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Abstract: The paper explores the impact of electromagnetic stimulation of Ulstar alfalfa seeds on
fresh mass yield, the quantum efficiency of the plants’ photochemical reactions, and the content
of photosynthetic pigments in leaves. Before sowing, seeds were subjected to electromagnetic
stimulation in the following configurations: control (C), no stimulation; stimulation with He-Ne laser
light with the wavelength of 632.8 nm, surface power density of 3 mW-cm~2 and exposition time of
1 min (L1) or 5 min (L5); stimulation with alternating magnetic field with the induction of 30 mT and
exposition time of 1 min (F1) or 5 min (F5). It was established that the variability of alfalfa yields at the
onset of anthesis was dependent on weather conditions as well as, above all, on the electromagnetic
stimulation employed. At the same time, the values of fresh mass yield of alfalfa and photosynthetic
efficiency were higher in the first year of cultivation (2014) compared to the last year (2016). In terms
of photosynthetic efficiency, the best results were observed for L1 and F5, respectively: 0.801 and
0.800. The significantly highest values in terms of chlorophyll 2 and b and carotenoid content were
observed in 2014 at the onset of budding in the combination involving alternating magnetic field
stimulation (F5), and were, respectively, 30%, 28% and 73% relative to the control.

Keywords: alfalfa seeds; electromagnetic stimulation; fresh mass yield; quantum efficiency of
photosynthesis; photosynthetic pigments

1. Introduction

Medicago sativa L. (alfalfa) is a perennial flowering plant in the Fabaceae family. It is grown
mainly as fodder to be used in the form of green fodder, hay, haylage, or dry material, as well as
protein—xanthophylls (PX) concentrate or Lucerne leaf extract (EFL) used in human diet, etc. [1,2].
The plant is grown globally, its plantations covering a total of approximately 35 million hectares [3,4].
Alfalfa is characterized by high nutritional value, mainly due to its high protein and mineral content [5].
In agriculture, it plays an important proenvironmental role due to its ability to bind surface nitrogen as
well as nitrogen in deeper layers of soil to its Rhizobia-infected roots [2,3].

Light is an essential factor influencing photosynthesis. The process takes place in plant chloroplasts
(containing stroma and thylakoids). Light-dependent photosynthesis reactions take place in the
thylakoid membranes, and light-independent reactions in the stroma. Literature reports suggest that
the light-dependent phase takes place in two photosystems (i.e., photosystem I-PSI and photosystem
II-PSII) [6]. Photosynthetic pigments include chlorophylls and carotenoids which are located in
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thylakoid membranes. PAR (photosynthetically active radiation 400-700 nm) sunlight is absorbed in
antenna complexes by molecular chlorophyll and carotenoids [6-8], which is why light plays such
an important role in the growth and development of plants. Its deficit results in slower growth as
well as lower chlorophyll content in leaves. Excess of high intensity light can also be harmful as it
inhibits photosynthesis. The phenomenon is described as photoinhibition and occurs when a plant
absorbs more light than it is capable of processing through photosynthesis, which leads to damaging
the photosynthetic apparatus, mainly PSII. It is also noteworthy that photoinhibition may be either
reversible, when it serves as a defense mechanism for the photosynthetic system, or irreversible,
when it stems from damage thereto [9]. The process of photosynthesis utilizes under 5% of sunlight
energy. The conditions of effective photosynthesis include the participation of sunlight and suitable
ambient temperature (as well as an availability of light). The process of photosynthesis can take
place at temperatures ranging from slightly below 0 °C (mountain plants) to nearly 50 °C (e.g., desert
plants). In temperatures exceeding 50 °C cell membranes become fluid, allowing the escape of ions
(protons) from within the thylakoids. Despite the continued function of electron transport, the proton
gradient driving ATP synthesis in chloroplasts is not formed. Membrane fluidity is reduced in lower
temperatures, which limits the mobility of electron carriers and consequently lowers the rate of
photosynthesis [7].

Measurements of chlorophyll a fluorescence allow one to determine the condition of the
photosynthetic apparatus and overall physiological condition of higher plants [9]. For this purpose,
different types of fluorometers can be used which are fairly easy to operate and provide a fast and
noninvasive measurement [6]. Chlorophyll a absorbs light at approximately 650-670 nm, and after
fluorescence excitation at 740 nm [7,9-11].

Plant chlorophylls are among the main photosynthetic pigments responsible for the plants” green
color. They come in two types: chlorophyll 2 and b. Carotenoids are considered auxiliary pigments
and are also divided into two types: orange carotenes and orange-yellow xanthophylls. The latter
absorb light at different wavelengths (violet and blue spectral range) than chlorophylls. Sunlight
energy reaches the surface of the leaf in the form of a photon and is absorbed by chlorophyll molecules
present in the photosynthetic antennae. Next, the absorbed energy is transferred to the PSII and PSI
reaction centers where photochemical reaction is initiated. A portion of the energy is lost in the form of
heat or emitted as chlorophyll a fluorescence. Chlorophyll fluorescence is the product of the return
from the excited to the baseline energy state (i.e., only red light is emitted). On average, leaves contain
three times more chlorophyll a than chlorophyll b [7].

Various physical methods of presowing seed treatment are increasingly used in contemporary
agriculture, including laser light [12-17], magnetic fields [17-20], static magnetic fields [21-24], and
electromagnetic fields [25-28]. As follows from literature reports, depending on the parameters, the
use of electromagnetic field stimulation can yield positive, negative, or nil effects at the respective
stages of plant growth and development (also depending on the particular plant species). Numerous
studies point to a significant increase observed in terms of leaf size, chlorophyll content, protein
content, germination capacity, plant sprout rate, plant growth rate, reduced breathing, and increased
sugar content, and consequently also improved yields [26,29-32]. The reported effects in terms of yield
improvement influence (positively) the overall level of plant production [33].

He-Ne laser emits light at the wavelength of 632.8 nm, which corresponds to the color red.
Specifically, the light’s wavelength falls within the far-red range, which is very significant for
physiology in the processes of phytochrome activation. In turn, changes of the photochromic forms
(Pr and Pfr) stimulate certain important life processes in plants (e.g., seed germination or plant
growth and development) [34,35]. Agrophysical lasers utilize light energy to aid plants in chemically
converting the energy absorbed and stored in the seeds. This energy then fuels the processes of
germination, growth, and development [36]. Despite the rapid advances in contemporary science,
the mechanisms responsible for the effects of laser and magnetic field stimulation are yet to be fully
explained. Nonetheless, laser stimulation can demonstrably increase plant bioenergetic potential,
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which results in higher levels of photochromic activation stimulating biochemical and physiological
processes [14,37]. The Earth is a natural source of an alternating magnetic field constantly affecting
living organisms, with the field’s intensity depending on the particular latitude (within the range from
0 to 67 uT) [35,38]. One of the current theories evokes to the process observed by Aksenov et al. [39],
where under the influence of a low frequency magnetic field, release of the esterase enzyme was
observed in swelling wheat seeds, connected with their quiescence. In turn, Garcia Reina et al.
presented a hypothesis [40] of interaction between magnetic fields and ionic currents inside the germ
cell. Changes in ion concentration and osmotic pressure under the influence of the magnetic field
regulate the seed water intake.

Literature reports mention improvement in terms of germination efficiency and seed mass under
the influence of laser light stimulation in certain plants, e.g., plums [41], sprouting rate and yields in
alfalfa [42], protein, phosphorus, and molybdenum content in alfalfa dry mass, as well as reduced
content of raw fiber in the plants [43]. Sujak et al. [44] observed both a positive and negative impact of
electromagnetic stimulation on the germination of alfalfa and lupine under laboratory conditions.

Stress may be caused by excessive electromagnetic radiation, therefore, the influence of
electromagnetic factors on the efficiency of photosynthesis and the content of photosynthetic pigments
in particular phases of development was considered here.

An analysis of the fluorescence parameters of chlorophyll 2 may provide a useful tool in the
study of photosynthesis under stressful or unfavorable environmental conditions. The technique is
widely employed in agriculture, horticulture, forest farming, seed production, plant farming, as well
as storage and processing of fruit and vegetables [6].

However, there have been few papers published worldwide reporting on multiannual studies on
plants such as alfalfa, a fact that inspired us to approach the important research problem of monitoring
plants at various stages of vegetation. Given the above, the presented study focused on alfalfa—a
multiannual crop grown primarily as an excellent source of livestock fodder. We analyzed yield
fluctuations (fresh mass), photosynthetic efficiency, and related parameters in plants grown from
seeds previously subjected to electromagnetic stimulation (He-Ne laser light and alternating magnetic
field). Fluorescence efficiency was measured using a Mini-PAM (Photosynthesis Yield Analyzer)
fluorometer that facilitates quick assessment of the condition of crops and vegetables in a given
stage of development. The study was also aimed at evaluating and comparing the response of fresh
mass yield levels and the photosynthetic apparatus of multiannual plants to external stressors (e.g.,
changing weather conditions, different rainfall levels) and to correlate the same with the employed
stimulation methods.

2. Materials and Methods

The research material constituted alfalfa leaves (Medicago sativa L.) of the Ulstar cultivar. Samples
were collected and measurements were performed in three distinct periods corresponding to different
developmental stages of plants (Table 1) cultivated in a field experiment conducted on microplots
between 2014 and 2016 using the method of randomized blocks in four replicates on 2 m? plots, in the
amount of 1600 seeds per 2 m?, into rows spaced at 20 cm and at a depth of 1 cm. The experiment
was conducted at the Experimental Farm in Felin (51°13’21.9” N, 22°37’55.85” E), on soil classified as
good wheat complex. Before sowing, alfalfa seeds were subjected to electromagnetic stimulation in
the following configurations: control (no stimulation)—C; stimulation with He—Ne laser light with
the wavelength of 632.8 nm and surface power density of 3 mW-cm™2, with respective exposition
times of 1 min (L1) and 5 min (L5); and stimulation with an alternating magnetic field with the
magnetic induction of 30 mT and exposition time of 1 min (F1) and 5 min (F5). Each sample contained
160 seeds. The surface power density was measured with the use of a Power Meter Laser (Model
CTL-2001, LaserInstruments, Poland). Laser light stimulation was conducted with the use of a device
wherein the laser beam was projected from above onto a single layer of seeds placed in a vessel
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(Figure 1). Pietruszewski’s electromagnet was used for the alternating magnetic field stimulation.
The construction and operating principle of the same were as described by Muszyriski et al. [45].

Figure 1. Device for stimulating seeds with He—Ne laser light.

The study investigated the quantum efficiency of the photochemical reaction and the content of
photosynthetic pigments in leaves. Measurements of the aforementioned parameters were conducted
in the third leaf from the top obtained from 10 randomly selected plants for each of the combinations.
The determination of pigment content was conducted in a laboratory on samples taken from those leaves.

The quantum photochemical efficiency Yield (II) and electron transport rate (ETR) were determined
with the use of Mini-PAM 2000 by WALTZ Germany. The method involved measurement of the
chlorophyll a fluorescence signal. The fluorometer passed a light beam (activated and deactivated at a
high frequency) through the photosynthetic sample and registered the fluorescence signal emitted by
excited chlorophyll a (PSII) molecules. The quantum photochemical efficiency corresponded to the
ratio of quanta used in photochemical reactions to the total number of absorbed PAR quanta [45,46].

The Yield parameter formula is:

Yield = Y/1000 = (M — FyM 1)

where Yield is the current quantum efficiency PSII, M is the maximal fluorescence yield (M = Fm or
Fm’) measured during the last saturating light pulse triggered by START, and F is the momentary
fluorescence yield displaying small fluctuations.

Display of the current factor applied for the calculation of the relative electron transport rate (ETR)
that for a standard leaf is defined as follows:

ETR = Yield X PAR x 0.5 x 0.84 2)

where ETR is the relative electron transport rate and PAR is the photosynthetically active radiation.
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The standard factor 0.84 corresponds to the fraction of incident light absorbed by the leaf.
The preset value, which corresponds to an average observed in a variety of leaf species, can be modified
via SET and the arrow keys.

The chlorophyll and carotenoid content was determined by isolating these from the leaves in
acetone containing 0.01% BHT (butylated hydroxytoluene) in darkness to prevent oxidation. UV-Vis
spectra were measured using a double beam Carry Bio 300 spectrophotometer (Agilent Technologies,
CA, United States), while pigment concentrations were calculated on the basis of the procedure
described by Lichtenhalter and Buschmann [47].

Moreover, the mean value of alfalfa fresh mass yield was determined at the onset of anthesis
over the three years of the experiment. Each research object was performed in four replicates during
the measurement.

Table 1 presents the dates of the respective developmental stages for the plants (BBCH scale used
by EU states to identify stages of crop plant development), during which Mini-PAM measurements
were taken and leaf samples were collected for laboratory analyses, with the specification of mean air
temperatures and total rainfall for the respective decade (10 days, one month corresponds to three
decades) in the three years of alfalfa vegetation periods.

Table 1. Dates of the alfalfa development stages according to the BBCH scale, mean temperatures, and
total rainfall in the respective decades.

Mean Decade Total Rainfall in
Year Developmental Stage ~ BBCH Scale Dates Decade Temperature (°C) the Decade (mm)
onset of budding 51-54 26 June 3 15.4 63.9
2014 full budding 55-59 09 July 1 19.4 14.2
onset of anthesis 60-64 23 July 3 21.8 30.6
onset of budding 51-54 01 May 1 13.1 26.8
2015 full budding 55-59 15 May 2 13.4 8.9
onset of anthesis 60-64 29 May 3 13.3 76.2
onset of budding 51-54 26 April 3 7.9 16.4
2016 full budding 55-59 09 May 1 13.6 14.2
onset of anthesis 60-64 23 May 3 19.2 2.1

BBCH scale used by EU states to identify stages of crop plant development. A decade means 10 days, there are
3 decades in a month.

The weather conditions observed during the particular stages of alfalfa development during 2014,
2015, and 2016 (Figures 2 and 3) were described based on the data obtained from the agrometeorological
station in Felin.
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Figure 2. Mean air temperature during the vegetation of first crop alfalfa in the year of sowing (2014)
and the production years (2015, 2016) in relation to the multiannual average.
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Figure 3. Total rainfall during the vegetation of first crop alfalfa in the year of sowing (2014) and the
production years (2015, 2016) in relation to the multiannual average.

The results obtained were processed by way of ANOVA analysis, single-factor repeated-measures
ANOVA, LSD (littel statistical difference) NIR test at the significance level of « = 0.05 with the use of
STATISTICA 13.1 software. The statistical analysis accounted for the control, electromagnetic factors,
developmental stages, and years of harvest.

Single-factor repeated-measures ANOVA.

A repeated-measures ANOVA is a test similar to one-way ANOVA. The main difference is that we
test related groups rather than independent groups, and the same groups of parameters are measured
multiple times. In our study, time was the repeated factor [48].

3. Results and Discussion

The mean air temperatures in July and August 2014, as well as in April and June of 2015 and 2016,
were higher than the mean multiannual temperatures in the whole study period (Figure 2). The total
rainfall in the aforementioned months was also higher in 2014 compared to the multiannual average.
In May and June 2016, the recorded rainfall was lower than the multiannual average by 22.8 mm and
22.5 mm, respectively (Figure 3). Furthermore, the rainfall recorded in May 2015 was three times
higher than the respective value in 2016. Rainfall and air temperature values during alfalfa vegetation
observed in 2014 were higher than in other years, as it was the sowing year during which first-crop
plants reached their respective developmental stages later than in the subsequent years.

Figure 4 presents the results for the obtained alfalfa fresh mass yield in the three experimental
years, grown from seeds subjected to presowing electromagnetic stimulation. As we can see, the mean
values of yield were decidedly higher in 2014, only to drop significantly in 2016. In the first year, the
alfalfa yield under L1 and F1 stimulation was roughly the same. At the same time, they were also the
highest values registered in 2014 exceeding those from the control by 24% (without statistical differences
but noticeably higher yield). The fresh mass yield in the second year showed a significant increase by
approximately 40% (F5) and 42% (L1). That year’s mean yield level for F1 was 17% higher compared
to the control. In general, most physical factors, in particular weather conditions observed in 2014
and 2015, had a positive impact on the yields of alfalfa fresh mass, meanwhile a significant decrease
of the same was observed in 2016. Weather data indicate that the significantly higher temperatures
and heavy rainfall had a distinctly positive impact on the yields and the quality thereof in the first
two years of cultivation. As follows from a study conducted by Cwintal and Dziwulska-Hunek [42],
laser light stimulation (L) and alternating magnetic field stimulation (F) had an overall positive impact
on fresh mass yields, particularly in the first year of cultivation, analogically to studies cited in this
paper. In turn. Ni et al. [49] reported that alfalfa yields may be significantly hampered by periods of
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drought. A similar correlation was observed in our study when, due to unfavorable weather conditions
(reduced rainfall), the yield was significantly reduced. Another report published by Erice et al. [50]
reported that the activity of photosynthesis was reduced due to drought, which naturally translated to
decreased yields.
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Figure 4. Fresh mass yield alfalfa. C—control; L1—He-Ne laser, exposition time 1 min; L5—He-Ne
laser, exposition time 5 min; P1—alternating magnetic field, exposition time 1 min; P5—alternating
magnetic field, exposition time 5 min. Statistical differences were designated by lower-case letters a, b
between control and electromagnetic stimulation.

As follows from literature, it is the Chl fluorescence index that determines the efficiency of
photosynthesis. It allows one to assess the overall physiological condition of plants, but there is still
no method that would allow one to determine the character of the stressor [49-52]. Fluorescence
occurring with the participation of sunlight in metabolic or energetic processes may be reduced due to
heat dissipation of energy [51,53].

The observed impact of electromagnetic stimulation of seeds on the photosynthetic efficiency
in the particular stages of development and subsequent years of cultivation is presented in Table 2.
The influence of electromagnetic stimulation included instances of both increase and decrease in
photosynthetic activity in the particular years and stages of development. The highest and most
consistent values of photosynthesis intensity were recorded at the onset of anthesis in 2014 for seeds
stimulated with laser light (L1) and alternating magnetic field (F5), and were 0.801 and 0.800, respectively.
For many plants grown in stress-free conditions, the ratio of Fv/Fm remained close to 0.83 [6].

The results of the present study indicate that in the year of sowing (2014), at the stage of full
budding and the onset of anthesis, an upward trend in terms of photochemical efficiency was observed
for all stimulation variants when compared to the control. On the other hand, in the third year of
cultivation (2016), at the onset of budding, a significant decrease in photosynthetic efficiency was
observed for object L5, while at the onset of anthesis, the efficiency of photosynthesis was reduced
by half in the plants subjected to magnetic field stimulation (F5). However, the above may be due to
stress related to significantly lower rainfall in 2016 as compared to that recorded in 2014. The decrease
in photosynthetic efficiency under the described field conditions testifies to the high susceptibility
of alfalfa to stress factors when subjected to the studied forms of stimulation. The fact that stressful
conditions, particularly drought, do in fact impact plant growth and cause a decrease in photosynthetic
activity was confirmed by Ni et al. [49] and Erice et al. [50].
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Table 2. Influence of electromagnetic stimulation on photosynthetic efficiency.

Photosynthetic Efficiency Yield (IT)

Specification

C L1 L5 F1 F5 Mean

Year Developmental Stage
onset of budding 0.748a 0.750a 0.742a 0.745a 0.750a 0.747B
2014 full budding 0.625a 0.687a 0.672a 0.664a 0.627a 0.655C
onset of anthesis 0.795a 0.801a 0.769a 0.798a 0.800a 0.793A
onset of budding 0.634a 0.618a 0.659a 0.611a 0.614a 0.627B
2015 full budding 0.705a 0.616a 0.627a 0.674a 0.643a 0.653B
onset of anthesis 0.762a 0.713a 0.662a 0.677a 0.726a 0.708A
onset of budding 0.659a 0.640a 0.515b 0.611a 0.577a 0.600A
2016 full budding 0.680a 0.678a 0.661a 0.685a 0.712a 0.683A
onset of anthesis 0.797a 0.751a 0.735a 0.668a 0.398b 0.670A

C—control; L1—He-Ne laser, exposition time 1 min; L5—He-Ne laser, exposition time 5 min; P1—alternating
magnetic field, exposition time 1 min; P5—alternating magnetic field, exposition time 5 min. Statistical differences
(in rows) are designated by lower-case letters a, b between control and electromagnetic stimulation, while upper-case
letters A, B, C designate differences between stages in the given year, developmental stages, and years (in columns).

At the onset of anthesis and in 2016 as a whole, a significant decrease in photosynthetic efficiency
was observed for alternating magnetic field stimulation (F5) as compared to nonstimulated alfalfa
by approximately 19% and 21%, respectively. Electromagnetic factors did not cause a significant
differentiation in terms of the mean intensity of photosynthesis.

Electromagnetic stimulation did, however, have a significant effect on the differentiation of electron
transport rates between the respective years (Table 3). In the year of sowing (2014), seed stimulation
resulted in a decrease in electron transport relative to the control. Similar effects were observed in
2015 at the onset of budding. Meanwhile, at the stage of full budding and at the onset of anthesis in
2015, as well as in all developmental stages in 2016, an increase in electron transport was observed,
with the same reaching significant levels for seeds stimulated with laser light L1 (full budding, 2015),
laser light L5 (onset of anthesis, 2015), magnetic field F1 and F5 (full budding, 2016), and F5 (onset of
anthesis, 2016).

Table 3. Influence of electromagnetic stimulation on electron transport rate (ETR).

Specification ETR
C L1 L5 F1 F5 Mean
Year Developmental Stage
onset of budding 83.80a 18.96b 13.56b 64.61a 36.71b 43.53B
2014 full budding 14.28a 9.51b 11.83a 12.29a 10.31b 11.64B
onset of anthesis 182.69a 141.58a 51.80b 83.02b 66.23b 105.06A
onset of budding 25.22a 17.48a 14.35b 14.48b 18.74a 18.05B
2015 full budding 24.30b 138.22a 70.91b 60.98b 35.14b 65.91A
onset of anthesis 21.70a 58.62a 118.79b 60.75a 62.26a 64.42A
onset of budding 19.47b 60.53b 45.53b 71.12a 43.49b 48.05A
2016 full budding 15.86b 68.36a 90.08a 108.31a 122.21a 80.96A
onset of anthesis 7.58b 38.91b 41.73b 57.27b 156.59a 60.42A

C—control; L1—He-Ne laser, exposition time 1 min; L5—He—-Ne laser, exposition time 5 min; P1—alternating
magnetic field, exposition time 1 min; P5—alternating magnetic field, exposition time 5 min. Statistical differences (in
rows) were designated by lower-case letters a, b between control and electromagnetic stimulation, while upper-case
letters A, B, C designate differences between stages in the given year, developmental stages, and years (in columns).

The highest increase in the ETR value, significantly different from the control, was observed for
seeds subjected to magnetic field stimulation F5 (2016—onset of anthesis).

The research conducted by Li et al. [54] with regard to photosynthetic efficiency and ETR relative
to the watering of two alfalfa cultivars at various times, as well as to light intensity, indicated that
photosynthetic efficiency decreased from 0.7 to 0.1-0.05 while ETR increased from 0 to 70. In another
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study including three alfalfa cultivars watered for 20 days, the photosynthetic efficiency and ETR
values reported were 0.65-0.82 and 2847, respectively [55]. In turn, Mouradi et al. [56] reported,
in a study on seed osmosis relative to water deficit levels (40% and 80%), that the fluorescence of
chlorophyll (Fv/Fm) observed in alfalfa leaves was between 0.66 and 0.81, and ETR ranged from 20 to
160. In a study on the influence of mycorrhiza on the seeds of six alfalfa cultivars relative to chlorophyll
fluorescence Fv/Fm, the latter was reported at the level of between 0.70 and 0.76 [57].

The efficiency of photosynthesis in clover leaves relative to insolation was reported to range from
0.780 (control, shade) to 0.832 (90% insolation) [58]. The aforementioned results are similar to those
reported herein.

An antenna complex comprises pigments (chlorophyll and carotenoids) bound to adequate
proteins. When light energy is absorbed by chlorophyll a present therein, it undergoes numerous
transformations and is ultimately stored and converted to chemical energy. Leaves emit fluorescent
signals, 90% of which originate from the chlorophyll 2 molecule in photosystem II (PS II). The excited
chlorophyll b energy is fully passed on to chlorophyll a (no fluorescence emission). Chlorophyll a is
responsible for photosynthesis, while chlorophyll b and carotenoids are auxiliary pigment. A decrease
in chlorophyll a content may lead to a reduction of photosynthetic efficiency [47,59,60]. The study also
involved the determination of the chlorophyll 2 and b content and carotenoid content after the use of
the respective electromagnetic stimuli and relative to the year of cultivation and the phase of alfalfa
development (Tables 4-6). The content of photosynthetic pigments was significantly varied relative to
the analyzed factors.

The concentration of chlorophyll a (Table 4) varied between 964 (C, budding, 2015) and 3584 pg -g ™!
(C, onset of anthesis, 2016). Electromagnetic stimulation showed a significant influence with regard
to chlorophyll 2 content in the respective years of cultivation. The best effects observed in terms of
increased chlorophyll a content were 19% (L1, 2016, onset of budding), 30% (F5, 2014, onset of budding,
73% (F1, 2015, full budding), and 29% for carotenoids (F5, 2016, full budding), 71% (L1, 2015, full
budding), and 73% (F5, 2014, full budding). In other studies, Asghar et al. [61], for example, observed
that after stimulating soya seeds with a magnetic field and laser light, the content of chlorophyll in
the leaves was significantly altered compared to the control. Furthermore, a study on the impact of
electromagnetic stimulation on the content of chlorophyll a and carotenoids in the leaves of alfalfa,
Radius (old) cultivar, revealed an increase, 2.5 (L)%—23 (F)% and 15 (L + F)%-32 (F)%, respectively,
relative to the control [49].

Table 4. Influence of electromagnetic stimulation on chlorophyll a content.

Chlorophyll a (ug g~ Fresh Weight)

Specification

C L1 L5 F1 F5 Mean

Year Developmental Stage
onset of budding 1849a 1688a 1349b 2053a 2399b 1866A
2014 full budding 1915a 2053b 1936a 2273b 2131b 2061A
onset of anthesis 1878b 2090a 2118a 1697c 1766¢ 1910A
onset of budding 2052a 2244a 1749b 2094a 1419b 1912B
2015 full budding 964b 1654a 1606a 1670a 1439a 1467B
onset of anthesis 2886a 2753a 3154a 2205b 2252b 2650A
onset of budding 2077b 2482a 1484c 1927b 1713c¢ 1937A
2016 full budding 2266a 1688a 2139a 2225a 2570a 2178A
onset of anthesis 3584a 2110b 2078b 1831b 2786a 2478A

C—control; L1—He-Ne laser, exposition time 1 min; L5—He-Ne laser, exposition time 5 min; P1—alternating
magnetic field, exposition time 1 min; P5—alternating magnetic field, exposition time 5 min. Statistical differences
(in rows) were designated by lower-case letters a, b, ¢ between control and electromagnetic stimulation, while
upper-case letters A, B, C designate differences between stages in the given year, developmental stages, and years
(in columns).
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Table 5. Influence of electromagnetic stimulation on chlorophyll b content.

Chlorophyll b (ug g~ Fresh Weight)

Specification

C L1 L5 F1 F5 Mean

Year Developmental Stage
onset of budding 566a 504a 414b 632a 723b 568A
2014 full budding 598b 644a 593b 704a 687a 645A
onset of anthesis 589b 671a 659a 566b 554b 608A
onset of budding 621a 649a 513b 628a 415¢ 565B
2015 full budding 285b 460a 498a 540a 427a 442B
onset of anthesis 962a 895a 1012a 667b 740b 855A
onset of budding 774b 918a 598¢c 691b 522¢ 701A
2016 full budding 690a 528a 668a 702a 792a 676A
onset of anthesis 1025a 590b 597b 552b 819a 716A

C—control; L1—He-Ne laser, exposition time 1 min; L5—He-Ne laser, exposition time 5 min; P1—alternating
magnetic field, exposition time 1 min; P5—alternating magnetic field, exposition time 5 min. Statistical differences
(in rows) were designated by lower-case letters a, b, ¢ between control and electromagnetic stimulation, while
upper-case letters A, B, C designate differences between stages in the given year, developmental stages, and years
(in columns).

Table 6. Influence of electromagnetic stimulation on carotenoid content.

Carotenoids (ug g1 Fresh Weight)

Specification

C L1 L5 F1 F5 Mean

Year Developmental Stage
onset of budding 187b 194b 158b 235a 323a 220A
2014 full budding 172b 258a 206b 244a 204b 217A
onset of anthesis 263a 238a 248a 160c 244a 231A
onset of budding 435a 464a 413a 402a 350c 413A
2015 full budding 173b 296a 257a 152b 273a 230B
onset of anthesis 387b 470a 444b 329b 348b 395A
onset of budding 333a 305a 154c 221c 208c 244B
2016 full budding 267a 171b 218a 278a 345a 256B
onset of anthesis 712a 543a 343b 275¢ 522¢ 479A

C—control; L1—He-Ne laser, exposition time 1 min; L5—He-Ne laser, exposition time 5 min; P1—alternating
magnetic field, exposition time 1 min; P5—alternating magnetic field, exposition time 5 min. Statistical differences
(in rows) were designated by lower-case letters a, b, ¢ between control and electromagnetic stimulation, while
upper-case letters A, B, C designate differences between stages in the given year, developmental stages, and years
(in columns).

In the year of sowing, a significant increase in the chlorophyll a content was observed in alfalfa
plants subjected to magnetic field stimulation F1 (full budding) and F5 (onset of and full budding).
In the case of laser stimulation, a significant increase in chlorophyll a content was observed for the L1
combination at the budding stage and for L1 and L5 at the onset of anthesis.

In the second year of cultivation, at the onset of budding, a significant decrease in chlorophyll
a content was observed for both alfalfa stimulated with laser light (L5) and magnetic field (F5).
At the stage of full budding, an increase in the chlorophyll a content was observed for all variants of
stimulation, while at the onset of anthesis the same was observed to decrease again but only in alfalfa
subjected to magnetic field stimulation (F1 and F5).

In the third year of cultivation, all variants of stimulated alfalfa, with the exception of L1, were
characterized by decreased chlorophyll a content either at the onset of budding (L5, F5) or at the onset
of anthesis (L1, L5, F1).

Similar correlations were observed between electromagnetic stimulation and the content of
chlorophyll b (Table 5).
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The mean content of chlorophyll a and b varied significantly between the respective stages of
alfalfa development. The lowest concentration of the same was recorded at the onset of anthesis.

The chlorophyll content in leaves primarily reflects the physiological condition of the plant,
which can be responsible for reduced intensity of photosynthesis and can correlate with the decreased
accumulation of organic compounds [62].

The analysis of photosynthetic pigments (chlorophylls and carotenoids) conducted as part of the
present study revealed instances of both decrease and increase in their respective concentrations under
electromagnetic stimulation, depending on the year of cultivation and the particular stage of alfalfa
development. A decrease in chlorophyll concentration was reported to result in lower photosynthetic
efficiency and inhibited plant growth [8]. Similar effects were confirmed in the present study.

A significant discrepancy in terms of carotenoid content in alfalfa leaves under the influence
of electromagnetic stimulation was observed in the respective years of cultivation (Table 6). It is
noteworthy, however, that while in 2014 and 2015 increase in carotenoid content was more prevalent,
in 2016 the opposite was true and decrease proved more common.

Irrespective of the electromagnetic stimuli, significant differentiation in terms of carotenoid content
was observed between the respective stages of alfalfa development, with the highest values recorded
for plants at the onset of anthesis. Furthermore, higher levels of the pigments were observed in alfalfa
plants during production years (2015 and 2016) compared to the year of sowing (2014). As reported
by Khavari-Nejad and Chaparzadeh [63], the content of carotenoids in alfalfa was between 220 and
340 mg-g~!, while in a study by Owusu-Sekyere et al. [64] it was between 169 and 243 mg-g~.

Single-factor repeated-measures ANOVA.

3.1. Yield and ETR Analysis

Single-factor repeated-measures analysis of variance was employed to determine whether time
had a significant impact on Yield (and, in a separate analysis, ETR), and whether changes were
significant for the particular selected factor and relative to the stage of vegetation [65-67].

The factor in the repeated measurements was time impacting the Yield index. The factor’s
influence can be classified on three levels. The study was conducted in various vegetative stages
and with the use of varying physical factors, hence the additional categorizing variables included the
physical factor and stage of vegetation. The following research hypotheses were adopted:

1. HO—Yield (ETR) does not change in time;
2. HO—Yield (ETR) does not depend on the physical factor;
3. Yield (ETR) does not depend on the stage of vegetation.

3.2. Yield Analysis

The results of the sphericity test (Mauchly’s test) indicated that the sphericity condition was satisfied
(W =0.812). For the “time” effect, the probability (p = 0.0) was lower than the adopted significance level,
which indicated that time significantly influenced the Yield parameter. The Greenhouse-Geisser (G-G)
and Huynh-Feldt (H-F) tests corroborated the results of single-parameter tests; the p for time was
lower than the adopted significance level (x = 0.05). All the performed tests indicated that the physical
factor and stage of vegetation also showed a significant impact on the changes of the Yield parameter.
Figures 5 and 6 present the interaction graph. Parallel (noncrossing) lines represent no interaction
between the factors, while crossing lines indicate interaction between the corresponding parameters.



Agronomy 2020, 10, 594 12 of 17

0.75¢
0.70 ¢
B —&-- Physical Factor C
_}I 0.65¢ —— Physical Factor L1
@) | =% Physical Factor L5
0.60¢ i —— Physical Factor F1
\I { =& Physical Factor F5
0.55} :
|
1
0.50 ' . -
Yield - 2014 Yield - 2016
Yield - 2015
TIME

Figure 5. Repeated-measures ANOVA for Yield: interaction graphs for time and physical factor.
Vertical bars denote 0.95 confidence intervals. Estimated Marginal Means: TIME*Physical Factor.
F(8, 270) = 3.2319, p = 0.00158. C—-control; L1—He-Ne laser, exposition time 1 min; L5—He-Ne laser,
exposition time 5 min; P1—alternating magnetic field, exposition time 1 min; P5—alternating magnetic
field, exposition time 5 min.
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Figure 6. Repeated-measures ANOVA for Yield: interaction graphs for time and stage of vegetation.
Vertical bars denote 0.95 confidence intervals. Vertical bars denote 0.95 confidence intervals. Estimated
Marginal Means: TIME*Stage of vegetation. F(4, 270) = 11.057, p = 0.00. Stages of vegetation: OB, onset
of budding; FB, full budding; OA, onset of anthesis.

3.3. ETR Analysis

The results of the sphericity test (Mauchly’s test) indicated that the sphericity condition was satisfied
(W =0.939). For the “time” effect the probability (p = 0.11) was higher than the adopted significance level,
which indicated that time did not significantly influence the ETR parameter. The Greenhouse-Geisser
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(G-G) and Huynh-Feldt (H-F) tests corroborated the results of single-parameter tests; the p for time
was higher than the adopted significance level (« = 0.05).

All the performed tests indicated that the physical factor and stage of vegetation also showed a
significant impact on the changes of the ETR parameter. Figures 7 and 8 present the interaction graph.
Parallel (noncrossing) lines represent no interaction between the factors, while crossing lines indicate
interaction between the corresponding parameters.

160

140 ¢

120 ¢

100 ¢ |

80 | | =%=Physical Factor C
= —& Physical Factor L1
= 60 1 “%" Physical Factor L5

40} { —& Physical Factor F1

20 | | —#= Physical Factor F5

0t
-20 |
-40

ETR -2014 ETR -2015 ETR -2016
TIME

Figure 7. Repeated-measures ANOVA for ETR: interaction graphs for time and physical factor.
Vertical bars denote 0.95 confidence intervals. Estimated Marginal Means: TIME*Physical Factor.
F(8,270) = 6.8785, p = 0.00. C—control; L1—He-Ne laser, exposition time 1 min; L5—He-Ne laser,
exposition time 5 min; P1—alternating magnetic field, exposition time 1 min; P5—alternating magnetic
field, exposition time 5 min.

140

120 t

100 ¢

- | =5 Stage of vegetation
sz OB
>| 60 | | —#-- Stage of vegetation
@] FB

40t 1 = Stage of vegetation
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D L
-20
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Figure 8. Repeated-measures ANOVA for ETR: interaction graphs for time and stage of vegetation.
Vertical bars denote 0.95 confidence intervals. Estimated Marginal Means: TIME*Stage of vegetation.
F(4, 270) = 10.946, p = 0.00. Stages of vegetation: OB, onset of budding; FB, full budding; OA, onset
of anthesis.
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4. Conclusions

Fluctuations in terms of fresh mass yields and photosynthetic efficiency at the onset of anthesis
depended both on weather conditions and, above all, the electromagnetic stimulation employed. It was
observed that both parameters were higher on the first year of the experiment (2014) compared to the
last year thereof (2016). Photosynthetic efficiency can therefore serve as a relatively good indicator of
the plant’s expected yield. Moreover, the registered electron flow in the process of photosynthesis was
also the highest in 2014 and the lowest in 2016, which also had a bearing on the yield. Fluctuations of
fluorescence emission or its proportion (as well as estimation of the chlorophyll content) can serve as
measures of the plant’s response to experience stressors. However, the interpretation of the results
obtained does not, given the current state of the art, allow one to conclusively determine how the same
impacts functional disorders of PSII.

We could also clearly observe that, depending on the year, Yield (II) decreased in the first and third
stage of the plant development but observably increased in the second stage. This fact is clearly related
to the energy needs of this alfalfa cultivar in the respective stages of its development. The applied
stressors showed the highest impact (in terms of this parameter) in the first year of cultivation.

As shown, in the case of this alfalfa cultivar we observed a trend in the subsequent years (for
the full budding phase) with regard to changes (increase) in electron transfer efficiency similar to
that for Yield (II). This could suggest that as the plant develops (in subsequent years), a significant
improvement of its condition may be observed, which in turn could affect its yield. Electromagnetic
stimulation significantly increased the chlorophyll 4 and b content in the year of sowing but decreased
the same in the subsequent years of cultivation. A significantly higher content of carotenoids in alfalfa
leaves was observed at the onset of anthesis and in the second and third year of cultivation. Moreover,
between the respective years the content of chlorophyll a and b in the budding phases increased
observably, particularly between the second and third measurement years. Meanwhile, the carotenoid
content consistently decreased in the first of the analyzed phases and increased in the second and third
phase. Variability in terms of photosynthetic pigment content in the subsequent measurement years
may also suggest good adaptation of this alfalfa cultivar to the changing environmental conditions
of cultivation.

The use of electromagnetic stimulation could be effective to increase crop yields and improve
photosynthetic performance, although more research is needed.
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