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Abstract:  
 
A custom-built water generator supplied structured water (SW) for applying the 
deficit irrigation treatments to velvet bean plants (Mucuns pruriens). The objectives 
of the study were to 1) determine the effects of magnetized seed treatment on 
velvet bean plants, 2) determine the effects of magnetized and hydroxylated water 
treatments on velvet bean plants, and 4) determine the effects of deficit irrigation, 
using three soil moisture levels, on velvet bean plants. The optimal water-saving 
treatment was magnetized seeds plus 10 MT + HWT. This treatment had a 226% 
increase in transpiration and a 22% increase in water vapor concentration in the 
intercellular airspace for the low soil moisture watering schedule. The three study 
factors in the optimal seed and water treatment had a synchronistic effect for 
enhancing metabolic efficiency by increasing whole plant WUE by 87% and carbon 
assimilation efficiency by 66% in the low soil moisture schedule. Plants irrigated 
with SW water and grown from magnetized seeds had enhanced resilience to high 
water stress conditions by maintaining adequate levels of biologically structured 
water. The rapid deactivation of a suite of highly interconnected defense activities 
in the optimal seed and water treatments implies that the plants exhibit 
macroscopic coherence properties. Coherence at the macroscopic level resulted in 
complex synchronization between metabolic efficiency, plant health, and 
deactivation of a suite of regulatory defenses in plants exposed to high water 
stress. 
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1. INTRODUCTION 

This article reports on a more detailed gas 
exchange analysis of a study previously published by 
Ramsey [1]. In the two years since the first article was 
published, further analyses of unexplored gas 
exchange variables revealed significant findings 
explaining why structured water (SW) increased biotic 
resilience and drought tolerance in velvet bean 
seedlings (Mucuna pruriens). These expanded findings 
focus on water vapor dynamics, leaf, and gas 
exchange variable interactions with the study factors. A 
hypothesis of this study was that irrigating plants with 
SW water should maintain biologically structured water 
(BSW) at normal water tissue levels, even for plants 
grown under high water stress conditions. These latest 
results indicate that water-stressed plants with 
adequate or normal levels of BSW water maintained 
macroscopic coherence so that plants could 
simultaneously optimize metabolic efficiency and 
minimize plant injury. 

Structured water has an expanded hydrogen-
bonded water network with stronger hydrogen bonds 
(H-bonds), resulting in supramolecular or polymeric 
clusters of water molecules mixed with free water with 
weaker H-bonds [2 – 5]. Most natural water sources 
comprise about 20 - 40% SW water at room 
temperature. The SW:Free water structure ratio can be 
increased dramatically using several methods to 
strengthen the H-bonds in free water. SW water 
properties include higher viscosity, lower vapor 
pressure, and increased electrical conductivity and pH 
[6 - 12]. Electrical conductivity increases in SW water 
due to the supramolecular clusters of hexamer water 
rings with delocalized and quasi-free electrons and 
protons in the π orbitals above and below each cyclic 
water ring [13 - 18]. When unstructured, liquid water is 
exposed to chemical and electromagnetic energy 
sources that cross the ionization threshold of water, a 
percentage of the water molecules will ionize and split 
into hydronium ions (H3O+) and hydroxyl radicals (•OH) 
[19 - 21]. These ions and radicals will then reform back 
into SW water.  

This study investigated the effects of SW irrigation 
water on water stressed plants. As the SW water is 
taken up by the plant roots and transported into the 
foliage, it is converted into Biologically Structured 
Water (BSW). The functions, roles, and properties of 
BSW water are suited to sustain life and are different 
from SW water. BSW water is synonymous with other 
research terms such as tightly bound, exclusion zone 

(EZ), vicinal water, interfacial, hexagonal, non-freezing, 
or liquid crystalline water. A full description of splitting 
liquid water into hydroxyl radicals to generate SW 
water is published in Part 3 of the review of BSW 
water.  

A custom-built hydroxylated water system was 
designed for this study using a combination of three 
energy sources to generate SW water for the plant 
irrigation treatments. The closed-loop water system 
included a water pump, hose lines, a hydroxyl 
generator, static magnets, a 132 L water tank, and a 
control panel (Image 1). The hydroxyl generator 
component utilized ultraviolet lamps to convert water 
vapor in the air into ozone. The ozonated water was 
then converted into hydroxyl free radicals and 
hydronium ions (H3O+) [19 - 21]. The hydroxyl free 
radicals and hydronium ions partially reform back to 
water molecules with stronger H-bonds that form SW 
water with hexamer water rings [22 - 24]. Static 
neodymium magnets were also placed next to the 
water tube in the water generator to increase the 
structured water ratio in the irrigation water. The 
closed-loop system allowed the water to recirculate and 
pass through the hydroxyl generator numerous times. 
As the exposure time increased, water structure also 
increased.  

 
Image 1: Photo of custom-built water generator that 
generated this study's water treatments. 
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This second article from the original study [1] 
focuses on the effects of the three study factors on leaf 
water content dynamics for plants under high water 
stress. It also tested the effects of magnetized seeds 
and SW water on regulatory plant responses to water 
stress, increased efficiencies, and enhanced resilience 
to abiotic stress. Gas exchange data was collected 34 
to 37 days after starting the second deficit irrigation 
schedule. The gas exchange data was analyzed for the 
low soil moisture treatments that lasted about 35 - 40 
days after starting the initial deficit irrigation schedule. 
The following water content variables were analyzed: 
leaf vapor pressure deficit (vpdl), saturated vapor 
pressure in the leaf (SVTleaf), saturated vapor 
pressure in air (SVTair), water vapor concentration 
inside the leaf (h2o_l), difference in water vapor 
concentration between inside leaf and the air 
(h2o_diff), air temperature (tair), and leaf temperature 
(Tleaf). Saturated vapor pressure is computed from 
vapor pressure and temperature, and water vapor 
concentration is computed from SVP and atmospheric 
pressure.  

The spongy mesophyll inside of leaves contains 
intercellular airspaces near the stomatal openings. 
These airspaces allow the phase transition of BSW 
water into water vapor, which is an endothermic 
process that cools the foliage [25 – 28]. As 
transpiration increases, the phase transition rate 
increases with increased cooling due to the 
endothermic dynamics of water converting to water 
vapor. These airspaces also allow CO2 to enter the 
plant and diffuse into the chlorophyll sites to initiate 
photosynthesis. The intercellular airspace volume is 
estimated to be about 70% of the leaf volume [29]. The 
intercellular airspaces contain water vapor and CO2, 
and these variables can be measured in units of 
pressure (kPa) or units of mole fractions (mol H2O or 
CO2/ mol air). Until recently, it was widely assumed that 
the airspaces within the spongy mesophyll were 
saturated with water vapor and had a saturated vapor 
pressure near 99% [25]. This assumption has been 
challenged by researchers who suggest that leaf 
airspaces are undersaturated [26, 28]. Whether the 
intercellular airspace is saturated or unsaturated with 
water vapor has important implications for estimating 
the leaf vapor pressure deficit (vpdl) in leaves [27]. The 
leaf vapor pressure can be estimated from air 
temperatures if the airspace in the leaf is assumed to 
be saturated. The gas exchange program in the LICOR 
6400 instrument assumes that vapor pressure in the 
intercellular airspaces is fully saturated. Therefore, 
SVTleaf was computed from a leaf temperature model.  

The interrelationships between vapor pressure 
dynamics within leaves, leaf temperature, and 
atmospheric conditions are complex and highly 
interconnected [28 - 31]. Water vapor pressure is the 
pressure (kPa) exerted by water in the gas phase in a 
closed system. Water vapor pressure inside the leaf 
determines the rate at which water transitions from 
liquid to vapor. The higher the vapor pressure at a 
given temperature, the weaker the H-bonds in the liquid 
water, and evaporation rates increase [26, 28]. 
Saturated Vapor Pressure (kPa) is the pressure at 
which water vapor is in thermodynamic equilibrium with 
its liquid phase. Leaf Vapor Pressure Deficit (kPa) is 
the difference in the air's Saturated Vapor Pressure 
(SVP) and Relative Humidity outside of the leaf, i.e., 
vpdl is the difference between SVTair and RHair. 

Another set of analyses tested the effects of SW 
water on several plant efficiency indices. These 
efficiency parameters included Whole-plant water use 
efficiency (WUE), leaf cooling efficiency, and carbon 
assimilation efficiency. Whole plant WUE is the 
integrated water use parameter that divides plant 
biomass accumulated over the course of the study by 
the accumulated water volume used over the study. 
This study estimated the whole plant WUE from the 
accumulated, aboveground, oven-dried plant biomass 
divided by the average daily watering volume for each 
seed and water treatment for each soil moisture target 
(g biomass/ml daily water). The leaf cooling efficiency 
is estimated by dividing leaf temperature by air 
temperature (Tleaf/Tair). Finally, the carbon 
assimilation index was estimated by dividing the 
average daily biomass growth rate by the rate of 
photosynthesis (g biomass/day)/Pn (umol CO2/m2/s)). 
A comparison of these efficiency indices between the 
control and optimal seed and water treatment will test 
whether the optimal treatment enhanced overall plant 
efficiency or not.  

The plant species selected for this drought 
tolerance study was the velvet bean (Mucuna pruriens). 
This tropical legume has a C3 Calvin cycle pathway 
that exhibits photoinhibition defense responses to 
protect against free radical damage in chlorophyll when 
plants are water-stressed. Velvet bean is a fast-
growing, twining vine with limited drought tolerance that 
is often used as a cover crop [32]. Due to its rapid 
growth rates and large leaf area, the plants have high 
foliage gas exchange rates, making it an ideal species 
for this study.  
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2. MATERIALS AND METHODS 

The greenhouse study was conducted in Fort 
Collins, CO. Greenhouse parameters were set at 
ambient light conditions, and a temperature range was 
set at 26 to 35 C. The study design involved a factorial 
model with the four study factors fully crossed with 
each other to test the main effects and all interactions 
among the study factors. The study factors included 
three soil moisture levels, two seed treatments, three 
magnet treatments, and two hydroxylated water 
generator treatments.  

2.1. Seed Treatments 

Velvet bean (Mucuna pruriens) seeds included two 
seed treatments, which were non-magnetized (NMS) 
and magnetized (MS) seeds. The control treatment 
seeds were soaked in water for three hours before 
planting without exposure to any magnetic fields. The 
magnetized seeds were soaked in water while placed 
on a static magnet for three hours before planting. A 
neodymium static magnet (grade N-42) was used with 
the South Pole face of the magnet facing up into the 
seeds. After soaking, the seeds were coated with a 
powder form of Rhizobium leguminosarum (N-Dure, 
INTX Microbials, Kentland, IN) before planting. The 
rhizobium species is specific for legumes and is a 
gram-negative bacteria used to inoculate legume roots 
to start nitrogen-fixing colonies in root nodules. Each 
pot was planted with eight coated seeds. All 
germinated seeds were culled down to the two most 
vigorous seedlings at the two-cotyledon leaf stage. Two 
velvet bean plants were grown in each pot until the 
completion of the study.  

2.2. Pot and Soil Description 

The wood fiber pots had a soil volume of 4.87 l and 
a water saucer volume of 800 ml (Western Pulp 
Products Co. Corvallis, OR). Sixty-four (64) pots were 
filled with potting soil, which was a mix of Canadian 
sphagnum peat moss, processed pine bark, 
vermiculite, and perlite mix (Farfard – 4-MP, Sun Gro 
Horticulture, Agawam, MA). A controlled release 
fertilizer (19-5-6 NPK) (FloriKote CRF, Florikan ESA, 
Sarasota, FL) was applied at ten g/pot 11 days after 
planting (DAP). 

2.3. Magnetic Water Treatments 

This study used two grades (grades N-42 and N-52) 
of static neodymium magnets (K&J Magnets, Inc., 
Pipersville, PA). The large cylinder magnets (N-42) 

were 7.6 cm diam x 5.1 cm thick, and the small cylinder 
magnets (N-52) were 5.1 cm diam x 2.5 cm thick. 
There are three magnetic field treatments: 1) control, or 
no magnets on hydroxyl water generator or water 
hoses (0-MT), 2) two N-42 neodymium magnets placed 
on the top cover of hydroxyl water generator (2-MT, 
and 3) two N-42 neodymium magnets placed on the 
top cover of hydroxyl water generator, and 10 N-52 
neodymium magnets placed on the water hose 
between generator and water tank (10-MT). The ten N-
52 magnets were placed on top of a steel U-shaped 
channel beam with the water hose inserted into the U 
channel. The magnetized water treatments were 
combined with or without the hydroxylated water 
treatments, depending on the assigned water treatment 
run for that day.  

 All neodymium magnets had their South Pole 
facing the water hose or the hydroxyl water generator. 
The measured strength at the magnet surface was 493 
and 510 mT for the N-42 and N-52 neodymium 
magnets, respectively. However, both magnets were 
placed at different distances from the water hoses or 
the hydroxylated water column. The measured strength 
of the N-42 magnet at 7.6 cm from the water column in 
the hydroxyl generator was 45 mT. The measured 
strength of the N-52 magnet at 5 cm from the water 
hoses was 131 mT. The static magnets were removed 
or replaced daily, depending on the water treatment 
assigned to be generated on that day. 

2.4. Hydroxylated Water Treatments and Closed 
Loop System Description 

The hydroxylated water generator was a 
commercial unit for recreational water treatment for 
swimming pools (EcoMaster PZ-784, Prozone Water 
Products, Huntsville, AL). The generator was slightly 
modified by placing static magnets on the metal 
surface of the generator, just above the quartz water 
line running through the generator. The hydroxyl 
generator operates by allowing air to enter the unit, 
where two hybrid UVC lamps (287 nm wavelength) 
convert the air and water vapor into ozone (O3) and 
hydroxyls (OH.). Water enters the generator through a 
venturi injector drawing O3 and OH. from the lamp 
chamber. A static mixer combines water, O3, and OH 

into a micro-bubble water flow. The ozonated water 
passes through a quartz water column radiated with the 
two UVC lamps, which converts the ozonated water 
into hydroxyl radicals. The two hydroxylated water 
treatments were: 1) hydroxyl water generator turned on 
(HWT), or 2) hydroxyl water generator turned off 
(NHWT).  
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The hydroxylated water generator was a component 
of the closed-loop water system that was custom-built 
by Spartan Environmental Technologies [19]. The 
closed loop system was run for 30 min. to generate 
each batch for a specific water treatment. This study 
had six water treatments (3 MT x 2 HWT = 6 WT), and 
one water treatment was generated per day due to the 
time required for each run. Each water treatment was 
stored in a labeled 19 l container for three days before 
making a new batch. In other words, each water 
treatment batch was stored after it was generated and 
then used to irrigate the assigned pots over three days 
before generating a new water treatment batch. The 
water treatments were generated on a rotating basis. 
Each water treatment could be run with or without the 
hydroxylated water generator turned on or the static 
magnetics placed on the water hoses or the generator. 
The water pump capacity was 3.78 l/min. The water 
tank and total water hose capacity was 118 l. The 
water turnover rate for a full water tank was 10.9 times 
for each 30 min. water treatment run, i.e., for each 
water treatment, the water was exposed to a 
combination of magnetics and hydroxylated water 
generator 10.9 times before collecting and storing the 
treated water. The control water (0 MT + NHWT) was 
run in the closed loop system for 30 min. without the 
hydroxylated water generator being turned on or the 
magnets placed on the water hoses. All water lines and 
the tank were purged between each water treatment 
run.  

2.5. Soil Moisture Levels and Soil Moisture 
Methods 

Deficit irrigation was conducted by hand watering to 
achieve three soil moisture levels ranging from intense 
water stress to fully saturated soil moisture. The three 
soil moisture levels were based on volumetric soil 
moisture (SM) levels, which were:  

1) low soil moisture (LSM) (10 to 15% v/v)  

2) moderate soil moisture (MSM) (15 to 20% v/v 
SM) 

3) high soil moisture (HSM) (20 to 25% soil 
moisture). 

The soil moisture level targets were implemented 
after the seedlings reached the second set of trifoliate 
leaves approximately 21 days after planting.  

All pots were well watered with tap water between 
seed planting and the second trifoliate stage so that the 

seedlings were well established with long roots before 
starting the deficit irrigation treatments. All pots were 
randomly assigned to the three soil moisture levels and 
water treatments. The first set of soil moisture levels 
were too high, and the plants showed no wilting 
symptoms. At 21 days after planting, daily watering 
was reduced, and soil moisture was monitored until the 
three soil moisture target levels were reached.  

 Daily volumetric soil moisture measurements were 
collected using a data logger and a soil moisture and 
temperature sensor (ECH2O EM-50 data logger and 5-
TM soil sensor, METER Environmental, Pullman, WA). 
Each pot was measured every morning between 8 and 
10 am using a single datalogger and a 5-TM soil probe, 
and the data was hand-recorded. The sensors were 
buried so that soil moisture readings were collected at 
approximately 5 – 10 cm.  

2.6. Daily Soil Moisture Measurements and 
Watering Methods 

Volumetric soil moisture (SM) readings were 
collected with a data logger and soil moisture sensors 
(ECH2O data logger and 5-TM soil sensors, METER 
Environmental, Pullman, WA). METER scientists 
developed an equation to adjust the default algorithm 
based on mineral soil. Potting soil is virtually organic, 
and the raw tensiometer data was converted to percent 
soil moisture data using an algorithm suited for organic 
soil. The daily soil moisture measurements were hand-
recorded and used to estimate the daily water volume 
needed to maintain each pot at its label or assigned 
irrigation target. Each pot's water volume was adjusted 
daily based on its growth rate and irrigation target.  

All 64 pots were watered daily after estimating the 
water volume to apply to each pot. Treated water 
stored in the 19 l containers was added to smaller pails 
to fill a 500- or 1,000-ml volumetric cylinder to record 
precise water volumes per pot. The daily water volume 
was compiled into a single dataset for study factor 
analyses or as a covariate in the study analyses.  

2.7. Foliage Gas Exchange Methods 

A LICOR 6400 XT gas exchange instrument 
(LICOR Environmental, Lincoln, NE) was used to 
measure leaf and atmospheric variables. Gas 
exchange data was collected 58 – 64 days after 
planting and 37 days after starting the three deficit 
irrigation treatments by hand watering each pot. The 
foliage measurements included: photosynthesis (Pn), 
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stomatal conductance (g), transpiration (E), RH-air = 
relative humidity in leaf sample, SVTleaf = saturated 
vapor pressure in leaf, SVTair = saturated vapor 
pressure in air, h2o_l = water vapor concentration 
inside leaf., leaf vapor pressure deficit (vpdl), and leaf 
temperature (ltemp). Vapor pressure deficit is a driver 
for transpiration due to the difference between the 
actual vapor pressure and the saturation vapor 
pressure at a set temperature. Direct measurements of 
leaf water contents are difficult to quantify, and 
indirect measurements involve computations with 
assumptions built into the model parameters. The 
assumptions in the LICOR 6400 SVTleaf model in this 
study are based on tap water properties and not on 
SW water properties. This discrepancy in tap and SW 
water properties will be discussed in more detail in the 
Discussion section of this article.  

The LICOR 6400 parameters are set as: Leaf ratio = 
0.5, PAR = 800 umol/m2/s, block temperature = 35 C, 
and flow rate = 400, and CO2 = 400 mg/l. The 
uppermost, fully mature leaves were selected for gas 
exchange measurements. Three leaves per plant were 
selected: dark green or mature leaves with no disease 
spots inside the measurement area. All gas exchange 
measurements include six replicates ( 2 plants x 3 
leaves = six replicates per treatment) without including 
any hidden replication that is described in the Data 
Analyses section. Soil moisture data was collected 
along with the gas exchange parameters, and all the 
parameters were combined into a single dataset so that 
soil moisture could be tested as a covariate in the data 
analyses.  

2.8. Data Analyses 

The study design included hidden replication for the 
statistical modeling analysis. Hidden replication 
restricts the interaction tests to only two-way 
interactions. The SAS JMP (SAS Institute Inc., Clary, 
NC) Design of Experiment (DOE) generated 16 
replications of the whole plots for biomass and water 
volume data analyses. The DOE design for whole plot 
replication included hidden replicates by limiting the 
analysis to only two-way interactions without 
considering three or four-way interactions. The sample 
size for the gas exchange data was 41, which also 
included hidden replication by limiting the analysis to 
two-way interactions.  

Multivariate analysis was conducted to test for 
correlations among the gas exchange leaf and air 
variables. Pairwise comparisons among these 

variables generated detailed, individualized tables with 
correlation strength and p-values for each pair of 
variables. The SAS JMP Restricted Maximum 
Likelihood (REML) model analyzed the foliar gas 
exchange data. This model included variation among 
the three leaves as a random variable. The JMP Least 
Squares Fit (LSF) model was used to test treatment 
effects for average percent soil moisture, cumulative 
water volume, oven-dry foliage biomass, and plant 
water use efficiency. Analysis results were deemed to 
be significant if p-values were less than 0.05. Error 
bars in graphs represent the standard error of model 
values.  

The pairwise correlation test included five tables for 
a selected set of seed and water treatments for the low 
soil moisture study factor. The five correlation tables 
include 1) Control, 2) Optimal Treatment, 3) Revised 
Optimal Treatment #1, 4) Revised Optimal Treatment 
#2, and 5) Revised Optimal Treatment #3. The optimal 
treatment was magnetized seed plus 10-MT + HWT. In 
other words, the optional treatment had magnetized 
seeds, all ten magnets attached to the water line, and 
the hydroxylated water generator was turned on. The 
revised optimal treatments tested the effects of 
changing one study factor at a time for the optimal 
treatment. For example, for the revised optimal 
treatment #1, only the hydroxylated water treatment 
was turned off, while the other two factors remained 
unchanged. This pairwise correlation tested the effects 
of the hydroxyl generator compared to the correlation 
table with all three factors turned on. The optimal #2 
tested non-magnetized seeds while keeping the other 
two study variables the same. Optimal #3 treatment 
tested the effects of neodymium magnets on the water 
lines while keeping the other two study factors the 
same. 

3. RESULTS 

The velvet bean plants were allowed to twine up 
bamboo stakes over the 64-day study. Photos were 
taken during the last week of the study, just before the 
plants were harvested, and they showed that the plants 
were healthy and still vigorously growing (Images 2-4).  

The average percent soil moisture was graphed to 
show the daily temporal dynamics and general range 
patterns for the three target soil moisture levels from 13 
to 52 days after the initiation of the study (Figure 1). 
The average soil moisture from 13 to 52 days was 12, 
18, and 23% for the LSM, MSM, and HSM soil moisture 
levels. Due to the daily monitoring and water schedule, 
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Image 2. Photo of velvet bean plants at 60 DAP for the control treatment (0-MT + NHWT). 

 
Image 3. Photo of velvet bean plants (center of photo) at 60 DAP for the two magnets + hydroxylated water treatment (2-MT + 
HWT). 

 
Image 4. Photo of velvet bean plants (center of photo) at 60 DAP for the ten magnets + hydroxylated water treatment (10-MT + 
HWT). 
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Figure 1: Average daily percent soil moisture was measured between 13 and 52 days of the study. A statistical smoother curve 
plotted soil moisture over time for the three soil moisture levels (legend) and was averaged across the magnetized seed and 
water treatments. Soil moisture was reduced to the adjusted soil moisture levels after the 21st day. 

the three target soil moisture levels were kept within a 
narrow range when averaged across magnetized seed 
and structured water treatments. The drop in soil 
moisture from 17 to 24 days after planting was due to 
readjusting soil moisture levels to induce higher water 
stress levels in the plants. The higher water stress 
levels ensured that the magnetized seed and 
structured water treatments were tested on truly water-
stressed plants that simulated drought conditions. 

The Least Squared Fit model tested the effects of 
the magnetized seed and structured water treatments 
on the percent soil moisture (Table 1). The model 
included all four study factors and three two-way 
interaction terms. The three other study factors 
reported Average percent soil moisture for magnetized 
and non-magnetized seed treatments (Tables 2, 3). 
The magnetized seed combined with the 18 structured 
water treatments shows that the percent soil moisture 
was higher in the 2-MT + HWT and 10-MT + HWT 
treatments than in the associated magnetized seed 
treatments with 0-MT + NHWT water treatment under 
the LSM soil moisture level (Table 2). The non-
magnetized seed treatments resulted in an even larger 
increase in percent soil moisture for the 2-MT + HWT 
and 10-MT + HWT treatments than in the associated 
magnetized seed treatments with 0-MT + NHWT water 
treatment under the LSM soil moisture level (Table 3). 
For both seed treatments, the structured water 
treatments (2-MT + HWT and 10-MT + HWT) increased 
the LSM soil moisture levels due to lower transpiration 
rates (Figure 1). 

Table 1: Description of the Least Square Fit Model 
Terms and p-Values for Soil Moisture (m3/m3) 
Averaged 13 and 52 Days after Planting 

Source Prob > F 

Magnetized seed  0.2155 

Magnetized water  0.0009* 

Hydroxyl Generator 0.9677 

Soil moisture level <.0001* 

Mag seed* Soil moisture level <.0001* 

Mag water* Soil moisture level <.0001* 

Hydroxyl generator* Soil moisture level 0.0004* 

 

Analysis of the cumulative water volume per pot for 
each treatment shows that only the magnetized water 
factor and the soil moisture level were terms in the final 
model (Table 4). The two other study factors (seed and 
HWT factors) were not in the final model due to the 
small sample size for each treatment. However, since 
the cumulative water volume per plant is such an 
important measurement in this study, the total water 
volumes were reported for all four study factors to fully 
understand the effects of the factors on water usage 
(Table 5). Based on the cumulative water volumes, the 
optimal water-saving treatments were either 
magnetized or non-magnetized seed treatment 
combined with the 10-MT + HWT structured water 
treatment (Table 5). The relative change for total water 
volume used represents the water use savings in the 
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Table 2: Based on Volumetric Data (m3/m3), the Average Percent Soil Moisture for the Magnetized Seed Treatment, by 
Structured Water Treatment, Hydroxyl Generator Status, and Soil Moisture Level. Soil Moisture was Averaged 
between 13 to 52 Days after Planting 

Structured water trt  Hydroxyl generator Soil moisture Level (%) Percent soil moisture (%) Relative change 

0-MT + NHWT No 10 -15 5 0 

0-MT + NHWT No 15 – 20 14 0 

0-MT + NHWT No 20 - 25 16 0 

0-MT + HWT Yes 10 -15 7 0 

0-MT + HWT Yes 15 – 20 12 0 

0-MT + HWT Yes 20 - 25 16 0 

2-MT + NHWT No 10 -15 10 100 

2-MT + NHWT No 15 – 20 14 0 

2-MT + NHWT No 20 - 25 21 31 

2-MT + HWT Yes 10 -15 14 100 

2-MT + HWT Yes 15 – 20 10 -17 

2-MT + HWT Yes 20 - 25 23 44 

10-MT + NHWT No 10 -15 16 220 

10-MT + NHWT No 15 – 20 14 0 

10-MT + NHWT No 20 - 25 14 -13 

10-MT + HWT Yes 10 -15 19 171 

10-MT + HWT Yes 15 – 20 10 -17 

10-MT + HWT Yes 20 - 25 16 0 
aRelative change = (0-MT + NHWT – 2 or 10-MT + NHWT)/ 0-MT + NHWT) x 100) for each associated hydroxyl generator and soil moisture level. 
 

Table 3: Average Volumetric Soil Moisture (m3/m3) for Non-Magnetized Seed Treatment by Structured Water 
Treatment, Hydroxyl Generator Status, and Soil Moisture Level. Soil Moisture was Averaged between 13 to 52 
Days after Planting 

Structured water trt  Hydroxyl generator Soil moisture Level (%) Percent soil moisture (%) Relative change 

0-MT + NHWT No 10 -15 2 0 

0-MT + NHWT No 15 – 20 21 0 

0-MT + NHWT No 20 - 25 16 0 

0-MT + HWT Yes 10 -15 5 0 

0-MT + HWT Yes 15 – 20 16 0 

0-MT + HWT Yes 20 - 25 19 0 

2-MT + NHWT No 10 -15 7 250 

2-MT + NHWT No 15 – 20 19 -10 

2-MT + NHWT No 20 - 25 21 31 

2-MT + HWT Yes 10 -15 10 100 

2-MT + HWT Yes 15 – 20 14 -13 

2-MT + HWT Yes 20 - 25 23 21 

10-MT + NHWT No 10 -15 14 600 

10-MT + NHWT No 15 – 20 19 -10 

10-MT + NHWT No 20 - 25 14 -13 

10-MT + HWT Yes 10 -15 16 220 

10-MT + HWT Yes 15 – 20 16 0 

10-MT + HWT Yes 20 - 25 16 -16 
aRelative change = (0-MT + NHWT – 2 or 10-MT + NHWT)/ 0-MT + NHWT) x 100) for each associated hydroxyl generator and soil moisture level.   
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last two columns in Table 5. Depending on the three 
soil moisture levels, the water use savings ranged from 
29% to 49% for the 10-MT +HWT structured water 
treatment. The cumulative water volume for the 10- MT 
+HWT water structure is in general agreement with the 
percent soil moisture findings, i.e., the 10-MT + HWT 
treatment increased the percent soil moisture 
compared to the 0-MT + NHWT water treatment 
(Tables 2, 3). The structured water treatments used 
more water than the 0-MT + NHWT treatment in three 
out of six water treatments (Table 5). 

The pairwise correlations included gas exchange, 
leaf, and air status variables for only the low soil 
moisture study factor. An explanation for the pairwise 
correlation tables was given in the data analysis 
section above. The five correlation tables allow a 
detailed examination of the interplay between eight gas 
exchange, leaf, and air variables (Tables 6-10). 
Overall, the correlation tables show complex 
interactions among leaf, water vapor, foliage water, and 
atmospheric conditions reflected in the gas exchange 
responses, leaf, and atmospheric parameters.  

 The pairwise table for the control treatment (Table 
6) shows significant correlations among the variables 
for the control treatment (non-magnetized seed and 0-
MT + NHWT treatment). The correlations between gas 
exchange variables and leaf and atmospheric 
conditions mirrored the expected plant responses to 
high water stress conditions. Stomatal conductance, 
transpiration, and photosynthesis are all highly 
correlated. Also, stomatal conductance and 
transpiration negatively correlated with leaf and air 
temperature and leaf and air saturated vapor pressure. 

Table 4: Description of the Least Squares Fit Model 
Terms and p-Values for the Cumulative Water 
Volume Added Per Plant. Daily Water Volumes 
Per Plant were Summed between 27 and 52 
Days after Planting to Determine the 
Cumulative Water Volume 

Source Prob > F 

Magnetized water 0.0001* 

Soil moisture level <.0001* 

Magnetized*Soil moisture level <.0001* 

Table 5: Cumulative Total Water Volume Per Plant Reported for Magnetized Water Treatment, Hydroxyl Treatment, 
and Three Soil Moisture Levels. The Total Water Volume was Reported for Daily Watering between 13 to 52 
Days of the Study 

Water trt Hydroxyl 
Generator 

Soil 
moisture 
level (%) 

The sum for Mag 
seed water volume 
added (ml) per plant 

The sum for Non-Mag seed 
water volume added (ml) 

per plant 

Water savings 
for magnet 

seeds 

Water savings 
for non-

magnet seeds 

0-MT No 10 -15 20000 20950 0.0 0.0 

0-MT No 15 – 20 11800 11250 0.0 0.0 

0-MT No 20 - 25 15600 14950 0.0 0.0 

0-MT Yes 10 -15 18150 20150 0.0 0.0 

0-MT Yes 15 – 20 24450 22600 0.0 0.0 

0-MT Yes 20 - 25 30550 30400 0.0 0.0 

2-MT No 10 -15 14500 15450 -27.5 -26.3 

2-MT No 15 – 20 23450 19550 98.7 73.8 

2-MT No 20 - 25 25850 26700 65.7 78.6 

2-MT Yes 10 -15 13300 14600 -26.7 -27.5 

2-MT Yes 15 – 20 22100 21900 -9.6 -3.1 

2-MT Yes 20 - 25 23900 23700 -21.8 -22.0 

10-MT No 10 -15 19450 16700 -2.8 -20.3 

10-MT No 15 – 20 20100 20650 70.3 83.6 

10-MT No 20 - 25 19950 21450 27.9 43.5 

10-MT Yes 10 -15 10650 8900 -41.3 -55.8 

10-MT Yes 15 – 20 19650 18350 -19.6 -18.8 

10-MT Yes 20 - 25 10600 12500 -65.3 -58.9 
aWater saving is based on relative change between water and control treatments. Relative change = (0-MT - 2 or 10-MT)/ 0-MT) x 100) for each associated hydroxyl 
generator, magnetized seed treatment, and soil moisture level. 
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Table 6 has 24 significant correlations among all the 
pairwise comparisons. Also, there are eight negative 
and ten positive correlations among the variables. Six 
correlations with extreme p-values (0.999 to 1.0) 
indicated that matching variables were used in both 
correlation pairs to estimate the variables. The pairwise 
correlations with near-perfect p-values should be 
ignored.  

A casual observation of the significant correlations 
in Table 6 shows high interconnectivity among the gas 
exchange variables. The tables only included eight 
variables due to the lack of space in each table. 
Another six soil and atmospheric variables were also 
included in a pairwise correlation test. All six of these 
gas exchange variables also had significant 
correlations for the low soil moisture target for the 
control treatment (data not shown). The 
interconnectivity of as many as 14 variables indicates 
the complex physiological balance in plants exposed to 
water stress conditions. The tables estimate the 
correlation strength between each pair of variables.  

In contrast to the control treatment, the optimal 
treatment (Table 7) reveals only one significant p-value 
among all the pairwise correlations for the correlation 
between stomatal conductance and transpiration. The 
other three correlations use the same underlying 
parameter terms in the variable calculations; therefore, 
the correlations reach unity (1.0) and are thus 
irrelevant. The optional treatment included magnetized 
seeds, ten magnets attached to the water line, and the 
hydroxylated water generator switched on. This 
combination of seed and water treatments almost 
eliminated all significant correlations among the eight 
variables.  

Water-stressed plants have a reduction in many gas 
exchange responses. The first article details the gas 
exchange responses for all the seed and water 
treatments [1]. The decrease in gas exchange 
responses for the control treatment confirms the 
expected reduction in these responses for plants grown 
under the low soil moisture treatment. However, the 
optimal seed and water treatment had several 
unexpected responses.  

As the introduction mentions, saturated vapor 
pressure (SVTleaf) is a fundamental water variable that 
regulates the overall water dynamics of plants under 
water stress. As expected, SVTleaf was negatively 
correlated with stomatal conductance and transpiration. 
In contrast, there was no correlation between these gas 

exchange responses and SVTleaf for the optimal seed 
and water treatment. The control and optimal SVTleaf 
values were 5.15 and 5.23 kPa, respectively, for the 
low soil moisture treatments. The saturated vapor 
pressure (SVTleaf) for the optimal seed and water 
treatment was significantly higher than the control. The 
JMP REML test shows that the control and optimal 
SVTair values were 5.30 and 5.37 kPa for the low soil 
moisture treatments and were equivalent. The effect of 
SVTleaf on water dynamics in the leaves will be 
examined in more detail in the discussion section. 

Table 6: Multivariate Test for Only Low SM Target (10 – 
15%). A Pairwise Correlation Table for the 
Control Treatment Included Non-Magnetized 
Seeds and 0-MT + NHWT Water Treatment. 
Correlations are Negative or Positive, and 
Significant Correlation Probabilities are in Red 
Text 

Pairwise Correlations 

Variable by Variable Correlation Signif Prob 

Trmmol Cond 0.9867 0.0003* 

Tair Cond  -0.6859 0.1325 

Tair Trmmol  -0.6981 0.1230 

Tleaf Cond  -0.8493 0.0324* 

Tleaf Trmmol  -0.8522 0.0312* 

Tleaf Tair 0.9640 0.0019* 

RH_S Cond  -0.5832 0.2244 

RH_S Trmmol  -0.6670 0.1478 

RH_S Tair 0.8747 0.0225* 

RH_S Tleaf 0.8344 0.0389* 

SVTleaf Cond  -0.8500 0.0320* 

SVTleaf Trmmol  -0.8542 0.0303* 

SVTleaf Tair 0.9629 0.0020* 

SVTleaf Tleaf 0.9999 <.0001* 

SVTleaf RH_S 0.8360 0.0381* 

SVTair Cond  -0.8197 0.0458* 

SVTair Trmmol  -0.8254 0.0431* 

SVTair Tair 0.9772 0.0008* 

SVTair Tleaf 0.9984 <.0001* 

SVTair RH_S 0.8495 0.0323* 

SVTair SVTleaf 0.9982 <.0001* 

h2o_l Cond  -0.8491 0.0325* 

h2o_l Trmmol  -0.8540 0.0304* 

h2o_l Tair 0.9634 0.0020* 

h2o_l Tleaf 0.9999 <.0001* 

h2o_l RH_S 0.8386 0.0370* 

h2o_l SVTleaf 1.0000 <.0001* 

h2o_l SVTair 0.9983 <.0001* 
aPhoto = photosynthesis, Trmmol = transpiration, Cond = stomatal 
conductance, tair = air temperature, tleaf = leaf temperature, RH-S = relative 
humidity in leaf sample, SVTleaf = saturated vapor pressure in leaf, SVTair = 
saturated vapor pressure in air, h2o_l = water vapor concentration inside leaf. 
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Table 7: Multivariate Test for Only Low SM Target (10 – 
15%). A Pairwise Correlation Table for the 
Optimal Treatment Included Magnetized Seeds 
and 10-MT + HWT Water Treatment. 
Correlations are Negative or Positive, and 
Significant Correlation Probabilities are in Red 
Text.  

Pairwise Correlations 

Variable by Variable Correlation Signif Prob 

Trmmol Cond 0.9985 0.0352* 

Tair Cond 0.8562 0.3456 

Tair Trmmol 0.8263 0.3809 

Tleaf Cond 0.1915 0.8773 

Tleaf Trmmol 0.1370 0.9125 

Tleaf Tair 0.6711 0.5317 

RH_S Cond 0.6363 0.5609 

RH_S Trmmol 0.5927 0.5962 

RH_S Tair 0.9434 0.2153 

RH_S Tleaf 0.8790 0.3164 

SVTleaf Cond 0.1918 0.8771 

SVTleaf Trmmol 0.1372 0.9124 

SVTleaf Tair 0.6713 0.5315 

SVTleaf Tleaf 1.0000 0.0002* 

SVTleaf RH_S 0.8792 0.3162 

SVTair Cond 0.4217 0.7228 

SVTair Trmmol 0.3710 0.7581 

SVTair Tair 0.8295 0.3772 

SVTair Tleaf 0.9707 0.1545 

SVTair RH_S 0.9678 0.1619 

SVTair SVTleaf 0.9708 0.1543 

h2o_l Cond 0.1882 0.8795 

h2o_l Trmmol 0.1336 0.9147 

h2o_l Tair 0.6685 0.5338 

h2o_l Tleaf 1.0000 0.0022* 

h2o_l RH_S 0.8774 0.3185 

h2o_l SVTleaf 1.0000 0.0023* 

h2o_l SVTair 0.9699 0.1566 
aPhoto = photosynthesis, Trmmol = transpiration, Cond = stomatal 
conductance, tair = air temperature, tleaf = leaf temperature, RH-S = relative 
humidity in leaf sample, SVTleaf = saturated vapor pressure in leaf, SVTair = 
saturated vapor pressure in air, h2o_l = water vapor concentration inside leaf. 
 

Another water vapor variable (H2O_diff) measures 
the difference in relative water vapor concentration 
(mmol H2O/mol air) between the leaf airspaces (H2O_l) 
and air (H2O_a). These water vapor variables, 
H2O_diff and SVTleaf, measure two different vapor 
conditions (concentration and pressure) within the 

leaves [55]. The H2O_diff for the control and optimal 
seed and water treatment was 27.47 and 45.72 mmol 
H2O/mol air, respectively. Also, the H2O_l for the 
control and optimal seed and water treatment was 
88.32 and 107.78 mmol H2O/mol air, respectively. In 
other words, the optimal seed and water treatment 

Table 8: Multivariate Test for Only Low SM Target (10 – 
15%). A Pairwise Correlation Table for a Study 
Treatment Included Magnetized Seeds and 10-
MT + NHWT Water Treatment but Excluded the 
Hydroxylated Generator. Correlations are 
Negative or Positive, and Significant 
Correlation Probabilities are in Red Text 

Pairwise Correlations 

Variable by Variable Correlation Signif Prob 

Trmmol Cond 0.8293 0.0412* 

Tair Cond  -0.2963 0.5686 

Tair Trmmol  -0.7560 0.0821 

Tleaf Cond  -0.3682 0.4726 

Tleaf Trmmol  -0.6593 0.1544 

Tleaf Tair 0.8544 0.0303* 

RH_S Cond  -0.2674 0.6085 

RH_S Trmmol  -0.7334 0.0972 

RH_S Tair 0.9991 <.0001* 

RH_S Tleaf 0.8605 0.0278* 

SVTleaf Cond  -0.3618 0.4810 

SVTleaf Trmmol  -0.6477 0.1643 

SVTleaf Tair 0.8474 0.0332* 

SVTleaf Tleaf 0.9997 <.0001* 

SVTleaf RH_S 0.8541 0.0304* 

SVTair Cond  -0.3556 0.4891 

SVTair Trmmol  -0.7000 0.1215 

SVTair Tair 0.9177 0.0099* 

SVTair Tleaf 0.9904 0.0001* 

SVTair RH_S 0.9224 0.0088* 

SVTair SVTleaf 0.9886 0.0002* 

h2o_l Cond  -0.3622 0.4804 

h2o_l Trmmol  -0.6449 0.1668 

h2o_l Tair 0.8432 0.0350* 

h2o_l Tleaf 0.9996 <.0001* 

h2o_l RH_S 0.8500 0.0321* 

h2o_l SVTleaf 1.0000 <.0001* 

h2o_l SVTair 0.9874 0.0002* 
aPhoto = photosynthesis, Trmmol = transpiration, Cond = stomatal 
conductance, tair = air temperature, tleaf = leaf temperature, RH-S = relative 
humidity in leaf sample, SVTleaf = saturated vapor pressure in leaf, SVTair = 
saturated vapor pressure in air, h2o_l = water vapor concentration inside leaf. 
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(magnetized seed plus 10 MT + HWT) had 19.46 mmol 
H2O/mol air more water vapor in the intercellular 
airspaces than the control treatment. The increase in 
water vapor pressure (SVTleaf) and concentration 
(H2O_l) in the leaves of the optimal treatment suggests 
that even small increases in SVTleaf or H2O_l may 
alter or shut down a full suite of plant defense activities 
associated with water-stressed plants.  

Table 9: Multivariate Test for Only Low SM Target (10 – 
15%). A Pairwise Correlation Table for a Study 
Treatment Included Non-Magnetized Seeds and 
10-MT + HWT Water Treatment that Excluded 
the Magnetized Seed Treatment. Correlations 
are Negative or Positive, and Significant 
Probabilities are in Red Text 

Pairwise Correlations 

Variable by Variable Correlation Signif Prob 

Trmmol Cond 0.9995 0.0208* 

Tair Cond  -0.0636 0.9595 

Tair Trmmol  -0.0310 0.9803 

Tleaf Cond  -0.5333 0.6419 

Tleaf Trmmol  -0.5054 0.6627 

Tleaf Tair 0.8781 0.3176 

RH_S Cond 0.2812 0.8186 

RH_S Trmmol 0.3123 0.7978 

RH_S Tair 0.9399 0.2219 

RH_S Tleaf 0.6619 0.5395 

SVTleaf Cond  -0.5341 0.6413 

SVTleaf Trmmol  -0.5063 0.6620 

SVTleaf Tair 0.8776 0.3182 

SVTleaf Tleaf 1.0000 0.0006* 

SVTleaf RH_S 0.6611 0.5402 

SVTair Cond  -0.4401 0.7099 

SVTair Trmmol  -0.4105 0.7307 

SVTair Tair 0.9241 0.2496 

SVTair Tleaf 0.9943 0.0680 

SVTair RH_S 0.7380 0.4715 

SVTair SVTleaf 0.9942 0.0686 

h2o_l Cond  -0.5274 0.6464 

h2o_l Trmmol  -0.4994 0.6671 

h2o_l Tair 0.8814 0.3132 

h2o_l Tleaf 1.0000 0.0045* 

h2o_l RH_S 0.6671 0.5351 

h2o_l SVTleaf 1.0000 0.0051* 

h2o_l SVTair 0.9950 0.0636 
aPhoto = photosynthesis, Trmmol = transpiration, Cond = stomatal 
conductance, tair = air temperature, tleaf = leaf temperature, RH-S = relative 
humidity in leaf sample, SVTleaf = saturated vapor pressure in leaf, SVTair = 
saturated vapor pressure in air, h2o_l = water vapor concentration inside leaf. 
 

The three sets of pairwise correlations in Tables 8-
10 were designed to answer how each of the three 

study factors affected the gas exchange responses if 
they were not included in the optimal seed and water 
treatment. Table 8 tested the effects of the 
hydroxylated water generator when it was turned off in 
the optimal treatment. Table 9 tested the effects of non-
magnetized seeds in the optimal treatment. Table 10 

Table 10: Multivariate Test for Only Low SM Target (10 – 
15%). A Pairwise Correlation Table for a Study 
Treatment Included Magnetized Seeds and 0-
MT + HWT Water Treatment but Excluded the 
Neodymium Magnet Treatment. Correlations 
are Negative or Positive, and Significant 
Probabilities are in Red Text 

Pairwise Correlations 

Variable by Variable Correlation Signif Prob 

Trmmol Cond 0.9526 0.0033* 

Tair Cond 0.0583 0.9126 

Tair Trmmol  -0.0857 0.8718 

Tleaf Cond  -0.8098 0.0508 

Tleaf Trmmol  -0.5958 0.2120 

Tleaf Tair  -0.4019 0.4296 

RH_S Cond 0.7831 0.0655 

RH_S Trmmol 0.8945 0.0161* 

RH_S Tair  -0.5091 0.3024 

RH_S Tleaf  -0.3121 0.5470 

SVTleaf Cond  -0.8027 0.0545 

SVTleaf Trmmol  -0.5865 0.2211 

SVTleaf Tair  -0.4121 0.4169 

SVTleaf Tleaf 0.9999 <.0001* 

SVTleaf RH_S  -0.2995 0.5641 

SVTair Cond  -0.8342 0.0390* 

SVTair Trmmol  -0.6273 0.1824 

SVTair Tair  -0.3028 0.5596 

SVTair Tleaf 0.9944 <.0001* 

SVTair RH_S  -0.3812 0.4559 

SVTair SVTleaf 0.9931 <.0001* 

h2o_l Cond  -0.8036 0.0541 

h2o_l Trmmol  -0.5878 0.2198 

h2o_l Tair  -0.4134 0.4152 

h2o_l Tleaf 0.9999 <.0001* 

h2o_l RH_S  -0.3001 0.5633 

h2o_l SVTleaf 1.0000 <.0001* 

h2o_l SVTair 0.9930 <.0001* 
aPhoto = photosynthesis, Trmmol = transpiration, Cond = stomatal 
conductance, tair = air temperature, tleaf = leaf temperature, RH-S = relative 
humidity in leaf sample, SVTleaf = saturated vapor pressure in leaf, SVTair = 
saturated vapor pressure in air, h2o_l = water vapor concentration inside leaf. 
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tested the effects of not including the neodymium 
magnets in the optimal treatment. The correlation 
results show that as each study factor was not included 
in the optimal treatment, the pairwise correlations 
changed. Also, the study factors synergistically 
improved the gas exchange results when all three 
factors were included in the optimal treatment.  

The pairwise correlations in Table 8 show that the 
hydroxylated water generator significantly impacted the 
correlation results. In contrast, excluding the 
magnetized seeds had little impact on the correlation 
results (Table 9). When the neodymium magnets were 
excluded from the optimal treatment, three pairwise 
correlations were significant and not computed using 
the same basic temperature parameters. These results 
show a synergistic effect on the gas exchange 
responses by combining all three study factors into the 
optimal seed and water treatment.  

Gas exchange estimates were predicted using the 
JMP REML models for the low and high soil moisture 

target treatments (Table 11). These predicted values 
will differ slightly from the gas exchange estimates 
reported in the first article [1]. The difference between 
the soil and gas exchange predictions in the first article 
and Table 11 in this article is due to how the REML 
models included soil moisture in the Profiler 
predictions. In the REML models used in Table 11 in 
this article, the average soil moisture for the specific 
treatment was entered into the Profiler model, which 
predicted slightly different results than reported in the 
first article [1].  

The model results in Table 11 allow comparisons 
between the control and optimal seed and water 
treatments. Stomatal conductance, transpiration, 
SVTleaf, H2O_l, and soil moisture increased for the 
optimal seed and water treatment. Transpiration for the 
optimal treatment increased by 226 and 143%, 
respectively, for the low and high soil moisture 
treatment, respectively, compared to the control 
treatment. The predicted gas exchange values for the 

Table 11: Gas Exchange Estimates Based on the JMP REML Model for the Control (Non-Magnetized Seed Plus 0-MT 
+NHWT) and Optimal (Magnetized Seed Plus 10-MT +HWT) Treatment. The Gas Exchange, Leaf, and Water 
Usage Estimates are Listed for the Low and High Soil Moisture Treatments 

Variable Control at Low soil 
moisture 

Control at High soil 
moisture 

Optimal at Low soil 
moisture 

Optimal at High soil 
moisture 

Photosynthesis 
(umol CO2/m2/s) 

10.41 9.35 5.92 5.9 

Transpiration 
(mol H2O/m2/s) 

0.89 1.35 2.9 * 3.28 

Stomatal Cond. 
(mol/m2/s) 

0.01 0.06 0.07 0.08 

Vpdl (kPa) 1.7 0.09 2.99 * 3.09 

Leaf temp. (C) 35.3 33.2 35.0 35.7 

Ci/Ca 1.4 1.0 0.44 0.39 

SVTleaf (kPa) 5.07 5.6 5.14 * 6.1 

H2O_l (mmol H2O/mol 
air) 88.54 84.8 107.63 * 106.93 

Soil moisture ((% v/v) 2 16 19 16 

Sum of water volume 
added (ml) 20,950 14,950 10,650 10,600 

Average Daily Watering 
volume (ml) 403 288 205 204 

Total above-ground, 
oven-dry biomass 

(g/plant) 
32.9 43.7 31.1 42.0 

Whole plant water use 
efficiency (total biomass 

g/ave. daily ml/plant) 
0.08 0.15 0.15 0.21 

avpdl = vapor pressure deficit for leaf, Ci/Ca = ratio of internal CO2 to atmosphere CO2, SVTleaf = saturated vapor pressure in leaf, H2O_l = water vapor 
concentration inside leaf. Gas exchange results with and *were significantly different from the control treatment. 
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high soil moisture treatment were not different between 
the control and optimal treatment, as the plants were 
well-watered and not under any stress. The optimal 
seed and water treatment had a total cumulative water 
savings of 49% ((20,950 – 10,650 ml)/20,950 ml) x 100 
= 49) for the low soil moisture treatment.  

Whole plant water use efficiency increased for the 
optimal seed and water treatment for the low soil 
moisture target. Whole plant WUE for the control 
treatment was 0.08 g/ml (32.9 g/403 ml/day) versus 
0.15 g/ml (31.1 g/205 ml/day) for the optimal seed and 
water treatment for the low soil moisture target (WUE 
parameters were taken from Table 11). This represents 
an 87% increase in whole plant WUE for the optimal 
seed and water treatment. Also, there was a 40% 
increase in whole plant WUE for the optimal treatment 
for the high soil moisture target. The whole plant WUE 
represents the oven-dry biomass produced per ml of 
water based on daily watering volumes averaged over 
the 60-day study period.  

The optimal seed and water treatment effects on 
cooling efficiency (Tleaf/Tair) were also tested. The 
cooling efficiency was 0.996 and 0.983 for the control 
and optimal treatments for the low soil moisture target. 
These results show leaf temperatures were cooler than 
air temperatures, even when measured under high 
water stress. However, the optimal seed and water 
treatment didn’t significantly increase the cooling 
efficiency compared to the control.  

The third efficiency test involved the effects of the 
optimal treatment on carbon assimilation efficiency ((g 
biomass/day)/Pn (umol CO2/m2/s)). The average daily 
biomass growth rate was 0.522 (32.9 g/63 days) and 
0.493 g/day (31.1 g/63 days) g/day for the control and 
optimal seed and water treatments (Parameters taken 
from Table 11). The carbon assimilation efficiency was 
0.050 (0.5222 g/day/10.41 umol CO2/m2/s) and 0.083 
oven-dry g/day/umol CO2/m2/s (0.493 g/day/5.92 umol 
CO2/m2/s) for the control and optimal treatments for the 
low soil moisture target (Parameters taken from Table 
11). In terms of total, oven-dry, aboveground biomass, 
the control treatment had 32.9 g versus 31.1 g for the 
optimal treatment. However, when the total biomass is 
converted to an average daily growth rate per umol 
CO2/m2/s of carbon assimilated during photosynthesis, 
the carbon assimilation efficiency for the optimal seed 
and water treatment increased by 66% over the control. 
These results show that overall plant efficiency 
improves when the seeds are magnetized and 
seedlings are irrigated with SW water.  

The water vapor gradient between the intercellular 
water content and atmospheric air can be quantified by 
water vapor pressure (vpdl) or molar water 
concentration (h2o_diff). Water vapor is transported 
down the pressure gradient between the leaf and air. 
Consequently, leaf transpiration rates should positively 
correlate with these water vapor gradient variables. 
However, vapor transport is regulated by the stomata 
to reduce excess water loss during water stress 
conditions. As the water vapor gradient increases, both 
vpdl and h2o_diff increase to reflect the increased 
strength of the gradient. Therefore, transpiration should 
decrease as the strength of the water vapor gradient 
increases to minimize excessive water vapor losses.  

The unlinking of transpiration with water vapor 
dynamics was investigated using regression analysis. 
Linear regression tests were conducted for 
transpiration and vpdl and H2O-diff (Figure 2). As 
expected, there was a negative, linear relationship 
between transpiration and vpdl and h2o-diff for the 
control treatment. Water stressed plants initiate 
defense activities such as stomata closure to limit 
excessive water losses due to the strong water vapor 
gradient between the leaf and air. Watering with SW 
water converted this relationship into a positive linear 
regression for the optimal seed and water treatment for 
both vpdl and h2o_diff (Figure 2). In other words, as 
the water vapor gradient increased with increased risk 
for water vapor losses, transpiration also increased. 
This positive relationship unlinks the stomata function 
of regulating water loss in water stressed plants.  

Linear regression tests were also conducted for 
transpiration, stomatal conductance, and leaf 
temperature for the low soil moisture target treatment 
(Figure 3). These regression plots mirrored the 
transpiration plots in Figure 2. There was a negative 
relationship between transpiration and conductance 
and leaf temperature for the control treatment. 
However, there was a positive relationship between 
these two variables and leaf temperature for the 
magnetized seed plus 2 MT + HWT treatment, which 
had the second-best gas exchange results. The optimal 
seed and water treatment had too few data points (3 
data points) to run a valid regression test.  

The two sets of regression plots clearly reveal the 
typical plant defense activity of partially closing the 
stomata and restricting transpiration for water-stressed 
plants for the control treatment. In contrast, the typical 
suite of regulatory plant defenses to high water stress 
was deactivated for the optimal seed and water 
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Figure 2: Linear regression of transpiration over vpdl and h2o_diff for control and optimal treatment. The regression included all 
three soil moisture levels. The Control treatment with no magnetized seeds. and 0 MT + NHWT are the left-side graphs, and the 
optimal treatment with the magnetized seeds and 10 MT + HWT water treatment are the right-side graphs.  

 

 
Figure 3: Linear regression of transpiration and stomatal conductance over leaf temperature for the control (left column) and 
magnetized seed plus 2 MT + HWT treatments (right column) for the low soil moisture treatment.  
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treatment. In both regression tests, transpiration rates 
increased with increasing strength of the water vapor 
gradient and leaf temperature for the optimal treatment. 
Also, stomatal conductance increased with increasing 
air temperature. The discussion section offers possible 
explanations of the underlying mechanisms for 
deactivating this suite of regulatory defense activities in 
the optimal treatment.  

4. DISCUSSION 

Daily watering was reduced 21 days after planting, 
and soil moisture levels were monitored until the three 
irrigation target levels were reached (Figure 1). Leaf 
wilting symptoms were observed each morning. Short-
term wilting appeared when volumetric soil moisture 
levels were below 10% (v/v). Wilted leaves generally 
returned to full turgor after watering each morning, 
indicating that the plants were under moderate water 
stress for the low and medium water irrigation targets. 
The soil volume in 3.8 l pots had limited water holding 
capacity, making maintaining even semi-stable soil 
moisture conditions challenging. At the end of the 
study, the velvet bean plants ranged in height from 3 to 
4 m and had an estimated leaf area per plant that 
ranged from 3,000 to 5,000 cm2 (Images 2-4). Under 
the high soil moisture target, the large plants readily 
transpired up to 1,000 to 1,500 ml of water daily by the 
end of the study. As the plants grew to the top of the 
three-meter stakes, the daily water volume gradually 
increased to adjust for higher transpiration rates and to 
maintain the target soil moisture levels. 

In the first article by Ramsey [1], analyses of the 
cumulative or the total water volume added per pot for 
each treatment revealed that the optimal seed and 
water treatment resulted in significant water savings. 
Depending on the three soil moisture levels, the water 
use savings ranged from 29% to 49 % for the optimal 
seed and water treatment. The optimal treatment had a 
water savings of 49 and a 41 % reduction in total water 
usage for the high and low soil moisture treatment. 
Also, the optimal seed and water treatment had a 6.8 
% decrease in oven-dry foliage biomass compared to 
the control treatment for the low soil moisture target. 

Transpiration rates were related to the differential in 
water vapor and water concentration between the leaf 
intercellular airspace and air (Figure 2). As the 
differential increased for these two water parameters, 
there was a negative linear reduction in transpiration 
for the control treatment across all soil moisture target 
treatments. Water-stressed plants defend against high 

water vapor gradients or vpdl levels by partially closing 
stomata and reducing transpiration rates to minimize 
excessive water vapor losses [27]. Plants irrigated with 
SW water altered the water content dynamics in the 
intercellular airspaces due to increased BSW levels 
within the leaves. The two regression test sets (Figures 
2, 3) agree with the correlation tables involving the vpdl 
and h20_l parameters (Tables 6-10).  

Macroscopic coherence allows plants to 
synchronize activities and systems across multiple 
biological scales to efficiently and rapidly adapt to ever-
changing environmental conditions [33 – 35]. The 
overall results for multivariate tests imply that 
macroscopic coherence exists in the plants to 
deactivate the highly interconnected suite of plant 
defenses in a timely manner (Tables 6-10). Eight gas 
exchange variables in the multivariate tables were 
related to regulatory plant defenses. Evidence for 
deactivation of the regulatory plant defenses for the 
optimal treatment was implied by the lack of pairwise 
correlations among the highly interconnected suite gas 
exchange variables. There were 24 significant 
correlations among all the pairwise comparisons in the 
control treatment, while there was only one significant 
correlation among the eight foliage variables for the 
optimal treatment. The lack of correlation among the 
interconnected variables implies that only macroscopic 
coherence could have efficiently and rapidly 
synchronized the deactivation of a large suite of 
interconnected regulatory defense activities without 
undue plant injury. 

A follow-up multivariate test was conducted for the 
control and optimal seed and water treatments for the 
low soil moisture target treatment. This multivariate test 
included eight leaf and leaf water content variables, 
one soil variable, five atmospheric variables, and two 
ratio variables (WUE and Ci: Ca) for a total of 16 
variables for leaf, water, soil, and air measurements. A 
total of 137 paired correlation tests were conducted 
among the 16 variables. The control treatment had 42 
significant correlations, while the optional seed and 
water treatment had only nine significant correlations.  

The 42 significant paired correlations in the control 
treatment are strong evidence of considerable 
interconnectivity among the 16 variables. These gas 
exchange variables directly involve the regulatory plant 
defense activities needed to minimize plant injury due 
to extreme water stress, i.e., soil moisture averaged 
2% v/v for the control treatment. These regulatory 
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activities of the plant defense system come at a 
metabolic cost. If the number of significant correlations 
is assumed to be a quasi-quantitative surrogate for 
metabolic costs, then the number of significant 
correlations is directly related to metabolic costs. The 
percentage of significant correlations to the total paired 
correlations was 7 and 31% for the optimal and control 
treatments. This represents a 4 to 5-fold decrease in 
significant correlations for the optimal treatment. In 
other words, there was a 4 to 5-fold increase in 
metabolic efficiency for the optimal treatment, 
assuming that significant, interconnected correlations in 
plant defense activities are a reliable biomarker for 
metabolic defense costs. 

The three plant efficiency tests show that the whole 
plant WUE increased by 87% for the optimal seed and 
water treatment under the low soil moisture target. 
Also, there was a 66% increase in carbon assimilation 
efficiency for the optimal seed and water treatment 
under the low soil moisture target. In addition, the 
optimal treatment saved 49% of the watering volume 
compared to the control treatment for the low soil 
moisture target. There was an 8.5-fold increase in soil 
moisture for the optimal treatment for the low soil 
moisture target. There was a 43% reduction in 
photosynthesis but a six-fold increase in stomatal 
conductance for the treatment, implying an increase in 
metabolic efficiency. Finally, there was a 68% reduction 
in the Ci/Ca ratio for the optimal treatment, indicating a 
significant reduction in internal CO2 requirements for 
photosynthesis. These results show that the 
magnetized seed and SW water treatment significantly 
enhanced the overall plant and metabolic efficiency.  

Macroscopic coherence resulted in the efficient 
synchronization of maintaining metabolic efficiency, 
deactivation of regulatory defense activities, and 
minimizing plant injuries for the optimal seed and water 
treatment in the low soil moisture target treatment. 
Macroscopic coherence has a higher, more integrated 
role in the synchronization of multi-scale plant systems 
to achieve metabolic and water use efficiency while 
increasing resilience for the optimal treatment.  

Liquid water undergoes a phase transition from 
liquid to gas in the spongy mesophyll, an endothermic 
process to cool the foliage. This heat-absorbing 
process requires 2,256 J of energy to convert a gram of 
liquid water into water vapor [36]. Phase transition 
rates are regulated by water properties such as vapor 
pressure, latent heat of vaporization, and viscosity [37 - 
38]. These water properties are a function of the extent 

of the hydrogen bond network, the number of 
supramolecular water clusters, and the strength of the 
hydrogen bonds in SW or BSW water. The phase 
transition rate decreases with lower vapor pressure and 
higher latent heat of vaporization and viscosity 
parameters. This study assumes that plants under high 
water stress have inadequate levels of BSW water and 
are at risk of excessive water vapor losses. The 
underlying hypothesis of irrigating plants with SW water 
is to maintain normal levels of BSW water for plants 
grown under high water stress and reduce the risk of 
excessive water vapor losses. 

The unexpected results from the two regression test 
sets (Figures 2, 3) could be explained by the increased 
phase transition threshold due to higher BSW water 
levels in the SW-watered plants. The higher BSW 
water levels lowered the vapor pressure and increased 
the latent heat of evaporation of the liquid phase. The 
phase transition threshold for SW water shifts toward 
higher temperatures, which reduces transition rates 
from liquid to gas phase during minor increases in leaf 
temperatures. In other words, the water content 
remained in the liquid phase for the SW-watered plants 
under higher foliage temperatures in the low soil 
moisture treatment compared to the control treatment.  

The higher the vapor pressure at a given 
temperature, the higher the phase transitions from 
liquid to gas. The vapor pressure of 100% SW water is 
0.01 and 0.1255 kPa at -40 and -20 C, respectively [39 
- 40]. In contrast, liquid water has a vapor pressure of 
3.17 kPa at 25 C, a 99% increase in vapor pressure 
over 100% structured water. In other words, liquid 
water has a 99% higher vapor pressure than SW water. 
The control treatment had a lower phase transition 
threshold; thus, the risk of excessive water vapor 
losses was higher at lower foliage temperatures. To 
reduce the risk of foliage injury and photoinhibition due 
to excessive water vapor losses, a suite of regulatory 
defense activities was activated for the control 
treatment. The SW-watered plants maintained their 
liquid phase BSW water levels at a higher temperature 
threshold, thereby avoiding costly regulatory plant 
defense activities.  

The latent heat of vaporization (J mol/mol H2O) also 
affects the phase transition of liquid water to water 
vapor. The heat of vaporization is the energy needed to 
transition liquid water into water vapor [41]. The latent 
heat of vaporization of liquid, unstructured water is 
approximately 45.05 kJ /mol H2O at 100 C (10.77 kcal) 
[41]. A study by Cenkowski et al. [42] indirectly 



Journal of Basic & Applied Sciences, 2023, Volume 19 

 

267 

estimated the latent heat of vaporization of BSW water 
by measuring the additional energy needed to remove 
bound water from foods and grains. They found that 
vegetable or grain moisture content ranged from 10% 
to 20%. Their results show that the heat of vaporization 
for bound, or BSW water, ranged from 47.25 to 56.25 
kJ/mol H2O when the moisture content ranged from 10 
to 20% in vegetables or grains. In contrast, the heat of 
vaporization of free water was 45.05 kJ/mol H2O [41]. 
In other words, the heat of vaporization of bound water 
was about 1.05 to 1.25 higher than for free, 
unstructured water. However, this thermodynamic 
water property was measured under laboratory 
conditions. Leaf temperatures only ranged from 30.7 to 
39.1 C (303.15 to 312.15 K) in the gas exchange data. 
This temperature range is equivalent to an energy 
differential of 4.18 x 10-24 to 4.31 x 10-24 kJ of energy 
[43]. In other words, a 9 C increase in leaf 
temperatures only increases the energy levels by 0.13 
x 10 -24 kJ. The physiological constraints of leaf 
temperature dynamics may only cause minor increases 
in energy levels that relate to the latent heat of 
vaporization in leaf tissue water. The leaf temperature 
relationship with the latent heat of vaporization should 
be considered when estimating the phase transition 
thresholds for low and normal levels of BSW water in 
plant tissue.  

A third water property related to the phase transition 
from liquid to water vapor is viscosity. Angel1 [44] 
estimated the shear viscosity of supercooled water to 
be approximately 150 MPa. Gao et al. [45] found that 
pure water confined to sub-nanometer gaps developed 
hexagonal lattice layers with a four-order magnitude 
increase in viscosity, i.e., a 10,000 x increase over pure 
water viscosity of 10-8 MPa. The increased viscosity of 
BSW interfacial water requires higher temperatures to 
reach the phase transition threshold before BSW water 
in the spongy mesophyll transits into water vapor.  

The ability to maintain normal or adequate levels of 
BSW water in water-stressed plants significantly 
improves drought tolerance and resilience to abiotic 
stressors. In addition to the previously mentioned SW 
water properties, there is another water property that is 
very obscure but, if proven valid, has a critical role in 
plant water transport. Pollack formulated his ‘proton 
drive theory”[46] based on his Exclusion Zone (EZ) 
theory as an alternative water transport theory in 
plants. The widely accepted water cohesion theory 
states that water is transported in xylem vessels under 
negative pressure created by leaf transpiration. His EZ 

water zone theory states the BSW (EZ) water zone 
excludes all solutes and ions, including hydronium ions, 
that are repelled into the free water zone adjacent to 
the interfacial water zone. The proton drive theory 
states that the electrostatic charge properties of BSW 
water ‘push” or repel water through the plant vascular 
system. To support this theory, Pollack published a 
crypto image of a xylem vessel infused with ink 
microspheres taken with a transmission electron 
microscope (TEM) [46]. The TEM image clearly shows 
an EZ zone on both walls of the xylem, with the ink 
sphere excluded or repelled into the middle of the 
xylem vessel.  

The hydronium ion drive theory states that energy 
inputs such as infrared energy from sunlight or 
respiration energize free water so that it can self-
assemble into BSW water. As the BSW (EZ) zone 
increases, the hydronium ions (H3O+) concentration 
also increases, and the ions are expelled out of the EZ 
zone into the bulk, free water zone. The positive 
charges within the concentrated zone of expelled 
hydronium ions repel the H3O+ ions up the xylem 
vessels, creating sap flow against the pull of gravity 
[46]. Although xylem vessels are dead cells, the lignin 
component in the xylem walls has a negative charge of 
-30 mV [47]. This same principle also forces water to 
move autonomously in horizontal inanimate tubes that 
can form EZ water. In essence, the concentration of 
hydronium ions repel each other and are also attracted 
to the negative charges in lignin and cellulose, 
providing the driving forces needed to transport liquid 
water in plants. This theory is validated by numerous 
sap flow studies that show that sap exposed to infrared 
frequencies has increased flow rates [48 – 51]. The 
hydronium ion drive theory and numerous sap flow 
studies suggest that maintaining or increasing the BSW 
water levels in xylem vessels stabilizes sap flow rates 
for plants under water stress.  

Plant research reveals that plants' BSW or bound 
water levels correlate with increased freeze or drought 
tolerance [52 – 61]. Zhang et al. [52] found that 
terahertz spectroscopy could remotely measure plant 
leaves' free and bound water content. Zhang et al. [53] 
also evaluated the ability of terahertz spectroscopy to 
quantify free and bound water in citrus leaves exposed 
to low temperature stress. They found that the relative 
change in volume fraction for the bound: free water 
ratio increased by 9-fold after five freeze-thaw cycles 
for citrus leaves. They also found that the relative 
change in volume fraction of bound water increased by 
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5-fold after five freeze-thaw cycles for citrus leaves. 
Singh et al. [54] also evaluated the ability of terahertz 
spectroscopy to measure leaf water content. These 
findings show that it is now possible to quantify the 
amount of bound water in plant tissue using non-
invasive spectroscopy instruments.  

Rascio et al. [55] investigated two wheat genotypes 
(Triticum durum) grown under water stress conditions. 
The first wheat genotype had a regular cell affinity for 
bound water or BSW water, and the second wheat 
genotype was a mutant genotype with a higher affinity 
for bound water. They found that the mutant wheat 
genotype with higher levels of bound, or BSW water, 
had significantly lower leaf temperature than the non-
mutant genotype even as the air temperature increased 
to 35 C. They also found that the mutant genotype had 
about 66% lower transpiration rates than the non-
mutant genotype. Another genotype study by Rascio et 
al. [56] found that the drought-tolerant wheat genotype 
had a higher level of bound water in the wheat foliage.  

Drought tolerance studies involving cotton by 
Ergashovich et al. [57] and Singh et al. [58] show a 
correlation between bound water levels in the foliage 
and increased tolerance to water stress. Jecmenica et 
al. [59] found that bound water in common bean foliage 
increased root length when bean plants were grown at 
30 C. Zhang et al. [60] found that the ratio of bound 
water to free water increased in water-stressed sugar 
cane that had a foliage chemical treatment. Wang et al. 
[61] studied the effects of hot, dry summers on a 
drought resistant C4 tussock grass (Heteropogon 
contortus) used for grazing in China. They found that 
the bound water to free water ratio (BW: FW ratio) was 
the most sensitive parameter for measuring water 
stress sensitivity. Also, they found that the BW: FW 
ratio was 152% higher in the drought-resistant tussock 
grass grown at 4 % soil moisture compared to the 
control treatment grown at 10%. An ecological study by 
Yukui et al. [62] found that the BW: FW ratio was 
correlated with drought resistance in desert shrubs. 
Other studies show more indirect findings involving 
correlations between bound water in plants and their 
ability to increase drought tolerance or resistance. It is 
evident from this literature that the ability of a plant 
genotype or species to increase its BSW water levels 
also increases its ability to minimize environmental 
abiotic stressors such as water, heat, or cold stress. 

5. CONCLUSION 

The vapor pressure, latent heat of vaporization, and 
hydronium ion (H3O+) exclusion properties of BSW 

water dovetail seamlessly together to regulate and 
maintain homeostasis in the interplay between plant 
and water dynamics. The level of BSW water in plant 
tissue and vascular system is directly related to plant or 
crop resilience to abiotic stressors. The multivariate 
test shows that many gas exchange parameters are 
highly interconnected and regulated by the plant 
defense system for the control treatment. The optimal 
seed and water treatment had a synchronistic effect on 
enhancing metabolic efficiency by increasing whole 
plant WUE by 87% and carbon assimilation efficiency 
by 66%. The optimal seed and water treatment 
deactivated a suite of regulatory plant defenses while 
simultaneously ensuring minimal plant injury for plants 
grown under high water stress for 35 to 40 days. Three 
BSW water properties, vapor pressure, latent heat of 
vaporization, and hydronium ion exclusion, were 
offered as possible underlying mechanisms for 
improving water dynamics in the optimal seed and 
water treatment. The three BSW water properties 
contributed to enhanced water transport, water vapor 
dynamics, and gas exchange responses in the optimal 
seed and water treatment. Maintaining optimum 
efficiency and minimal injury in a four-meter-tall legume 
seems highly improbable without macroscopic 
coherence synchronizing all the highly interconnected 
plant systems. Recent research shows strong evidence 
that plants have such quantum biology properties as 
quantum coherence, macroscopic coherence, 
tunneling, and entanglement [63 - 64]. This opens up 
promising new research avenues to enhance overall 
plant resilience and health for crops exposed to biotic 
and abiotic stressors. 
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