedge (Tuor & Froud-Williams, 2002). The competition of
purple nutsedge with soybean extends up to crop seed maturity and is usually associated
with poor control achieved with conventional herbicide application (Das et al., 2014).
By the use of practices like narrowed rows, the soybean gains advantage over annual and
perennial weeds because the canopy formation is enhanced and leads to earlier canopy
closure, reducing the light capturing ability of weeds (Norsworthy, 2004). This trait is
often combined currently with an increase in plant density, which along with narrow row
spacing improves crop competitiveness (Datta et al., 2017). Due to the fact that they are
based on active ingredients with different MOAs than post-emergence herbicides, pre-
emergent herbicides reduce selection pressure on subsequent post-emergent herbicide
applications and remove much of the early season weed competition for crops (Travlos
et al., 2014; Gage et al., 2019; Pacanoski & Mehmeti, 2019).

During the last years and especially since several herbicides are no longer registered
in a EU level, there have been many reports that many weeds have become extremely
difficult to control with several herbicides and often herbicide resistant (Travlos &
Chachalis, 2010; 2012). In addition to this, there is a global lack of selective herbicides
that control weeds like purple nutsedge (Kumar et al., 2012). Consequently, a limited
number of active ingredients is used in many countries, leading often in overreliance to
them and loss of efficacy (Burke et al., 2008). The soil applied herbicide S-metolachlor
is a typical example which is used by farmers against nutsedges (Boyd & Dittmar, 2018).
There are also some post emergence herbicides such as trifloxysulfuron and pyrithiobac
sodium which are recommended against purple nutsedge (Gannon et al., 2012; Banerjee
et al., 2018). The objectives of this study were to evaluate the efficacy of several pre-
and post-emergence herbicides against purple nutsedge in a high infested field and their
effect on the productivity of soybean in terms of biomass and seed yield.

MATERIAL AND METHODS

Description of the Study Site

A field study was conducted in the experimental field of Agricultural University of
Athens in Kopaida region in Greece (Latitude: 38°23'33.0 N, Longitude: 23°06'08.8 E,
Altitude: 94 m above sea level) from May until September 2019. The soil was a clay
loam with high organic matter. Weather data (mean monthly temperature and
precipitation) during the growing period were obtained from the weather station of
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National Observatory of Athens in Kopaida and can be shown in Fig. 1. This field had
been cultivated for several years only with cotton with complete absence of rotation
crops. Purple nutsedge densities in this field were usually high (over 40-50 plants m?)
indicating that it was a high infested area. The control of purple nutsedge and other
perennial weeds, such as Sorghum halepense which also occurred in the experimental
field during the previous years, was conducted traditionally with hand-weeding, a
practice that is still followed.
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Figure 1. Weather data (mean monthly temperature and total month precipitation) during the
growing period in the experimental area.

Treatments and Experimental Design

This study was carried out to evaluate different sole applications of chemical
herbicides for the control of purple nutsedge in soybean. Soybean was seeded at 800,000
seed ha™, in a row configuration of 25 cm with a desired plant density of around 60—
70 plants m?, with 5 cm distance between the seeds in the row and a 3-cm seed depth.
The soil was tilled and harrowed prior soybean sowing, which was conducted on 19 May
2019. The experimental field was fertilized with a conventional 20-20-20 fertilizer the
same day with the field cultivation. The plants were irrigated regularly almost every 2
weeks until 10 August, which was the last irrigation for soybean. After that, the plants
followed the physiological maturity
and the harvest conducted at 15 Table 1. The treatments and application rates of the

September. tested herbicides. PRE: Pre-gmergence application,
The treatments included a) a POST: Post-emergence application

non-treated control, two treatments Treatment Active Dose, Application

with pre-emergence applications with ingredient gai. ha’

b) S-metolachlor or c) pendimethalin, 1 - - Untreated

as well as three post-emergence ) s-metolachlor  1.248 (F:,cl’.\':érOI

applications with d) trifloxysulfuron, 3 pendimethalin 1980 PRE

e) bentazone or f) pyrithiobac 4 trifloxysulfuron 15 POST

sodium. Trifloxysulfuron, bentazone 5 bentazone 1440  POST

and pyrithiobac sodium were applied 6 pyrithiobac 68.9 POST

at 26 days after sowing (DAS). The sodium
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untreated control was left without any herbicide application throughout the entire growing
season. The plots were sprayed using a custom-built, compressed-air, low-pressure
flat-fan nozzle experimental sprayer, calibrated to deliver 300 L ha™ at 250 kPa. The
treatments can be found in Table 1 and were replicated four times in a complete block
design. The size of each plot was 1.25 m x 3.30 m. The plots were arranged in the field in
a completely randomized block design.

The measurements were carried out from 14 days after treatment (DAT) and at week
intervals until harvest and included: (1) density of purple nutsedge, (2) dry weight of purple
nutsedge and (3) dry weight of soybean. Soybean yield was also recorded at harvest, at
119 days after sowing (DAS). Concerning the plant density records, a custom-built quadrat
of an area of 1 m? was used across the weekly measurements. The quadrat was deposited
in specific area inside each plot and this process was repeated twice in each plot.

Data Analysis

The experimental data were analysed using the STATGRAPHICS Centurion XVII
Version statistical software (Statpoint Technologies Inc., The Plains, VA, USA). All data
were subjected to multiple ANOVA. Treatment and replication effects were tested along
with all possible interactions. Treatment means were separated using Fisher’s protected
LSD test at P < 0.05.

RESULTS AND DISCUSSION

Our findings have shown that the application of herbicides like S-metolachlor and
bentazone maintained an average density of about 15 plants m? at 14 DAT (Fig. 2). This
density is significantly lower (P < 0.05) than the corresponding values for the untreated
plots and the plots treated with pendimethalin.
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Figure 2. Purple nutsedge density two weeks after the post-emergence herbicide applications
(14 DAT). Vertical bars denote the standard errors of the means.

The biomass of purple nutsedge also confirmed that the treatments with

S-metolachlor was the most effective one for the control of this noxious weed (Fig. 3),
partially due to the suppression of its regrowth and the lower density described above.
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Figure 3. Purple nutsedge dry weight two weeks after the post-emergence herbicide applications
(14 DAT). Vertical bars denote the standard errors of the means.

The dry weight measurements of soybean at 60 DAS (Fig. 4) showed that the
growth was significantly higher in the treatment where S-metolachlor was applied
(P < 0.05). This pattern was repeated until harvest date (data not shown), showing 2-3-
fold higher growth of S-metolachlor than the other treatments and a significantly lower
productivity in the cases of untreated plots and the plots treated with pendimethalin.
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Figure 4. Soybean biomass for the several treatments at 60 days after sowing (60 DAS) or
34 days after the post-emergence herbicide applications (34 DAT). Vertical bars denote the
standard errors of the means.

In Fig. 5, it is shown that seed yield of soybean treated with S-metolachlor was
3.26 tn ha™’. This yield was 52% higher than the untreated plots and 38—45% higher than
the other herbicides. This significantly higher yield can be attributed to the effective
control of purple nutsedge observed during the growing period, which ensured a better
soybean growth and a higher productivity. Our findings regarding the low yield in the
untreated plots are in full agreement with Datta et al. (2017), who showed that weed
competition especially in the first growth stages of soybean can result in great yield
losses.
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standard errors of the means.

S-metolachor proved to be a very effective herbicide against purple nutsedge, a
finding previously reported by Norsworthy (2004) and Brecke et al. (2005). A pre-
emergent application with S-metolachlor at a rate of 1,248 g a.i. ha™ resulted in high
soybean seed yield and provided a long-term control of purple nutsedge. The competition
with nutsedge for water and nutrients was low in the crucial growth stages of flowering
and pod-filling and consequently yield was high, in agreement with the findings of the
study conducted by Wei et al. (2018). On the contrary, weed management programs in
soybean which depend only on pendimethalin pre-emergence applications can’t always
eliminate the weed interference in crop, leading to low yields (Yadav et al., 2017). The
same authors found that a single application of pendimethalin pre-emergence in soybean
resulted in a seed yield of 1.7 tn ha*, a value comparable with the one found in our study.
Therefore, several researchers suggested the combination of pendimethalin with hand-
weeding in order to achieve high soybean yield (Rajput & Kushwah, 2004). Furthermore,
mixtures can also give a solution, with the application of pendimethalin in a mixture with
imazethapyr resulting in soybean seed yield higher than 2.5 tn ha® (Das & Das, 2018).

Our findings also revealed that the post-emergence herbicides trifloxysulfuron and
pyrithiobac sodium were of intermediate efficacy when they were applied alone and
didn’t give a clear advantage to soybean. Kaur et al. (2019) stated that pyrithiobac
sodium needs to be combined with other chemical or cultural methods in order to show
significant results against purple nutsedge, which is in full agreement with our findings.
Concerning trifloxysulfuron, this active ingredient acted better when it was tank-mixed
with other herbicides against purple nutsedge (Gannon et al., 2012; Boyd & Dittmar,
2018). The integrated management of purple nutsedge should also focus on tuber
viability (Brecke et al., 2005; Webster et al., 2008) and the regrowth. All the above show
that competition among perennial weeds and cultivated plants should be assessed in a
long-term basis and introduction of new active ingredients, novel tank mixes and
adoption of integrated weed management approaches are of major importance.
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CONCLUSION

In summary, a single application of S-metolachlor resulted in soybean seed yield
of 3.26tnha', a value significantly higher than the average yield in Greece
(approximately 2.5 tn ha™*). The adequate control of purple nutsedge during the crucial
first crop growth stages allowed a better growth of soybean and a canopy closure that
also suppressed the weed and resulted in high biomass and seed production for the crop.
In all cases, integrated weed management (IWM) strategies need to be adopted.
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Abstract. Large-scale cultivation of contamination free plants requires a good standardization
protocol and production methods. Basil is widely used for cosmetics, food and pharmaceutical
industries as it is rich in many bioactive compounds. This present study aimed to evaluate the
growth and in vitro anatomical aspects of apical buds of basil grown under
different concentrations rowth regulators like: NAA (Naphthalenoacetic Acid), BAP
(6-benzylaminopurine), and KIN (Kinetin). The in vitro establishment was evaluated every 20
days to calculate the, the percentage of plants with calluses, appearance of the roots, any abnormal
seedlings, any oxidized seedlings, and the number of sprouts per plant. Growth, physiological,
and morpho-anatomical evaluations were performed at 80 days. Basal callogenesis was observed
when cytokinin’s and auxins are used in combination. Auxin treatments caused hyperhydricity in
the stems and leaves. Medium A2 (0.05mgL? of NAA and 0.1 mg L' of BAP), and A3
(0.05 mg L of NAA and 0.1 mg L of KIN) resulted in the best development of basil plants,
cultivar ‘Alfavaca Green’. The A2 produced plants with greater numbers of leaves, an average
bud length of 59.81 mm, and the best root properties. A2 and Al have a higher percentage of
hyperhydricity (83 and 67%). The A3 resulted in an acceptable number of leaves (range: 21-39),
and this treatment produced the best shoot properties as well as fewer plants with hyperhydricity.
In addition, the A3 treatment produced plants with a shoot length, high shoot fresh and dry mass
(2.82 and 0.23 g), high chlorophyll index and leaf anatomy that was similar to the control.
Excluding the control, the other treatments presented more than 90% of the explants with calluses
in their bases.

Key words: callus, hyperhydricity, Lamiaceae, morphological processes, leaf tissues.
INTRODUCTION

The Lamiaceae family are valued for the pharmaceutical properties of their
biologically active components and for their use as culinary seasonings (Makri &
Kintzios, 2008; Carovi¢-Stanko et al., 2010; Taie et al., 2010; Vieira et al., 2014). Basil
(Ocimum basilicum L.) is a rich source of natural compounds such as monoterpenes,
sesquiterpenes, phenylpropanoids, anthocyanins, and phenolic acids (Monfort et al.,
2018; Trettel et al., 2018a).

The application of plant tissue culture techniques to medicinal plants improves
phytopharmaceutical production and can increase plant biomass (Morais et al., 2012;
Miralpeix, 2013). One of the advantages of in vitro culture is that growing conditions
can be controlled (Vanisree et al., 2004). This enhances the predictability of production,
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allows for rapid and efficient isolation of target compost, and improves the health and
quality of the seedlings produced (Ahsan et al., 2013; Gongalves & Romano, 2013).
Thus, to establish a protocol, it is necessary to specify the basic requirements of the
species or cultivar. In addition to the commonly used nutrients and sucrose in culture
media, growth regulators are also essential for plant growth (George et al., 2008; Senhaji
et al., 2019). Regulators are compounds similar to natural hormones that act on plant
development through altering plant metabolism (Small & Degenhardt, 2018). The most
commonly used regulators belong to the auxin and cytokine groups. Auxins mainly
promote cell stretching and root formation (Perrot-Rechenmann 2010), whereas
cytokines neutralize the auxins that cause apical dominance and promote cell
multiplication and lateral growth of the plant (Perilli et al., 2010).

There is also a lack of information on how growth regulators influence the
formation and differentiation of tissues in basil, especially leaf tissues (Trettel et al.,
2019). The genus Ocimum is composed of 50-60 species (Makri & Kintzios, 2008) and
has several cultivars, making it necessary to establish the concentrations and types of
regulators needed for each cultivar (Monfort et al., 2018). Research has revealed that
different regulators can impact organogenesis in various cultivars. For example, partial
changes in leaf architecture and reductions in palisade and spongy parenchyma thickness
were observed in O. basilicum ‘Genovese’ when 0.4 mg L™ of BAP and 0.2 mg L™ of
NAA were applied simultaneously (Trettel et al., 2019).

Thus, it can be expected that combining growth regulators will influence the
morphoanatomical characteristics of the leaves (Rout et al., 2000), and will particularly
affect palisade and spongy parenchyma thickness (Stefanova et al., 2011). Thus,
anatomical studies allow us to assess the normality of the tissues and to identify
treatments with a higher likelihood of success, for example, treatments that produce
plants with thicker cuticles, epidermises, and leaf limbs (Kumar & Rao, 2012). Given
the above-mentioned facts, the present study aimed to evaluate the effects of
different concentrations of auxin (naphthaleneacetic acid - NAA) and cytokine
(6-benzylaminopurine - BAP, and kinetin - KIN) growth regulators on the in vitro
establishment and leaf morphoanatomy of Ocimum basilicum L. ‘Alfavaca Green’.

MATERIALS AND METHODS

Obtention of propagative material

The research was carried out at the Laboratory of Plant Tissue Culture at the
Universidade Paranaense - UNIPAR. Seeds were used as initial propagating material.
The cultivar used in this study was ‘Alfavaca Green’ (Feltrin®, Farroupilha, Brazil), and
the batch number was 0061401530016050. Before the start of the experiment, seeds
were immersed in distilled water and were oxygenated for 2 hours before being
disinfected in a laminar flow cabinet. Seeds were immersed in 70% ethyl alcohol for
2 minutes, then transferred to 2% sodium hypochlorite solution and stirred for
15 minutes. Subsequently, four successive washes were performed with deionized and
autoclaved water.

After the disinfection process, groups of four seeds were inoculated into flasks
containing 50 mL of culture medium. The MS medium (Murashige & Skoog, 1962) was
used at its full strength, and was supplemented with 30 g L™* sucrose and 6.5 g L™ agar.
The pH was adjusted to 5.8. After the medium was prepared, flasks were autoclaved for
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20 minutes at 120 °C. After seeds were inoculated, the flasks were kept in a growth
chamber at 25 + 2 °C with a light intensity of 72.0 umol m™2s™!, which was maintained
using LED lamps (Blumenau® Porto Alegre, Brazil; LED T8 10W 6.000K, 100-240 V,
-50/60 Hz, power factor: > 0.92; High PF). The plants were kept in the growth chamber
for 80 days under a 24 h d* photoperiod.

Implementation and establishment in vitro

Seedlings free of abnormalities and oxidation were selected, and stem apexes
of approximately 1.5 cm with two buds were obtained. The baseline medium used for all
treatments consisted of full-strength
MS medium supplemented with Table 1. Treatments used to growth of Ocimum
30.0 g L™ sucrose and 6.5 g L™ agar; basilicum ‘Alfavaca Green’ with different growth
the pH of the medium was adjusted regulators NAA (Naphthaleneacetic acid) BAP
to 5.8, Combinations of NAA (6-benzylaminopurine) and KIN (Kinetin)

(Naphthalene_zacetic_ Acid), BAP Treatments NAA . BAP KIN
(6-benzylaminopurine), and KIN (mg L™)
Al 0.0 0.0 0.0

(Kinetin; Sigma Aldrich® Hamburg,

Germany) growth regulators were ﬁé 882 83 82
added according to Table 1. A4 02 0.4 00

Regulator concentrations in the A5 0.2 0.0 0.4
treatments were based on those A6 1.0 2.0 0.0
suggested by Stefanova et al. (2011), A7 1.0 0.0 2.0
in addition to on tests previously A8 0.5 0.0 1.0
performed. Fifty milliliters of culture A9 0.2 5.0 0.0

medium was added to each 350 mL
flask. One apex was inoculated per flask; then flasks were kept in a growth chamber for
80 days under the conditions previously cited.

Evaluation during in vitro establishment

Two evaluations were performed during in vitro cultivation. The first evaluation
was performed 20 days after explant inoculation and the second at 40 days post-
inoculation. In these evaluations, the percentage of plants with calluses, the appearance
of the roots, and any abnormal or oxidized seedlings were recorded. Evaluations were
performed in six replications, with five flasks per replication.

Physiological and growth evaluation

Number of leaves (NL), sprout length (SPL), root length (RTL), sprout fresh mass
(SFM), root fresh mass (RFM), callus fresh mass (CFM), sprout dry mass (SDM), root
dry mass (RDM), callus dry mass (CDM), and chlorophyll index (CLI) were analyzed
after 80 days. Any hyperhydricity or adventitious roots were also recorded. The
measurements were obtained with a digital caliper, and the samples were kept in an oven
at 65 °C for three days before being weighed on a precision scale to obtain the dry mass.
Total chlorophyll index was determined based on the middle third of the plants, and a
Chlorophyll meter ClorofiLOG® CFL 1030 was used to obtain these measurements,
according to the manufacturer's instructions (Falker® Porto Alegre, Brazil).

605



Anatomical and morphometric evaluation of the leaves

After 80 days, three replicates from each treatment were selected for anatomical
evaluation. The leaves were fixed in formalin solution, acetic acid, and ethyl alcohol
(FAA50) for 24 hours and were stored in 70% alcohol. They were subsequently dehydrated
in succession with butyl (50%, 70%, 85%, 95%, and 100%) according to the methodology
of Johansen (1940), and were then incorporated into paraplast (Kraus & Arduim, 1997).

The region from the petiole to the midpoint of the leaf limb was chosen for cutting.
Cross-sections of 10 um in thickness were obtained using the Leica (RM2125 RT) hand
rotating microtome (Biosystems® Wetzlar, Germany). Afterwards, sections were
transferred to glass slides and were deparaffinized. They were then dehydrated in a
decreasing ethanol series (90%, 80%, 70%, and 50%) before being stained in a mixture
of astrablue and safranin (9:1 v/v) (Bukatsch, 1972) modified to a concentration of 0.5%,
according to the methodology of Antoniazzi et al., (2016). Sections were then washed in
water and were again passed through an increasing ethanol series (50%, 70%, 80%, and
90%). Glass varnish was used for coverslip fixation (Paiva, 2006).

Photographs were taken at 40x magnification under a microscope (Olympus
BX-60® Tokyo, Japan) with a camera attached. Motic Images Plus 3.0 software was used
for anatomical evaluations (Motic, 2016). The measurements were taken from each
photo: adaxial epidermis (AE), palisade parenchyma (PP), spongy parenchyma (SP),
abaxial epidermis (XE), and the distance between the inferior and superior epidermis
(EE). The thickness of these regions was obtained in three different images and from
each tissue ten measurements were taken.

Experimental design and statistical analyses

The experiment was carried out with a completely randomized design to produce
nine treatments, six replications, and five flasks per replication containing one stem apex
each. Callus formation, appearance of the roots, and any abnormal or oxidized seedlings
were recorded at two evaluation times (at 20 and 40 days) in a 2x9 factorial scheme, and
nine treatments were evaluated. Leaf growth, physiological data, and morphometric data
obtained in the final evaluation were submitted to analysis of variance One-way (p < 0.05)
and were compared using Tukey tests (p < 0.05) on Sisvar 5.6 software (Ferreira, 2011).

The data obtained for the presence and absence of hyperhydricity and adventitious
roots were noted down as binary annotations. The number 1 signified the presence of the
characteristic and 0 signified its absence. Data were converted to a dissimilarity index
using the Jaccard Tanimoto formula, and data were transformed to d = (1-r)x100 with
100 replicates using the http://genomes.urv.cat/UPGMA/ platform. Data were exported
to the Statistica 13.3 software (Statsoft, 2017), and the hierarchical clustering technique
was used to interconnect the samples by associations. The software generated a
dendrogram within which similar samples were grouped (Moita Neto & Moita 1998).
Euclidean distance was used to measure the similarity between the centroids of each
isolate, and Ward's method was adopted for grouping. The results of the analysis are
presented in graphic form (dendrogram).
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RESULTS

Evaluation during in vitro establishment

The control treatment had the lowest percentage of plants with calluses during the
whole period of in vitro establishment. During the second evaluation period, plants
subjected to experimental treatments showed callus formation, and the percentage of
plants with calluses ranged from 96.67 to 100% (Fig. 1). Although calluses were present
in all treatments, this did not limit seedling growth. Sprouting occurred first, and was
then followed by root growth. Approximately 17.90% of cultivated seedlings took root
within the first 20 days. Between the first and second evaluation periods, there was a
15.89% increase in seedling rooting (Fig. 1).
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Figure 1. Percentage of abnormal and oxidized seedlings, and formation of callus and roots, at
20 and 40 days after in vitro establishment of the stem apexes of Ocimum basilicum ‘Alfavaca
Green’.

*Tukey test (p <0.05) Equal letters do not differ from each other. Uppercase letters compare the same
treatment between evaluation times. Lowercase letters compare the different treatments within the same
evaluation time.

Regarding the presence of abnormal plants, it was observed that 77.68% of the
seedlings showed abnormalities at 40 days post-inoculation. There were no significant
differences (p <0.05) in this trait among treatments or between the evaluation times.
However, 90 and 100% of the seedlings were abnormal under the Al and A4 treatments,
respectively (Fig. 1). Among the visualized characteristics, the most common
abnormalities were hyperhydricity, adventitious roots, and twisted sickle-shaped leaves
(Fig. 2).

Oxidation was higher at 40 days than at 20 days post-inoculation; treatments A2
and A7 had the highest and lowest percentages of oxidation at 63.33% and 6.67%,
respectively (Fig. 1). On average, the experimental treatments generated low shoot
formation per seedling compared to the control, with an average of 0.61 shoots per plant
at 20 days, and 0.84 shoots per plant at 40 days.
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Figure 2. Abnormal seedlings of Ocimum basilicum Alfavaca Green’ at 80 days after in vitro
establishment of stem apexes: a) seedling with twisted leaves; b) Seedling with hyperhydricity;
c) Seedling with adventitious roots; d) callus; e) hyperhydricity symptoms; f) adventitious rooting.

Evaluation of physiological and growth characteristics

After 80 days of cultivation, analysis of the physiological and growth characteristics
was performed for all treatments (Table 2). Treatments Al, A2, and A3 produced plants
with the highest numbers of leaves. Among them, the A2 treatment generated an average
of 21.84 leaves per seedling, and this was followed by A3 and Al (21.39 and 18.72
leaves per seedling, respectively). The highest results for SPL were observed under the
A2 treatment (59.81 mm), followed by A3 (56.25 mm) and by Al (48.35 mm). There
were no significant differences among these results (p < 0.05). The average shoot length
of treatments A2, A3, and Al was 55.69% higher than the average shoot length under
the A7 treatment, which produced the smallest SPL (24.28 mm) (Table 2).

Regarding root system formation, it was observed that the A2 produced a higher
average RTL (71.08 mm), which was 63.11 and 23.39% higher than the averages of
treatments A6 and A9, with the lowest values of root length respectively. The fresh and
dry masses of roots under the A2 were 3.24 gand 0.17 g, respectively, which represented
12 and 8.5 times greater fresh and dry masses of roots compared to the A4 (0.26 g and
0.02, respectively) (Table 2). In general, the A3 medium was better in terms of
characteristics related to shoot biomass, with averages of 2.32 and 0.23 g for fresh and
dry shoot mass, respectively. No callus formation was observed in the control treatment
(AL). Treatments A2 and A3 had low fresh and dry masses of calluses (A2 = 1.79 and
0.12 g; A3=1.48 and 0.09 g, respectively). The A3 medium produced the highest
average CLI (41.89), which was higher than the averages of Al and A2 (21.43 and 21.39,
respectively) (Table 2).

Some abnormalities were observed at the end of the experiment. Among them, the
most recurrent were hyperhydricity and adventitious roots. The results of these analyses
are shown in Fig. 3. In general, the first group (A9, A8, A6, A4, and A3 - Fig. 3, a) contained
treatments with a higher concentration of the NAA regulator, except for treatment A3.
When comparing the dendrogram with the percentage graph (Fig. 3, b), it can be
observed that the treatments grouped at the left extremity, A9 and A8, are those with
lower percentages of hyperhydricity (56 and 61% - Fig. 3, b) compared to the right extremity
(A2 and A1), which had higher percentages of hyperhydricity (83 and 67% - Fig. 3, b).
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Table 2. Number of leaves, sprout and root length, fresh and dry mass of sprout, root and callus, and chlorophyll index evaluated at 80 days after in
vitro cultivation of Ocimum basilicum ‘Alfavaca Green’ stem apexes

Treat NL SPL RTL SFM RFM CFM SDM RDM CDM CLI
(mm) (mm) (9) (9) (9) (9) (9) (9)
Al 18.72 48.35+ 51.00 + 213+ 121+ 0.00 = 0.16 = 0.06 = 0.00 = 2143 +
2.69% 10.442 19.21%® 0.56%° 1.05%® 0.00¢ 0.04%¢ 0.07% 0.00° 13.30%®
A2 21.84 + 59.81 + 71.08 + 282+ 3.24 1.79+ 0.19+ 0.17 0.12 + 21.39+
5.212 10.432 13.612 0.77% 2.207 1.01% 0.08% 0.11* 0.06%% 7.61%®
A3 21.39+ 56.25 + 59.90 + 232+ 2.25% 1.48 + 0.23 % 0.12 0.09 = 41.89 +
3.43® 15.03% 15.32%® 0.79%¢ 1.43® 0.86¢ 0.08% 0.07% 0.05%% 9.112
A4 13.06 £ 2521+ 37.74 + 0.95% 0.26 = 2.02 % 0.09 = 0.02 = 0.33% 9.64 +
3.40°P 9.85¢P 18.45® 0.30° 0.21° 1.41% 0.03 0.02° 0.22@¢ 2.51°
A5 1478 + 42.58 + 71.58 + 1.86+ 282+ 2.82 % 0.18 = 0.14 = 0.14 25.46
3.47%¢ 10.46%¢ 15.212 0.81%¢ 1.49%® 0.85% 0.09%¢ 0.08% 0.09¢edep 9.63%
A6 13.14 + 25.20 = 26.22 + 143+ 0.92 9.95+% 0.08 = 0.03 % 0.50 = 13.47 %
5.66°° 12.84¢P 26.84° 0.77% 0.98® 4,578 0.04% 0.05% 0.31% 3.63°
A7 9.67 % 24.28 + 7211+ 1.03+ 1.03+ 712+ 0.06 = 0.03 % 041+ 12.09
3.63° 11.19¢ 36.50? 0.44% 0.98® 1.01%® 0.02° 0.03% 0.12% 7.54P
A8 1531+ 46.21 + 63.71 + 3.25% 2.78 512+ 0.11+ 0.12 0.28 = 17.60 £
6.19%¢ 15.182 23.45% 2.19% 3.05% 1.57% 0.09 0.13® 0.06%bc 4.40°
A9 18.56 25.16 + 26.02 + 243 % 0.67 0.86 = 0.15+% 0.04 = 0.05* 19.22
4.87% 1.70¢P 29.62° 0.78%¢ 0.75% 1.01¢ 0.06%° 0.05% 0.04% 6.20°

*Tukey test (p <0.05). Equal letters do not differ from each other in the column. NL — number of leaves; SPL — sprout length; RTL — root length; SFM — sprout fresh
mass; RFM —root fresh mass; CFM —callus fresh mass; SDM — sprout dry mass; RDM —root dry mass; CDM — callus dry mass; CLI— chlorophyll index.
Al (control) without growth regulators; A2 —0.05, 0.1 and 0 mg L':; A3-0.05.0 and 0.1 mgL*; A4-0.2, 0.4 and 0.0 mg L% A5-0.2, 0.0 and 0.4 mg L:;
A6-1.0,2.0and 0.0 mg L'; A7 - 1.0, 0.0 and 2.0 mg L'Y; A8 — 0.5, 0.0 and 1.0 mg L!; A9 — 0.2, 5.0 and 0.0 mg L of NAA, BAP and KIN, respectively.
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The second group generally consisted of the treatments with lower concentrations
of BAP and KIN. Thus, it was observed that the A3 treatment was situated between the
two large groups. It can be inferred that the treatment A3 was associated with the first
group due to the low percentage of hyperhydricity it produced, and with the second group
due to the low concentration of NAA and KIN in its composition (Fig. 3, a).
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Figure 3. Dendrogram and percentage of Ocimum basilicum ‘Alfavaca Green’ seedlings with
hyperhydricity and adventitious roots grown at different concentrations of growth regulators.
a) Dendrogram referring to hyperhydricity; b) Percentage of the presence of hyperhydricity;
c) Dendrogram referring to the presence of adventitious roots; d) Percentage of presence of
adventitious roots.

Al (control) without growth regulators; A2 —0.05, 0.1 and 0 mgL?*; A3-0.05.0 and 0.1 mgL?;
A4-0.2,0.4and 0.0 mg L%; A5-0.2, 0.0 and 0.4 mg L':; A6 - 1.0, 2.0 and 0.0 mg L*; A7 —1.0, 0.0 and
2.0mgL*; A8 -0.5,0.0and 1.0 mg L}; A9 — 0.2, 5.0 and 0.0 mg L™ of NAA, BAP and KIN, respectively.

The dendrogram of the presence of adventitious roots were grouped into two main
clusters (Fig. 3, ). The first cluster contains treatments A6, A5, and A7, and the second
cluster grouped the treatments into two subgroups containing A9, A8 and A3, and A4,
A2, and Al, respectively. Treatments A9, A8, and A3 had the presence of KIN in
common, and produced the highest percentages of adventitious roots (100, 61, and 67%,
respectively) (Fig. 3, d). Both treatments A2 and A4 produced plants 50% of plants with
adventitious roots (Fig. 3, d), and also contained intermediate concentrations of BAP.
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Anatomy and morphometry of basil leaves
Normal, twisted, and hyperhydric leaves were observed under the experimental
treatments (Fig. 4). Leaf tissue morphometry differed among the treatments tested

(Table 3). As shown in Table 3, the A2
medium presented the greatest average
adaxial epidermis (AE) thickness, with
19.51 ym, followed by A9, which
produced an average AE thickness of
18.44 uym. The A9 treatment produced
the greatest abaxial epidermis (XE)
thickness (18.08 pum). The thickness of
the palisade parenchyma (PP) was
greater under treatments A7 and AS;
the average of both was 65% greater
than that of A4, which had the lowest
mean PP thickness (55 um). Treatment
A8 also produced the highest average
spongy parenchyma (SP) thickness
(492.68 pm), and this was 80.15 and
75.50% higher than the Al and A3
treatments respectively, which had
the lowest average PL thicknesses at
97.77 and 120.68 um, respectively. A8
also produced plants with the greatest

0¢)9Y
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c) ’ ‘ r} .

»
Figure 4. Leaves of Ocimum basilicum
‘Alfavaca Green’ at 80 days of in vitro
cultivation of stem apexes at different
concentrations of growth regulators: a) Normal

leaves; b) twisted and sickle shaped leaves;
c) leaves with hyperhydricity.

distance between the inferior and superior epidermis (DE), with an average of 659.45 um,
which was 74.22 and 70.13% higher than the Al and A4 treatments respectively.

Table 3. Leaf morphometry of Ocimum basilicum 'Alfavaca Green' grown at different
concentrations of regulators NAA, BAP, and KIN

AE XE PP SP EE
TRAT (um) (um) (um) (um) (um)
Al 8.80+3.79® 965+3.72° 66.54 + 37.64 97.77 +31.76¢ 160.95 + 66.59f
A2 19.51+3.872 15.62 +3.83% 111.71 +23.23%¢ 394.22 + 4.56° 520.73 +9.33°
A3 14.13+1.16%* 12.35+1.61%* 74.85 + 3.09P¢ 120.68 + 16.57¢ 227.85 + 35.55¢f
Ad 9.72+0.72b 13.36 + 4.04®* 55.00 + 9.03¢ 130.03 +32.07 196.92 + 42.41f
A5 8.33+0.74> 9.68+1.30° 78.67 +10.37°°  185.93 +26.01%¢ 277.98 + 45,1 2df
A6 11.01+1.75° 9.94+0.90° 124.38 + 41.012* 187.93 +32.86%¢ 396.14 + 35.66P«
A7 11.46 +1.34> 12.36+3.11% 152.01 + 8.65° 323.20 +37.10° 458.40 + 44.95°
A8 13.65+0.55%® 1559+ 1.52% 166.31 +15.76% 492.68+61.75° 659.45 + 65.472
A9 18.44 +2.788 18.08 +0.57% 115.14 +21.08%c 221,90 +21.29¢ 351.72 + 38.32¢de

*Tukey test (p <0.05). Equal letters do not differ from each other in the column.
AE — adaxial epidermis; XE —abaxial epidermis; PP — palisade parenchyma; SP —spongy parenchyma;
DE — distance between the inferior and superior epidermis.
Al (control) without growth regulators; A2 -0.05, 0.1 and OmgL?; A3-0.05.0 and 0.1 mg L%,
A4-0.2,0.4and 0.0 mg L'Y; A5 -0.2, 0.0 and 0.4 mg L'%; A6 — 1.0, 2.0 and 0.0 mg L!; A7 — 1.0, 0.0 and
2.0mg L*'; A8 -0.5,0.0and 1.0 mg L'%; A9 — 0.2, 5.0 and 0.0 mg L* of NAA, BAP and KIN, respectively.
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Morphological observations showed that O. basilicum ‘Alfavaca Green’ leaves had
an epidermis with rectangular and oval cells at the apexes and a thin cuticle layer
(Fig. 5, a, b, f). Next, a layer of juxtaposed palisade parenchyma was observed, with few
cell spaces present (Fig. 5, b). The spongy parenchyma occupied four layers of the leaf
limb, with irregular to rounded cells that varied in size (Fig. 5, ¢). These cells were larger
and had large spaces between them in the midrib. The conductive vessels were formed
by metaxylem vessel elements that had a thicker rounded cell wall and formed layers of
cells oriented towards the collateral bundle (Fig. 5, e).

Differences in the distribution of cells in the parenchyma were also observed
between treatments. In treatment Al (Fig. 5, a), palisade parenchyma (PP) with smaller
cells distributed in two layers were observed, which also occurred under treatments A2,
A7, and A8 (Fig. 5, b, ¢, d). The other treatments produced plants with PP in a single
layer and with longer cells. In all treatments, the extension of the spongy parenchyma
was formed in two or more layers and was greater than the extension of the PP.
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Figure 5. Cross section of Ocimum basilicum 'Alfavaca Green' leaves at 80 days of in vitro
cultivation of stem apexes at different concentrations of growth regulators.

Al (control) without growth regulators; A2 -0.05, 0.1 and OmgL?; A3-0.05.0 and 0.1 mg L%,
A4-0.2,0.4and 0.0 mg L'Y; A5 -0.2, 0.0 and 0.4 mg L'%; A6 — 1.0, 2.0 and 0.0 mg L!; A7 — 1.0, 0.0 and
2.0mg L*'; A8 -0.50.0and 1.0 mg L'%; A9 — 0.2, 5.0 and 0.0 mg L* of NAA, BAP and KIN, respectively.
AE — adaxial epidermis; PP —palisade parenchyma; SP —spongy parenchyma; XE abaxial epidermis;
Xy — Xylem; Ph — Phloem (bar = 100um).
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DISCUSSION

Evaluation during in vitro establishment

Transformations during the organogenesis process of in vitro cultivated plants have
been studied in many plants of commercial interest (George et al., 2008). For medicinal
plants, there has been a lack of studies using this information to advance the technologies
used in micropropagation (Alvarez, 2014). These plants, when subjected to in vitro
conditions, have responded in numerous ways including adventitious root formation,
hyperhydricity, callus formation, oxidation, and abnormal seedlings. These observations
are variable throughout in vitro culture (Toma et al., 2004; Stefanova et al., 2011; Kosar
& Mahmoud, 2012).

During the first evaluation period, the experimental treatments containing different
concentrations of regulators produced plants with calluses at the base of the inoculated
apex. Inastudy by Ikeuchi et al. (2013), some mechanisms behind the formation of these
structures were clarified. Among the mechanisms mentioned, it was indicated that some
hormones, mainly cytokines and auxins, signal and regulate the expression of
transcription factors responsible for callus formation. Most studies involving
micropropagation of Ocimum plants have shown that a small number of cytokines and
auxins cause callus formation when used together (Gogoi & Kumaria, 2011; Asghari et
al., 2012; Monfort et al., 2018). If regulators are excluded from the medium there is
hardly any callus formation, highlighting their crucial role in this process. This
sensitivity of O. basilicum to callus formation during in vitro culture has also been
reported as common for other cultivars (Monfort et al., 2018), and can also be caused by
other characteristics of the culture medium, such as medium concentration (Silva et al.,
2017), antioxidants and sugars (Trettel et al., 2018b).

There was an increase in oxidation during the in vitro process, which may also be
associated with callus formation. Only the treatments containing the highest
concentrations of cytokines and the lowest concentrations of auxins had low percentages
of oxidized plants, with the opposite being observed for the treatments containing the
lowest concentrations of regulators. The most likely reason for this is that oxidation
occurred due to compounds and free radicals being released by the calluses (Silva et al.,
2017). Seedlings that grew under higher stress conditions (higher concentrations of
regulators) may have increased their secondary compound production. In particular,
plants may have increased their phenolic compound production (Monfort et al., 2018),
which can neutralize free radicals and toxic compounds (Stashenko et al., 2004). Another
hypothesis is that oxidation was caused by increases in antioxidant enzymes such as
polyphenol oxidase, peroxidase, catalase, and superoxide dismutase (Stashenko et al.,
2004). Although oxidation occurred in many plants, it was not severe enough to cause
plant death, which reinforces the idea that the biochemical stress mechanisms of
O. basilicum ‘Alfavaca Green’ seedlings combatted oxidative effects.

Evaluation of physiological and growth characteristics

Growth regulator concentration strongly altered the developmental pattern and
organogenesis of O. basilicum ‘Alfavaca Green’ seedlings, and this alteration has also
been observed in other O. basilicum cultivars (Asghari et al., 2012; Manan et al., 2016;
Monfort et al., 2018; Trettel et al., 2019). This demonstrates that the culture medium
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with same formulation should only be used as a basis for initial studies of
micropropagation protocols.

O. basilicum ‘Alfavaca Green’ seedlings that showed the best growth were those
subjected to low concentrations of both auxin and cytokine regulators (A2 and A3
treatments), which demonstrates that, although necessary in higher concentrations,
regulators promote seedling anomalies. The occurrence of abnormalities is closely
linked to the amount of regulator that promotes signal cascades by binding to membrane
receptors and to the amount of regulator that binds to intracellular factors such as
enzymes, which clear excess regulators (Neelakandan & Wang, 2012). The types of
auxin and cytokine used also influences the occurrence of abnormalities because, the
particular types of these regulators seem to be standardized according to the plant
genotype in the cell membrane (Zaidi et al., 2006; Perrot-Rechenmann, 2010).
Therefore, the A2 and A3 experimental treatments resulted in greater numbers of leaves
per plant, taller plants, and greater seedling biomass.

The best growth was observed in the treatments with low concentrations of NAA.
Auxins are a group of growth hormones naturally present in plants, and they are mainly
found in the apical meristem (Rademacher, 2015). However, the use of a cytokines was
necessary to increase the number of leaves per plant and to improve biomass production,
as in some cases the absence of this regulator resulted in no sprouts forming (Asghari et
al., 2012). In this study, a concentration of 0.5 mg L™ BAP was ideal to optimize these
characteristics. Other O. basilicum L. cultivars have been shown to limit their growth
patterns, such as shoot, and root formation, in response to BAP concentrations above
2.0 mg L. For example, in O. basilicum ‘Maria Bonita’, the use of 2.0 mg L™ BAP and
0.5mg L™ NAA resulted in lower leaf production, sprout production, and biomass
(Monfort et al., 2018). In O. basilicum ‘Sweet Thai’, 1.0 mg L™* BAP improved all
analyzed characteristics (Manan et al., 2016).

Abnormal characteristics were also observed. The most frequently observed of
these characteristics were hyperhydricity, adventitious roots, and twisted leaves. Several
factors can induce hyperhydricity including pH, explant type, culture medium
composition, light intensity, humidity, and ventilation (Liu et al., 2017). Because of this,
studies are needed to verify which of these factors are involved in the induction of
hyperhydricity in the ‘Alfavaca Green’ basil cultivar. Toma et al., (2004), which
examined the impact of cytokines and auxins on the growth of nodal segments in
Hyssopus officinalis, also observed plants with a vitreous appearance. The authors
demonstrated that, in addition to callus formation, the seedlings demonstrated different
degrees of hyperhydricity in the stems and leaves. George et al. (2008) claimed that the
occurrence of hyperhydricity can cause damage and make the acclimatization process
more difficult for micro-propagated plants, and therefore should be avoided.

A study by Klerk (1996) showed that agreed that auxin application can cause
adventitious root formation. As in the present experiment, the presence of KIN in the
medium resulted in the highest percentage of adventitious roots. The high number of
plants with twisted leaves may also be related to copper deficiency in the in vitro culture
of O. basilicum. The same study showed that a lower number of abnormal seedlings
occurred when 25 uM CuSO. was added to the culture medium (Trettel et al., 2018a).
One of the symptoms of copper deficiency is the presence of twisted, wilted, sickle-
shaped leaves (Stepien & Wojtkowiak, 2016). This metal induces the production of
phenylpropanoids, which are precursors of lignin (Moura et al., 2010), and in some cases
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it can act on the activity of the laccase enzyme which participates in lignin formation
(Moura et al., 2010; Liu, 2012).

Evaluations of Leaf Anatomy

Regulators impact cell structure through stretching, induction of cell division, and
tissue maturation (Neelakandan & Wang, 2012). In cell stretching, the role of auxins is
widely recognized, as they can act on nonpolar transport. In this way, auxins are
transported from cell to cell via PIN proteins, as a function of the pH difference between
the membranes and between the cell walls (Perrot-Rechenmann, 2010). The result is the
activation of proteins called ‘expansins’, which loosen the cell wall and allow cell
elongation. In O. basilicum ‘Alfavaca Green’, the A2 and A9 treatments produced planta
with the thickest epidermises due to the low concentration of NAA and its action on cell
elongation. Similar results were obtained by Trettel et al. (2019) in O. basilicum
‘Genovese’, and by Stefanova et al. (2011) in Lamium album L.

It is likely that the interaction between the highest concentration of NAA and the
highest concentration of cytokine (BAP or KIN) caused increases in palisade and spongy
parenchyma thickness. This may be due to the role that cytokines play in the cell
multiplication process through the induction of cyclin-dependent kinase (CDK)
transcription factors, which regulate the cell cycle (Neelakandan & Wang, 2012; Xie et
al., 2018). This signaling process is a result of the interactions among regulator types,
regulator doses, and regulator synergisms. In turn, these processes are closely linked to
the plant genotype. The observed increases in tissue thickness are mirrored by those of
Toma et al. (2004), in which Hyssopus officinalis L. seedlings cultivated with 0.5 mg L™
indole-3-acetic acid (IAA) and 1.0 mgL™* BAP displayed increased parenchymal
thickness. Trettel et al. (2019) found that 0.1 mg L™ of BAP produced O. basilicum
‘Genovese’ plants with increased palisade and spongy parenchyma thickness.

The total leaf limb thickness impacts the structure of the leaf interior, which is
formed by the palisade and spongy parenchyma (Trettel et al., 2019). The formation of
spongy parenchyma may be due to the use of KIN in the medium. Additionally, the
greater spongy parenchyma thickness observed may be related to the formation of leaves
with hyperhydricity. Treatment A3 had intermediate morphometry, which was close to
normality. These results are similar to those found by Toma et al. (2004) in Hyssopus
officinalis L. when 1.0 mg L™ indole-3-butyric acid (IBA) was used as a source of auxin.
The plants grown under the A3 treatment displayed a normal structure with a spongy
parenchyma (SP) layer under the adaxial epidermis (AE), which suggests that this
medium is most favorable to the development of basil.

CONCLUSIONS

Thus, the A3 treatment (0.05 mg L™ NAA and 0.1 mg L™ KIN) containing low
concentrations of NAA and KIN is best suited for in vitro cultivation of O. basilicum
‘Alfavaca Green’, due to the observed increases in number of leaves, height, and sprout
and root biomass. Additionally, a fewer plants with hyperhydricity and calluses were
observed under this treatment. Our initial hypothesis regarding the effects of regulators
on leaf tissues was confirmed; the epidermis was elongated under low auxin
concentrations, and at higher concentrations there was an increase in cell multiplication.
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Hyperhydricity is very common in the Lamiaceae family, especially in the Ocimum
genus. Future research must seek to identify additional factors that could be associated
with this disorder in order to reduce the problem. This is important for both the
production of seedlings from in vitro culture and for obtaining leaves as a raw material
for oil extraction, because this disorder promotes considerable yield losses and increased
costs.
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Abstract. The use of absorbents from Maximarin for growing spinach contributed to its faster
germination, increased plant growth and development, and resulted in an increase in yields of
commodity products by 2.0-6.1tha? and an increase in chemical composition. The use of
absorbents in open ground for spinach made it possible to obtain the highest amount of contingent
net profit for making the drug Maximarin in the form of a gel and the company Eco — with small
granules, and in the Krasen Polissia variety — 2,160 and 2,102 USD ha?, in the Malakhit variety
for introduction the drug Maximarin in the form of a gel 1,949 USD ha! and the company Eco
absorbent with potassium — 1,575 USD ha™. Profitability for the Matador variety has reached
75%, Malakhit grade — 69-75%, Keb —3.0-3.2. It was established that in the closed ground
application of the drug Maximarin in the form of gel and granules for spinach made it possible to
obtain the highest amount of contingent net profit, which was Matador 3,079 and 3,025 USD ha?,
in the Malakhit variety for the introduction of gel 4,304 USD ha* and granules — 4,245 USD ha™.
Profitability for the use of drugs for the Krasen' Polissia variety reached 84-77%,
Malakhit — 118-116 %, the bioenergy efficiency ratio — 3.0-3.3.

Key words: spinach, varietal, absorbent, commodity products, yield.
INTRODUCTION

Setting of the problem

Production of agricultural goods in our time is hardly possible without mineral
fertilizers and means of regulating growth and development of plants (Kosterna &
Zaniewicz-Bajkowska, 2012). High yield of spinach in arid conditions requires optimal
growth conditions. In the scientific literature, it is recommended to use absorbents to
promote growth in arid conditions. Absorbents are natural or synthetic compounds that
are used to make soil in order to initiate changes in their vital processes to improve the
quality of plant material, increase yields, facilitate harvesting and storage. The use of
absorbents leads to changes in metabolism similar to those that occur under the influence
of external conditions.
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That is, absorbents are not nutrients, but factors for ensuring plant growth and
development. Absorbents activate the basic life processes in plants. Under their action
accelerates the growth of green mass and the root system, and therefore more actively
used water and dissolved in it soil and mineral fertilizers, increase the protective
properties of plants, their resistance to diseases, high and low temperatures, drought.
Accordingly, the yield is increased and the quality of the vegetables is improved. The
use of absorbents allows to realize more fully the potential of plants, laid by nature and
breeding. The use of new generation suppliers to increase the yield of spinach is an
important issue and needs detailed research.

Analysis of recent studies and publications

The widespread introduction of vegetable spinach into agricultural production is
hampered by the lack of sufficient variety of varieties and scientifically sound organic
cultivation technology in the Right-Bank Forest Steppe of Ukraine. To this end, it is
necessary to thoroughly study the agrobiological features of plants, to bring in new high-
yielding varieties, to improve the organic technology of cultivation, to establish
conditions for obtaining high productivity, prolongation of fresh consumption, since the
existing intensive technology does not allow to obtain environmentally-friendly
(Osadcuks & Pecka 2016; Kostetska et al., 2019).

The population has increased interest in consuming exclusively natural food as a
way of improving the quality of life (Corbo et al., 2006; Osadcuks & Pecka, 2016). Now
both professionals and consumers talk about natural products with special properties
(Philipchuk, 2005; Kostetska et al., 2019).

In recent years, many scientists have dedicated their research to spinach However,
its widespread introduction into production is hampered by the lack of zonal science-
based cultivation technology. The urgency of existing issues leads to the conduct and
justification of directions of scientific search technology (Aworh et al., 1980; Guarrera
& Savo, 2013; Ulianych & Alekseichuk, 2015; Ulianych et al., 2015; Vorobiova et al.,
2018).

The properties of the product is vary considerably depending on weather
conditions, growing technologies and features of varieties, it requires thorough study
(Kostetska & Yevchuk, 2016). In a context characterized by a growing consumer’s
interest in locally produced foods, the safeguard of ancient fruit varieties appears
relevant (Darby et al., 2008; Bartolini & Ducci, 2017; Kostetska et al., 2019).

MATERIALS AND METHODS

The purpose of the research was to study the conditions for increasing the yield
of spinach for the introduction of absorbents and to develop technological methods for
improving productivity. The study of influence of hydrogel firms Maximarin used in the
form of tablets, gel, granules). For spinach cultivation, preparations were used in the
following forms: ‘MaxiMarin’ gel-like, ‘MaxiMarin’ tableted, ‘MaxiMarin’ granular on
grow and yield of cultivars spinach: Krasen Polissia and Malakhit.

The research was carried out in 2015-2018 at the experimental field of the
Department of Vegetable Growing of Uman National University of Horticulture in
accordance with generally accepted methods (Dospekhov, 1985; Bondarenko
&Yakovenko, 2001; Hrytsaienko et al., 2003; leshchenko et al., 2005; VVolkodav, 2016).

620



The soil of the experimental field is black, puddle, heavy loam with a well developed
humus horizon (about 2.9% of humus) in the deep of 40-45 cm. The breeding work was
carried out in accordance with the methods of the Institute of Expertise of Plants
Varieties and Institute of VVegetables and Melons of NAAS (Bondarenko &Yakovenko,
2001).

The precursor of spinach was white cabbage and other varieties of cabbage. The
seeds were sown in the first decade of April. The care of plants consisted of systematic
loosening of the soil, mounding of plants, removal of weeds and protection against pests
and diseases. Irrigation was carried out by method of drip irrigation during the vegetation
period of plants — 1-2 irrigations of 60-80 m* ha™*. After each irrigation loosening rows
with simultaneous weeding was carried out.

According to Uman meteorological station the hydrometeorological conditions of
2017 were characterized by a slightly lower amount of precipitation relative to the
average perennial indicator. The amount of precipitation for this period in 2018 was
more relative to 2017, which is close to medium-long-term data, but the main number of
them fell at the beginning and at the end of the vegetation which testifies to their lack of
a phase of intensive growth and development of the plant, but it did not has a significant
effect of precipitation, so the investigation was carried out under the drip irrigation
(Novak, 2017; Novak & Novak, 2018; Ulianych et al., 2019).

The total area: for the experiment 500 m?, for plot 50 m2, for sampling — 5 m2. The
plots were arranged in a systematic order with a four replication. To characterize the
structure of the crop, the green samples taken from the plots were divided into
fractions — standard and non-standard. There were determined the number of leaves and
plant weight of each fraction. The tradability of the yield was determined by the mass of
a plant and the total green mass collected from a plot.

The No. of leaves (per plant, pcs) was determined by the method of calculation, the
area of the leaf blade by a calculated (linear) method, using the parameters of the length
and width of the leaf by the formula 1:

S, =0.74xaxb (1)

where Sn — the area of one leaf, cmz; a — the largest leaf width, cm; b — leaf length, cm;
0.74 is the coefficient that reflects the configuration of the leaf.

The data were statistically analyzed using Analysis of variance Microsoft Office
Excel (Fisher, 2006).

RESULTS AND DISCUSSION

Spinach leaf is the main product of consumption and is crucial for evaluating its
quality, as for each green plant, which determines its edible properties during
consumption. The number of leaves in the socket is important for spinach. The definition
of this indicator in the experiment showed that in 2015, the number of leaves is in the
range of 17—23 piece plant™ (Fig. 1).

The larger number of leaves was in plants that grew with the introduction of
absorbents in the form of gel and granules — 2223 pcs plant™. In 2016, the number of
leaves was lower due to the worse growing conditions and ranged from 14 to
20 pcs plant™. In 2017 and 2018, a larger number of leaves were obtained for the
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application of gel and granules — 21-25 pcs plant™, which significantly exceeded the
control by 6-9 pcs plant™.
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Krasen Polissia Malakhit

Figure 1. The number of leaves in spinach and in the phase of technical maturity, depending on
the action of the absorbents, pcs plant™.

During the years of research, the number of leaves in the Krasen Polissia variety
without making absorbent (control) was 16 pcs plant™. Growing spinach against the
background of the use of various forms of absorbents contributed to the increase in the
number of leaves. And for the introduction of tablets in the Krasen Polissia variety up to
18 pcs plant™, in the Malakhit variety — 19 pcs plant™, which was significantly higher
than the control by 2—3 pcs plant™. The application of the gel contributed to the increase
in the number of leaves in the Krasen Polissia variety up to 22 pcs plant™, in the Malakhit
variety — up to 23 pcs plant™, which also dominated the control by 6-7 pcs plant™. The
introduction of the pellets caused a slightly lower effect, but the advantage to control
was quite high and was 5-6 pcs plant™,

The use of Eco products of different size and composition showed that the number
of leaves in the spinach garden variety Krasen Polissia in accordance with the form of
the drug corresponded to different indicators. The introduction of pellets with potassium
contributed to the receipt of more leaves against control — 19—20 pcs plant™, which is
higher than the control by 3—4 pcs plant™.

Growing spinach against the background of the use of various forms of absorbents
helped to increase the area of the leaf. For making tablets in the Krasen Polissia variety
it was 108.9 cm?, in the Malakhit variety — 104.8 cm?. The introduction of the gel in the
Krasen Polissia variety increased the leaf area up to 113.1 cm? in the Malakhit
variety — up to 112.5 cm?, which exceeded the control by 6.9—7.3 cm? was quite high and
was 3.3-6.9 cm?,

The use of Eco products of different size and composition showed that the leaf area
in Krasen Polissia varied according to the form of the preparation corresponded to
different indicators and for the application of granules with potassium the leaf area was
obtained 109.4-112.4 cm?, average granules — 110.8-108.5 cm?.
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An important indicator of the growth of spinach plants, which determined its value
as a green plant, was the total leaf area, the determination of which we carried out in the
technical maturity phase of green (Table 1).

Table 1. The area of spinach leaves, depending on the absorbent, thousand m? ha*

Variety Absorbent Year Average per
(Factor A)  (Factor B) 2015 2016 2017 2018  2015-2018
Krasen Without making absorbent  26.3 212 245 265 24.6
Polissia Tablet 29.4 24.3 295 332 29.1
Gel 39.4 273 376 401 36.1
Granule 36.6 29.5 36.0 346 34.2
Granule with Concrete 30.8 26.8 305 329 30.3
Granule with Potassium 31.6 29.0 325 335 31.7
Medium pellets 29.4 278 300 294 29.2
Small granules 29.7 27.7 29.7 305 29.4
Malakhit Without making absorbent ~ 27.8 236 292 294 27.5
Tablet 29.9 246 316 334 29.9
Gel 37.9 30.1 411 432 38.1
Granule 34.1 26.6 382 40.6 34.9
Granule with Concrete 27.5 26.8 321 334 30.0
Granule with Potassium 30.0 27.3 36.1 365 32.5
Medium pellets 29.5 29.0 322 282 29.8
Small granules 29.4 256 282 327 29.0

It is established that the area of spinach leaves in the variety Malakhit in the phase
of technical maturity of the plant without the introduction of absorbent reached the level
of 24.6 thousand m? ha™. The variants with the introduction of gel and granules of the
company Maximarin — 34.2-38.1 thousand m? ha™*, which exceeded the control by
9.6-13.5 thousand m? ha*, were higher indicators. The introduction of potassium
pellets and medium pellets of Eco produced a positive result and the leaf area
corresponded to 29.2-32.5 thousand m? ha*, which was higher than the control by
4.6-7.9 thousand m? ha,

Increasing the weight of spinach plants leads to an increase in yield, an indicator
by which we determine the suitability of new elements of technology for growing crops.
The above data showed that the use of tablets helped to increase the weight of spinach
plants in the phase of technical maturity in the variety Krasen Polissia up to 132 g, in the
variety Malakhit —158 g, which was significantly higher than the control by 60-72 g
(SSDgs, by Factor B = 17 g). Malakhit plants had a greater mass for the introduction of
gel and pellets of the company ‘MaxiMarin’ — 171-178 g and granules with potassium
of the company Eco — 150 g, which significantly outweighed the control by 42-70 g.

Improvement of conditions for growing spinach, even in less favourable climatic
conditions, allowed to get more green mass. These green plants are characterized by the
fact that they form a larger average mass than other green crops, such as dill, leaf lettuce,
etc. The average weight of plants was counted each time the products were harvested,
and the harvested green mass, which was cut in the form of sockets, was divided by its
number (Table 2).
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Table 2. Weight of spinach plant before harvest depending on absorbents’ action, g

Variety Absorbent Year Average per
(factor A) (factor B) 2015 2016 2017 2018 2015-2018
Krasen Without making absorbent 120 87 104 120 108
Polissia Tablet 132 106 120 132 123
Gel 180 167 174 180 175
Granule 189 159 163 185 174
Granule with Concrete 175 101 140 169 146
Granule with Potassium 178 143 146 178 161
Medium pellets 112 87 99 112 103
Small granules 101 176 139 101 129
Malakhit ~ Without making absorbent 125 147 136 125 133
Tablet 158 122 160 158 150
Gel 192 153 173 192 178
Granule 189 140 165 189 171
Granule with Concrete 130 128 129 130 129
Granule with Potassium 152 136 154 157 150
Medium pellets 121 123 121 112 119
Small granules 130 117 148 150 136
SSDos Factor A 12 15 10 11
Factor B 17 20 23 25
Interaction AB 63 54 65 60

Increasing the weight of spinach leads to the increase in yield, an indicator by which
we determine the suitability of new elements of technology for growing crops. The above
data showed that in 2015 the use of absorbent in the form of tablets helped to increase
the weight of spinach in the phase of technical maturity in the variety Krasen Polissia up
to 132 g, in the variety Malachite — 158 g. Higher indicators were obtained for the
fertilization of gel by the company ‘MaxiMarin’ and potassium granules by the company
‘Eco’ — 180-192 g, which was significantly higher than the control of 60—72 g (SSDgs,
by Factor B =17 g).

Growing spinach varieties in 2016 showed that this indicator was less than last year,
but compared to the control the above pattern was revealed. In 2017, the weight of
spinach in technical maturity phase of Krasen Polissia and Malachite varieties with the
use of absorbent in the form of tablets was significantly higher than the control (104 g)
and reached the level of 120-160 g. There were higher indicators for plants fertilized by
gel and granules of the company ‘MaxiMarin’ and potassium granules of the company
‘Eco’ — 146-173 g, which exceeded the control by 42-69 g (SSDgs, by Factor B = 23 g).
The plant weight in 2018 was higher than the control (120 g) for the use of the absorbent
in the form of tablets and reached the level of 132-158 g. According to the previous
years, higher indicators differ in those plants which were fertilized by gel and granules
of the company ‘MaxiMarin’ and granules with potassium of the company ‘Eco’ —
178-192 g, which is above the control by 58-72 g (SSDgs, by Factor B = 25 g).

The analysis of the data obtained during the years of research showed that at the
beginning of a socket growth there was no significant difference between the variants
and therefore this data is not presented in the paper. During the period of intensive
growth of a socket and before harvest, the smallest amount of spinach was in the variety
Krasen Polissia and Malachite without the fertilization, which was stated as 108 and
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133 g in average during the years of research. Spinach of the variety Malachite had a
greater mass for the fertilization of the granules and gel of the company ‘MaxiMarin’
and granules with potassium of the company ‘Eco’ — 171-178 g, which significantly
outweighed the control by 63-70 g.

The yield of spinach varied according to the influence of weather conditions during
the years of research and the preparations used (Table 3).

Table 3. The yield of spinach, depending on the absorbents, t ha
Year Average

Variety  Absorbent per +to
(factor A) (factor B) 2015 2016 2017 2018 2015-2018 Control
Krasen ~ Without making absorbent 17.1 129 154  16.8 15.6 0
Polissia Tablet 19.0 15.8 17.7 19.6 18.0 +2.4
Gel 26.0 24.9 25.8 25.7 25.6 +10.0
Granule 25.1 16.2 21.0 24.9 21.8 +6.2
Granule with Concrete 18.5 15.8 19.6 18.5 18.1 +2.5
Granule with Potassium 26.4 15.0 20.7 26.4 22.1 +6.5
Medium pellets 148 259 204 151 19.0 +3.4
Small granules 276 208 244 281 253 +9.7
Malakhit Without making absorbent 18.5 21.2 191 185 19.3 +3.7
Tablet 20.5 18.0 19.3 20.5 19.6 +4.0
Gel 28.5 21.9 30.2 28.5 27.3 +11.7
Granule 22.4 23.9 24.7 26.4 24.4 +8.8
Granule with Concrete 19.3 18.9 19.1 19.3 19.2 +3.6
Granule with Potassium 22.6 21.7 24.7 23.6 23.2 +7.6
Medium pellets 179 187 183 179 18.2 +2.6
Small granules 16.3 164 214 223 19.1 +3.5
SSDgs Factor A 0.3 0.4 0.3 0.2
Factor B 0.7 0.9 0.8 0.7
Interaction AB 0.9 1.4 1.3 1.6

A significant increase in the spinach crop was obtained from the application of the
gel, where the yield of the Krasen Polissia variety was 25.6 t ha™, and the Malakhit
variety — 27.3 tha™, which was additionally 10-11.7 tha™. The introduction of
‘MaxiMarin’ pellets helped increase yields to 21.8-24.4 t ha™ and outperformed control
by 6.2-8.8 t ha™. The introduction of Eco potassium pellets resulted in a lower yield
of 22.1-23.2 t ha'and a control of 6.5-7.6 t ha™*. A positive result was obtained with the
use of medium and small pellets for
the varieties of sMalakhit and Krasny
Polissia, and the vyield increased by
2.6-9.7tha™. The introduction of
concrete pellets allowed additional
2.5-3.6tha™.

The results of the variance
analysis of the obtained data showed
that factor B or absorbent and Figure 2. Effect of factors on vegetable spinach
interaction of factors had the greatest yield depending on the absorbent input (average
influence on the spinach yield (Fig. 2). for 2015-2018), t ha™.

PR ety ™ Factor A
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Factor B or absorbent was affected the spinach yield by 33%, the interaction of
factors A and B — 54% in the Malakhit variety being more influential.

The absorbents did not cause any negative changes in the plants and had a positive
effect on the quality of the vegetable spinach crop and contributed to the increase of
important chemical composition. Higher dry solids content in Krasen Polissia and
Malakhit varieties was observed with the use of ‘MaxiMarin’ granules and gel
absorbents — 8.1-8.9%.

The higher sugar content was different for plants grown using ‘MaxiMarin’
absorbents in the form of granules and gel —2.6-2.9% and potassium granules of
Eco — 2.7-2.8%. The content of vitamin C was dominated by plants grown with the use
of Maximarin absorbents in the form of granules and gel — 56-62% and potassium
granules of Eco — 58-64%.

CONCLUSIONS

From the use of plant growth regulators during processing of spinach seeds, a
higher profitability of the Malachit variety was obtained for the use of absorbents in the
form of gel and granules — 83-102 %. The bioenergy efficiency ratio was more than
unity, which indicates the efficiency of growing spinach 3.0-3.1). The use of absorbents
from ‘MaxiMarin’ for growing spinach contributed to its faster germination, increased
plant growth and development, and resulted in an increase in yields of commodity
products by 2.0-6.1 t ha*,

Scientific novelty and practical significance of the obtained results

In the conditions of the Forest-Steppe of Ukraine, experimental researches were
carried out, which allowed to solve particular questions of spinach growing technology
and proved that the absorbents in arid conditions of the modern climate are effective for
increasing the productivity of spinach, for which the quality of produce is not impaired.
The influence of the variety on the weight and height of the plant, the area of the leaf
blade and the total area of the leaves, correlation dependence between the indices of
plant growth, yield depending on the developed elements of spinach growing
technology.

Based on the conducted research, it is developed and recommended for agricultural
producers of industrial, private and personal sector to grow domestic early ripening
varieties of spinach of the city Krasen Polissia and Malakhit. Absorbents in arid
conditions of modern climate contribute to increase of spinach of vegetable garden and
reception of high quality of production.
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Abstract. Oilseed rape (Brassica napus L. var. napus), as a plant requiring shallow sowing, is
sensitive to water deficiency in the soil during germination. The lack of rainfall results in the
delay of emergence and a reduction in plant density before winter. The aim of the present study
was to assess the effect of various sowing methods (sowing with the furrow method — in furrows
6-8 cm deep; direct sowing into non-cultivated soil using disc coulters and conventional sowing)
on the physical properties of the seed bed and winter oilseed rape yield depending on the sowing
density (40, 60, 80, 100 and 120 seeds per m?). The field study was carried out in 2011-2014, in
Albic Luvisols with fine sandy loam texture. Furrow sowing and direct sowing provided higher
seed bed moisture than conventional sowing. The use of furrow sowing resulted in the formation
of a greater number of siliques per plant than in other sowing methods. Furrow sowing made it
possible to produce a higher seed yield than direct sowing, however the oilseed rape yield did not
increase significantly in relation to conventional sowing. The winter rapeseed yield after sowing
80-120 seeds per m? was significantly higher than after sowing 40 and 60 seeds per m?. When
using low sowing densities (40 seeds per m?), furrow sowing made it possible to produce a higher
seed vyield than conventional sowing. The possibility of improving oilseed rape yield by
differentiating sowing methods at a density of 60—120 seeds per m? was not demonstrated.

Key words: direct sowing, furrow sowing, plant density, seed bed moisture, sowing method.
INTRODUCTION

Oilseed rape is a plant of growing economic importance. It is now one of the most
important oil crops in the World (Abbasian & Rad, 2011; Szczepaniak, 2014; Wollmer
et al., 2018). This plant acts as profitable break crop in cereal crop rotations breaking the
life-cycle of common cereal pathogens and pests and also improving the structural
properties of the soil (Laaniste et al., 2016). In Poland, the area of oilseed rape cultivation
has increased more than 3 times over the past 50 years, and the increase in seed yield has
been on average 29 kg ha' year™' (Central Statistical Office, 2003 & 2017; Zajac et al.,
2016). One of the major problems in oilseed rape cultivation is a relatively high yield
variability, resulting from the sensitivity of this plant to weather conditions (Dziezyc et
al., 2013; Mirzaei et al., 2013). Winter oilseed rape is sensitive to water deficiency in the
soil during germination and emergence (Aboutalebian et al., 2012; Harker et al., 2012a),
as well as during intensive plant growth in spring (Mirzaei et al., 2013). Plants
underdeveloped before winter are not very resistant to low temperatures in winter
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(Velicka et al., 2010 and 2012; Waalen et al., 2013; Martinez-Feria, 2015). The high
sensitivity of winter rape seeds to soil moisture during germination is associated with a
large proportion of seed cover in relation to seed weight and their small size, forcing the
use of shallow sowing, from 1 cm to 2 cm (Martinez-Feria, 2015). According to Harker
et al. (2012a), seeding at a depth of 1 cm will not only improve winter oilseed rape
emergence density, but will also decrease days to emergence, increase ground cover by
plants, decrease days to flowering and days to maturity and tend to decrease green seed
levels compared to sowing at a depth of 4 cm. On the other hand, droughts occurring in
some years in Eastern Europe during the sowing period prevent the seeds from collecting
water from such a shallow soil layer. As a result, plant emergence is delayed and uneven
(Wilczewski et al., 2014). The improvement of germination conditions of plants can be
achieved by the application of furrow sowing, according to Patent PL215714 B1
(Wilczewski & Harasimowicz-Hermann, 2014). Furrow sowing allows the seeds to be
placed in a deeper, more humid soil layer, while maintaining their shallow cover. Also,
the abandonment of pre-sow ploughing and the use of direct sowing ensures a higher
moisture of the seed bed (Wilczewski et al., 2014). Ensuring higher moisture of the
seed bed can be particularly important when using a low sowing density
(40-80 seeds per m?), where incomplete germination results in too few plants being
produced per area unit (Kazemeini et al., 2010; Balodis & Gaile, 2015).

The aim of this study was to assess the effect of different sowing methods (sowing
with the furrow method - in furrows 6-8 cm deep, in accordance with Patent
PL215714 B1; direct sowing into non-cultivated soil using disc coulters and
conventional sowing) on the physical properties of the seed bed and the yield of winter
oilseed rape depending on the sowing density (40, 60, 80, 100 and 120 seeds per m?).

MATERIALS AND METHODS

Experimental design and conditions

The field study was conducted in 2011-2014 at the Research Station in Mochetek
(53°13’ N; 17°52’ E) near Bydgoszcz, Poland. Three sowing methods were tested (factor
1): A — conventional row sowing (control), B — sowing in furrows 6-8 cm deep, using a
row drill, according to patent PL215714 (Wilczewski & Harasimowicz-Hermann, 2014);
C —furrow sowing directly in the stubble (using a drill with disc coulters). These
methods were assessed in 5 variants of sowing density (factor I1): 40, 60, 80, 100 and
120 seeds m. The split-plot experimental design with four repetitions was used. Field
experiments were performed on Albic Luvisols (LVab) with a fine sandy loam texture
(WRB, 2014). Furrow sowing involves placing seeds in a seed bed at the bottom of a
furrow formed to a depth of 6-8 cm from the flat surface of the field. For sowing, a
seeder equipped with coulters which have a larger wing opening angle (10-20 degrees)
is used. During operation, the coulter wings make a furrow 6-10 cm wide and 6-8 cm
deep, depending on the coulter setting. Seeds falling from the seeder to the bottom of the
furrows are covered by a 1 cm layer of soil sliding by gravity from the ridges.

The soil was characterized by a high content of available forms of phosphorus and
potassium (70.6 and 194.2 mg of P and K in kg of dry soil, respectively), a very high
magnesium concentration (98.7 mg of Mg in kg of dry soil) and a neutral (first and third
year of the study) or slightly acidic reaction (second year of the study).
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The total rainfall in August was high in the first year of the study and average in
the second and third years of the study (Table 1). In the first year of the study, there were
quite low precipitation totals in September and October, very low in November and in
the March-May period, and excessively high in June and July, when they exceeded the
long-term averages by 147.3 and 55.6% respectively. In the second year of the study, the
precipitation totals occurring in autumn and spring were well matched to the needs of
winter oilseed rape. The precipitation in May was higher than the average multi-year
total for this month by as much as 107.9%. Only in April 2013 there was a shortage of
precipitation (-50.0%, compared to average for 1949-2019). In the third year of the
study, the precipitation total and distribution were the closest to the long-term averages
for the study area.

Table 1. Weather conditions at the experiment site
2011- 2012— 2013- 1949-  2011- 2012- 2013~
2012 2013 2014 2019 2012 2013 2014
Deviations from the total
precipitation of 1949-2019 (%)

Months

Total precipitation (mm)

August 67.7 51.8 56.6 53.2 27.3 -2.6 6.4
September 37 25.1 64.1 42.1 -12.1 -40.4 52.3
October 13.2 40.3 18.6 34.3 -61.5 175 -45.8
November 9 53.7 28.5 33.1 -72.8 62.2 -13.9
December 46.2 27.2 19.1 32.6 41.7 -16.6 -41.4
January 62.9 44 235 25.6 145.7 71.9 -8.2
February 29.6 31.3 18 19.1 55.0 63.9 -5.8
March 154 14.7 49.7 24.7 -37.7 -40.5 101.2
April 26.5 13.6 40.7 27.2 -2.6 -50.0 49.6
May 254 91.7 65.7 441 -42.4 107.9 49.0
June 133.8 49.3 44.9 54.1 147.3 -8.9 -17.0
July 115.6 79 55.4 74.3 55.6 6.3 -25.4
August-July  582.3 521.7 484.8 464.4 25.4 12.3 4.4

Deviations from the average air

Average air temperature (*C) temperature of 1949-2019 (°C)

August 17.7 17.6 18.1 17.6 0.1 0.0 0.5
September 14.3 13.3 10.7 13.3 1.0 0.0 -2.6
October 8.4 7.4 8.2 8.2 0.2 -0.8 0.0
November 2.7 45 4.9 3.3 -0.6 1.2 1.6
December 2.7 -2.5 1.8 -0.4 3.1 -2.1 2.2
January -0.3 -3.5 -3.2 -2.2 1.9 -1.3 -1.0
February -5.4 -0.9 2 -1.4 -4.0 0.5 34
March 4.6 -3 5.6 2 2.6 -5 3.6
April 8.4 7 9.9 7.6 0.8 -0.6 2.3
May 14.5 14.2 13.3 12.9 1.6 1.3 0.4
June 15.2 17.4 16 16.4 -1.2 1.0 -0.4
July 18.8 18.9 215 18.1 0.7 0.8 3.4
August-July 8.5 7.5 9.1 7.9 0.6 -0.4 1.2

The air temperature in autumn was relatively high in the first and second year of
the study, which favoured the intensive development of plants and the formation of a
thicker root neck than in the third year of the study, characterized by cool September,
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when the temperature was lower by 2.6 °C compared to average for 1949—-2019. Thermal
conditions in winter were considerably different in individual years of the study. They
were the most unfavourable for winter oilseed rape in the 2011-2012 season, in which
the minimum temperature reaching -22 °C occurred on February 5, with not very thick
snow cover. In the second and third years of the study, thermal conditions in winter were
favourable for winter oilseed rape. Although the average temperatures in March 2013
were as much as 5°C lower than the long-term average, but they were not harmful to this
plant.

Crop management

Seeds of winter oilseed rape (Brassica napus L. var. napus) were sown after the
harvest of winter wheat in the period of 25 August —3 September. Open pollinated
cultivar 'Californium' was used in the research. The weight of 1,000 seeds used for
sowing was 4.25, 4.60 and 4.31 g, respectively, in 2011, 2012 and 2013. Fertilization of
oilseed rape with phosphorus (70 kg ha™ P,Os) and potassium (140 kg ha™ K,O) was
applied directly after the harvest of the previous crop (on stubble). Nitrogen (210 kg ha®
1 'N) was applied at three rates. The first rate (40 kg ha™ N) was spread on stubble
(together with phosphorus and potassium); the second rate (100 kg ha™* N) was spread in
early spring (for starting growth). The last rate (70 kg ha® N) was applied at BBCH 55—
57 stage (Bottcher et al., 2016).

The control of dicot and monocot weeds was carried out immediately after sowing
seeds with the preparation Butisan Star 416 SC (a.i. metazachlor + ginomerak) at a dose
of 2.5dm®ha™. In addition, in the first and third years of the study, an additional
treatment was applied to control monocot weeds. This treatment in the first year of the
study was carried out at the stage of 4-6 oilseed rape leaves using Fusilade Forte 150 EC
(a.i. fluazifop-P-butyl), at a dose of 1.5 dm® ha, and in the third year of the study in the
early spring, at the stem formation stage, with Elegant 0.5 EC (a.i. gizalofop-P-ethyl) at
a dose 1dm®ha®. The control of pests of winter oilseed rape was carried out by
performing two or three chemical treatments in individual years of conducting the field
study. The first treatment was performed using Proteus 110 OD (a.i. thiacloprid +
deltamethrin) at a dose of 0.6 dm® ha™, in the early spring, after observing the appearance
of ceutorrhynchid beetles. The second treatment was carried out during the oilseed rape
budding season, mainly to control rape blossom beetle. In the first year, Mospilan 20 SP
(a.i. acetamiprid) was used for this purpose, in a dose of 0.1 kg ha™, and in subsequent
years, Fastac 100 EC (a.i. alpha-cypermethrin) in a dose 0.1 dm?® ha™. In the first year of
the study, the treatment was also applied during the fall of flower petals with Fastac
100 EC (a.i. alpha- cypermethrin) in a dose of 0.1 dm? ha™, in order to control the silique-
damaging pests. To reduce seed shedding, Nu Film 96 EC (a.i. di-1-p-menthene) was
used in a dose of 0.7 dm® ha, during the technical maturity stage. Plant harvesting was
carried out within 23-30 July, in one step with a Wintersteiger plot combine, harvesting
crops from an area of 26 m?. Seed moisture at harvest was 6.95, 10.69 and 7.31% in
2012, 2013 and 2014, respectively. Seed yield and 1,000 seed weight from individual
plots have been calculated into 7% water content.

Measurements and observations made during oilseed rape growth
In the period from rape sowing to emergence, measurements of soil moisture and
temperature in the vicinity of sown seeds were carried out. The measurement was carried
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out every second day with the TDR WET-2/d-02 probe, equipped with the HH2 reader.
Based on the measurements made, the average moisture and temperature of the seed bed
was calculated during oilseed rape germination and emergence. In the spring each year,
the plant density was determined (No. m?). On each plot, plants were counted on a
randomly chosen row with a length of 5 meters. Prior to the harvest of winter oilseed
rape, on each plot, the number of siliques per plant (on 20 randomly chosen plants) and
the number of seeds per silique (on 20 randomly collected siliques) were determined.
After the harvest of rapeseed, the seed crop from each plot was weighed and seed
samples were collected in which the 1,000 seed weight was determined. The
measurement was performed in the seed laboratory of the Department of Agronomy. 500
seeds were counted from each sample and weighed on the analytical balance to the
nearest 0.01 g, and the results were multiplied by two.

Statistical analysis

Statistical treatment of the data were performed using analyses of variance mixed
model. When significant effects of the studied factor were found, Tukey’s test at the
significance level P < 0.05 was used to compare treatment means. Regression equations
for the relationship between the sowing density and the seed yield for individual sowing
methods were developed using the software Statistica for Windows.

RESULTS

The effect of a sowing method on winter oilseed rape yield and its structure

The sowing method significantly affected the moisture in the sowing bed space
during plant germination and emergence (Table 2). It was the highest in treatments with
direct sowing, significantly lower after the application of furrow sowing and the lowest
in the vicinity of seeds sown with the conventional method. The soil surrounding seeds
sown with the conventional method was characterized by a significantly higher
temperature in this period than after the application of other methods of cultivation and
sowing. A better moisture of the seed bed resulted in the acceleration of oilseed rape
emergence, however, it did not affect the plant density after the end of emergence.

Table 2. Properties of the winter oilseed rape seed bed during germination and after emergence
depending on the sowing method (means for 2012-2014)*

Furrow Direct

Trait Control . . Mean HSDg.05
sowing sowing

Moisture of the seed bed, % 6.33 8.97 10.85 8.72 1.06

Temperature of the seed bed, °C 21.63 21.17 21.07 21.29 0.23

Plant density in the autumn, No. m?  62.3 62.5 61.8 62.2 ns

* _the results presented in the table are averages of all sowing rates (40, 60, 80, 100 and 120 seeds per m?);
ns — non-significant differences.

The number of plants in spring was on average by 14% smaller than in autumn. No
significant effect of the sowing method on the winter oilseed rape plant density after
winter was found (Table 3). Furrow sowing has contributed to formation of a
significantly larger number of siliques per plant and per m? than in treatments with the
conventional and direct sowings. However, no effect of this factor on the number of
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seeds per silique and on the weight of 1,000 oilseed rape seeds was found. Oilseed rape
yield was dependent on the sowing method. Furrow sowing resulted in a significantly
higher seed yield than that obtained after direct sowing. The seed yield obtained after
conventional sowing was not significantly different from that obtained in other
treatments.

Table 3. Yielding and yield components of winter oilseed rape depending on the sowing method
(means for 2012-2014)*

Furrow Direct

Trait Control . . Mean HSDo 05
sowing sowing

Plant density in the spring, No. m? 53.2 53.5 54.1 53.6 ns

Number of siliques per plant 117 133 115 122 12.9

Number of siliques per m? 5711 6582 5829 6040 680

Number of seeds per silique 22.4 23.5 23.7 23.2 ns

1000 seeds weight, g 5.39 5.31 5.46 5.39 ns

Seed yield, Mg ha! 3.42 3.58 3.34 3.45 0.213

* _ the results presented in the table are averages of all sowing rates (40, 60, 80, 100 and 120 seeds per m?);
ns — non-significant differences.

The effect of sowing density on the winter oilseed rape yield and its structure

Most yield components were dependent on the sowing density (Table 4). Each
increase in sowing density within the range of 40 to 120 seeds per m* resulted in a
significant increase in the number of plants per m Along with increasing the sowing
rate and thus significantly increasing the plant density, the number of siliques per plant
decreased. It was the largest after sowing 40 seeds per m? significantly smaller after
sowing 60 or 80 seeds per m® and the smallest at the two highest sowing densities. The
number of siliques per m?was the largest after sowing 80, 100 or 120, and the smallest
after sowing 40 seeds per m?. In contrast to the plant density and the number of siliques
per plant, the number of seeds per silique, although depending on the sowing density,
was not subject to unidirectional changes. It was the largest after sowing 60 and the
smallest after sowing 100 rape seeds per m% There was no significant variation in this
characteristic for other sowing densities. The weight of 1,000 rape seeds was an average
of 5.39 g and it was not dependent on the sowing rate.

Table 4. Yield components of winter oilseed rape depending on the sowing density (means for
2012-2014)

Trait Sowing density (seeds m2)

40 60 80 100 120 Mean HSDo.s
Plant density in the autumn, No. m? 35,0 494 638 752 87.6 622 3.46
Plant density in the spring, No.m2?  31.8 442 555 643 722 536 269

Number of siliques per plant 149 134 123 105 97 122 11.8
Number of siliques per m? 4554 5748 6628 6518 6756 6040 876
Number of seeds per silique 235 238 232 224 231 232 124
1000 seeds weight, g 553 543 529 538 530 539 ns
Seed yield, Mg ha? 327 335 351 355 355 345 0.149

ns — non-significant differences.
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The sowing density significantly influenced the size of the seed yield. It was
significantly higher after sowing 80, 100 and 120 seeds per m? than after sowing 40 and
60 seeds per m? (Table 4).

Interaction of the sowing method and sowing density in shaping winter oilseed
rape yield and its structure

An interaction between the study factors in shaping the seed yield and the number
of siliques per rapeseed plant has been demonstrated (Figs 1 and 2). After applying
conventional sowing, increasing the sowing density from 40 to 80 and from 60 to
100 seeds per m? resulted in a significant increase in the seed yield (Fig. 1). Also, after
direct sowing, an increase in seed yield was found as a result of the increased sowing
rate from 40 to 120 seeds per m% However, no significant effect of sowing density on
the yield of oilseed rape seeds sown with the furrow method was found, for which a
curvilinear relation was found between the sowing density and the rapeseed yield. There
was a tendency to increase the yield as the sowing rate with the furrow method increased
from 40 to 80 seeds per m? After increasing the sowing density from 80 to 100 and
120 seeds per m?® there was a tendency for the seed yield to decrease. In the case of
conventional and direct sowings, this relationship was linear in the entire range of
applied sowing densities.

+ Control ®  Furrow sowing
A Direct sowing ——Lineaarne (Control)
J —— Polinoom (Furrow sowing) —— Polinoom (Furrow sowing)
[Mg ha] —— Poliinoom (Furrow sowing) —— Lineaarne (Direct sowing)
3.8
Aa
3.7 =
y = -OE-05x2 + 0.0161x + 2.96 A3 \lAa/o
3.6 R? = 0.6647 A
. Ade Aa
Aa Aa v =0.0068x+288 M
35 m u ABab Y= = a
P R2 = A
34 / A ABD ABa
33 BC y = 0.0036x + 3.052
' a Rz =0.9395
Bb
3.2
2
31 Cb
3 T T T 1
40 60 80 100 120

Sowing density [seeds per m?]

Note. a, b, ¢ —data marked with various small letters within particular sowing density differ
significantly as a result of sowing method influence, at P < 0.05; A, B, C — data marked with
various capital letters within particular sowing method differ significantly as a result of sowing
density influence, at P < 0.05.

Figure 1. Interaction of sowing method with the sowing density for the seed yield of winter
oilseed rape (means for 2012-2014).
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Regardless of the sowing method, increasing the sowing density resulted in a
reduction in the number of siliques per plant (Fig. 2).

180

= Control = Furrow sowing Direct sowing
160

140 -

120 -

100 -
80 -
60 -
40 -

[Number of siliques per plant]

20

0 4

60 80 100 120
Sowing density [seeds per m?]

Note. a, b, ¢ —data marked with various small letters within particular sowing density differ
significantly as a result of sowing method influence, at P <0.05; A, B, C — data marked with
various capital letters within particular sowing method differ significantly as a result of sowing
density influence, at P < 0.05.

Figure 2. Interaction of sowing method with the sowing density for the number of siliques per
plant of winter oilseed rape (means for 2012-2014).

The sowing method did not affect the number of siliques per plant of oilseed rape
sown in the amount of 40, 60 and 120 seeds per m%. After applying 80 and
100 seeds per m?, the number of siliques per plant of oilseed rape sown with the furrow
method was significantly higher than after using the conventional or direct sowings.

DISCUSSION

Sowing technology is a factor of great importance in shaping the habit of plants and
their yield (Jambor, 2007; Wielebski, 2007; Laaniste et al., 2008; Kazemeini et al., 2010;
French et al., 2016; Harker et al., 2017). In the scientific literature, there are no results
regarding the effect of furrow sowing on the yield of winter oilseed rape. Numerous
studies have been conducted regarding the possibilities of using direct sowing in oilseed
rape cultivation, which has been shown by Harker et al. (2012b) to provide better
rainwater retention and availability for plants. The present study confirmed the beneficial
effect of this sowing method on the seed bed moisture during the oilseed rape
germination period. Despite this, the favourable effect of direct sowing on the plant
density after emergence was not obtained. Also in the spring season, the density was not
dependent on the sowing method, and the plants from direct sowing produced
significantly smaller seed yields than after the application of furrow sowing. The
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disadvantage of this method of cultivation and sowing is a large resistance to soil
penetration (Celik, 2011; Oduma et al., 2017), which puts more resistance to the
developing roots, which generally has a negative effect on plant yields (Chiriac et al.,
2013). In our studies it has been found, that plants in furrow sowing were stronger before
the winter, compared to direct sowing treatment. This was seen through greater number
of leaves per plant and thicker root neck (Wilczewski et al., 2015). As a result, in spring
the plants started growing faster and produced a greater number of siliques per plant
(Table 3).

According to Wielebski (2007), the plant density prior to harvest should not be
lower than 50 plants per m?, for which 80 seeds per m? should be sown. The author,
conducting research in unfavourable moisture and thermal conditions (drought during
sowing), did not show the relationship between the type of cultivar (composite hybrids,
restored hybrids and open pollinated) and their reaction to the sowing density. The
opposite results were obtained by Vujakovi¢ et al. (2014), who did not show the
relationship between the oilseed rape seed yield and the plant density in the range of 20
to 80 seeds per m% Also in the study by Jambor (2007) the amount of seeding rate in the
range of 30 to 80 of germinable seeds per m? had only a little influence on yield. The
author stated significant interaction between seeding rate and variety in yield forming
effect. For Artus variety 80 germinable seeds per m? gave best yield whereas for Fanal
variety the lowest seeding rate used was the most favourable. According to French et al.
(2016), the optimal oilseed rape plant density in low and medium rainfall zones is
30 plants per m? for hybrid cultivars and 75 plants per m? for population cultivars. The
present study generally confirms the results presented by these authors. However, the
optimal plant density for the studied population cultivar ‘Californium' was dependent on
the sowing method. After application of furrow sowing, the optimal sowing density was
80 seeds per m?, for which the spring oilseed rape density was 55 plants per m?. For the
other sowing methods, a tendency to increase the yield was observed as the sowing
density increased to 120 seeds per m?, with 72 plants per m? found in spring. In the study
by Harker et al. (2017), the effect of increasing the sowing density (from 50 to
150 seeds per m?) on rapeseed yield was dependent on the size of seeds sown. After
sowing small seeds (the weight of 1,000 seeds 3.32-3.44 g) the authors found that the
seed yield increased as the sowing density increased, while no such an effect was found
after sowing large seeds (the weight of 1,000 seeds 4.96-5.40 g). The seed material used
in the present study was characterized by an average 1,000 seed weight (4.25-4.60 g),
and the oilseed rape response to increasing the sowing density was similar to that for
small seeds in the study by Harker et al. (2017), but only in the case of conventional and
direct sowings. However, in the present study this tendency was only tested in the range
of sowing density from 40 to 120 seeds per m% According to Harker et al. (2017),
increasing the sowing density increases the loss of plants during the growing season,
especially when small seeds are used for sowing. In the present study, this relationship
was confirmed. Plant loss in the autumn and winter period increased from 9.1% after
applying the sowing density of 40 seeds per m? to 17.6% after sowing 120 seeds per m?.

The relationship between sowing density and winter rape seed yield depended on
the method of sowing. For furrow sowing it was curvilinear, while for other sowing
methods it was rectilinear within the tested sowing densities (Fig. 1). This variation in
the relationship between the method of sowing and the sowing density in shaping the
seed yield may be due to the fact that in the case of furrow sowing a relatively high yield
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was found after applying 40 seeds per m% In this variant it was significantly higher than
in traditional or direct sowing. This was related to the positive effect of furrow sowing
on the number of siliques per plant. However, increasing the sowing density to 100 and
120 seeds per m? in a furrow sowing method resulted in a tendency to reduce rapeseed
yield. Meanwhile, in the treatment with traditional or direct sowing, none of the tested
sowing densities were excessive and this relationship was straight-line.

CONCLUSION

A significant effect of the studied factors on the yield of winter oilseed rape was
demonstrated. The highest seed yields were harvested from oilseed rape sown using the
furrow method, and significantly lower after direct sowing. When using a low sowing
density (40 seeds per m?), furrow sowing allowed for a higher seed yield than
conventional sowing. The sowing method has not been found to significantly affect the
yield of winter oilseed rape sown in the amount of 60-120 seeds per m?. Increasing the
sowing density from 40 to 80 seeds per m? most often led to an increase in yield of winter
oilseed rape. There was no significant increase in seed yield as a result of increased
sowing density in the range from 80 to 120 seeds per m
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Abstract. The paper highlights the results of a study on the combined use of the CattlePro Effect
amido-vitamin-and-mineral complex and PassPro Ballans feed product in the diets of newly-
calved high producing cows. The studies were carried out in the conditions of the Bolshevik
collective farm of the Kalacheevsky district of the Voronezh region (Russia) according to the
method of A.l. Ovsyannikov (1976) for three months after a 21-day equalizing period. During
the course of the experiment, it was determined that the introduction of new feed additives into
the diet leads to an increase in the consumption of dry matter by lactating animals by 1.0-6.2%.
The basic fat content and protein content of milk was increased by 11.6-19.1%, and when
adjusting the milk yield for 4% milk — by 9.3-17.4%. The digested feed particles in the feces
were closer to normal in the cows of the experimental groups, which indicates the beneficial effect
of the feed additive on the digestive processes of animals. When applying the studied feed
additive, there was a certain decrease in enterobacteria and staphylococci in the samples of the rumen
fluid and at the same time there was an increase in lactic acid microorganisms 1.6—2.0 times.

Key words: amido-vitamin-and-mineral complex, milk yield, newly calved high producing
cows, protected protein.

INTRODUCTION

Animal productivity is increasing due to the transition of farms of all forms of
ownership to intensive livestock production technologies. Therefore, it is especially
important to develop the right feeding strategies so that the animal breeding system
matches the available resources (Zenkin, et al., 2017).

The implementation of the program for the further development of animal
husbandry is possible, first of all, on the basis of its intensification and the maintenance
of high production performance of animals. Therefore, meeting the growing needs of the
population for quality food remains the main concern of livestock production (Niu et al.,
2016; McDonnell & Staines, 2017).

To date, the average productivity of cows has been increased to 7,000 tons of milk
per year (Zhou et al., 2017; Weatherly et al., 2018).
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Throughout life, the cow’s body goes through a series of cyclical conditions.
Especially vulnerable of them are the period before calving and the first three months of
lactation. In the first month after calving, the highest requirements are made for feeding
cows, since errors in the diet during this period will greatly affect the productivity and
health of the animal. Practice has shown that even with careful organization of feeding,
only about 60% of cows after calving are completely healthy. Right after calving, a
number of diseases associated with metabolism may appear, since during the transition
from pregnancy to the post-calving period, metabolism changes. In order to smooth out
the negative impact of this period, special attention should be paid to feeding three weeks
before calving and three weeks after (Kolesnik et al., 2018).

During this period, there are such phenomena as negative energy and protein
balance — when the cow needs more energy and protein than it has with the feed. The
physiological status in the postpartum period is extremely important for health and
fertility, because if you do not fill the deficiency of energy and protein during milking,
this can lead to a number of diseases, and, as a consequence, a decrease in productivity
and reproductive performance. Therefore, knowing the risk of such a condition, it is
necessary to make every effort to prevent it with the help of rational feeding. The
postpartum feeding requirements of cows are highest, since the consequences of using
unbalanced diets in the first three months of lactation can be very severe. Even with a
high level of feeding, only 60% of the cows in the first period of lactation have a normal
metabolism (Gaworski et al., 2018; Klebaniuk et al., 2019).

Feeding should be based on knowledge of the animal’s need for basic nutrients,
metabolism in the body through the inclusion of various feed products and ways to
optimize nutrition by selecting and synergizing feed additives that show better efficacy
(Aristov et al., 2018).

The cow has a very complex stomach, which is a biological fermenter in which a
huge number of microorganisms and protozoa live. In turn, rumen bacteria use not only
carbohydrates, but also nitrogen of amino acids, soluble fractions of feed protein.
Therefore, the availability of amino acids for the body of cows should be ensured by the
intake of at least 60% of the non-degradable protein in the rumen of cows. As far back
as 20 years ago, it was believed that assimilation of microbial protein was sufficient for
a cow, in addition to protein available from feed (Leso et al., 2019; Migulev et al., 2019).

For normal life, maintaining productivity and health in the body of a cow, especially
in the first time of lactation, it is necessary to ensure the supply of a sufficient amount
of protein. A protected protein is a protein that practically does not undergo cleavage in
the rumen. It is very important when balancing the diet, because with insufficient intake
of amino acids in the cow's body, metabolism is impaired, the protective functions of the
body are reduced and the quality of milk is deteriorated (Velikanov et al., 2016; Zenkin
et al., 2016).

With the transition to acidic conditions of the abomasum, the protected protein
disintegrates and begins to unwind, allowing digestive enzymes to penetrate the
molecule, breaking down the protein into its constituent abomasum material and is used
for milk synthesis (Yadav & Chaudhary, 2010; Astashova et al., 2017).

With sufficient intake of protected protein, there is every chance to maintain health
and extend the productive longevity of the cow by improving its biological status as a
whole. Studies, evaluating the effect of protected methionine intake on milk production,
have shown an increase in the percentage of protein in milk (Toledo et al., 2017).
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Feeding Holstein cows a protein supplement with protected lysine and methionine
in the postpartum period, slightly increases milk yield and its protein content (Carder &
Weiss, 2017).

Previous studies on the use of PassPro Balance in the diet of Simmental cows in
the fresh season showed an increase in the consumption of the feed mixture by 0.9% and
dry matter by 5.4%, the average daily milk yield by 29.2% (p < 0.01) and the profitability
level of milk production — by 7.8%, and also reduces the service life by 5.0% and the
consumption of concentrates for the production of 1 kg of basic fat milk by 22.8%
(Yurina et al., 2019).

Vitamins and microelements in nutrition of cows, especially in the newly calved
period, are important for metabolism and production. Moreover, the fact is known that
proteins interact with minerals, producing complexes with a high biological role (Zang
etal., 2019).

Copper is essential in the nutrition of newly calved cows and in its interaction with
protein. Copper metabolism occurs mainly in the liver and hepatocytes are its main
structures. The copper entering them initially binds to protein. Copper is involved in
biochemical processes as a component of electron transfer proteins that oxidize organic
substrates with molecular oxygen (Taov et al., 2019).

However, although the role of each trace element is important for the metabolism
of the body, it is necessary to take into account the uniform intake (according to the
standards) of each trace element separately, since minerals come into contact with each
other. For example, cobalt has a positive effect on hematopoietic function with sufficient
intake of copper and iron with feed, and copper, in turn, exhibits its properties better
when magnesium is optimally absorbed into the body. Trace elements are involved in
the metabolism, in the production of hormones, regulating the activity of enzymes,
vitamins, and protein. Endogenous enzymes cannot be sufficiently active without an
optimal amount of trace elements. Minerals are also involved in various mechanisms
providing morphofunctional homeostasis in different animals, especially in the
postpartum period, when the body needs to recover and gain strength for the next
reproductive cycle. Cattle feeding is necessarily ensured by a complete, balanced diet
for basic nutrients, and then for vitamins and minerals (Omur et al., 2016).

According to Taov et al. (2019), the intake of a sufficient amount of minerals
increases milk yield by 0.95-1.45 kg. Calves from cows that received vitamin A and
trivitamine develop better during the embryonic period, and their live weight at birth was
2.8-3.0 kg more compared to the control group.

The purpose and objectives of the researches. It was the purpose of the research to
study the combined use of the CattlePro Effect amido-vitamin-and-mineral complex and
PassPro Ballans feedstuff, which consists of protected soy and sunflower protein in the
diets of newly-calved high producing cows.

To achieve the stated goal, the following tasks were set:

1) To develop the composition of compound feed and rations for newly-calved high
producing cows, taking into account the determination of the dosage of the introduction
of the studied feed.

2) To determine the effect of both separate and combined use of the CattlePro Effect
amido-vitamin and-mineral complex and PassPro Ballans feedstuff, which consists of
protected soy and sunflower protein in the diets of newly-calved high producing cows
on milk productivity, milk quality.
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3) To assess the digestion rate of the feed and analyze the microflora of the rumen
fluid of the cows with separate and combined use of the CattlePro Effect amide-vitamin-
mineral complex and PassPro Ballans feed product.

MATERIALS AND METHODS

The scientific and production experiment was carried out in the conditions of the
enterprise of the Bolshevik collective farm in the Kalacheevsky district of the VVoronezh
region (Russia) according to the method of A.l. Ovsyannikova (1976). Four groups of
newly-calved Simmental cows were formed, selected according to the principle of
analogue pairs with 8 animals each: by age in calving, calving period, live weight, with
high productivity for past lactation, fat and protein content in milk. The experiment has
been continued after an equalizing period for 3 months. Cows were fed according to the
scheme presented below (Table 1).

Table 1. Experimental design (n = 8)

Group Experimental design

1 — control Basal diet (BD) + compound feed (CF) with substitution
2 — experimental BD + CF with substitution 1 kg CattlePro Effect

3 — experimental BD + CF with substitution 2 kg PassPro Ballans

4 — experimental BD + CF with substitution 1kg CattlePro Effect and 2 kg PassPro Ballans

The preparatory period was carried out 10 days before the date of the proposed
calving and after within 10 days. Animals of the control and experimental groups during
this period received the same diet. The experimental period was carried out from the 11"
day after calving.

Feeding, milking and keeping animals were according to the adopted on the farm
regime. Every ten days, control milking of each cow was carried out to determine the
average daily milk yield and gross milk yield, as well as the fat and protein content in
milk.

To determine the amount of feed consumed, control feeding was carried out (within
3 adjacent days) by taking into account the given feed mixtures and weighing their
residues. Expected nutrient costs per unit of production were counted.

According to zootechnic records, the indicators characterizing the reproductive
function of high producing cows were determined: the duration of the service period and
the insemination index.

Mass fraction of protein and fat in milk was determined on a Lactan device.

The amount of milk fat and protein: gross milk yield per period was multiplied by
the mass fraction of fat or protein.

To compare milk productivity of cows in the experiment, the corrected milk yield
with 4% fat was calculated according to the formula:

FCMY (fat corrected milk yield) 4% = M x (0.4 + F x 0.15), 1)

where M — the amount of milk received from cows in the experiment; F — the percentage
of fat in cow's milk, actually obtained; 0.15 is a constant coefficient used for adjustment.
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The calculation of the cow milk for delivery to the dairy was performed according
to the following formula:

ABM = AF x 0.4 + APx0.6) / 3.16 x M, )

where ABM — the amount of milk of basic fat content and protein content, kg; AF — the
percentage of fat in cow's milk, actually obtained; AP — the percentage of protein in
cow's milk, actually obtained; 0.4 — fat value coefficient; 0.6 — protein value coefficient;
3.14 — the coefficient is calculated as follows: 3.4x0.4 (fat value coefficient) + 3.0%0.6
(protein value coefficient); 3.4 — the all-Russian basic standard of the mass fraction of
fat in milk; 3.0 — the all-Russian basic standard of the mass fraction of protein in milk
(Basonov & Muryanova, 2014).

The use of a feces separator makes it possible to relatively quickly get the first
impression of providing animals with structural fiber. This is the first step in determining
the effectiveness of the diet.

When evaluating feces, one can obtain information on how well the food is
digested, whether the diet is correctly selected, whether the content of nutrients (proteins,
fiber, carbohydrates) is balanced, whether the animal consumes enough water.

To analyze the assimilation of feed nutrients, a Nasco Pigestion Analyzer, a type
feces separator (or Pennsylvania sieve) was used. It consists of 3 sieves with different
hole diameters — wider in the upper sieve and narrow in the lower sieve. The feces was
washed in a separator until clean water appeared, then it was removed from the sieves
and weighed to calculate the percentage of the fractions being evaluated, the number of
undigested grains was visually determined (Filinskaya & Kevorkyan, 2018).

Rumen fluid was taken with a rumen probe 3 hours after feeding. Microbiological
values of the rumen fluid were evaluated in the Argus Testing Centre according to the
guidelines ‘Bacteriological diagnosis of dysbiosis’ (Fedorov & Fedorova, 1989).

The research results were processed by the biometric method of variation statistics.
Differences were considered statistically significant at * — p <0.05; ** — p <0.01;
*** _ p<0.001 (Plokhinskiy, 1970). For analysis our data, we used the computer
program Microsoft Excel.

Animal feeding diets were developed in according to NRC (2001) of modern
detailed feeding standards for lactating cows, taking into account the actual productivity
and physiological state (Table 2).

Table 2. Composition of diets for cows in the first phase of lactation

1 group 2 group 3 group 4 group

Component DM Fraction, DM Fraction, DM Fraction, DM Fraction,

kg kg kg kg
Meadow hay 0919 10 0919 1.0 0919 1.0 0919 1.0
Corn silage 7.350 21.0 7.350 21.0 7.350 21.0 7.350 21.0
Grass-legume 3.840 8.0 3.840 8.0 3.840 8.0 3.840 8.0
silage
Fresh beet pulp  1.200 6.0 1.200 6.0 1.200 6.0 1.200 6.0
Compound feed 7.139 8.0 6.247 7.0 5.355 6.0 4462 5.0
CP Effect PMVC - 0929 1.0 - 0.929 2.0
PassPro Balance — - 1.863 2.0 1.863 1.0
Total 20.45 44.0 2049 440 20.53 44.0 20.56 44.0
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Nutritional value presented below (Table 3).

Table 3. Nutritional value

Nutrient index 1 group 2 group 3 group 4 group
Dry matter, g 20448 20485 20527 20563
Crude protein, g 2575.64 2922.08 3100.15 3446.59
Digestible protein.g  2834.32 2879.86 3181.32 3226.86
Crude fat, g 541.56 541.74 604.44 604.61
Starch, g 6463.4 5990.03 5517.71 5044.33
Sugar, g 702.69 758.6 816.86 872.77
Rumen UDP, % 22.94 23.04 31.57 30.79
Calcium, g 142.375 161.692 141.54 160.857
Phosphorus, g 82.21 80.823 82.526 81.14
Sodium, g 61.795 56.89 50.717 45.812
Magnesium, g 41.305 41.342 42.547 42.584
Crude fiber, g 4064.51 4136.12 4184.26 4255.87
Vitamin A, 1U 94000 94000 94000 94000
Vitamin D, 1U 9400 9400 9400 9400
Vitamin E, 1U 320 320 320 320
Zinc, mg 752 752 752 752
Iron, mg 106.86 106.86 106.86 106.86
Manganese, mg 564 564 564 564
Copper, mg 188 188 188 188
Cobalt, mg 2.82 2.82 2.82 2.82
lodine, mg 7.52 7.52 7.52 7.52
Selenium, mg 5.64 5.64 5.64 5.64

CattlePro Effect is an amido-vitamin-and-mineral complex in the form of grains. It
contains feed urea, which is a source of readily available nitrogen. (Table 4). CattlePro

effect contains 11.2 MJ of metabolic
energy, 52.0% crude protein, 6.2% crude
fat, and 6.5% crude ash. Also contains a
probiotic complex.

The PassPro Balance feed stuff
production technology (manufactured
by Protectfeed LLC) is based on the
extrusion of oilseeds, expansion, and
then additional processing of the
product under pressure and temperature
to the required protection characteristics
against the decay in the rumen of
animals with a multi-chamber stomach.
Processing modes are selected so
that digestibility in the small intestine

Table 4. The nutritional value of the studied

feed additives

L PassPro
Nutrient index CP Effect Balance
Metabolic energy, MJ 12.3
Humidity, % 9.0
Crude protein, % 42.0
Crude fat, % 8.5
Crude ash, % 6.0
Crude fiber, % 13.2
Sugar, % 4.9
Starch, % 1.7
Calcium, % 0.7
Phosphorus, % 0.6

remains at a high level. PassPro Balance contains (on absolutely dry matter basis): 42.0%
crude protein, 8.5% crude fat, 13.2% crude fiber and 12.3 MJ of metabolic energy,
‘protected’ soy and sunflower proteins have a stable rate of protein protection (protein

non-degradable in the rumen 65-70%) with digestibility up to 95-96%.
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From the data of Table 2 it follows that the diet was completely balanced according
to the requirements of the cows of the first phase of lactation.

RESULTS AND DISCUSSION

After the control feeding, it was found that feeding the studied feed additive in the
second experimental group made it possible to increase the dry matter intake by 1.0%
relative to the control. In the third experimental group, the consumption was higher by
3.6%, and in the fourth experimental group by 6.2% dry matter (p < 0.01).

When recalculating the milk yield taking into account the basic fat content and
protein content of milk, a significant excess of the control value was found in the second
and fourth experimental groups by 11.6 (» < 0.05) and 19.1% (p < 0.01). The third group
showed an increase tendency by 12.3%. According to the correction of fat corrected milk
(4% milk), in the second experimental group, the dynamics of increase by 9.3% is
visible, and in the third and fourth experimental groups this indicator significantly
exceeded the control by 12.8 (p < 0.05) and 17.4% (p < 0.01).

The data obtained are consistent with the results of studies by several authors (Niu,
2016; Carder & Weiss, 2017; Toledo et al., 2017).

The results of feces flushing on a Pennsylvanian sieve are shown in Table 5.

Table 5. Results of feces flushing on the Pennsylvanian Sieve, n = 3

Sieve type
Group upper lower middle
1 (control) 55.1+1.9 150.0 + 3.7 360.0£13.3
in % 9.8 26.5 63.7
2 (experiment) 45.6 £ 0.6** 109.8 £ 5.4*** 402.2+10.2
in % 8.2 19.7 72.1
3 (experiment) 51.1+2.0 99.5 + 4,2%** 384.3+14.2
in % 9.6 18.6 71.8
4 (experiment) 44.3 £ 1,65%** 92.5+ 5.6*** 392.1+£9.2
in % 8.4 175 74.1
Norm, % <10 <20 > 50

* _p<0.05; ** — p < 0.01; *** — p < 0.001.

It was found that closer to the norm, according to the size of the digested feed
particles in the feces, were cows of the experimental groups, especially of the fourth
group, which consumed the CattlePro Effect amido-vitamin-and-mineral complex and
PassPro Ballans feedstuff in combination with the basal diet, which indicates better
digestion of animals compared to the control.

When analyzing the rumen fluid of the cows, it was revealed that the number of
enterobacteria - representatives of the normal microflora of the rumen — did not differ
significantly in groups and amounted to 1.4x10% 2.0x10%?and 1.1x10% CFU g™ according
to the experimental groups versus the control — 1.0x10% CFU g* (Table 6).

Clostridia, which break down simple fiber and other carbohydrates, are present in
small quantities, namely in the form of one colony, in the fourth experimental group.
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The content of lactic acid microorganisms practically does not differ in the
experimental groups in comparison with the control, which suggests that the studied feed
does not negatively affect the content of ‘useful’ microorganisms in the rumen of
experimental cows.

Table 6. The composition of the microflora of rumen fluid in cows

Items 1 group 2 group 3 group 4 group
(control)

Enterobacteria, CFU g* 1.0x10? 1.4x10° 2.0x10° 1.1x10?

Clostridia, in 1 ml Not detected Not detected Not detected 1.0

Lactic acid microorganisms, CFU g 2.0x10° 8.0x10* 1.0x10° 5.0x10*

Yeast, CFU g 3.0x106 5.0x10* 3.0x10° 3.0x10°

Mold, CFU g* 8.0x10! 2.5%10? 9.0x10! Not detected

The yeast in the rumen stimulates the growth of bacteria utilizing strong organic
acids, which helps to maintain normal pH in the rumen. Thus, optimal digestion
conditions are created, and acidosis is prevented. The number of yeast in the rumen of
the cows of the first, third and fourth groups was 3.0x10° CFU g™. In the second group,
this indicator amounted to 5.0x10* CFU g™

It should be noted that when cows fed the CattlePro Effect amido-vitamin-and-
mineral complex and PassPro Ballans feed stuff, molds are not found in the analysis of
the rumen fluid, which indicates the effectiveness of the combined use of these feed
products.

CONCLUSIONS

The best use should be considered the combined use of the CattlePro Effect amido-
vitamin-and-mineral complex and PassPro Ballans feed stuff in combination with the
basal diet of newly-calved high producing Simmental cows from the 11" day after
calving for three months (the rate of introduction of the fourth experimental group).
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Abstract. The present study investigated the effects produced in the soil by municipal sewage
sludge and wood ash applied during the cultivation of Jerusalem artichoke. The impact of the
presence of applied the fertilizer materials on changes in soil and a macro- and microelements
contents were investigated. The comparative analyses took into account 3 factors; the first
factor - 4 levels of wood ash — 0; 1-4.28; 11-8.57; 111-12.85 t ha'?, the second factor — 2 levels of
sewage sludge — 0; 1 —30.3 t ha%, the third factor — 2 varieties of Jerusalem artichoke (Helianthus
tuberosus L.) — Gigant, Albik. Application of the fertilisers did not resulted in significant change
in the total contents of phosphorus, potassium and magnesium in soil examined after Jerusalem
artichoke was harvested. Application of ash from coniferous trees, with high levels of calcium,
resulted in increased total contents of calcium in the soil. Fertilisation of the soil with ash from
coniferous trees or with sewage sludge, as well as cultivation of two varieties of Jerusalem
artichoke, resulted in a significant increase in the concentrations of cadmium and lead, and
produced no effects in the levels of nickel, zinc and copper identified in soil. The above findings,
and in particular the fact that the limit values were not exceeded, indicate the possibility of using
both sludge and biomass ash for fertilizing Jerusalem artichoke.

Key words: wood ash, sewage sludge, macro- and microelements, soil, Jerusalem artichoke.
INTRODUCTION

Owing to its composition, sewage sludge contributes to soil formation by
introducing biogenic substances, into the soil. It also contains a variety of nutrients for
plants, so it may be used in order to improve growing conditions before a plantation is
established, and to increase the growth rate in short rotation plantations (Lazdina et al.,
2011). Based on the related EU directive, the Waste Act defines detailed conditions to
be followed while using municipal sewage sludge in agriculture (Official Journal
L 181/6, 4.7.1986; Journal of Laws 2013 item 21; Journal of Laws 2019 item 1403).
Sewage sludge may be used in the cultivation of plants, for compost production, and in
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the farming of crops not intended as food, or for the production of animal feed, as well
as for land remediation, including the restoration of agricultural land. One such plant is
the Jerusalem artichoke (Helianthus tuberosus L.) which may be utilised in the
production of biogas and ethanol. Due to the high yielding potential and versatile utility
value of biomass, Jerusalem artichoke has a chance to become an alternative source of
energy. Tubers can be used for the production of bioethanol or for methane fermentation;
the aboveground part can be used for the production of biomethane, (Sawicka et al.,
2020).

The presence of microelements (e.g., Cu, Fe, Zn), which function as catalysts in the
physiological processes occurring in plants, is an important factor affecting the
development and growth of crops. On the other hand, some of these elements, i.e. Hg,
Pb occurring in a dissolved form in sewage sludge, co-precipitated with metal oxides
and adsorbed or associated with biological residues, are hazardous toxic substances (De
la Guardia & Morales-Rubio 1996; Milik et al., 2016). Furthermore, the application of
wood ash from known sources must not increase the contents of heavy metals in the soil
to levels exceeding the norms (Pitman 2006; Libiete et al., 2016)

Currently based on the Decision issued by the Commission of the European
Communities, on 3 May 2000 regarding the waste catalogue, sludges from the treatment
of urban waste water are marked with the code 19 08 05, (Official Journal L 226,
6.9.2000). As regards the agricultural use of municipal sewage sludge the main hazards
are linked with the high quantities of heavy metals; their permissible concentrations are
defined in the Ordinance of the Minister of Environment dated 6 July 2015 regarding
municipal sewage sludge. According to the ordinance of the Minister of the Environment
on municipal sewage sludge, according to which a single dose of sewage sludge, allowed
once every three years for non-food crops, may not exceed 45 Mg per hectare every 3
years (Journal of Laws 2015 item 257).

Wood ash, as an alternative to calcium fertilisers, is characterised by an alkaline
reaction and therefore treatments involving the use of wood ash significantly affect soil
pH. Composition of wood is rather stable, with high concentrations of calcium and
silicon, and lower contents of phosphorus and potassium (Cepauskiené et al., 2018).
Spruce wood ash has been reported to contain: calcium carbonate (CaCOs3), potassium
sulphate(VI) (KzSQO4), magnesium potassium phosphate (K:Mg(POs)s), manganese
potassium phosphide (KMnP) and manganese sulphate(VI) (MnSO,4). Wood ash applied
as a fertiliser produces significant changes in the physical and chemical properties of the
soil (Libiete et al., 2016). Saletnik & Puchalski (2019) reported that application of wood
ash may positively affect the soil, particularly in areas requiring remediation.

The present study investigated the effects on soil by municipal sewage sludge and
wood ash applied during the cultivation of Jerusalem artichoke. The impact of the
presence of applied the fertilizer materials on changes in soil and a macro- and
microelements contents was investigated.

METHODOLOGY

Characteristics of the experiment

The experiment was conducted in the village of Ujkowice (49.85° N, 22.72° E),
located in the commune of Przemysl in the Podkarpackie Region of Poland. It was
carried out in a field lying fallow for 8 years. The size of the plots was 35 m? (7 m x 5 m)
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at the start of the experiment, and for harvest were cut to 24 m* (6 m x 4 m). The
comparative analyses took into account three factors; the first factor - 4 levels of fertiliser
use with wood ash - 0; | — 4.28; 11 - 8.57; 11l — 12.85 t ha™, the second factor — 2 levels
of fertiliser use with sewage sludge — 0; 1 —30.3 t ha™, the third factor — 2 varieties of
Helianthus tuberosus L. — Gigant, Albik. In English Helianthus tuberosus L. it is called
Jerusalem artichoke.

The experiment was carried out in three replications, in accordance a with split plot
— split block design.

The soil used in the experiment was classified as heavy loam, agronomic category
— heavy soil (total fraction > 0.02 mm — 37.7%) and agricultural usefulness complex 1V
(USDA, 2006). The physicochemical and chemical parameters of the soil are shown in
Table 1.

Table 1. Physicochemical and chemical parameters of the soil before the experiment

Parameter Value Regulation of the Minister of Environment dated
pH (pPHH20) 6.10 September 1, 2016 on how to assess the pollution of the
pH (pHkcr) 5.58 earth's surface, (Journal of Laws 2016 item 1395

Soil salinity g NaCl kg?  0.11
Unit (mg kg™?)
Available phosphorus 53.2 -

Available potassium 132.7 -
Exchangeable calcium 290.7 -
Available magnesium 124.0 -

Cd 1.30 2-15

Pb 215 100-600
Ni 15.4 100-500
Zn 51.9 300-2,000
Cu 14.7 100-600
Cr 22.0 150-1,000
Hg 0.0424 2-4

The soil was characterised by slightly acidic pH (ISO 10390:1997P). The contents
of available phosphorus and potassium were at a medium level (Egner et al., 1960).
Magnesium contents is classified as high (DIN-R-04020:1994+AzI1:2004) (Table 1). The
assessment of the total contents of metals in the soil showed that they did not exceed
values described as medium. In the light of the applicable laws, the soil was suitable for
the use of municipal sewage sludge as a fertiliser (Journal of Laws 2015 item 257).
Sewage sludge obtained from the Municipal Treatment Plant in Przemys$l was subjected
to fermentation, dehydration and hygienisation with lime. Metal concentrations in the
sludge (Table 2) did not exceed the limits specified in the Ordinance of the Minister of
Environment regarding municipal sewage sludge (Journal of Laws 2015 item 257). In
terms of its chemical composition, the sewage sludge complied with the standard for
organic fertilisers, as set forth in the Regulation of the Minister of Agriculture and Rural
Development on the implementation of certain provisions of the act on fertilisers and
fertilisation (Journal of Laws 2008 No. 119 item 765).

Ash from coniferous trees obtained from the Tartak Olczyk Sp. Z 0.0. sawmill in
Swidno near Krasocin, was produced from incinerated wood shavings and sawdust of
coniferous trees: spruce, pine and larch. The ash was found to have an alkaline pH (9.5).
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The tests took into account two Table 2. Physicochemical and  chemical
varieties of Jerusalem artichoke parameters of the municipal sewage sludge
(Helianthus tuberosus L.), Albik and from the Municipal Trea}tment Plant in
Gigant, intended for the production of Przemysl, and ash from coniferous trees from
biomass for energy related purposes. the Tartak Olczyk Sp. Z 0.0. Swidno sawmill
Tubers of Albik Jerusalem artichoke ~ Parameter Sewage sludge  Ash
were purchased in the Dolnoslaskie ~ PH (PHrzo) 74 9.5
Region, directly from the producer, DY mass (%) 23.6 -

- . . Unit (% d.m).
Emilian Siemsia, and Jerusalem Organic matter 528

artichoke of the Gigant variety was N 4.24 .
acquired from Vreeken’s Zaden, p 1.60 0.60
Voorstraat 448, 3311 CX Dordrecht K 0.20 2.34
(the Netherlands). Ca 2.80 20.6
In the spring of 2013, before the Mg 0.64 1.14
seasonal works were started, and Unit (mg kg d.m)
following the germination of Jerusalem ~ C€d 1.60 11.6
Pb 42.7 13.1

artichoke, herbicidal treatments were

performed with Roundup 360 SL, at the 2” 61.2 11.4
n 1053 280
3-4 leaf stage of couch grass, at a dose Cu 1715 134
of 3L ha' + the adjuvant AS500SL ¢, 612 195
1-2 L ha, followed by Fusilade Super Hg 1.33 0.013

125 EC (2 dm® ha™).

In 2013, before planting, mineral
and organic fertilisers were applied to the plot, taking into account the requirements of
Jerusalem artichoke (N—100 kg ha®, P—70 kg ha*, K—100 kg ha®. The doses of the
respective fertilisers were determined based on the contents of nitrogen and phosphorus
in the sewage sludge, the contents ofcalcium and potassium and the pH value in the wood
ash, and the area of the relevant plots (35 m?). In order to balance out the dosage of
sewage sludge with regard to nitrogen, 35 kg of fresh sludge was applied to the plot. The
dose used once in the three years amounted to 105 kg per plot, i.e. 30 t ha™. The dosage
of wood ash was determined based on the potassium content in the ash. The following
doses of wood ash were applied: 0; 4.28; 8.57 and 12.85 t ha™. The potassium fertiliser,
i.e. ash from wood biomass, was spread on the plots, and mixed with soil with the use of
a tiller. The sewage sludge was spread into the soil in spring 2013, before the tubers of
Jerusalem artichoke were planted. Only two of the above fertilizers were used in the
experiment.

Methodology of chemical analyses

Samples of the soil, acquired from each plot after harvest of the Jerusalem
artichokes, were collected with Egner—Riehm’s sampling stick at a depth of 0—20 cmin
conformity with the applicable standard (DIN-R-04031:1997). The air-dry soil samples
were analysed. Soil reaction (pHw20 and pHkci) was determined with potentiometric cally
(1ISO 10390/1997). Available phosphorus and potassium in the soil were identified using
the Egner-Riehm method based on extraction of calcium lactate and lactic acid with
buffer solution characterised by a pH value of 3.55 (Egner et al., 1960). The contents of
available magnesium were measured using soil extraction with a solution of calcium
chloride with a concentration of 0.0125 mol CaCl, dm 3, (DIN-R-04020:1994+Az1:2004).
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The contents of exchangeable calcium in the soil were determined using soil extraction
with barium chloride with pH = 8.1 (ISO 11260:2011). In order to measure the overall
contents of elements, the soil was subjected to mineralisation in a mixture of nitric(V)
acid (HNOs) and chloric(VII) acid (HCIOg4), subsequently a chemical assay was
conducted using ICP-OES 6500 apparatus. The assessment applied Echelle-type optics
with a semiconductor CID detector with a resolution of 200 nm, and an element spectrum
in the range of 166847 nm.

Statistical analysis of the findings was based on three-way analysis of variance,
with a split-plot split-block design in 2013 and 2014; number of replications n = 3.
Multiple comparison of the means was performed using Tukey's test, at a significance
level o = 0.05. The analyses were carried out using STATISTICA v.12 software.

Climatic conditions

According to the data obtained from the Institute of Meteorology and Water
Management in Warsaw, mean total precipitation in the Podkarpackie Region in 2013
was lower (580 mm) than the multiannual mean (610 mm), and in 2014 it was slightly
higher (640 mm). The mean air temperature during the first and second vegetation
season was similar (11.2 °C and 11.3 °C, respectively), and it was slightly higher than
the multiannual mean (10.6 °C). During the initial vegetation period (April — May) as
well as at its peak (June — August) the mean monthly air temperatures were similar to
the multiannual mean values. In June 2013 and July 2014 there was heavy rainfall
(140 mm and 120 mm). During the remaining months precipitation was significantly
lower. The temperatures observed from October to December were higher than the
multiannual mean, on average by 2 °C. In 2014 the mean air temperature of 11.3 °C
exceeded the multiannual mean by 0.7 °C. The high temperature in November and
December supported continued vegetation growth, and did not pose any significant
hazard for the wintering plants. During the first decade of January the high temperature
promoted continued vegetation growth of the plants. Later during the same month, the
increased mean diurnal temperature of the air resulted in intensified physiological
processes occurring in the plants. The mellow and sunny weather in March removed
excess moisture from the fields and warmed up the soil. The weather conditions in April
were also favourable for agriculture. Warm and sunny weather during the month
promoted rapid growth of the plants. In May the agrometeorological conditions were
differently. As a result of a cold spell, the pace of plant growth and maturation was
slower. The frequent and heavy rainfall during the month led to excessive hydration of
the soil. The warm days in the first and second decade of June promoted plant growth
and a cold spell during the third decade resulted in transient slowing down of plant
maturation. The rainfall observed throughout the month of July beneficially affected the
level of moisture in the surface layer of the soil as well as the growth and development
of root crops.

RESULTS AND DISCUSSION

Macroelements in the soil

Owing to the ten times higher concentrations of potassium and calcium in ash,
compared to sewage sludge, the former may effectively be used as an additional source
of these macroelements. In 2013 the soil from the experiment was analysed and shown
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to have total contents of phosphorus amounting to 1 gP kg* soil (Table 3, 4, 5).
Application of sewage sludge and ash from coniferous trees did a change significantly
contents of the element in the soil. As an exception, the soil in which the Albik Jerusalem
artichoke was grown contained significantly more phosphorus compared to the soil in
which the Gigant variety was cultivated. After the experiment ended, in 2014, more
uniform results were observed as regards available phosphorus concentrations in the soil;
the mean value amounted to 0.60 g P kg™ and no effects were produced by either of the
fertilisers or the Jerusalem artichoke varieties.

Table 3. Effect of fertilisation with wood ash on the contents of total and available forms of
macroelements in the soil

Ash doses (t ha't)

Year Element 0 4.3 8.6 12.8 LSDg.05
Total form (g kg™ soil)

2013 P 1.00 £0.095* 1.08 £0.089 1.22+0.099 1.11%+0.092 n.s.
K 2.91+£0.13 3.27+£0.14 3.17+£0.12 3.37+£0.15 n.s.
Ca 3.01+£0.16 3.23+0.17 4.030+.18 4.87£0.19 1.052
Mg 3.43+£0.13 3.67+£0.12 3.42+0.13 3.57+£0.14 n.s.

2014 P 0.597 £0.076  0.658 +£0.068 0.612+0.059 0.543+0.066 n.s.
K 2.35+0.12 2.24+0.11 2.35+0.11 2.29+0.10 n.s.
Ca 2.10 £0.067 2.35+£0.073 2.63+£0.069 3.04+0.072 0.571
Mg 2.47+£0.10 242 +0.11 2.60+0.12 252+0.11 n.s.
Available form (mg kg™ soil)
P 33.7+£2.40 47.4 +2.60 64.3£2.70 79.52.90 115

2014 K 115 +9.00 151 +£9.20 178 £10.3 222 +11.0 21.4
Mg 136 £6.70 149 +6.20 147 + 6.50 161 £6.80 n.s.

PH (PHHz0)

2014 5.58 £0.32 5.58 £0.34 5.90 £0.31 6.28 £ 0.36 n.s.

n.s. — no significant difference; *Standard deviation.

Analysis of the effects produced by the fertilisers shows a notable impact of sewage
sludge resulting in increased contents of total potassium in the soil treated with that
material at the end of the first year. Like in the case of phosphorus, the soil in which the
Albik variety of Jerusalem artichoke was grown had higher total contents of potassium,
with a difference of 0.68 g K kg™ soil. At the end of the second year of the experiment
there was no difference in the potassium contents in the soil in relation to the treatment
with either sewage sludge or wood ash; the concentrations were in the range of
2.24-2.35 g K kg™ soil (Table 3, 4, 5).

Ash from the wood of coniferous trees contained far less magnesium (only 1.14%)
than calcium, and incorporation of the material into the soil produced no significant
effects on magnesium levels in the soil during the two years of the experiment
(Table 3, 4). Like inthe case of total phosphorus and potassium in 2013, the soil in which
the Albik variety of Jerusalem artichoke was grown contained on average 4.0 g Mg kg™
soil, i.e. significantly more than the soil in which the Gigant variety was cultivated. The
different levels of these macroelements in the soil, relative to the variety grown, can be
explained by the higher yield of tubers in the case of the Gigant variety.
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Application of the fertilisers essentially did not produce a change in the contents of
the above macroelements in the soil as they were collected by the growing Jerusalem

artichoke.
Owing to the 20% content of Table 4. Effect of fertilisation with sewage sludge on

calcium in the wood ash, the soil the contents _of total_ and available forms of
was found with increased overall ~ Macroelements in the soil

concentrations of calcium, which Sludge doses (t ha*)

were maintained until the end of ~ Year Element 0 303 LSDo.s
the experiment. In 2013 the o0 Hglj?)rrgge(s%klgoss?g 092 ns
mean concentration of calcium K 2.98+0.081 3.38+0.090 0.127
amounted to 3.78 g Cakg™ of Ca 4084017 349+0.16 n.s.
soil, which shows the soil was Mg 371+0.12 333+011 ns.
rich in calcium (Table 3). 2014 P 0.618 £0.72 0.587 +0.68 n.s.

It should be noted that a K 230+0.11 231+0.12 ns.
comparative analysis of the data Ca 2.56 £0.078 2.50+0.076 n.s.
from the two years outlining Mg 254+0.11 246%0.11 ns.
the concentration of phosphorus, Available form (mg kg™ soil)
potassium, calcium and magnesium 2014 P 49.6+2.8 62.9+2.6 n.s.

K 160 £9.9 173+10.2 n.s.

in the soil shov_vs lower levels of Mg 147 + 6.3 149465 s
these elements in the second year,
which would indicate a high PH (pHiz0) 6.2

2014 5.83+£0.30 585+0.31 n.s.
uptake of these elements by
cultivated Jerusalem artichoke.

Available forms of the macroelements more accurately reflect their availability to
plants; therefore the related literature contains far more studies investigating the impact
of soil enhancements on changes in soil fertility and the contents of these elements
(Kulczycki 2012; Piekarczyk, 2013; Niu & Hao 2017; Stankowski 2018).

The soil from the experiment contained 53.2 mg P kg™ which means it had a
moderate content of available phosphorus. The ash applied as a fertiliser contained
0.60% phosphorus, resulting in increase of the concentration of the available form of this
macroelement in the soil after the experiment. Application at a dose of 12.8 t ha resulted
in a content of 79.5 mg P kg™ soil, which represents a high concentration of available
phosphorus in the soil (Egner et al., 1960). Cruz-Paredes et al., (2017) grew barley on
loamy sand, obtained results showing that application of biomass ash as a fertiliser may
be an appropriate strategy for retaining available phosphorus in agricultural soil.

Analysis of the changes in available potassium levels in the soil showed the effects
of the ash from coniferous trees incorporated into the soil. At the start of the experiment
the content of available potassium amounted to 133 mg K kg™ soil, and at the end the
soil from the plots where ash was applied at a rate of 12.8 tha™ was found with
222 mg K kg™ soil (Table 3). The fact, that the ash from coniferous trees contained
2.34% potassium, as a result of which the soil, initially with a high content of potassium,
after the experiment could be classified as soil with a very high concentration of
potassium (Egner et al., 1960). Piekarczyk et al. (2011) assessed soil treatment involving
the use of ash from rapeseed straw and reported that the material was particularly useful
as a potassium fertiliser. Likewise, Saletnik & Puchalski (2019) established that by using
wood ash at an adequately selected dose, it is possible to enhance the chemical

n.s. — no significant difference; *Standard deviation.
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characteristics of the soil, including its pH and the contents of available forms of
macroelements.

Prior to the experiment, the soil was found to have available magnesium amounting
to 124.0 mg Mg kg™ of soil. Despite the fact that the ash from coniferous trees contained
1.14% magnesium, after two years of the experiment no effect of the fertiliser was
identified in the contents of the available form of this macroelement in the soil (Table 3).

No significant effects on soil
pH or contents of available forms Table 5. Effect of Jerusalem artichoke cultivation on
of the above macroelements in the the contents of total and available forms of

soil were produced in the macroelements in the soil
experiment by fertilisation with Variety _
sewage sludge or by the variety of Year Element Gigant Alblk_ LSDg.05
Jerusalem artichoke grown (Table 5013 P I‘gg'j%rg‘?ég kﬁlfllgol% 076 014>
4, 5). Theash from conifer r Dot e :
abz)li o eigenfngﬁf tvszz K 2.84+0.08L 3.52+0.093 0.408
. . Ca 3.63+£0.17 3.94+0.18 ns.
characterised by a pH of 9.5. This Mg  302+011 4.02+0.14 0412
resulted in alkalisation of the soil 2014 P 0618+070 0588064 ns.
treated with ash, proportionate to K 2.27+0.078 2.34+0.068 n.s.
the dose of ash applied; the effect Ca 254+0.15 252+0.13 n.s.
was maintained after the Mg 248+0.10 252+0.11 n.s.
experiment ended (Table 3). Available form (mg kg™ soil)
Using a dose of 12.8 t ha a soil 2014 P 54.0+3.0 584+29 ns.
pH of 6.28 was obtained, which K 162+81  172+73 ns.

classifies it as slightly acidic soil Reactiolxlg(]pH) 14563 151466 ns.
(IS 10390: 1997P). The increase 7, , 577+032 591+0.32 n.s.

in soil richness in potassium and — . x I

its alkalization as a result of using n.s. — no significant difference; *Standard deviation.
wood ash is a topic of research in many countries (Pels et al., 2005; Gibczynska et al.,
2007; Shen et al., 2008).

Microelements in the soil

The Ordinance of the Minister of Environment on soil quality standards and land
quality standards specifies limit values for the discussed five metals (Cd, Pb, Ni, Zn, Cu)
(Journal of Laws 2002 no. 165 item 1359). Cadmium is not a biologically required
element. The threshold value in the case of cadmium defined as 4 mg Cd kg™ of soil,
(Journal of Laws 2002 nr 165 item 1359), is higher than the level of this element found
in the soil at the start of the experiment. The relatively high content of cadmium
(11.6 mg Cd kg™) in the ash resulted in a significant increase in cadmium levels in the
soil in the plots treated with ash at the highest dose; in the consecutive years the levels
amounted to 1.85 and 0.480 mg Cd kg™ of soil (Table 6). Indeed, it has most frequently
been reported that fertilisation with wood ash leads to an increase in cadmium
concentrations in soil. Fiizesi et al., (2015) investigated the combined effect of wood ash
and ryegrass or mustard cultivation on soil composition and reported that cadmium was
the only heavy metal whose concentrations were slightly increased. Faridullah et al.,
(2017), based on an experiment carried out in two types of soil, reported that charcoal
introduced into the soil acted as an adsorbent and effectively reduced cadmium
leachability in soil.

657



It is known that lead is easily absorbed by plants and accumulated in their tissues.
The natural soil in which the experiment took place contained 21.5 mg Pb kg soil. The
ash from coniferous trees and the sewage sludge applied in the experiment were found
with lead contents of 13.1 and 42.7 mg Pb kg™, respectively (Table 6). The findings of
the experiment showed an increase in lead contents produced by all the three factors
taken into account, but only in the first year of the experiment. However, the limit value
defined as 100 mg Pb kg™ of soil (Journal of Laws 2002 no. 165 item 1359) was not
exceeded. In the second year there was a decrease in the content of lead in the soil,
compared to the initial value.

Table 6. Effect of fertilisation with biomass ash in the contents of microelements in the soil
Ash dosage (t hat)

Year Element 0 4.3 8.6 12.8 LSDo.05
mg kg soil

2013 Cd 1.29+0.043* 1.35+0.045 1.36+0.046 1.85+0.047 0.064
Pb 191+£1.2 22.7+1.3 21.0+1.2 23.3+1.2 1.069
Ni 17.9+£0.82 18.7+0.87 16.8+£0.78 17.5+0.80 n.s.
Zn 64.5+3.3 67.7+3.4 69.4 £3.3 58.0+3.5 n.s.
Cu 15.91.0 160+1.1 159+0.9 158+1.1 n.s.

2014 Cd 0.411+0.026  0.443+£0.028 0.462 £0.027 0.480+0.021 0.039
Pb 129+1.2 13.7+£1.0 133+£1.2 129+1.1 n.s.
Ni 13.3+£0.72 13.3+£0.76 14.3+0.81 14.3+£0.80 n.s.
Zn 50.7 £ 3.5 50.4+3.3 53.7+3.2 49.8+3.0 n.s.
Cu 149+1.1 15.0+1.2 158+1.1 154+1.4 n.s.

n.s. — no significant difference; *Standard deviation.

Table 7. Effects of fertilisation with sewage sludge and Jerusalem artichoke variety on the
contents of general and available forms of microelements in the soil

Sludge dosage (t hat) Varieties
Year Element 0 30.3 LSDoos  Gigant Albik LSDo.05
mg kg soil
2013 Cd 1.28+£0.048*1.59+£0.050 n.s. 1.47 £0.047 1.51 £ 0.05 n.s.
Pb 20012 23.0x1.2 1.32 205+12 225+12 0.24
Ni 176+0.78 179+£0.76 ns. 15.8+0.80 19.7+0.78 1.64
Zn 64.7+34 65.2+3.3 n.s. 64.1+35 65.7+£35 ns.
Cu 16.1+12 157+13 n.s. 158+13 16.0+14 n.s.
2014 Cd 0.460+0.26 0.439+0.22 n.s. 0.450+0.230.449+0.2 ns.
1
Pb 13.2+098 13.3+0.96 n.s. 13.3+£0.90 13.1+£0.93 n.s.
Ni 141+£0.76 135+£0.73 ns. 13.7+£0.74 13.9+0.72 n.s.
Zn 51.4+3.1 50.8+3.0 n.s. 52.7+3.1 49.6+3.2 ns.
Cu 155+11 150+1.2 n.s. 152+12 153+11 ns.

n.s. — no significant difference; *Standard deviation.

Nickel plays an important role in regulating the processes in which free nitrogen is
assimilated by soil bacteria. The maximum levels of nickel in the soil from the
experiment amounted to 19.7 Ni mg kg™ soil in 2013, and to 14.7 mg Ni kg™ soil in 2014
(Table 6, 7). The permissible maximum content of nickel in heavy soils is defined as
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100 mg Ni kg™ soil (Journal of Laws 2002 no. 165 item 1359), while the levels in the
soil from the experiment were much lower.

Generally, zinc contents in heavy soils are in the range of 35-75 mg Zn kg'* soil
(Kabata-Pendias 2011). In the experiment, the contents of zinc in the soil were in a
narrower range, from 49.6 to 69.4 mg Zn kg, and did not exceed the values typically
observed in soils in Poland (Table 6 and 7).

The permissible concentration of copper in heavy soils amounts to 150 mg Cukg™
of soil (Journal of Laws 2002 no. 165 item 1359). Throughout the duration of the
experiment, copper levels in the soil were ten times lower, amounting to 15 mg Cu kg™

While analysing the effects of the factors taken into account in the experiment it
should be emphasised that the microelements were very stable in the soil. The three
factors, i.e. fertilisation with ash from coniferous trees, or with sewage sludge, as well
as the different varieties of Jerusalem artichoke grown in the experiment, did not produce
a significant change in the concentrations of the three microelements: nickel, zinc and
copper, in the soils. Besides the chemical contents of the fertilisers, the above analogy
may be explained by the fact that these elements are located in the same period and they
occur in the second oxidation state.

A comparison of the data collected during the two years, i.e. the levels of the five
microelements in the soil, shows their lower concentrations in the second year, which
may suggest that these elements are absorbed in large quantities by growing Jerusalem
artichoke, and this is a similar trend to that observed in the case of the macroelements.

CONCLUSIONS

1. Application of the fertilisers essentially did not produce a change in the total
contents of phosphorus, potassium and magnesium in the soil examined after Jerusalem
artichoke was harvested.

2. Application of ash from coniferous trees, with high levels of calcium, resulted
in increased total contents of calcium in the soil. The soil can be classified as rich in this
macroelement.

3. The lower contents of the relevant macroelements and microelements in the soil
in the second year of the experiment may reflect the fact that growing Jerusalem
artichoke absorbs these elements in large quantities.

4. Out of the three factors in question, only fertilisation with ash from coniferous
trees produced a significant increase in the concentration of available phosphorus and
potassium in the soil.

5. Fertilisation of the soil with ash from coniferous trees or with sewage sludge, as
well as cultivation of different varieties of Jerusalem artichoke, resulted in a significant
increase in the concentrations of cadmium and lead, and produced no effects in the levels
of nickel, zinc and copper identified in the soil.

6. The above findings, and in particular the fact that the limit values were not
exceeded, indicate the possibility of using both sludge and biomass ash for fertilizing
Jerusalem artichoke.

FUNDING. This research was funded by Minister of Science and Higher Education ‘Regional
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Abstract. The present research was carried out with the aim to determine the correlation between
ploidy level, steroid glycoalkaloids (SGAs) content and resistance against Late blight
(Phytophthora infestans (Mont.) de Bary), and Colorado potato beetle (Leptinotarsa
decemlineata (Say)) in cultivated and wild Solanum species preserved in the Potato Gene Bank
of Czech Republic. In this study 27 species were included which consist of five cultivated and 22
wild species, with a total of 31 genotypes (four species represented by two accessions). In this
study 70.97% of genotypes were evaluated as diploid, 3.23% were triploid, 19.35% tetraploid
and 6.45% hexaploid as depicted from counting of chromosomes. The highest concentration, of
foliage a-solanine (5,450 mg kg?) and a-chaconine (9,420 mg kg™) of dry matter was found in
the specie S. yungasense 00070, whereas lowest 1.1 mg kg* and 2.3 mg kg™ in S. pinnatisectum
00051, respectively, Tukey’s test of one way anova was performed for getting significance from
the data obtained and found significant variation among species of steroid glycoalkaloids (SGA)
content in dry weight at level of P <0.01. Leaf damages by Leptinotarsa decemlineata under
field experiment circumstances were also recorded. In vitro study, S. bulbocastanum PIS 06-17
and S. bulbocastanum 00240 shown resistant to P. infestans upon inoculation of aggressive
isolates and strong resistance was observed in S. stoloniferum 00295, S. sucrense 0062 and
S. yungasense 0070. Nevertheless, there was no correlation of ploidy level, SGA contents and
resistance to the CPB (r = 0.00) and late blight (r = 0.076) found in the investigated Solanum
species.

Key words: Solanum species, polyploidy, a-chaconine, a-solanine, resistance.
INTRODUCTION
Genus Solanum is one of the largest genera in flowering plants. Ploidy level has

been of great importance in the classification and identification of cultivated potatoes
(Huaméan & Spooner, 2002). Bukasov (1939) was the first who count chromosomes of
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the cultivated potatoes and discovered diploids, triploids, tetraploids, and pentaploids
and used these data to speculate on their hybrid origins. The evolutionary diversity of
the wild species and the comparatively narrow genetic basis of the cultivated potato
make Solanum species unique materials for breeding (Carputo et al., 2013; Zeka et al.,
2015). The potato secondary gene pool consists of the broadest range of wild and
primitively cultivated relative species compared to other crop plants (Pavek & Corsini,
2001; Zeka, et al., 2014). Species of the family Solanaceae produce a wide spectrum of
steroid glycoalkaloids (SGAs). These are secondary metabolites characterized by a bitter
taste and toxicity (Friedmann & McDonald, 1997). The two main potato steroid
glycoalkaloids are a-solanine and a-chaconine, derived from solanidin, which represent
approximately 90 - 95% of total glycoalkaloids. Nevertheless, SGAs are always present
in potatoes, albeit in varying amounts, and form the plant’s inbuilt protection against
insects and disease. The influence of potato genotype on total glycoalkaloids (TGA)
content in tubers was significant, but the impact of growing conditions or year are
insignificant (Skrabule et al., 2010).

Jansky et al. (2009) found significant effect of ploidy in resistance to CPB; where
diploid species were most resistant, followed by hexaploids and than tetraploids. Also
she postulated that there was no significant difference among two Endosperm balance
number (EBN) and four EBN from each other, but they were more susceptible than the
one EBN species.

Phytophthora infestans is responsible for the late blight disease found in potatoes
and tomatoes. P. infestans belongs to the oomycetes, a diverse group of deeply branching
eukaryotic microorganisms (Kamoun, 2003). Due to their filamentous growth habit,
oomycetes had been traditionally classified in the kingdom of fungi. Continuous
pathogen population studies describing the contemporary P. infestans population are
essential in order to advise potato breeders and growers accordingly (Runno-Paurson et
al., 2016). Late blight has become a particularly devastating disease worldwide during
the past few decades (Goodwin et al., 1994; Klarfeld et al., 2009) limiting potato
production.

So far, 11 late blight resistance genes from the wild potato speciess Solanum
demissum were introduced into cultivated potato (Gebhardt & Valkonen, 2001).

The aim of this research was to determinate correlation between ploidy level,
steroid glycoalkaloidscontent (SGAs), and resistance against Late blight (Phytophthora
infestans (Mont.) de Bary) and Colorado potato beetle (Leptinotarsa decemlineata
(Say)) in cultivated and uncultivated Solanum species preserved in vitro in Potato Gene
Bank of Czech Republic. Moreover, use these plant genetic resources for potato breeding
programs and developing new interspecific somatic hybrids highly resistant.

MATERIAL AND METHODS

Plant Material

Twenty-seven of cultivated and uncultivated botanical species of genus Solanum
were used as biological material in the research. Origin, taxonomy, and genetic
background of Solanum species are presented in Table 1. The biological material, single
clone of 31 genotypes were obtained from in vitro preservation gene bank of Potato
Research Institute in Havlicktiv Brod Ltd. than genotypes in vitro micropropagated and
tested in Department of Genetics and Breeding, FAFNR-CULS.
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Ploidy level, glycoalkaloid content and resistance to P. infestans was analyzed in
three random plants with three replication of each genotype, whereas evaluation of
resistance to the Colorado potato was done on five plants with three replications in two
consecutive years field experiment.

Determination of the Ploidy

The ploidy of all species was determined according to Zlesak et al. (2005) with
minor changes in time procedures. Young long roots tips of 5-10 mm sizes were
collected for ploidy determination from the greenhouse after four weeks of seedlings.
The roots were carefully pre-washed using distilled water. The root tips were treated
using 350 ul colchicine 0.3% for 4 hours in room temperature. Fixation of cells was
realized by mixture of ethanol 96% and ice acetic acid in ratio of 3:1 in refrigerator
(5 °C) overnight and macerated using 1:1 mixture of concentrated HCI and ethanol.
Colouring and pressure setting of karyotype was performed on microscopic glass slides
as described by (Zlesak et al., 2005), Chromosomes were counted and karotypes
documented by means of binocular microscope Olympus BX41TF (Olympus
Corporation Tokyo, Japan).

Identification and Quantification of Steroid Glycoalkaloids

The foliage samples were collected and freeze dried for identification and
quantification of glycoalkaloids. Total 0.25 g of freeze-dried grinded foliages were used
for separation of a—chaconine and o—solanine as described by (Crabbe & Fryer, 1980).
Extract were purified on Solid Phase Extraction (SPE) column and analyzed by HPLC-
MS/MS method as described by (Friedman & McDonald, 1997). Individual
glycoalkaloids were identified by their molecular ions and product spectrum and further
quantified using external calibration.

Resistance assessment

Symptoms of potato late blight, and resistance to the Colorado potato beetle was
recorded by estimating the percentage of damaged leaf from 3 week of June month.
The evaluation of symptoms was performed at each week interval.

Potato genotypes samples were grown in the CULS experimental field, plot size for
each variety was 5 sqm. Plots were arranged three replications in a random design.

In vitro testing of the potato for partial resistance to P. infestans (Hodgson, 1961)
was followed. P. infestans isolates for the reference were received from Department of
Plant Protection and maintained as described by Vleeshouwers et al. (1999). Three
highly aggressive isolates overcoming Solanum demissum genes R1, R2, R3, R4, R,
R7, R10, and R11 recorded from all the inoculums under study. These Isolates were
collected from ValeCov (Czech Republic) and labelled as 1/3, 2/1 and 4/1. Inoculation
of virulent strains were performed in triplicate on 4 weeks old genotypes on the dorsal
surface of leafs. Virulence was studied after 72 hours of inoculation under
stereomicroscope. The resistant and partially resistant genotypes were again re-evaluated
against other aggressive isolates 2/2, 4/2 and 5/3.
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Statistical Analyses

Mean results of the a-chaconin, a-salonine and SGA contents between the species
were compared by Tukey’s test one-way ANOVA at MINITAB 18, whereas analysis of
correlation (r) coefficient of SGA and resistance is done using MINITAB 18 and

Microsoft® Excel 2007 software’s.

Table 1. Origin and taxonomy of Solanum species used in this research

Subsect_lons Sola_num on EBN*  Region of origin Altitude

and series species range, m

subsection

Estolonifera

Etuberosa brevidens 24 1 C-S.CHL, S.ARG < 1,000

subsection

Potatoe

super series Stellata

Bulbocastana bulbocastanum 24 1 MEX 1,500-2,300

Pinnatisecta pinnatisectum 24 1 C.MEX 1,800-2,100

Polyadenia polyadenium 24 1 C.MEX 1,900-2,900

Yungasensa chacoense 24 2 BOL, ARG, PRY, 0-2,350

URY, PER

yungasense 24 2 N.BOL-S.PER 1,100-1,900

super series Rotata

Tuberosa (wild) berthaultii 24 2 BOL 2,000-2,800
gourlai 24 2 C.BOL-NW.ARG 2,100-3,400
incamayoense 24 2 NW.ARG 2,100-2,800
leptophyes 24 2 S.PER, N.BOL 2,500-4,000
microdontum 24 2 ARG, BOL 1,800-3,100
mochiquense 24 1 N.PER 250-1,750
sparsipilum 24 2 C.PER-C.BOL 2,400-4,200
spegazzinii 24 2 NW.ARG 1,900-3,100
sucrense 48 4 C.BOL 2,500-4,000
vernei 24 2 NW.ARG 2,200-2,800
verrucosum 24 2 MEX 2,400-3,200

Tuberosa (cultivated) phureja 24 2 VEN, COL, ECU, 1,600-2,800

PER, BOL

goniocalyx 24 2 N.PER-C.BOL > 3,000
stenotomum 24 2 C.BOL-C.PER 3,000-3,800
x chaucha 36 2 PER, BOL, ARG 1,600-3,800
andigena 48 4 Andes: ARG-MEX  2,000-3,000

Acaulia acaule 48 2 PER, BOL, NW.ARG 2,600-4,650

Longipedicellata fendleri 24 2 NW.MEX, SW.USA 1,600-2,800
polytrichon 48 2 C-NW.MEX 1,800-2,500
stoloniferum 48 2 C.MEX 1,800-3,000

Demissa guerreroense 72 4 SW.MEX 2,600-3,000
demissum 72 4 MEX, GTM 2,650-3,800

4 (Source: Spooner & Castillo, 1997; Hijmans et al., 2007).
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RESULTS AND DISCUSSION

Solanum species shows ploidy from diploid (2n=2x=24) to hexaploid
(2n = 6x =72). Salaman (1926) published first ploidy determination of wild species
Solanum demissum and Solanum x edinense. The diploid level in natural occurred (about
80%) wild Solanum species (Carputo & Barone, 2005). Hijmans et al. (2007) compiled
a total of 5,447 reports of ploidy determination covering 185 of the 187 species.

Our results on investigated genotypes/species confirmed the expected ploidy level
(Table 1). In this study 70.97% of genotypes were evaluated as diploid, 3.23% were
triploid, 19.35% tetraploid and 6.45% hexaploid as depicted from counting of
chromosomes (Fig. 1). We also obtained similar results with other researchers (Spooner
& Castillo, 1997; Hijmans et al., 2007).

© Sedlak, P.

Figure 1. Chromosomes, a) 2n S. polyadenium 00290; b) 3n S. xchaucha 00134 and
c) 4n S. stoloniferum 00295.

In this study, the highest concentration, of foliage a-solanine (5,450 mg kg™) and
a-chaconine (9,420 mg kg?) of dry matter was found in the specie S. yungasense 00070,
whereas lowest 1.1 mg kg™ and 2.3 mg kg™ in S. pinnatisectum 00051, respectively,
Tukey’s test of one way anova was performed for getting significance from the data
obtained and found significant variation among species of steroid glycoalkaloids (SGA)
content in dry weight at level of P <0.01 (Table 2). Solanum glycoalkaloids are known
as insect-deterrent activity, which may offer a valuable alternative to synthetic pesticides
in providing natural defence against pests, especially CPB. However, in S. tuberosum
a-solanine and a-chaconine are ineffective against CPB; whereas some accessions of S.
chacoense, even their total glycoalkaloid content was almost same with other species,
showed high resistance to CPB due to their high leptine content (Sinden, et al., 1986).
Jansky et al. (2009) postulated that the best sources of CPB resistance seem to be the
wild diploid Solanum species. Host plant resistance to the CPB has been reported in
several other wild Solanum relatives (Flanders et al., 1998). Most reports indicated that
resistance is due to glandular trichomes or high levels of glycoalkaloids (Jansky et al.,
2009). Glandular trichomes provide effective resistance in Solanum berthaultii Hawkes
(Dimock & Tingey, 1988) and Solanum polyadenium Greenm (Gibson, 1976).
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Table 2. Average steroid glycoalkaloids (SGA) content in dry weight mg kg™
EVIGEZ Foliar glycoalkaloids content

Order  Species

Code a~chaconin a-solanin SGA
1 S. acaule 00030 7.3 4.6M 11.9K
2 S. andigenum 00108 413.0' 152.5K 565.5
3 S. berthaultii 00260 19.3’ 8.9M 28.2K
4 S. bulbocastanum 00240 2.8 2.9M 5.7
5 S. bulbocastanum P1S06-17 35.5 23.8KM 59.3K
6 S. chacoense 00037 4,555.0F 3,220.0¢ 7,775.0F
7 S. chacoense 00230 6,220.0°P 4,500.08 10,720.08
8 S. demissum 00250 7.7 30.9KM 38.6K
9 S. fendleri 00275 56.4’ 13.2tM 69.6 K
10 S. goniocalyx 00109 6,000.0° 3,050.0° 9,050.0°
11 S. gourlai 00045 29.5 13.1M 42 6%
12 S. gourlai 00043 7.9’ 10.5M 18.4K
13 S. guerreroense 00280 76.1 15.0tM 91.1K
14 S. incamayoense 00047 1,595.0° 1,195.0¢ 2,790.0¢
15 S. leptophyes 00048 6,715.08 3,025.0° 9,740.0¢
16 S. microdontum 00049 6,360.0¢ 3,185.0¢ 9,545.0¢
17 S. mochiquense 00050 695.0" 477.5' 1,172.5
18 S. phureja 00308 120.0° 62.9KM 182.9K
19 S. pinnatisectum 00051 2.3 1.1M 3.4
20 S. polyadenium 00290 70.7° 33.6KM 104.3K
21 S. polytrichon 00053 4,595.0F 2,210.0F 6,805.07
22 S. sparsipillum 00071 4,570.0F 1,955.07 6,525.07
23 S. spegazzini 00060 66.9’ 36.5KM 103.4K
24 S. stenotomum 00212 643.5M 138.5L 782.0°
25 S. stoloniferum 00295 1,285.0¢ 240.5° 1,525.5"
26 S. sucrense 00062 1,071.5¢ 777.0H 1,848.5"
27 S. vernei 00069 18.1° 10.2tM 1,848.5"
28 S. vernei 00234 5.4 2.4M 7.8
29 S. verrucosum 00299 4,540.0F 2,120.08F 6,660.0"
30 S. x chaucha 00134 118.0° 72.5KM 190.5K
31 S. yungasense 00070 9,420.0* 5,450.04 14,870.0A
Mean 1,913.61 1,034.78 2,948.39
F 4,474.80** 5,763.39** 5,667.58**
LSDo.05 113.53 56.33 156.85
LSDo.01 149.19 74.03 206.15

*Means that do not share a letter are significantly different according to Tukey’s test (P < 0.01).

Regarding to the P. infestans resistance, in field susceptibility was not recorded,;
however, under laboratory test S. bulbocastanum 00240 and S. bulbocastanum PIS 06-17
were fully resistant upon inoculation of aggressive isolates. Strong resistance observed
also in S. stoloniferum 00295, S. sucrense 0062 and S. yungasense 0070. The isolates
were fully virulent to most of tested species/genotypes and presented in Table 3, Fig. 2).
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Table 3. Solanum genotypes evaluation of resistance to Phytophthora infestans

. EVIGEZ Isolates
Order Species Code U3 21 41 202 42 53
1 Solanum acaule 00030 + + + + + ¥
2 S. andigenum 00108 + + + + + +
3 S. berthaultii 00260 + + + + + +
4 S. bulbocastanum 00240 - - - - - i,
5 S. bulbocastanum PIS 06-17 - - - - - -
6 S. chacoense 00037 + + + + + +
7 S. chacoense 00230 + + + + + +
8 S. demissum 00250 + + + + + +
9 S. fendleri 00275 + + + + + +
10 S. goniocalyx 00109 + + + + + +
11 S. gourlai 00045 + + + + + +
12 S. gourlai 00043 + + + + + o+
13 S. guerreroense 00280 + + + + + +
14 S. incamayoense 00047 + + + + + +
15 S. leptophyes 00048 + + + + + +
16 S. microdontum 00049 + + + + + +
17 S. mochiguense. 00050 + + + + + +
18 S. phureja. 00308 + + + + + +
19 S. pinnatisectum 00051 + + + + + +
20 S. polyadenium 00290 + + + + + +
21 S. polytrichon. 00053 + + + + + +
22 S. sparsipillum 00071 + + + + + +
23 S. spegazzini 00060 + + + + + +
24 S. stenotomum. 00212 + + + + + +
25 S. stoloniferum 00295 - + - - - -
26 S. sucrense 00062 - - + . . ;
27 S. vernei 00069 + + + + + +
28 S. vernei 00234 + + + + + +
29 S. verrucosum. 00299 + + + + + +
30 S. x chacha. 00134 + + + + + +
31 S. yungasense 00070 - - + - + -

+ =virulent; - = resistant.

It is interesting to note that
diploid genotypes S. bulbocastanum
PIS 06-1 and S. bulbocastanum
00240 had low content of foliage
SGA but were fully resistant to the
late blight, whereas S. yungasense
0070 showed strong resistance and
had very high level of foliage SGA.
So, there was a very week
correlation (r=0.076) of foliage © Zeka, D.

SG_A contents an(_i resistance to the Figure 2. Phytophthora infestans; isolate 1/3 in S.
P.infestants (Fig. 3) and less mochiquense 00050.

correlation was obtained regarding

to the ploidy level and resistance (r = 0.014).
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r=0.076

Resistance*

0O +——o 00 900 0 O 0006 o @O
1 5 25 125 625 3,125 15,625

Foliage SGA (mg kg

Figure 3. Correlation of foliage (f) SGA of dry weight contents and resistance to the P. infestans
(*0 — virulent; 1 — resistant).

CONCLUSIONS

The species under study, preserved in vitro, confirmed the anticipated ploidy level.
Whereas average amount of foliage SGA was very variable, depending on the species
background. However, was no resistance obtained against CPB regardless of EBN,
ploidy level or SGA content. Whereas, only two diploid and two tetraploid tested species
found resistant against late blight. Based on the results obtained in this study
S. bulbocastanum PIS 06-17, S. bulbocastanum 00240, S. stoloniferum 00295, S.
sucrense 0062 and S. yungasense 0070 could be considered for plant breeding of potato,
introducing resistance against P. infestants. Mechanisms against CPB and late blight are
not correlated to the ploidy level neither of SGA content and it’s seems to be
undetermined.
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