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The aim of this study was to assess the effect of
magnetically treated water (MTW) on physiological
parameters of three species: Tabasco pepper, red
radish and yellow maize. Half of the plants per
species were irrigated with normal tap water and the
other half with tap water treated with a magnetic
device. Photosynthesis, biomass, and mineral content
(the latter only in Tabasco pepper fruits) were
measured. All the species grown under MTW
increased their photosynthetic rate and stomatal
conductance. Fluorescence parameters as Fv/Fm and
non-photochemical quenching remained unchanged
among the species tested. In Tabasco pepper, MTW
produced higher yield measured as aerial biomass,
fruits per plant and leaf area; moreover, nitrogen
and divalent cation content in fruits increased as well.

In addition, there was a partial positive relation
between leaf area and fruit yield (r2 = 0.52 for control
and 0.30 for MTW). By contrast, there was an augment
only in cob weight and grains per cob in maize
plants, whereas radish plants showed a non-significant
loss in total biomass. The higher biomass accumulation observed in Tabasco pepper and maize plants
is attributed to a higher leaf area and/or carbon
assimilation. Since chlorophyll fluorescence was
unaffected, we propose that MTW does not trigger
any change in the water-oxidizing complex of
photosystem II (PSII). Moreover, the lack of response
of several variables among the species tested showed
that MTW might have interspecific effects. Despite
the latter, this technology can be an alternative to
improve crop yield, particularly in Tabasco pepper.

Keywords: agrotechnology, biomass, biophysics, crop yield, dry biomass, gas exchange, water conditioning

Resumen
En este estudio se evaluó el efecto del agua tratada
magnéticamente (ATM) en parámetros fisiológicos de
ají Tabasco, rábano rojo y maíz amarillo. La mitad
de las plantas de las tres especies se regaron con agua
normal del acueducto, y la otra con agua tratada a
través de un dispositivo magnético. Se midieron
la fotosíntesis, la biomasa y el contenido mineral
(este último solo en frutos de ají Tabasco). Todas las
especies cultivadas con ATM aumentaron su tasa
fotosintética y su conductancia estomática. Los
parámetros de fluorescencia, como la fluorescencia
variable (Fv/Fm) y la extinción no fotoquímica,
permanecieron sin cambios en las especies evaluadas.
En el ají Tabasco, el agua con tratamiento favoreció
un mayor rendimiento, en parámetros como biomasa
aérea, frutos por planta y área foliar, incrementándose
también el contenido de nitrógeno y cationes divalentes
en frutos. Además, hubo una relación parcialmente

positiva entre el área foliar y el rendimiento de frutos
por planta (r2 = 0,52 en el control y 0,30 con ATM).
En contraste, en las plantas de maíz solo hubo un
aumento en el peso y en los granos por mazorca,
mientras que las de rábano mostraron una pérdida
no significativa en la biomasa total. La mayor
acumulación de biomasa observada en las plantas
de ají Tabasco y maíz se atribuye a una mayor área
foliar o a la asimilación de carbono. Debido a que la
fluorescencia de la clorofila no se alteró, se propone
que el ATM no provoca ningún cambio en el
complejo de oxidación del agua del fotosistema II.
Por otra parte, la falta de respuesta de algunas
variables en las tres especies mostró que el ATM
puede tener efectos interespecíficos. A pesar de lo
anterior, esta tecnología puede ser una alternativa
para mejorar el rendimiento de los cultivos, en
particular en del ají Tabasco.

Palabras clave: acondicionamiento de agua, agrotecnología, biomasa, biofísica, intercambio gaseoso,
biomasa seca, rendimiento del cultivo
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Researchers have proposed that the physicochemical
changes in MTW might improve plant growth
characteristics. For example, several authors have
reported that prior exposure of irrigation water to
magnetic fields leads to an increase in green and dry
biomass, water use efficiency and mineral content
(Abou El-Yazied, El-Gizawy, Khalf, El-Satar &
Shalaby, 2012; Grewal & Maheshwari, 2011; Hozayn,
Abd El Monem, Abdelraouf & Abdalla, 2013;
Mahmood & Usman, 2014). Furthermore, some
results indicate that deployment of MTW can alleviate
the deleterious effect of limited or low-quality
water supply in some crops. Ferrari et al. (2015)
mentioned that lettuce plants supplied with half or
a quarter of the water lost by evaporation, increased
biomass (root weight and length) when using MTW,
showing biomass yield close to that of well-watered
plants. These results are consistent to what Aly,
Thanaa, Osman and Abdelhamed (2015) mentioned,
suggesting that MTW could be as effective as common
anti-salinity substances (like ascorbic acid) to increase
growth parameters and productivity of orange trees
in desert conditions.
Photosynthetic rate, chlorophyll content and
fluorescence are parameters that jointly indicate
the physiological status and health of a plant, and
how it is affected by experimental conditions. Thus,
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they are good predictors of crop development and
productivity. Plants with lower chlorophyll status
or yellowish leaves exhibit less efficient quantum
yield in photosystems, and CO2 assimilation is
inhibited (Dai et al., 2009). In this respect, Moussa
(2011) showed that common beans grown under
MTW exhibited higher photosynthetic activity,
being consistent with a greater total chlorophyll
content. Other authors (El-Sayed & El-Sayed,
2014) obtained similar results, showing also that
there is an increase in total available carbohydrates
in different plant organs of broad bean as a result
of MTW application. Notwithstanding, the effect
of this treatment on chlorophyll fluorescence
parameters has not been studied thoroughly yet,
and there is not a complete and uniform theory
explaining the effects of MTW on plant metabolism.
It is not unlikely that these effects are indirect,
through a modification of the soil moisture profile,
or by enhancing nutrient availability around
the roots, as some works suggest (Khoshravesh,
Mostafazadeh-Fard, Mousavi & Kiani, 2011;
Maheshwari & Grewal, 2009; Noran, Shani & Lin,
1996). However, biological studies in vivo have
shown that the permeability of ion channels into
membranes and cells is increased, involving also
calcium ion activity and ion concentration balance
(Smith, McLeod, Liboff & Cooksey, 1987).
Although the magnetic treatment of water
technology poses various advantages in improving
crop production, there is still lack of information
on the effect of this treatment on specific physiological
processes. Therefore, the aim of this study was to
assess the response of chlorophyll fluorescence and
gas exchange parameters, as well as final biomass
accumulation and mineral content, in three important
plant species irrigated with water treated in a
commercially available magnetic device. Plants
under study were Tabasco pepper (Capsicum
frutescens L. - Solanaceae), Crimson Giant red
radish (Raphanus sativus L. - Brassicaceae) and ICA
V-305 yellow maize (Zea mays L. - Poaceae).

Photosynthesis and biomass yield in Tabasco pepper, radish and maize subjected to magnetically treated water

Although the first impression one can have about
water is that it does not have any magnetic response
whatsoever, several investigations have shown that it
actually does, but not due to an electron alignment
phenomenon as in ferromagnetic substances (iron
or nickel), because water has very low magnetic
susceptibility. Instead, it is widely accepted that
surface tension, evaporation rate and molecular
clustering of water is affected in the presence of
magnetic fields of different strengths (Chang &
Weng, 2006; Otsuka & Ozeki, 2006; Pang & Deng,
2008). These processes are thought to be hydrogen
bond-related (Cai, Yang, He & Zhu, 2009).
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Materials and methods

Chlorophyll fluorescence determination

Study site, plant material
and growing conditions

Chlorophyll fluorescence measurements were carried
out in the first three fully expanded, sun-exposed
young leaves, once a week in each plant during
the growing season of each crop. This property was
measured using an OS30p+ fluorometer (OptiSciences Inc., USA) for light and dark-adapted
measurements. Dark adaptation was achieved by
covering the leaves for 30 minutes with suitable
clips. Fluorescence parameters were calculated
according to Baker (2008) as follows:

The experiment was conducted in a 125-m2 mesh
house in the experimental farm station of Universidad
del Valle, Cali, Valle del Cauca department,
Colombia. The site is located at an altitude of 967
m.a.s.l., with sub-humid tropical environmental
conditions, with an annual average temperature
of 26 °C and a relative humidity of 65 %. Seeds
of Tabasco pepper were grown in trays with peat
moss for 30 days to obtain vigorous and uniform
plantlets for transplanting in pots. Seeds of red
radish var. Crimson Giant and yellow maize var.
ICA V-305 were sown directly in the pots. All pots
contained 10 kg of clay loam topsoil previously
homogenized and sifted, with a pH of 6.79 and an
organic matter content of 2.57 %. A drip irrigation
system was installed with 5 mm tubing connected
to one emitter per pot with a flow rate of 3 L/h.
Water was passed through the magnet at a flow rate
of 2.8 L/min. The source of water was the municipal
service company, having the same specifications
as for drinking purpose. Irrigation was scheduled
according to the reference evapotranspiration
established for the crops assessed.

Maximal fluorescence from
= Fm
dark-adapted leaves
Maximal fluorescence from
= Fm’
light-adapted leaves
Minimal fluorescence from
= F0
dark-adapted leaves
Variable fluorescence (Fv) = Fm - F0
Maximum quantum efficiency of
= Fv/Fm
PSII photochemistry
Quantum yield base line = F0/Fm
Non photochemical quenching
= (Fm/Fm’) - 1
(NPQ)

Magnetic treatment of water

Gas exchange, biomass accumulation
and elemental composition

Water was magnetically-treated using a Quantum
Biotek (Omni Enviro Water Systems, Australia)
magnet connected to the irrigation system before
being derived to the drippers for each pot. This
device is a twelve centimeters long polycarbonate
cylinder with an internal diameter of one inch
(2.54 centimeters). The magnetic induction was
measured with an LD Didactic GmbH Teslameter
(Huerth, Germany). The magnet generates a variable
magnetic field from zero (0) to 156 mT (milli Tesla),
that increases along the length and around the
circumference of the cylinder. For further details of
this device, see Grewal and Maheshwari (2011).

Photosynthetic rate (A), transpiration (E) and
stomatal conductance (Gs) were measured in the
same three fully-expanded, sun-exposed, young
leaves, using a CI-340 handheld photosynthesis
system (CID Bio-Science, USA). Measurements
were carried out between 11:00 and 15:00 hours
under natural light, humidity, CO2 atmospheric
concentration and temperature conditions, during
the growing season of each crop. Light intensity
was recorded at each sampling time with a LI-190SA
Quantum Sensor adapted to a LI-1400 Data Logger
(LI-COR, USA). Water use efficiency (WUE) was
calculated dividing CO2 assimilation by its corresponding H2O transpiration.
Corpoica Ciencia y Tecnología Agropecuaria

Leaf area ratio (LAR) for Tabasco pepper
= LA/DWF (cm2/g)
(Equation 2)
Leaf area ratio (LAR) for radish
= LA/TDW (cm2/g)
Where:
DWF: dry weight fruits
TDW: total dry weight
Please note that leaf area and leaf area ratio was not
calculated for maize because insects damaged many
leaves and this was finaly not possible.
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Experimental design and statistical analysis
The experiment was settled in a completely
randomized design with 38 replicates per treatment
(magnetically treated water or MTW) and control
(non-treated water) in Tabasco pepper and radish,
while 21 replicates were used for maize. One plant
in each pot was considered a single replicate. Data
was analyzed with the statistical software ibm spss
Statistics 22, running previously a homogeneity test
of variances and normality. A general linear model
procedure for repeated measurements was carried
out for chlorophyll fluorescence parameters, testing
significance between and within subjects. For one
single measurements (i.e. final biomass), a mean
comparison test was applied. Only the data for gas
exchange variables at the same light intensities were
included in the statistical analysis.

Results and discussion
Fluorescence parameters
The interaction between different chlorophyll
fluorescence measurements of plants with MTW
was consistently similar to those found in control
plants. Maximum fluorescence (Fm) of darkadapted leaves in maize was slightly higher in treated
plants. As for minimum fluorescence (F0) and
non-photochemical quenching (NPQ), all the values
for MTW and control within the three species were
practically the same. Regarding maximum quantum
efficiency of PSII photochemistry (Fv/Fm), only
radish showed a minimal decrease, whereas in
quantum yield base line (F0/Fm) the opposite effect
was observed. Moreover, the interaction between
all the previous parameters among the three species
was found to be strongly significant (table 1).

Fotosíntesis y rendimiento de biomasa en ají Tabasco, rábano y maíz sometidos a agua tratada magnéticamente

(Equation 1)
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For biomass accumulation, radish and maize plants
were harvested 40 days and 90 days after sowing,
respectively, weighing apart the rhizomes and
leaves in the case of radish, and the total cob, the
caryopses and the naked cob in the case of maize.
For Tabasco pepper, fruits were harvested four
times from the fifth until the eighth month after
transplanting. Dry fruits were sent to Agrilab
laboratories in Bogotá, Colombia, for further
mineral composition analysis. After this, the aboveground parts of the plants (stems and leaves) were
separated. All the samples of the three species were
fresh and dry weighed; dry weigh was measured
after drying the samples in an oven at 65 °C for
72 hours. Leaf area (LA) in radish and Tabasco
pepper was estimated from the dry weight of a leaf
disc of 0.81 cm of radius and extrapolating to total
dry weight of leaves. Furthermore, the leaf area
ratio (LAR) of Tabasco pepper was calculated in
relation to dry weight of fruits (equation 1), since
fruits are a sink of photoassimilates, and leaves
are the source of these. For radish, the calculus
was done considering the entire plant dry weight
(equation 2), according to the following equations:
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Table 1. Chlorophyll fluorescence parameters in Tabasco pepper, Crimson Giant red radish and ICA V-305 maize
according to treatments

Species

Photosynthesis and biomass yield in Tabasco pepper, radish and maize subjected to magnetically treated water

Pepper
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Radish

Maize

Treatments

Chlorophyll fluorescence parameters
Fm (Au)

F0 (Ua)

Fv/Fm (Ua)

F0/Fm (Ua)

NPQ

Control

1.038.1 ± 5.090 242.7 ± 0.865 0.761 ± 0.002 0.238 ± 0.001 0.561 ± 0.032

Mtw

1.033.2 ± 5.055 242.5 ± 0.853 0.761 ± 0.002 0.238 ± 0.001 0.542 ± 0.031

Control

988.3 ± 10.800 196.0 ± 2.184 0.800 ± 0.002 0.198 ± 0.002 0.575 ± 0.014

MTW

976.7 ± 8.583

197.1 ± 1.602 0.797 ± 0.002 0.202 ± 0.002 0.556 ± 0.013

Control

803.2 ± 5.847

218.1 ± 1.357 0.723 ± 0.003 0.276 ± 0.003 0.687 ± 0.011

Mtw

817.3 ± 5.895

219.2 ± 1.368 0.727 ± 0.003 0.273 ± 0.003 0.706 ± 0.011

Parameters per treatment
Parameters per species

0.758

0.579

0.791

0.788

0.823

0.000**

0.000**

0.000**

0.000**

0.000**

** p < 0.05. All the values are means ± standard error of 38 plants for Tabasco pepper and radish, and 21 plants for maize.
MTW: magnetically treated water. Au: absorbance units; NPQ: non-photochemical quenching.
Source: Elaborated by the authors

Researchers have acknowledged chlorophyll a
fluorescence emission as a reliable indicator of plant
stress and photosynthetic performance (Baker, 2008).
In this study, we report that the interaction between
all the five fluorescence parameters measured
(Fm, F0, Fv/Fm, F0/Fm and NPQ) and the treatment
with MTW were not statistically different from that
of the control. From this outcome, we can infer
that this treatment is not a source of stress by
itself, since the Fv/Fm values for maize (0.727) and
radish (0.800) were close to the normal range for
non-stressed C4 and C3 plants (0.780 and 0.830
respectively) (Pfündel, 1998). However, our Tabasco
pepper readings for Fv/Fm (0.761) were lower than
those reported (0.809) for pepper plants under
different cultivation methods (Del Amor, 2006).
This indicates that the conditions in the mesh house
could be mildly harsh particularly for this species.

Despite the latter, NPQ did not exhibit a significant
change among the three species tested with MTW,
which means that there was no increase in excess of
light quenching through heat dissipation as a result of
this treatment; this would have been a stress measure.
In addition, it has previously been reported that
an impairment or promotion in the water-splitting
process in PSII should be noticeable in fluorescence
yield. For example, tobacco mutant plants that lack
a specific polypeptide in their PSII water-splitting
apparatus exhibits higher F0 values and almost zero
variable fluorescence (Fv) values (Hager, Hermann,
Biehler, Krieger-Liszkay & Bock, 2002). As long
as no significant differences were observed in the
fluorescence parameters between the control and
the plants treated, we suggest that the metabolic
magnetically-treated water is not susceptible to
differential splitting in the H2O-oxidizing complex.
Corpoica Ciencia y Tecnología Agropecuaria
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g/plant
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a.

dry weight was 18 % (figure 1a). Fresh and dry
weight of leaves and stems also increased in plants
grown with MTW, but at a lower level of significance,
ranging from 13 % for fresh weight of leaves (FWL),
15 % for dry weight of leaves (DWL), 14 % for fresh
weigh of stems (FWS) and 12 % for dry weight of
stems (DWS) (figure 1b). Leaf area (LA) and leaf
area ratio (LAR) suffered an increase (15 %) and a
decrease (5.5 %), respectively (figure 1c and 1d).

313
Control
Control

mtw
mtw

Figure 1. Biomass accumulation in Tabasco pepper plants. a. Fruit yield. FWF: fresh weight fruits (sig. = 0.034**).
DWF: dry weight fruits (sig. = 0.125). F/plant: fruits per plant (sig. = 0.018**); b. Aerial final biomass. FWL: fresh
weight leaves (sig. = 0.274). DWL: dry weight leaves (sig. = 0.214). FWS: fresh weight stems (sig. = 0.208). DWS:
dry weight stems (sig. = 0.197); c. Leaf area. LA: leaf area (sig. = 0.214); d. Leaf area ratio. LAR: leaf area ratio
(sig. = 0.352). All values are means of 39 plants.
Source: Elaborated by the authors
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Final aerial biomass and yield of Tabasco pepper
fruits in plants subjected to MTW was consistently
higher in comparison with the control plants. Fresh
weight of fruits per plant and number of fruits per
plant were greater at a significant level in treated
plants. The increase in these parameters was 27 %
and 31 %, respectively, whereas the increase in fruit
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variation in dry biomass accumulation in fruits,
since the coefficient of determination (r2) only
reached 29.89 % of the variation. In contrast, this
value for the control plants (52.16 %) was almost
double compared to the one found in treated
plants.

Control
y = 0.1295x + 31.404
r = 0.5216

350
300
DWF/plant

Photosynthesis and biomass yield in Tabasco pepper, radish and maize subjected to magnetically treated water

In addition, leaf area and fruit dry weight showed
a positive relation from a linear model by least
squares (figure 2) in both treated and untreated
plants. However, despite the larger leaf area
observed in Tabasco pepper plants subjected to
MTW, this variable did not explain completely the

may - august / 2018

250
200
150
100

MTW
MTW

y = 0.1042x + 73.54
r = 0.2989

50
0

0

500

1,000

1,500

2,000

LA/plant

Control

MTW

Lineal (Control)

Lineal (MTW)

Figure 2. Variation in dry weight of fruits (DWF) per plant in relation to leaf area (LA) in Tabasco pepper plants.

Source: Elaborated by the authors
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The analysis of the element composition in dry fruits
of Tabasco pepper showed that several nutrients
increased their concentration under MTW, when
compared with the control plants (table 2). Among
these, nitrogen, calcium, magnesium, sulfur, manganese
and zinc exhibited the highest increases, being
significant the values of nitrogen and zinc. Potassium
and boron remained practically equal in both
groups of plants. Phosphorus, iron, copper and sodium

underwent decreases with MTW, but at lower levels
of significance. The increase in Ca and Mg was also
observed in the saturation of these cations, showing
higher values in MTW, except for potassium, which
exhibited lower saturation. All the ratios between
cations in MTW were higher, and so did the N/P
and Ca/B ratios. However, N/S ratio was almost
the same between the two groups of plants, and the
Fe/Mn ratio showed a reduction.
Corpoica Ciencia y Tecnología Agropecuaria
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Table 2. Element composition of dry Tabasco pepper fruits

Average ± SD

Average ± DE

Sig.

N

2.343

± 0.118

2.722

± 0.162

0.083*

P

0.620

± 0.149

0.511

± 0.024

0.455

2.501

± 0.068

2.529

± 0.086

0.807

0.220

± 0.018

0.257

± 0.019

0.185

Mg

0.181

± 0.006

0.197

± 0.007

0.105

S

0.221

± 0.016

0.260

± 0.019

0.136

Fe

196.300

± 51.100

171.100

± 17.600

0.633

Mn

16.380

± 2.310

23.330

± 6.870

0.377

6.400

± 0.749

6.233

± 0.398

0.842

21.290

± 1.460

28.000

± 1.880

0.015**

B

31.380

± 1.820

30.000

± 1.450

0.560

Na

5.398

± 2.182

4.143

± 1.712

0.654

Sat K

71.26

± 0.700

69.10

± 0.979

0.099*

12.16

± 0.782

13.61

± 0.851

0.234

Sat Mg

16.55

± 0.241

17.28

± 0.528

0.248

Ca/Mg

0.738

± 0.054

0.793

± 0.052

0.469

Ca/K

0.169

± 0.012

0.198

± 0.015

0.168

Mg/K

0.231

± 0.004

0.250

± 0.010

0.126

Ca/Mg+K

0.404

± 0.015

0.449

± 0.021

0.108

10.750

± 0.427

10.640

± 0.426

0.853

N/P

4.555

± 0.494

5.358

± 0.293

0.171

Ca/B

71.150

± 5.510

86.930

± 7.400

0.115

Fe/Mn

11.180

± 1.640

9.783

± 1.370

0.521

K
Ca

Cu
Zn

Sat Ca

N/S

%

ppm

%

-

*p < 0.1; **p < 0.05. Data are mean values of nine samples. Concentration units are in function of dry weight.
Source: Elaborated by the authors
2018 Corporación Colombiana de Investigación Agropecuaria

Photosynthesis and biomass yield in Tabasco pepper, radish and maize subjected to magnetically treated water

Unit

MTW

315

may - august / 2018

Element

Control

Plant physiology

Treatments

may - august / 2018

Corpoica Cienc Tecnol Agropecuaria, Mosquera (Colombia), 19(2): 307-321

On the other hand, in Crimson Giant red radish
plants, an opposite trend was observed regarding
biomass accumulation. The final biomass in both
leaves and stems (including the rhizomes) underwent
a decrease in plants grown with MTW. However,

20
10

6.0 a

0

FWL

20.6 a

DWL

11.4 a
5.1 a

Control

9.9 a

FWS
DWS

(cm2) y LAR (cm2/g)

23.8 a

33.1 a

LA

38.2 a

100
80

82.6 a
66.5 a

60

LA

40

LAR

20

7.5 a

0

MTW

Control

6.4 a
MTW

Figure 3. Biomass accumulation in Crimson Giant red radish plants. a. Total final biomass. FWL: fresh weight leaves
(sig. = 0.858). dwl: dry weight leaves (sig. = 0.859). fws: fresh weight stems (sig. = 0.863). dws: dry weight stems
(sig. = 0.863); b. Leaf area and leaf area ratio. LA: leaf area (sig. = 0.791). LAR: leaf area ratio (sig. = 0.680). All values
are means of 39 plants.
Source: Elaborated by the authors

Regarding cob yield of ICA V-135 maize plants,
there was a similar effect produced by MTW as the one
observed in Tabasco pepper plants, since total cob
weight and number of grains per cob raised under

g/cob
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30

this trend was not as significant as the increase in
biomass observed in Tabasco pepper plants (figure 3a).
Leaf area and leaf area ratio of radish plants with
non-treated water were also slightly higher compared
to treated plants (figure 3b).

b.

50
40

g/plant
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10
0

this treatment; however, the sole weight of one
hundred grains was practically equal to values found
in control plants (figure 4). Increase in cob weight
and grains per cob was 13 % and 5.3 %, respectively.

94.3 a

89.5 a
76.2 a

67.4 a

cw
W100G
18.8 a

Control

18.0 a

G/C

mtw

Figure 4. Cob harvest in ICA V-135 maize plants. CW: cob weight (sig. = 0.127). W100G: weight of 100 grains
(sig. = 0.157). G/C: grains per cob (sig. = 0.762). All values are means of 21 plants.
Source: Elaborated by the authors
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By contrast, the decrease in leaf area and leaf area
ratio observed in Crimson Giant red radish plants
under MTW was associated with less fresh and dry
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biomass in leaves and stems, although this effect
was found to be not significant at a reasonable level
(p > 0.680). The pattern observed in ICA V-305
maize plants were that cob weight and grains per
cob in treated plants were superior to those of their
control counterparts; this indicates that an increase
in cob weight was mainly due to the development
of more grains per cob, instead of an increase in
biomass accumulation in the caryopses. This is an
important finding, since in maize these parameters
are very sensitive to crop density, and are more
likely to decrease when increasing plant population
per area unit (Bavec & Bavec, 2002). Hence, we
suggest that there could be a positive interaction
between MTW and different crop densities in relation
with maize yield.
Moreover, different patterns in element composition
in fruits of Tabasco pepper indicates that MTW
enhances the uptake of several of these, particularly
N and Zn. Although we did not carry out an analysis
of capsaicin, the higher nitrogen concentration
might indicate a greater alkaloid (capsaicin) or
protein content. In pepper, cation uptake (K, Ca,
Mg and Na) and its concentration in shoots and
roots is affected by the nitrogen source and salinity
levels of the substrate (Huez-López, Ulery, Samani,
Picchioni & Flynn, 2011). Here, we report that
the percentage of Ca and Mg were always higher in
treated plants, and Na decreased by more than 20 %
without any addition of fertilizers. These results
are contrary to those reported by Maheshwari and
Grewal (2009), who found a reduction in Ca and
Mg and an increase in Na in snow pea pods, using
the same magnetic device with potable water. At any
rate, our findings suggest that there is a higher uptake
of divalent cations as Ca, Mg and Zn (which have
lower mobility than monovalent cations) at the
expense of Na; this explains why K saturation was
lower, although the concentration of this cation
was not reduced.
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The effect of MTW on biomass accumulation was
only consistent in Tabasco pepper and ICA V-135
maize plants. The higher biomass yields reported
in treated plants in this study agrees with results
obtained by previous authors who used the
same magnetic device in celery and snow peas
(Maheshwari & Grewal, 2009). The highest significant effect of MTW was found in Tabasco pepper
plants observed in number and fresh weight of
fruits per plant, although both fresh and dry weight
of leaves and stems also increased; this in turn affected
LA and LAR. Since green, light-exposed leaf area is
the source of photoassimilates for the entire plant,
this feature is frequently related with biomass
accumulation in other plant organs. Authors as
Graber et al. (2010) observed this relation in sweet
pepper grown in a biochar substrate. Higher leaf
area means higher light interception, which is a very
important factor affecting plant growth, even more
than net photosynthesis (Kang & Van Iersel, 2004).
However, when contrasting fruit yield with LA by
linear regression there was a partial adjustment.
From this outcome, it is evident that dry biomass
accumulation in fruits was only in part correlated
with leaf area, particularly in plants subjected to
MTW. We attribute this difference to the effect of
the treatment, which leads to further physiological
mechanisms triggering this response. Hence, it is
possible that not only LA, but also net photosynthesis
have helped increase the number and weight of
Tabasco pepper fruits. This is consistent with the
lower LAR values found in these plants, which was
a consequence of the higher dry weight of fruits,
rather than of a decreased leaf area. Viewing this
from another angle, this means that Tabasco pepper
plants subjected to MTW created more dry fruit
biomass per LA unit, as long as fruits are a sink of
photoassimilates.
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Gas exchange measurements

Photosynthesis and biomass yield in Tabasco pepper, radish and maize subjected to magnetically treated water

Photosynthetic rate (A) in the three species
evaluated exhibited an incremental behavior under
irrigation with MTW. This effect was significant in
ICA V-305 maize plants, and only slightly higher
in Crimson Giant red radish and Tabasco pepper.
This increase in A was associated with a higher
transpiration, particularly in ICA V-305 maize and
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Tabasco pepper plants. Concomitant with the
latter effects, stomatal conductance suffered
an increase in all species under MTW, although
this response was not significant. Despite the
increase in H2O released from the leaves, water
use efficiency within the three species tested did
not undergo any significant reduction or increase
in treated plants in comparison with the controls
(table 3).

Table 3. Gas exchange parameters in Tabasco pepper, Crimson Giant red radish and ICA V-305 maize according
to treatments

Parameters
Species

Pepper

Radish

Maize

Treatments

WUE
Gs
E
A
(µmol CO2 mmol
(µmol CO2 m-2 s-1) (mol H2O m-2 s-1) (mmol H2O m-2 s-1)
H2O-1)

Control

11.83 ± 0.494

0.308 ± 0.062

3.92 ± 0.123

2.90 ± 0.078

MTW

12.21 ± 0.466

0.311 ± 0.059

4.11 ± 0.116

2.90 ± 0.073

Control

11.79 ± 0.429

1.570 ± 0.502

3.41 ± 0.087

3.47 ± 0.101

MTW

12.29 ± 0.517

1.600 ± 0.014

3.36 ± 0.067

3.63 ± 0.146

Control

25.00** ± 0.019

1.600 ± 0.238

13.70** ± 0.366

1.84 ± 0.080

MTW

31.30** ± 0.269

2.140 ± 0.289

14.80** ± 0.370

2.03 ± 0.111

0.415

0.575

0.523

0.143

0.000**

0.000**

0.000**

0.000**

Parameters × treatments
Parameters × species

** p < 0.05. MTW: magnetically treated water. A: photosynthetic rate. Gs: stomatal conductance. E: transpiration. WUE: water
use efficiency. All the values are means of 38 plants for Tabasco pepper and radish, and 21 plants for maize.
Source: Elaborated by the authors
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Biomass accumulation increase in plants under
MTW could be consequence of higher CO2 uptake,
particularly in ICA V-305 maize plants. Since
this parameter is strongly correlated with stomatal
conductance and transpiration, we ascribe the
augment of the photosynthetic rate to a greater
stomata opening observed in this species. How
MTW elicits this effect is a question that is based
in the understanding of the physical interaction

between water and the stomatal system. Several
authors have reported that MTW has higher
evaporation rate (Guo et al., 2012; Szcześ,
Chibowski, Hołysz & Rafalski, 2011). Nonetheless,
considering that higher transpiration from water
to vapor was also observed in ICA V-305 maize
plants subjected to MTW in this study, we suggest
that this evaporative force triggers a wider stomatal
opening, which in turn leads to higher CO2 intake.
Corpoica Ciencia y Tecnología Agropecuaria

This could explain why water use efficiency did
not decrease with this treatment, and as long as it
is concomitant with major transpiration, there will
be a higher photosynthetic rate. However, we cannot
ignore the possibility that this treatment might
increase water depletion in the soil in a faster way.
The lack of response of gas exchange parameters to
MTW in Crimson Giant red radish plants explains
why biomass yield per plant were not affected.

Conclusions
Irrigation effects with MTW on Tabasco pepper,
Crimson Giant red radish and ICA V-305 maize
were not consistent among these species in relation
to the biomass accumulation and physiological
parameters tested. Regarding chlorophyll fluorescence, no effects due to MTW were observed. This
has two interpretations. The first one is that this
treatment is not a source of stress per se that can be
noticeable from changes in fluorescence yield, and
the second one is that the intrinsic physical changes
of MTW do not produce any particular interaction
at the molecular level with the water-oxidizing
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complex in the PSII, which was a possible hypothesis.
However, the greater biomass obtained in Tabasco
pepper fruits and ICA V-305 maize cobs indicate
that higher photosynthetic rate and larger leaf area
observed in maize and pepper plants respectively,
could have helped in this response. Despite an
increase in transpiration, water use efficiency did
not decrease because of the higher CO2 uptake.
The lack of significant responses of Crimson Giant
red radish to MTW demonstrates that not all species
react to this treatment in the same way. Notwithstanding, the positive response of Tabasco
pepper in relation to nutrient uptake and fruit yield
allow us to propose irrigation with MTW as an easy
and simple technique to improve its cultivation.
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