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ABSTRACT 

A study was conducted to determine the effects of a 1.3 mT magnetic field on 

germination of pin and northern red oak acorns and on rooting of IBA-banded and 

etiolated vegetative cuttings of apple, Chinese chestnut, and black walnut.  

Magnetic field exposure for up to 90 min did not enhance shoot emergence from 

pin oak acorns. However, northern red oak acorns exposed to a magnetic field for 90 min 

were more likely to have shoot emergence and emerged earlier than untreated acorns. 

Black walnut rooting success was enhanced with IBA-banding and etiolation of 

shoots, making it a useful technique for clonal black walnut rootstock production. 

Magnetic field exposure did not enhance rooting success of cuttings for any species, but 

exposure for 60 or 90 min resulted in greatest root dry weight for rooted cuttings of all 

species.  
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Chapter 1: INTRODUCTION 

Oak (Quercus spp.), Chinese chestnut (Castanea mollissima Blume), and black 

walnut (Juglans nigra L.) are three economically important tree genera grown in 

Missouri and the Midwest. These trees are valued for their timber as well as their seed 

crops. While acorns from oak trees provide an important food source for wildlife, 

chestnuts and walnuts are prized for human consumption (Bonner and Karrfalt, 2008; 

Hunt et al., 2009). Oaks are often used as ornamental shade trees, wildlife habitat, and 

watershed protection, and compose 40% of all hardwood lumber produced in the United 

States (Bonner and Karrfalt, 2008; Espinoza et al., 2011). Chinese chestnut production is 

expanding in the United States, with 680,000 kg harvested annually with a retail value up 

to $14 per kg (Warmund, 2011). As many as 680,000 to 910,000 kg of black walnut 

kernels are marketed annually (Hammons, 2009), and lumber sales are valued at over 

$16,000,000 in the United States (Bosela and Michler, 2008).  

Species of these tree genera are commonly propagated from seed, are considered 

difficult to propagate by cuttings, and require cold stratification to overcome their natural 

endodormancy (Bonner and Karrfalt, 2008; Jaynes, 1979; Vengadesan and Pijut, 2009). 

Seedling oak trees are commonly used in the landscape, although acorn production can be 

highly variable and acorns may have poor viability (Vengadesan and Pijut, 2009). Unlike 

oak, Chinese chestnut and black walnut trees are generally grafted and planted for 

commercial nut production to maintain the nut characteristics of the “mother” tree and to 

induce precocity. Grafted Chinese chestnut and black walnut trees bear a commercial nut 

crop five and eight years after planting, respectively (Warmund, 2011; M.V. Coggeshall, 
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unpublished data). In contrast, seedling trees generally do not produce a commercial crop 

until two or three years later (Warmund, 2011; M.V. Coggeshall, unpublished data). 

Clonal rootstocks, produced by mound layering (e.g., stooling) or tissue culture, (Rom 

and Carlson, 1987; Westwood, 1993) are used for grafted apple trees (Malus x domestica 

Bork). Clonal apple rootstocks, such as the ‘Malling’ series, have been used since the 

early 1900’s (Rom and Carlson, 1987), but some rootstocks, including ‘Ottawa 3’ and a 

few from the Cornell-Geneva breeding program, are difficult to produce in large 

quantities by stooling (Rom and Carlson, 1987; Cummins, 1995). Clonal Chinese 

chestnut and black walnut rootstocks are also desirable, but are unavailable from 

commercial nurseries as they are difficult to propagate by stooling or rooted cuttings 

(Bonner and Karrfalt, 2008; Dirr, 1998; Fulbright, 2003).  

Tissue-cultured apple rootstocks are commercially available (Treco, 2005), but 

micropropagated walnut, chestnut, and oak rootstocks have not been marketed. While 

tissue culture of these latter genera has been attempted with some success, cost-effective 

culturing protocols have not been developed (Bosela and Michler, 2008; Jain and 

Haggman, 2007; Merkle and Trigiano, 1994; Fulbright, 2003; Lopez, 2004; Van 

Sambeek et al., 1997).  

Because of these difficulties, an alternative method for tree and rootstock 

production would be useful. Recent studies demonstrated that electric and magnetic field 

exposure enhanced seed germination of corn (Aladjadjiyan, 2002), cotton (Phirke et al., 

1996), wheat (Martinez et al., 2002; Phirke et al., 1996), soybean (Camps-Raga et al., 

2009), rice (Carbonell et al., 2000), barley (Lynikiene and Pozeliene, 2003), and 

ornamental grasses (García et al., 2008), and increased rooting on vegetative cuttings of 
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grapes (Dardeniz et al., 2006). However, the efficacy of such treatments has not been 

reported for the propagation of trees and rootstocks. Therefore, the first objective of this 

study was to determine if magnetic field exposure of pin (Q. palustris Munchh.) or red 

(Q. rubra L.) oak acorns enhanced shoot emergence and early seedling growth. A second 

objective was to determine if magnetic field exposure of IBA-banded and etiolated 

vegetative cuttings enhanced rooting success and root growth of apple, black walnut, and 

Chinese chestnut. 
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Chapter 2: LITERATURE REVIEW 

2.1: OAK SEEDLING PROPAGATION 

Seedling oak trees are commonly used in the landscape. Their acorns ripen and 

drop from trees in early fall through winter (Bonner and Karrfalt, 2008). However, oaks 

vary in acorn production by year which results in an unreliable annual supply of acorns 

available for nursery production of trees. Infestation from acorn weevils (Curculio spp.), 

filbertworms (Melissopus latiferranus Walsingham), acorn moths (Valentinia spp.), and 

predation from wildlife may also cause a large percentage of acorns to be lost (Bonner 

and Karrfalt, 2008). To determine acorn viability, they are floated in water to separate 

infested or damaged nuts (which float) from undamaged nuts (which sink) (Bonner and 

Karrfalt, 2008). Acorns are also recalcitrant, making long term storage difficult. Moisture 

content must remain above 20% to maintain viability (Bonner and Karrfalt, 2008). Oak 

species in the while oak subgenera (Lepidobalanus) such as Q. muehlenbergii Engelm. 

and Q. petraea (Mattusch) Liebl. often germinate in the fall without stratification (Bonner 

and Karrfalt, 2008). For oak species in the red oak subgenera (Erythrobalanus), including 

Q. palustris and Q. rubra, stratification is required for 30 to 120 d at 2 to 5 °C to 

overcome seed dormancy (Bonner and Karrfalt, 2008). Red oak acorns may then be sown 

in the field or in containers (Bonner and Karrfalt, 2008). Germination success rates are 

highly variable (33 to 100%) and reasons for failure are often not well understood 

(Bonner and Karrfalt, 2008). 
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2.2: APPLE, CHINESE CHESTNUT, AND BLACK WALNUT ROOTSTOCK PRODUCTION 

Grafted trees are most often used for commercial fruit and nut production of 

apples, Chinese chestnuts, and black walnuts in Missouri. Clonal rootstocks are preferred 

because producers can select specific traits of plants and multiply them, unlike seedlings 

which have inherent genetic variability. Valuable traits are often not distinguishable until 

trees reach physiological maturity, making propagation of clonal rootstocks useful. 

Unfortunately, vegetative propagation of black walnut and Chinese chestnut has been 

limited by the loss of rooting capability with maturation, as is common with many tree 

species (Hackett, 1988; Thimann and Delisle, 1939; Vasquez and Gesto, 1982). One 

clonal rootstock propagation technique, stooling, involves cutting back above-ground 

growth, allowing new shoots to develop, and subsequently covering basal portions of 

shoots with soil allowing roots to form prior to shoot removal (Howard, 1987). While 

some clonal apple rootstocks easily initiate roots using stooling techniques, others are 

challenging. Large-scale multiplication of Chinese chestnut and black walnut rootstocks 

in stool beds has been unsuccessful. Modified strangulation stooling is used to produce 

clonal hybrid chestnuts (C. crenata x sativa) in France ( McKay and Jaynes, 1969; 

Vergine, 2007), but Chinese chestnut is not as amenable to this process (Greg Miller, 

personal communication). However, Caldwell (1986) propagated Chinese chestnut by 

stooling container-grown seedlings, achieving up to 76% rooting of live shoots, although 

shoot mortality was high. It was suggested that the level of IBA required for root 

initiation was very close to the toxic level for shoots (Caldwell, 1986). 
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Chauvin and Salesses (1988) propagated European (C. sativa Mill.), Japanese (C. 

crenata Siebold and Zucc.), and hybrid (C. sativa x C. crenata) chestnut in vitro using 

meristem and axillary bud culture. Up to 90% of axillary buds developed elongating 

shoots when propagated from layered chestnut plants in the greenhouse.  Depending on 

genotype, 34 to 84% of these shoots initiated roots (Chauvin and Salesses, 1988). They 

found that genotype, culture medium, sugar source, irradiance, and temperature were 

important factors for successful European and Japanese chestnut micropropagation 

(Chauvin and Salesses, 1988). Vieitez et al. (2007) also successfully micropropagated 

European chestnut by axillary shoot culture with 50 to 90% of propagules surviving 

acclimatization. Micropropagated English walnut (Juglans regia L.) is available 

commercially (Duarte Nursery, 2012). However, there has been limited success with 

micropropagation of black walnut and Chinese chestnut (Caruso, 1983; Fulbright, 2003; 

Heile-Sudholt et al., 1986; Lopez, 2004; Neuman et al., 1993; Stefan, 1989; Vengadesan 

and Pijut, 2009). Additionally, micropropagated rootstock may be cost-prohibitive for the 

limited number of black walnut and Chinese chestnut growers in the United States 

(Druart, 2003). Commercially-produced, micropropagated apple rootstocks are available 

to producers (Treco, 2005), but some micropropagated rootstock cultivars may be 

problematic due to an extended juvenile growth phase (Zimmerman and Miller, 1991).  

As an alternative to stooling and tissue culture, several researchers clonally-

propagated Chinese chestnut and black walnut rootstocks by vegetative cuttings. Shreve 

(1972, 1975) produced new shoots by cutting young black walnut and Chinese chestnut 

seedlings back to the root collar. Shoots were removed, dipped in 8 g
 . 

L
-1

 IBA dissolved 

in 95% ethanol, and placed under intermittent mist for 30 d (Shreve, 1972, 1975). While 
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Shreve obtained nearly 100% rooting success of black walnut, < 35% of Chinese chestnut 

cuttings initiated roots. Carpenter (1975) reported a 70% rooting success rate when black 

walnut cuttings were treated with ethephon (2-chloroethylphosphonic acid) for 6 h. Pijut 

(2004) reported up to 87.5% rooting of softwood cuttings of butternut (J. cinerea L.) 

when cuttings were taken in June, dipped in 74 mM IBA, and rooted under intermittent 

mist. However, others have not duplicated these success rates (Carpenter, 1975; 

Coggeshall and Van Sambeek, 2002). Coggeshall and Van Sambeek (2002) successfully 

rooted < 1% of black walnut cuttings, despite promising callus formation. Also, Preece et 

al. (2001) reported root formation on < 4% of American chestnut [C. dentata (Marsh.) 

Borkh.] softwood cuttings that were dipped in 5 g
 . 

kg
-1

 KIBA and placed under mist. 

Researchers have also used etiolated cuttings to improve rooting success of 

vegetative cuttings. Farmer (1971) placed black walnut seedlings in a dark chamber until 

new etiolated shoots were 20 cm-long and then moved seedlings to a greenhouse for one 

week. Shoots were then cut from seedlings, dipped in 8 g
 . 

kg
-1

 IBA talc, and placed under 

intermittent mist. Etiolated shoots had 22 to 37% higher rooting success than non-

etiolated shoots. 

Maynard and Bassuk (1987a, 1987b, 1992, 1996) also produced etiolated Chinese 

chestnut shoots by placing seedlings under shade before bud break. When shoots were ≥ 

5 cm-long, 2 cm-wide hook-and-loop adhesive bands dipped in 8 g
 . 

kg
-1

 IBA talc were 

placed around basal ends of shoots. The shade covering was then slowly lifted over a 

period of 7 d to prevent leaf scorch. Bands were removed after four weeks, shoots (5 to 

15 cm-long) were cut from seedlings and all but 2 to 3 leaves were removed to reduce 

plant water loss. Cuttings were dipped in 4 g
 . 

kg
-1

 IBA talc and placed in rooting media 
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under intermittent mist for 2 to 5 weeks. Cuttings had 5 to 50% higher rooting success 

when grown under high shade (99%) and banded, compared to nonbanded and unshaded 

cuttings. Greater rooting potential was also attained from cuttings obtained early in the 

growing season. Vieitez (1973) also successfully propagated Chinese chestnut by using a 

combination of etiolation and IBA treatment during air-layering, with up to 100% of 

shoots initiating roots. 

2.3: ALTERNATIVE PROPAGATION METHODS 

In addition to etiolation and hormone treatments, electric and magnetic field 

exposure has been used to enhance seed germination and early seedling growth.  In most 

cases, electric or magnetic field exposure of seeds resulted in a 10 to 20% increase in 

germination or seedling growth, although some results were inconsistent (Aladjadjiyan, 

2002; Eing et al., 2009). Camps-Raga et al. (2009) exposed soybean seeds to an 

alternating-current (AC) field at 1.41 mT, or a direct-current (DC) field at 0.94 mT for 6 

h. Both AC and DC fields increased germination by 18 and 11%, respectively, and 

increased root length compared to the control (Camps-Raga et al., 2009). Also, static 

magnetic fields ranging from 72 to 250 mT enhanced germination rate, early seedling 

growth, and yield of corn (Aladjadjiyan, 2002), soybean (Phirke et al., 1996), cotton 

(Phirke et al., 1996), rice  (Carbonell et al., 2000; Flórez et al., 2004), barley (Lynikiene 

and Pozeliene, 2003; Martinez et al., 2000), wheat (Martinez et al., 2002; Phirke et al., 

1996), and ornamental grass (García et al., 2008).  

Eing et al. (2009) used nanosecond pulsed electric fields to enhance growth of 

arabidopsis seedlings. Seedlings suspended in a buffer solution and exposed to a pulsed 
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electric field at 4 kJ
 . 

kg
-1

 for 10 ns resulted in twice the leaf area of untreated seedlings 

after 7 d (Eing et al., 2009). However, longer exposure times (25 or 100 ns), high field 

amplitude (50 kV
 . 

cm
-1

), and high treatment energy (10 kJ
 . 

kg
-1

) killed seedlings (Eing et 

al., 2009). 

Other researchers reported inhibited root growth of lentil and soybean when seeds 

were germinated and grown in a 2.1 or 17.6 mT magnetic field (Peñuelas et al., 2004). 

Reduced root growth was attributed to the magnetic force acting on naturally occurring 

diamagnetic substances, such as iron, found in amyloplasts and other root cell organelles 

(Peñuelas et al., 2004). 

Electric and magnetic field exposure have also been used to induce rooting of 

vegetative cuttings and micropropagule growth. Dardeniz et al. (2006) used an 

electromagnetic field at 50 Hz and 0.15 mT to increase rooting and the rate of root 

development of grape cuttings. Similarly, growth rates of olive microshoots were 

enhanced when they were exposed to a 1250 V
 . 

cm
-1

 pulsed electric field while immersed 

in an IBA solution (Padilla et al., 2009).  

There are many theories that attempt to explain how electric and magnetic fields 

affect plant growth. All living organisms are constantly subjected to the earth’s natural 

magnetic field of 50 µT, as well as fluctuating electric and magnetic fields due to solar 

activity, atmospheric events, and man-made appliances (Kobayashi et al., 2004). 

Neumann and Rosenheck (1972) and Kinosita and Tsong (1977) demonstrated that 

electric fields induce electroporation, which allows passage of molecules through pores in 

the cell membrane or enhances ion exchange. Cell membrane electroporation reverses 

seconds after electric or magnetic field exposure when treatment conditions (e.g., field 
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intensity, duration, or number of electric pulses) do not cause permanent damage to the 

cell (Teissié, 1988).  

Another theory proposes that seed hydration is increased due to structural changes 

in water molecules, altering their ability to bind to and move within the seeds during 

magnetic field exposure (Aladjadjiyan, 2002; Amyan and Ayrapetyan, 2004; Kavi, 1977). 

It is also possible that magnetic field exposure may influence the activity of enzymes 

involved in plant growth through cell division and respiration (Teissié, 1988). 

Alternatively, electric and magnetic fields may activate naturally ocurring ion channels 

within cell membranes, causing an influx of ions and increasing turgor through 

osmoregulation (Reina and Pascual, 2001; Reina et al., 2001). This theory is plausible 

because seed germination and early growth are closely linked to cellular water and solute 

regulation (Welbaum et al., 1998). 

Magnetic field treatments also cause cell alignment in the direction of the 

magnetic field (Rosen, 1996; Teissié, 1988). Gonzalez-Padilla et al. (2009) suggested that 

growth of olive (Olea europea L.) micropropagules is optimized by improved cell 

organization due to the more aligned structure of plant cells in the presence of an electric 

field.  

In contrast, plant growth alterations following magnetic field exposure may be a 

natural stress response in which a temporary spurt of plant growth compensates for 

possible damage (Eing et al., 2009; Roux et al., 2008b). This theory is supported by 

studies which indicate that stress-response genes are turned on and their respective 

transcripts are accumulated in plant tissues in response to electromagnetic field exposure 

(Beaubois et al., 2007; Roux et al., 2006, 2008a).  
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 A final explanation for plant growth alterations is that populations of plant-

associated microorganisms are altered by magnetic field exposure (Nagy and Fischi, 

2004; Wittekindt et al., 1990). Nagy and Fischi (2004) found that some species of plant 

pathogenic fungi are suppressed by a 0.1 to 1 mT magnetic field, while others are 

stimulated. In another study, bacterial growth was reduced under a 6 to 10 mT magnetic 

field (Piatti et al., 2002). 

Furthermore, Kobayashi et al. (2004) and Pittman (1965) concluded that the 

direction of the magnetic field in relation to the seed axis, or to the earth’s magnetic field 

was a contributing factor to growth stimulation. Conversely, Pietruszewski (1996) found 

that results were similar regardless of relative field direction. Whether any of these 

theories are the basis for plant growth modification has not yet been determined (Phirke 

et al., 1996).  
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Chapter 3: MATERIALS AND METHODS 

3.1: SEED GERMINATION AND EARLY SEEDLING GROWTH 

Cold-stored pin oak (Q. palustris Muenchh.) and northern red oak (Q. rubra L.) 

acorns obtained from a commercial source (Lovelace Seeds, Elsberry, MO) on 14 Mar. 

2011 were used for this study. Moistened pin and northern red oak acorns sealed in 

polyethylene bags were stratified at 3 °C for 15 and 72 d, respectively. Moisture content 

of pin and northern red oak acorns was determined immediately before exposure to an 

AC magnetic field at 1.3 mT for 0, 30, 60, and 90 min using a Helmholtz coil operating at 

120 V electrical potential and 7.15 A electrical current (Figure 1). The Helmholtz coil 

had a 47.5 cm radius with 100 turns of 10 AWG (American Wire Gauge) copper wire, as 

described by Camps-Raga et al. (2009). Magnetic flux density (measured on the plane 

halfway between the two coils) was uniform across a diameter of 28 cm (not deviating by 

> 0.05 mT). Seeds were placed in petri dishes within the area of uniform magnetic flux 

density, and with the seed apices pointed upward. Four 60-acorn replicates of each 

treatment of pin oak were used in this study. For northern red oak, seven 12-acorn 

replicates of each treatment were used. During treatment the temperature of the seeds did 

not increase. After treatment, pin and northern red oak acorns were soaked in water 

overnight and planted at a depth equal to seed diameter in individual 147- and 417-mL 

pots, respectively (Speco Technologies, Amityville, NY), containing Pro-Mix BX media 

(Premier Tech Horticulture, Quakertown, PA). Seeds were arranged in a randomized 

complete block design in a growth chamber at 30 °C day/20 °C night, a 12 h photoperiod 

(465 µmol
 . 
m

-2 . 
s

-1
 at the media surface), and 90% relative humidity (RH). Shoot 
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emergence of pin and northern red oak was recorded daily for 48 and 19 d, respectively. 

Roots were then washed free of potting media and seedlings were oven-dried at 65 °C for 

24 h to determine dry weights. Acorns were removed from seedlings and discarded 

before dry weights were obtained. 

Cumulative daily shoot emergence for each treatment was calculated and data 

were subjected to the GLIMMIX procedure of SAS (Version 9.3; SAS Institute; Cary, NC) 

with a link=logit function and dist=bin for a binomial distribution to estimate the 

probability of shoot emergence. Because some shoot emergence sums were zero, one was 

added to each value to perform the log function. Odds were calculated from the antilog of 

the logit value and back-transformed [% = odds/ (1+odds)] to estimate percentage of 

shoot emergence success and average percentage of shoot emergence over all days. Mean 

differences among logits were determined using the LSMEANS statement (P ≤ 0.05). 

Seedling dry weights were subjected to analysis of variance (ANOVA) using the PROC 

GLM procedure of SAS and means were separated by Fisher’s protected least significant 

difference (LSD) test (P ≤ 0.05).  

 

3.2: ROOTING OF STEM CUTTINGS 

Dormant, bare-root one year-old Thomas black walnut and AU- Cropper Chinese 

chestnut seedlings from Forest Keeling Nursery, Elsberry, MO were used as stock plants 

for this study. Clonally-propagated two year-old M.9 apple rootstocks were also obtained 

from Stark Bro’s Nurseries, Louisiana, MO for use as stock plants. On 1 Mar. 2011, 250 

walnut seedlings were planted in 5 L containers. On 17 Mar. 2011, 250 apple and 200 

chestnut seedlings were planted in 5 and 7.6 L containers, respectively. Potting media 
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consisted of 8 pine bark : 4 perlite : 2 peat : 1 vermiculite : 1 sand (by volume), amended 

with 2 kg Osmocote 13N-5.7P-10.8K, 1.5 kg Nitroform Blue Chip 38N-0P-0K (AgrEvo, 

Wilmington, DE), and 1.7 kg Micromax micronutrients (Scotts Co., Marysville, OH) per 

cubic meter. After planting, seedlings were cut back to 20 cm above the root collar and 

placed in a greenhouse at 25 °C under 95% shade cloth (DeWitt Group, Sikeston, MO) at 

the Horticulture and Agroforestry Research Center (HARC), New Franklin, MO to 

induce etiolated shoot growth. When etiolated apple shoots were approximately 5 to 8 

cm-long, they were banded at their base with black hook-and-loop adhesive bands dipped 

in 8 g
 . 

kg
-1

 IBA talc (Hormodin 3, OHP Inc., Mainland, PA).  Eight to 12 cm-long 

Chinese chestnut and black walnut shoots were banded with black hook-and-loop 

adhesive bands dipped in 3 g
 . 

kg
-1

 IBA talc (Hormodin 2, OHP Inc., Mainland, PA). To 

slowly expose seedlings to sunlight after banding, shade cloth was lifted 55 cm every 

other day for one week. After 7 d, banded shoots were removed from plants and all but 2 

to 3 chestnut leaves or walnut leaflets were removed from shoots. Once shoots were 

removed, shade cloth was lowered and any remaining shoots on stock plants were 

removed to induce additional etiolated growth for the next treatment date.  

Harvested cuttings were sealed in plastic bags with moist paper and transported in 

a cooler to the Electrical Engineering laboratory for magnetic field exposure. During 

treatment, cuttings were covered with moist paper towels to prevent desiccation, leaving 

2 cm of tissue at the basal portion of cuttings uncovered. Cuttings were arranged within 

the Helmholtz coil with the uncovered portion of cuttings centered within the magnetic 

field and exposed for 0, 30, 60, or 90 min. For apple, 72 cuttings per treatment were 

exposed to the magnetic field on 26 Apr. Because fewer etiolated shoots were 
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subsequently produced, 47 cuttings per treatment were exposed to the magnetic field on 

23 May. For Chinese chestnut, 64 cuttings per treatment were obtained for magnetic field 

exposure on 12 Apr., and 23 cuttings per treatment were subsequently treated 11 May. 

Fifty-four cuttings per treatment of black walnut were obtained for magnetic field 

exposure on 28 Apr., and 46 cuttings per treatment were subsequently treated 19 May. 

After magnetic field exposure, cuttings were re-cut 2 mm from basal ends, dipped in 3 g
 . 

kg
-1

 IBA talc, placed in 147 mL pots containing 1 peat :1 perlite (by volume), arranged in 

a randomized complete block design in a greenhouse at 16 to 24 °C under 80% shade, 

and misted for 8 to 12 sec every 6 to 12 min. Cuttings were checked weekly for rooting, 

and after 30 d were removed from media to determine rooting success. Root length, root 

number, and root dry weight were determined for Chinese chestnut and black walnut 

cuttings. Only root dry weight was determined for apple cuttings as they had prolific 

fibrous roots. 

To estimate the probability of rooting success for each treatment and each cutting 

date, rooting data were subjected to the GLIMMIX procedure of SAS with a link=logit 

function and dist=bin for a binomial distribution. Odds were calculated from the antilog 

of the logit value and back-transformed [% = odds/ (1+odds)] to estimate percentage of 

rooting success for each plant species, treatment, and cutting date. Mean differences 

among logits for rooting success were determined using the LSMEANS statement (P ≤ 

0.05). Root length, root number, and root dry weight were subjected to analysis of variance 

(ANOVA) using the PROC GLM procedure of SAS and means were separated by Fisher’s 

protected LSD test (P ≤ 0.05). 
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Figure 1. Helmholtz coil used to generate a static, AC magnetic field at 1.3 mT, using 

120 V electrical potential and 7.15 A electrical current. 
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Chapter 4: RESULTS 

4.1: SEED GERMINATION AND EARLY SEEDLING GROWTH 

4.1.1: PIN OAK 

Moisture content of pin oak acorns before magnetic field exposure was 31.5%. 

Shoots of untreated seeds were the first to emerge at 15 d after magnetic field treatment, 

with those treated for 30 or 60 min emerging one day later (Figure 2). Shoots of seeds 

treated for 90 min first emerged after 17 d. By 48 d after planting, additional shoots no 

longer emerged. The average number of days (28 to 29) to shoot emergence was similar 

among treatments. At 48 d after planting, percentage of shoot emergence ranged from 81 

to 86% and was statistically similar among treatments.  

When odds for pin oak shoot emergence were calculated from 15 to 48 d, a 

significant treatment and day effect were detected, but there was no interaction between 

these variables. Untreated seeds were most likely to have shoot emergence, followed by 

those treated for 60 and 90 min, and seeds treated for 30 min were least likely to have 

shoot emergence (Table 1). Pin oak shoot emergence increased over time. However, odds 

for shoot emergence from 45 to 48 d were similar (Table 2). Seedling dry weights were 

similar among all treatments of pin oak (Table 3). Although not statistically significant, 

untreated seeds generally had greater seedling dry weight than those exposed to a 

magnetic field. 
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Figure 2. Cumulative daily percentage of pin oak seedlings that emerged after seeds were 

exposed to a magnetic field for 0, 30, 60, or 90 min. Four replications of 60 seeds per 

treatment were used in this study.  

 

 

Table 1. Odds and percentages of average cumulative shoot emergence of pin oak seeds 

exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment Odds Shoot emergence (%) 

0 1.00 50 a 

30 0.70 41 c 

60 0.84 46 b 

90 0.90 47 b 
z
 Values represent average cumulative daily shoot emergence from 15 to 48 d after 

planting. Four replications of 60 seeds per treatment were used for this study. Because 

some shoot emergence sums were zero, one was added to each value to perform the log 

function. Odds were calculated from the antilog of the logit value and back-transformed 

[% = odds/ (1+odds)] to estimate percentage of shoot emergence success. Odds followed 

by different letters are significantly different using the LSMEANS statement of SAS (P ≤ 

0.05). 
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Table 2. Odds and percentages of average daily cumulative shoot emergence of pin oak 

seeds exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Day Odds Cumulative shoot emergence (%) 

15 0.02   2 p 

16 0.02   2 p 

17 0.04   4 o 

18 0.07   7 n 

19 0.12 11 m 

20 0.18 15 l 

21 0.22 18 l 

22 0.30 23 k 

23 0.38 27 k 

24 0.46 31 j 

25 0.53 35 j 

26 0.59 37 ij 

27 0.70 41 i 

28 0.76 43 hi 

29 0.89 47 h 

30 1.11 53 g 

31 1.25 56 g 

32 1.37 58 fg 

33 1.49 60 fg 

34 1.55 61 f 

35 1.73 63 ef 

36 2.02 67 e 

37 2.28 70 de 

38 2.53 72 d 

39 2.78 74 cd 

40 3.10 76 c 

41 3.30 77 c 

42 3.80 79 bc 

43 4.01 80 bc 

44 4.29 81 b 

45 4.49 82 ab 

46 4.89 83 ab 

47 5.13 84 ab 

48 5.47 85 a 
z
 Values represent average daily cumulative shoot emergence from 15 to 48 d 

after planting. Four replications of 60 seeds per treatment were used for this study. 

Because some shoot emergence sums were zero, one was added to each value to perform 

the log function. Odds were calculated from the antilog of the logit value and back-

transformed [% = odds/ (1+odds)] to estimate average percentage of shoot emergence. 

Odds followed by different letters are significantly different using the LSMEANS 

statement of SAS (P ≤ 0.05). 
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Table 3. Average pin oak seedling dry weight after seeds were exposed to a magnetic 

field for 0, 30, 60, or 90 min.
z
 

Treatment (min) Seedling dry weight (mg)
 x
 

0 553.1 

30 479.8 

60 447.6 

90 463.3 
z
 Average seedling dry weight data includes only those seedlings that successfully 

emerged. Acorns were removed from seedlings and discarded before dry weights were 

obtained. Four replications of 60 seeds per treatment were used for this study. Means are 

not significantly different using the LSMEANS statement of SAS (P ≤ 0.05). 

 

 

4.1.2: NORTHERN RED OAK 

Moisture content of northern red oak acorns before magnetic field exposure was 

23.4%. Unlike pin oak, shoot emergence was first observed from northern red oak seeds 

treated for 90 min at 9 d after planting, while initial emergence from those treated for 0 or 

60 min occurred one day later. Shoot emergence from seeds treated for 30 min was first 

recorded after 11 d (Figure 3). By 19 d after planting, additional shoots no longer 

emerged. The average number of days for shoot emergence for seeds exposed to a 

magnetic field for 90 min was 1 to 2 d earlier than that for seeds treated for 0, 30 or 60 

min (Table 4). At 19 d after planting, percentage of shoot emergence was similar among 

all treatments, ranging from 21 to 28%.  

When odds for northern red oak daily shoot emergence were calculated from 10 

to 19 d, significant treatment and day effects were detected, but there was no interaction 

between these variables. Odds for shoot emergence were higher for seeds exposed to a 

magnetic field for 90 min than for those of all other treatments (Table 5). Northern red 

oak shoot emergence odds increased over time. However, odds for shoot emergence from 
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15 to 19 d were similar (Table 6). Although seedling dry weights were statistically 

similar among all treatments of northern red oak, seeds treated for 90 min generally had 

greater seedling dry weight than those treated for 0, 30, or 60 min (Table 7). 

 

Figure 3. Cumulative daily percentage of northern red oak seedlings that emerged after 

seeds were exposed to a magnetic field for 0, 30, 60, or 90 min. Seven replications of 12 

seeds per treatment were used for this study. 
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Table 4. Average number of days to shoot emergence for northern red oak seeds exposed 

to a magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment (min) Shoot emergence (d) 

0 15 a 

30 14 a 

60 14 a 

90 13 b 
z 
Average days to shoot emergence data includes only those seedlings that successfully 

emerged. Seven replications of 12 seeds per treatment were used for this study. Means 

followed by different letters are significantly different using the LSMEANS statement of 

SAS (P ≤ 0.05). 

 

 

Table 5. Odds and percentages of average cumulative shoot emergence of northern red 

oak seeds exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment Odds Shoot emergence (%) 

0 0.19 16 b 

30 0.23 18 b 

60 0.23 19 b 

90 0.32 24 a 
z
 Values represent average cumulative daily shoot emergence from 10 to 19 d after 

planting. Seven replications of 12 seeds per treatment were used for this study. Because 

some shoot emergence sums were zero, one was added to each value to perform the log 

function. Odds were calculated from the antilog of the logit value and back-transformed 

[% = odds/ (1+odds)] to estimate percentage of shoot emergence success. Odds followed 

by different letters are significantly different using the LSMEANS statement of SAS (P ≤ 

0.05). 
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Table 6. Odds and percentages of average daily cumulative shoot emergence of northern 

red oak seeds exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Day Odds Cumulative shoot emergence (%) 

10 0.08          8 d 

11 0.10          9 cd 

12 0.15        13 c 

13 0.21        18 bc 

14 0.30        23 b 

15 0.32        24 ab 

16 0.35        26 ab 

17 0.39        28 ab 

18 0.40        29 ab 

19 0.42        30 a 
z
 Values represent average daily cumulative shoot emergence from 10 to 19 d after 

planting. Seven replications of 12 seeds per treatment were used for this study. Because 

some shoot emergence sums were zero, one was added to each value to perform the log 

function. Odds were calculated from the antilog of the logit value and back-transformed 

[% = odds/ (1+odds)] to estimate average percentage of shoot emergence. Odds followed 

by different letters are significantly different using the LSMEANS statement of SAS (P ≤ 

0.05). 

 

 

Table 7. Average northern red oak seedling dry weight after seeds were exposed to a 

magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment (min) Seedling dry weight (mg) 

0 1615.3 

30 1699.0 

60 1644.0 

90 1867.2 
z
 Average seedling weight data includes only those seedlings that successfully emerged. 

Acorns were removed from seedlings and discarded before dry weights were obtained. 

Seven replications of 12 seeds per treatment were used for this study. Means were not 

significantly different by using the LSMEANS statement of SAS (P ≤ 0.05). 

 

 

4.2: ROOTING OF STEM CUTTINGS 

4.2.1: APPLE 

 For apple cuttings, odds for rooting success were similar among treatment dates. 

Thus, rooting data from both cutting dates were pooled. Although rooting success ranged 
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from 89% for cuttings treated for 90 min to 96% for those exposed to a magnetic for 30 

or 60 min, these percentages were statistically similar (Table 8). 

 

Table 8. Odds and percentages of rooting success of apple cuttings 30 d after cuttings 

were exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment Odds Rooting success (%) 

0 13.90 93 

30 22.50 96 

60 22.75 96 

90  7.67 89 
z
 Data from both cutting dates (26 Apr. and 23 May) were pooled with 119 replications 

per treatment. Odds were calculated from the antilog of the logit value and back-

transformed [% = odds/ (1+odds)] to estimate percentage of rooting success. Odds are not 

significantly different using the LSMEANS statement of SAS (P ≤ 0.05). 

 

 

For apple root dry weight there was a significant date and treatment effect, but 

there was no interaction between these variables. Average root dry weight was greater for 

cuttings treated on 23 May (24 mg) than those treated on 26 Apr. (20 mg) (Table 9). On 

both dates, cuttings exposed to a magnetic field for 60 min had greater root dry weight 

than those treated for 90 min (Table 9). Also, cuttings treated for 60 min had 4 to 6 mg 

more root dry weight than untreated cuttings, although this difference was not statistically 

significant.  

 

Table 9. Average root dry weight of apple cuttings 30 d after cuttings were exposed to a 

magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment (min) Root dry weight (mg) 

0 19.8 b 

30 21.9 b 

60 25.2 a 

90 20.0 b 
z
 Average root dry weight data includes only those cuttings that successfully initiated 

roots. Data from both cutting dates (26 Apr. and 23 May) were pooled with 119 

replications per treatment. Means followed by different letters are significantly different 

using the LSMEANS statement of SAS (P ≤ 0.05). 
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4.2.2: CHINESE CHESTNUT 

 For Chinese chestnut, most cuttings produced callus but few developed roots. 

Odds for rooting success were similar among treatment dates. Thus, rooting data from 

both cutting dates were pooled. There was no significant treatment effect on rooting 

success and few cuttings initiated roots (Table 10). Although not statistically significant, 

cuttings treated for 30 min were most likely to produce roots, and those treated for 60 

min were least likely to produce roots. 

 

Table 10. Odds and percentages of rooting success of Chinese chestnut cuttings 30 d after 

cuttings were exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment Odds Rooting success (%) 

0 0.15 13 

30 0.16 14 

60 0.07   6 

90 0.11 10 
z 
Data from both cutting dates (12 Apr. and 11 May) were pooled with 87 replications per 

treatment. Odds were calculated from the antilog of the logit value and back-transformed 

[% = odds/ (1+odds)] to estimate percentage of rooting success. Odds are not 

significantly different using the LSMEANS statement of SAS (P ≤ 0.05). 

 

 

For root length, number, and dry weight of Chinese chestnut cuttings there was a 

significant date and treatment interaction (Table 11). Cuttings treated for 90 min on 11 

May produced the most roots. Cuttings treated for 30 or 60 min on 12 Apr. or untreated 

cuttings on 11 May had the fewest roots. Cuttings treated for 60 or 90 min on 11 May 

produced the longest roots. Those treated for 60 min on 11 May also had the greatest root 

dry weight of all treatment and date combinations. Additionally, root numbers, lengths, 

and dry weights were similar among exposure times within the earlier treatment date, but 

varied among treatments on the later date. 
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Table 11. Average root number, length, and dry weight of Chinese chestnut cuttings 30 d 

after cuttings were exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Cutting 

date 

Treatment 

(min) 

Root  

number 

Root length  

(mm) 

Root dry weight 

(mg) 

12 Apr. 0   10.8 bc 12.2 b 12.6 c 

12 Apr. 30   5.0 c 17.7 b   6.1 c 

12 Apr. 60   4.3 c   8.3 b   6.2 c 

12 Apr. 90     8.3 bc 16.4 b 10.1 c 

11 May 0   3.8 c   9.3 b   6.2 c 

11 May 30   11.5 bc 11.1 b   7.8 c 

11 May 60 23.0 b 40.7 a 51.0 a 

11 May 90 28.5 a   23.5 ab 25.5 b 
z 
Average root number, length, and dry weight data includes only those cuttings that 

successfully initiated roots. For cutting treated on 12 Apr. there were 64 replications per 

treatment, and 23 replications per treatment on 11 May. Within a row, means followed by 

different letters are significantly different using the LSMEANS statement of SAS (P ≤ 

0.05). 

 

 

4.2.3: BLACK WALNUT 

 Black walnut cuttings were first removed from stock plants and exposed to a 

magnetic field on 7 Apr. 2011, but none survived due to lack of shade during misting. For 

black walnut cuttings treated on 28 Apr. and 19 May, most produced callus, although not 

all developed roots. Odds for rooting success were similar among treatment dates. Thus, 

rooting data from both cutting dates were pooled. There was no significant treatment 

effect on rooting success, although those exposed to a magnetic field were generally most 

likely to produce roots and untreated cuttings were least likely to develop roots (Table 

10).  
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Table 12. Odds and percentages of rooting success of black walnut cuttings 30 d after 

cuttings were exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment Odds Rooting success (%) 

0 0.18 15 

30 0.20 17 

60 0.25 20 

90 0.22 18 
z 
Data from both cutting dates (28 Apr. and 19 May) were pooled with 100 replications 

per treatment. Odds were calculated from the antilog of the logit value and back-

transformed [% = odds/ (1+odds)] to estimate percentage of rooting success. Odds are not 

significantly different using the LSMEANS statement of SAS (P ≤ 0.05). 

 

 

 For root number and length of black walnut cuttings, there was no significant 

treatment or date effect (Table 13). Cuttings from all treatments that developed roots 

averaged 4.1 to 5.0 roots per cutting that were 14.8 to 16.8 mm-long. However, for root 

dry weight there was a significant date and treatment interaction (Table 14). Cuttings 

treated for 90 min on 19 May had greatest root dry weight of all treatment and date 

combinations. 

 

Table 13. Average root number and length of black walnut cuttings 30 d after cuttings 

were exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Treatment (min) Root number Root length (mm) 

0 4.9 14.9 

30 4.1 14.8 

60 4.5 15.3 

90 5.0 16.8 
z 
Average root number, length, and dry weight data includes only those cuttings that 

successfully initiated roots. Data from both cutting dates (28 Apr. and 19 May) were 

pooled with 100 replications per treatment. Means are not significantly different using the 

LSMEANS statement of SAS (P ≤ 0.05). 
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Table 14. Average root dry weight of black walnut cuttings 30 d after cuttings were 

exposed to a magnetic field for 0, 30, 60, or 90 min.
z
 

Cutting date Treatment (min) Root dry weight (mg) 

12 Apr. 0   9.3 b 

12 Apr. 30   11.8 ab 

12 Apr. 60   9.6 b 

12 Apr. 90   6.5 b 

11 May 0   9.9 b 

11 May 30 10.4 b 

11 May 60   8.6 b 

11 May 90 19.9 a 
z 
Average root dry weight data includes only those cuttings that successfully initiated 

roots. For cuttings treated on 28 Apr. there were 54 replications per treatments, and 46 

replications per treatment on 19 May. Means followed by different letters are 

significantly different using the LSMEANS statement of SAS (P ≤ 0.05). 
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Chapter 5: DISCUSSION 

Acorns of the red oak subgenera are recalcitrant and require stratification as a 

prerequisite for germination. Also, the minimum acorn moisture content during 

stratification is 15 to 20% (Bonner and Karrfalt, 2008). Following cold stratification for a 

period of 30 to 70 d, most acorns germinate within 30 d when temperatures are 30 °C 

day/20 °C night (Bonner and Karrfalt, 2008). In the present study, pin oak acorns were 

stratified for a minimum of 2 months at the nursery and an additional 15 d in our 

laboratory with a 32% moisture content, but they still had a relatively long period of 

germination and shoot emergence (48 d). Because of the high percentage of shoot 

emergence (81 to 86%), the requirement for stratification was most likely satisfied, but 

the reason for slow shoot emergence at 30 °C day/20 °C night in the growth chamber is 

unknown.  

In contrast to pin oak, northern red oak seedlings emerged relatively quickly (19 

d). However, percentages of shoot emergence in this study (21 to 28%) were lower than 

that reported by others (58 to 100%) (Bonner and Karrfalt, 2008). Although the northern 

red oak acorns were stratified for 72 d in our cooler, their moisture content was only 23% 

before planting. Thus, the low acorn moisture status was near the lethal moisture content 

of 15 to 20% and may be the reason for the low percentage of shoot emergence for 

northern red oak. Alternatively, these acorns may have been infected by an undetected 

fungus, resulting in a low percent of shoot emergence, or there many have been an 

unknown seed source variable contributing to the lack of shoot emergence.  
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The effect of the magnetic field on acorn shoot emergence varied with oak 

species. Untreated pin oak acorns were more likely to have shoot emergence than acorns 

exposed to a 1.3mT magnetic field for 30, 60, or 90 min. Impaired seed germination rate 

or seedling growth following exposure to a magnetic field has been observed by other 

researchers (Gopaluni, unpublished data; Peñuelas et al., 2004). Peñuelas et al. (2004) 

found that lentil and soybean seedlings exhibited decreased root growth when grown in 

the presence of a 2.1 or 17.6 mT magnetic field. Gopaluni (unpublished data) also 

observed that percentage of Kentucky bluegrass seeds that germinated following 

exposure to magnetic field at 0.65 or 1.3 mT for 90 min was lower than that of untreated 

controls.  

Northern red oak seeds exposed to a magnetic field for 90 min were more likely 

to have shoot emergence than those treated for 0, 30, or 60 min. Also, northern red oak 

seeds treated for 90 min emerged 1 to 2 d earlier than those of all other treatments. These 

results indicate that, unlike pin oak, northern red oak emergence is enhanced by exposure 

to a magnetic field at 1.3 mT for 90 min. Although not statistically significant, acorns 

exposed to a magnetic field for 90 min had relatively greater seedling dry weights than 

untreated controls. This result is not unexpected since acorns that germinated and 

produced shoots at earlier dates had more time for subsequent growth than those that 

germinated later. 

Enhanced shoot emergence and growth following exposure to a magnetic field 

ranging from 1.41 to 250 mT has also been reported for corn (Aladjadjiyan, 2002), 

soybean (Camps-Raga et al., 2009; Phirke et al., 1996), cotton (Phirke et al., 1996), rice  

(Carbonell et al., 2000; Flórez et al., 2004), barley (Lynikiene and Pozeliene, 2003; 
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Martinez et al., 2000), wheat (Martinez et al., 2002; Phirke et al., 1996), and ornamental 

grass seed (García et al., 2008). Researchers (Reina and Pascual, 2001; Reina et al., 2001) 

speculated that exposure to a magnetic field enhances seed imbibition through activation 

of natural ion channels within the cell membrane, resulting in greater shoot emergence. 

Because the first stage of germination is seed imbibition, activation of membrane 

channels in the seed coat may be a plausible explanation for enhanced acorn germination 

and shoot emergence. 

Although rate of shoot emergence was increased for acorns exposed to a magnetic 

field, final percentages of shoot emergence were similar among treatments for northern 

red oak acorns. These results were also observed by Gopaluni (unpublished data) and 

indicate that while magnetic field exposure hastens germination, it does not always affect 

the final percentage of germination and shoot emergence. 

Adventitious rooting of vegetative cuttings depends on the ability of plant cells to 

dedifferentiate and form a new meristematic region (Hartmann et al., 2002). New root 

initials form near the vascular cambium and subsequently grow and emerge through the 

stem tissues (Hartmann et al., 2002). Adventitious root formation was prolific and thus, 

rooting success was high (89 to 96%) for apple cuttings. This result was consistent with 

that of Howard (1979) in which 84% rooting success was reported for apple cuttings. 

In contrast, adventitious root formation and rooting success was relatively low for 

Chinese chestnut and black walnut cuttings even though nearly all of these cuttings 

produced callus. However, while callus often occurs with adventitious root formation, it 

is not always necessary (Hartmann et al., 2002). The relatively low rooting success for 

Chinese chestnut in the present study may have been due to the inability to precisely 
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control greenhouse temperatures while cuttings were under mist. Chinese chestnut may 

be less tolerant of warm temperatures during root formation than the other species used in 

this study. Other researchers achieved between 35 and 100% rooting success for Chinese 

chestnut cuttings using shading and IBA-treated banding for cuttings rooted at 25 °C 

day/15 °C night (Maynard and Bassuk, 1987b; Shreve, 1972; Vieitez, 1973).  

In spite of the low percentage of black walnut rooting success, it was higher than 

that previously reported by several others. Some researchers (Coggeshall and Van 

Sambeek, 2002; Smyers and Still, 1978) had few (≤ 1%) or no black walnut cuttings 

initiate roots using a range of IBA concentrations. Thus, 17 to 28% rooting success for 

black walnut on 19 May (data not shown) in the present study is noteworthy. This success 

is attributed to pre-treatment care of stock plants. Previous research has shown that 

etiolation and IBA treatment improved rooting success of cuttings for Acer saccharum 

Marsh., Carpinus betulus L., Corylus americana Marsh., and Castanea mollissima Blume 

(Maynard and Bassuk, 1987b; Farmer, 1971; Vieitez, 1973). Increased rooting of 

etiolated cuttings can be attributed to the more juvenile nature of etiolated plant tissues 

(Vieitez; 1973). Also, the IBA treatment likely enhanced rooting by providing an increase 

in synthetic auxin, which is associated with root generation.  

Percent rooting success was consistently higher on the last cutting date for all 

three species. While this may seem to indicate that cuttings taken later in the season have 

greater rooting capacity, it is likely that these differences are due to greater cutting 

propagation experience gained over time. Also, cuttings from the first cutting date were 

likely developed from axillary buds, whereas shoots that formed subsequently may have 

been from less developed, proventitious accessory buds, or from wound-induced, 
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adventitious buds (Stone and Stone, 1943). Thus, differences in shoot bud origin may 

also have played a role in rooting success of cuttings. 

Magnetic field exposure at 1.3 mT did not significantly enhance rooting success 

for any of the species treated. Because apple cuttings were easily rooted using etiolation 

and IBA treatment, a statistically greater percentage of rooting success was likely not 

feasible following magnetic field exposure. These results differ from those reported by 

Dardeniz et al. (2006) in which magnetic field exposure enhanced rooting of grape 

cuttings. However, apple and Chinese chestnut cuttings (e.g., pooled data) exposed to a 

magnetic field for 60 min had greater root dry weight than unexposed cuttings. Black 

walnut cuttings exposed to a magnetic field for 90 min on 11 May also had greater root 

dry weight than that of untreated controls. The reason for enhanced root dry weight 

following magnetic field exposure is unknown. 

In the future, a number of variables may be studied in greater depth to further 

clarify the effects of a magnetic field on plant tissues. To date there is still no definitive 

explanation of how a magnetic field alters plant growth. Additional research using a 

range of magnetic flux densities may be useful. Furthermore, for magnetic field treatment 

to be a viable tool for plant propagators, cost efficient magnetic field-generating 

equipment that treats a large number of plants simultaneously is needed.  
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Chapter 6: SUMMARY AND CONCLUSIONS 

Two studies were conducted to determine the effects of a 1.3 mT static magnetic 

field on plant tissues. The first study objective was to determine if magnetic field 

exposure of pin or northern red oak acorns enhanced shoot emergence and early seedling 

growth. The second study objective was to determine if magnetic field exposure of IBA-

banded and etiolated vegetative cuttings enhanced rooting success and root growth of 

apple, black walnut, and Chinese chestnut. 

For pin oak acorns, magnetic field treatment for 30, 60, and 90 min did not 

enhance the percentage of shoot emergence or seedling growth. However, northern red 

oak acorns exposed to a magnetic field for 90 min were most likely to have shoot 

emergence as compared to all other treatments. Additionally, acorns treated for 90 min 

emerged an average of 2 d earlier than untreated acorns. 

In the cutting study, stock plants were grown under shade to produce etiolated 

shoots and IBA-banded before exposure to a 1.3 mT static magnetic field. Black walnut 

rooting success was enhanced relative to some previous studies due to the etiolation and 

IBA treatment. For apple, Chinese chestnut, and black walnut cuttings magnetic field 

exposure did not enhance percentage of rooting success. However, apple, Chinese 

chestnut, and black walnut cuttings exposed to a magnetic field for 60 or 90 min 

generally had greater root dry weight than untreated controls.  

Currently, cost of magnetic field generating equipment and modest increases in 

plant growth parameters observed in this study are limitations for the adoption of this 

technology for commercial plant production. In the future, further research may allow 
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development of optimal magnetic field treatments for each plant species as well as more 

cost efficient magnetic field generating equipment. Meanwhile, etiolation and IBA-

banding of stock plants is a useful technique for producing clonal black walnut rootstock.  
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