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Abstract

Eastern redcedar (ERC) is an important tree for windbreaks in the Great Plains. Despite
ERC spreading from desired locations to become a nuisance tree, seedling demand remains for
windbreak and conservation purposes. Clonal propagation of ERC male plants as a substitute for
seedlings has been suggested to slow its spread. The goal of this research is to 1) develop
procedures for producing male ERC from stem cuttings, 2) investigate the use of a wire staff
from a marking stake as an iron source in producing ERC, and 3) compare the use of controlled
release fertilizers with different release rates to continuous liquid feeding for the production of
container grown ERC from stem cuttings.

Hardwood, softwood, and semi-hardwood stem cuttings from juvenile stock plants were
treated with solutions of indole-3-butyric acid (IBA) combined with naphthalene acetic acid
(NAA) to evaluate rooting potential. Rooting percentage of hardwood and semi-hardwood
cuttings was unaffected by the auxins (48% and 3%, respectively). However, softwood cuttings
treated with NAA had reduced rooting compared to untreated cuttings (15% and 29%,
respectively). The number of roots per rooted cutting was generally enhanced by the application
of NAA. Both hardwood and softwood cuttings had increased root number per rooted cutting
when NAA was applied. Rooting percentage of hardwood cuttings from male trees treated with
increasing concentrations of NAA had an increasing quadratic response to the auxin. Root
number, however, was unaffected.

In a greenhouse study, the nutrient release of iron using a marking flag staff and three
different release rates of controlled releaser fertilizer in soilless substrate was monitored over 13
weeks. Analysis of substrate solution determined nutrient composition, pH, and electrical

conductivity (EC). The addition of the wire staff in the soilless substrate increased the pH and



decreased the EC of the substrate solution compared to the control. Controlled release fertilizer
impacted pH and increased EC relative to the control. EC among the release rates was similar
over 13 weeks.

In separate experiments, rooted stem cuttings of ERC were subjected to different
fertilizer treatments based on the Kansas Forest Service (KFS) fertility program: the KFS blend,
KFS blend supplemented with chelated iron (10% DTPA), and KFS blend with a wire staff or
three different release rates of controlled release fertilizer and a water-soluble continuous feed
fertilizer to determine nutrient impact on substrate pH, EC, growth, and nutrient composition
over the course of 21 and 22 weeks respectively. Although tissue analysis revealed iron was
highest in the chelated iron treatment, addition of iron in either form had no effect on growth of
ERC rooted cuttings, suggesting iron was adequate in all treatments. The controlled release
fertilizers and the water-soluble fertilizer had higher EC relative to the control but still within
normal range. Tissue analysis showed differences between fertilizer treatments and the control in
all macronutrients, but only Mn and Zn of micronutrients. Height and shoot dry weight were
most affected by the addition of the controlled release fertilizers and the water-soluble fertilizer,
but caliper and root dry weight were unaffected after 22 weeks of treatment. These results
suggest controlled release fertilizers, regardless of release rate, can be used successfully in the
production of ERC from stem cuttings over 22 weeks, and their effect on plant growth is
comparable to a water-soluble fertilizer. These findings suggest the potential of cloning male

ERC by vegetative propagation and producing them for conservation purposes is possible.
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Chapter 1 - Clonal Propagation of Eastern Redcedar (Juniperus
virginiana L.) by Stem Cuttings for Conservation Planting

Programs

Abstract

Eastern redcedar (Juniperus virginiana L.) is a common conifer of the United States that
is used as an ornamental and windbreak species in forest conservation programs especially in the
Great Plains region. Clonal propagation of male trees for conservation purposes has been
suggested to help slow the species’ undesirable spread. Hardwood, softwood, and semi-
hardwood stem cuttings from juvenile stock plants were treated with 4 concentrations of indole-
3-butyric acid (IBA) (0, 0.1, 0.5, and 1%) combined with 2 concentrations naphthalene acetic
acid (NAA) (0% and 1%) to evaluate rooting potential. There were 8 total treatments. Rooting
percentage of hardwood and semi-hardwood cuttings was unaffected by the auxins (48% and
3%, respectively). However, softwood cuttings treated with NAA had reduced rooting compared
to untreated cuttings (15% and 29%, respectively). The quality of rooted cuttings, as evaluated
by the number of roots per rooted cutting, was generally enhanced by the application of NAA.
Hardwood and softwood cuttings both increased root number per rooted cutting when NAA was
applied. The root number of semi-hardwood cuttings was unaffected by auxin treatment. Rooting
percentage of hardwood cuttings from male trees that were treated with increasing concentrations
of only NAA had an increasing quadratic response to the auxin. Root number, however, was
unaffected. Further research is needed to refine the optimal formulation, concentration, and
timing of NAA application without the impact of genotypic variation to improve clonal

propagation of male eastern redcedar by stem cuttings.



Introduction

Eastern redcedar (ERC; Juniperus virginiana L.) is a conifer native to most of the United
States and southeast Canada (Lawson, 1990), making it well adapted to multiple regions. Its
broad adaptability combined with variable growth habits and foliage characteristics contribute to
its wide use in horticulture, in addition to its uses as a forestry product and as a windbreak
solution (Schnelle, 2023). Dense, low spreading branches and evergreen nature make ERC an
ideal windbreak. In the Great Plains region particularly, it is a valuable and common windbreak
species (Great Plains Society of American Foresters, 2022).

In the Great Plains, changes in land management techniques have led to ERC spreading
from intended locations such as windbreaks or ornamental plantings into native grasslands
(Smith, 1986). ERC is now considered a nuisance, and even undesirable, tree (Schnelle, 2023).

Spread of ERC is facilitated through seed dispersal by birds and wind (Lawson, 1990).
Eastern redcedar is dioecious; therefore, management techniques often focus on the removal of
female trees (Schnelle, 2023). Reducing the number of seed-bearing plants introduced into the
ecosystem by human activity could occur by planting male-only trees for conservation plantings.
However, ERC sexually matures at an estimated age of 10-years (Lawson, 1990), making
identification of male-only nursery stock difficult for producers and consumers. Grafted
specimens are available (Schnelle, 2023) and could guarantee sex; however, they are often cost
prohibitive for use in conservation purposes due to their size and high production costs.
Vegetative propagation by stem cutting is a potential solution that minimizes the size and cost
constraints of grafted and sexually propagated ERC trees while guaranteeing sex of the plant for

the consumer.



To root stem cuttings of conifers, the use of a quick dip with auxins indole-3-butyric acid
(IBA) and naphthalene acetic acid (NAA) is common practice (Ragonezi et al., 2010). This
method has been used widely when attempting to root stem cuttings of ERC, by careful
manipulation of auxin concentrations and blends, stock material characteristics, and
environmental conditions (Armbrust, 2020). Evidence of optimal concentrations of IBA and
NAA does not exist in the literature, and confounding factors such as stock plant provenance are
hypothesized to have produced highly variable rooting results (Armbrust, 2020). Other stock
plant characteristics, such as age of the parent material, have also varied widely, though cuttings
taken from juvenile trees, which are under 10 years of age, are reported to root better than mature
trees (Edson et al., 1996, Henry et al., 1992a). However, trees under 10 years of age are often of
unknown sex.

Previous research has focused on rooting dormant (hardwood) ERC cuttings (Armbrust,
2020). They are characterized by bronze or purple hued leaves and are fully lignified. No
research exists on the use of NAA to root softwood (bright green, actively growing, flexible
tissue) cuttings of ERC. Softwood cuttings (mid-July) treated with 0.5% IBA have been
documented to root at <10% (Henry et al., 1992a).

Selection and propagation of male-only ERC could reduce anthropogenic seed dispersal
and subsequent encroachment while providing a solution for widescale conservation planting
applications. Current clonal propagation methods are underdeveloped and not feasible for large-
scale use. This study seeks to develop a reliable and scalable propagation protocol for ERC that
allows for targeted use (e.g., male-only plants) in conservation plantings, thereby minimizing its

potential to become a nuisance species.



Materials and Methods

A total of four experiments were conducted across three different growth stages. Stem
cuttings from hardwood, softwood, and semi-hardwood growth stages were all subjected to a
factorial combination of four concentrations of IBA and two concentrations of NAA. In a final
experiment, male-only ERC were treated with five concentrations of NAA only. Conditions of
propagation and harvesting procedures varied minimally across all experiments.

For all experiments, stem cuttings were collected from a stock-block of 70 ERC trees
planted at the Kansas State University John C. Pair Horticultural Center (Haysville, KS). Plants
were sourced from the Kansas Forest Service (Manhattan, KS) as 1-yr old seedlings and were
planted October 2023. Plants were fertilized twice annually with urea (46-0-0) at 1.0 1bs. N/1000
ft? in the spring and fall. The stock-block was irrigated with overhead irrigation as needed to

maintain vigor, and weed competition was kept to a minimum using herbicides as needed.

Hardwood Cuttings. Terminal stem cuttings, approximately 18 inches in length, were
collected randomly from stock plants on February 26, 2025. At the time of cutting collection, the
trees were 3-yr old, and none were expressing male or female reproductive cones. Cuttings were
removed from stock plants using secateurs sterilized with 70% isopropyl alcohol, placed in
polyethylene bags, and immediately moved to the greenhouse for processing. In the greenhouse,
cuttings were standardized to a length of 12 inches, and the lower 3 inches of foliage were
removed with secateurs to minimize wounding to the stem below the substrate surface.

The proximal 2.0 cm of the cuttings were dipped in a factorial combination of IBA (0,
0.1, 0.5, or 1%) and NAA (0 or 1%) in 50% aqueous ethanol for 5 seconds. Following treatment,
the cuttings were air dried for two minutes and then inserted into AFLAT 5 trays (15.75” x

15.75” x 57) (Stuewe & Sons, Tangent, OR) containing a substrate of 100% premoistened



perlite. The trays were kept on a raised bench, with bottom heat maintained at 70°F, in a
polycarbonate greenhouse covered with 30% shade cloth. The AFLAT 5 trays were raised off the
Redi-Heat propagation mats (Phytotronics, Earth City, MO) providing bottom heat using
bamboo stakes to prevent excess water from pooling. The propagation bench was wrapped with
insect netting to allow light penetration but reduced the impact of greenhouse heated air flowing
over and desiccating the unrooted cuttings. Intermittent mist operated for 6 sec every 16 min
during daylight hours. Greenhouse temperatures were set at 68°F day/65°F night. Cuttings were
harvested on May 29, 2025 (approx. 13 weeks) and evaluated for rooting (%) and the number of
roots per rooted cutting were counted.

Sofiwood Cuttings. Cuttings were collected on July 3, 2025. Cuttings were processed the

same as hardwood cuttings and subjected to the same auxin treatments. Propagation flats and
rooting substrate were also the same as hardwood cuttings. Additionally, the propagation bench
was covered in insect netting as hardwood cuttings were. Intermittent mist operated for 8
seconds every 16 minutes, and greenhouse temperatures were set at 75°F day/70°F night.
Cuttings were sprayed with ZeroTol 2.0 (BioSafe Systems, East Hartford, CT) weekly at a rate
of 20 mL/gal to prevent pathogenic activity. No bottom heat was used on softwood cuttings.
Cuttings were harvested on October 13, 2025 (approx. 14 weeks) and evaluated the same as
hardwood cuttings.

Semi-hardwood Cuttings. Cuttings were collected on September 22, 2025. Some

individual plants were expressing pollen cones. The cuttings were processed the same as
hardwood and softwood cuttings and subjected to the same auxin treatments. Bottom heat, mist,

and environmental conditions were the same as hardwood cuttings. Cuttings were harvested on



February 19, 2026 (approx. 21 weeks) and evaluated the same as the hardwood and softwood
cuttings.

Male cuttings with NAA only. On November 22, 2025, cuttings were collected from

confirmed male only plants. Cuttings were processed similar to all prior cuttings. The proximal
2.0 cm of the cuttings were dipped in 0%, 0.1%, 0.5%, and 1% NAA in 50% aqueous ethanol for
5 seconds. Cuttings were inserted into the same flats and perlite substrate previously used and
rooted under mist, with bottom heat on a greenhouse bench wrapped with insect netting as
previously described for hardwood cuttings. Cuttings were harvested on March 2, 2026 (approx.
15 weeks) and evaluated the same as all other cuttings.

For all growth stage experiments, the experimental design was a randomized complete
block design with a 4 IBA x 2 NAA factorial arrangement of treatments as previously described.
There were five (hardwood) or six (softwood and semi-hardwood) replications for each
experiment. Within each treatment there were five (hardwood) or six (softwood, semi-hardwood)
individual cutting subsamples per replication. The experimental design for the all-male with only
NAA experiment was also a randomized complete block design with four replications and six
individual cutting subsamples per replication. Data were analyzed by ANOVA using SAS 9.4

(SAS Institute, Cary, NC) and treatment differences determined at P <0.05.

Results

Hardwood Cuttings. Rooting percent was unaffected by auxin treatments (P=0.17) (Table

1.1). Cuttings treated with only IBA at 1.0% rooted 72% whereas cuttings treated with only
NAA at 1.0% rooted 52% (Fig.1.1a). Overall rooting percentage across all treatments was 47.5%

with a coefficient of variance (CV) of 58. Root number per rooted cutting was improved by



auxin treatment (P=0.001) (Table 1.1). IBA alone did not improve root number (ave 4 roots),
however, NAA did increase the number of roots per cutting from 2 roots (0% NAA) to 19 roots
(1.0% NAA) (Fig. 1.1c).

Sofiwood Cuttings. Rooting of softwood cuttings was poor (21%), but auxin treatment did

influence rooting (P=0.044) (Table 1.1). The application of NAA appeared to reduce rooting.
Cuttings treated with no NAA had a mean rooting of 29%, whereas those treated with 1% NAA
had a mean rooting of 15% (Fig. 1.1b). Cuttings treated with IBA rooted 22% overall. Root
number per rooted cutting was also affected by auxin application (P=0.027) (Table 1.1) and there
was an interaction between IBA and NAA (P=0.041) (Fig. 1.1d). While the increasing
concentration of IBA alone generally did not affect roots per rooted cutting, the increasing
concentration of IBA in combination with NAA reduced root number. NAA alone resulted in 19
roots per rooted cutting. When combined with a low dose of IBA (0.1%), there were 17 roots per
rooted cutting. However, as IBA increased to 0.5% and 1.0% in combination with NAA (1.0%),
root number decreased to 3 and 6 roots per rooted cutting, respectively.

Semi-hardwood Cuttings. Overall, semi-hardwood cuttings rooted poorly (3%) and were

unaffected by auxin treatment (P=0.579). Rooted cuttings had a mean of five roots per rooted
cutting and were also unaffected by auxin treatment. Data not presented.

Male cuttings with NAA only. NAA as the only auxin, did impact rooting percent

(P=0.02) (Table 1.2). The response was quadratic and maximum rooting (38%) occurred at 0.2%
NAA. Treatment with 1% NAA, as used in the other growth stages, resulted in only 13% rooting.
The number of roots produced per rooted cutting was not impacted by NAA (P=0.29) and

averaged 7 roots per rooted cuttings.



Discussion

Overall variability within the experiments was high (CV= 58 hardwood, 88 softwood,
and 262 semi-hardwood), which likely contributed to the lack of significant percent rooting
differences. Greatest rooting percentage was with hardwood cuttings. These findings are
consistent with previous reports considering species of conifers are typically rooted by stem
cuttings at the hardwood growth stage (Dirr & Heuser, 2006; Hartmann et al., 2002). The highest
rooting rate was 72% with 1% IBA and no NAA, which is lower than the 8§7% documented by
Henry et al. (1992a) with 0.5% IBA, but higher than many other studies (Armbrust, 2020).
Although NAA did not increase rooting percent, there is a strong argument for its role in
improving rooted cutting quality. Without NAA, rooted cuttings generally had fewer than five
roots. With 1.0% NAA, cuttings generally had more than 15 roots with no negative impact on
rooting percent. The impact of timing within the window of hardwood growth stage is perhaps an
underappreciated factor. Hardwood cuttings in this study were taken relatively late (February
26). Most cuttings broke dormancy in the mist bench and initiated new growth by the time of
data collection. In comparison, hardwood cuttings from the NAA only experiment were early
hardwood (November 22). The rooting was relatively poor in comparison. Some have
hypothesized that timing may be the most important factor in rooting stem cuttings of Juniperus
(Banko, 1981) and the use of auxins is irrelevant if the timing is wrong. Similar to the current
study, Henry et al. (1992a) demonstrated a rooting preference with hardwood cuttings (January)
and a strong decrease in rooting in subsequent months. Further research on the impact of cutting
timing within the hardwood window could improve rooting. Another important factor in the
current research is genetic variability. The stock block was established with the intent of

maintaining a group of healthy, vigorous, juvenile plants as a long-term source of male plants



with a propensity to root from stem cuttings. To accomplish this, stock plants (n=70) were of
seedling origin. Due to their small stature, cuttings for the experiments were collected from
several individuals. It is likely the genetic variability within the stock block contributed to the
variability within the data and masked some treatment impacts. Henry et al. (1992a)
demonstrated clear discrepancies in rooting percent, root number, and root length based on the
genotype of the cutting source. In subsequent experiments, as the plants grow and provide more
cuttings, genetic individuals will be isolated to determine the extent that genotype influences
rooting. Minimizing genetic variability might allow for the refining of auxin concentrations and
formulations that improve rooting.

The development of male and female cones on 3-year-old stock plants is an important
development on the path to a scalable propagation protocol, and the management of ERC
encroachment. Female plants have been removed from the stock block and future propagation
projects will focus exclusively on male plants. This may reduce future experimental variability as
well. Similar to our observations, male cones have been reported on 4-year-old ERC (Van
Haverbeke and Read, 1976) as opposed to the widely accepted 10-year time frame.

The impact of NAA influencing the number of roots has not previously been found in
ERC. While IBA and NAA are generally thought to be synergistic in combination, the effect can
be species specific (Hartmann et al., 2002). In Douglas fir, NAA has been documented to
increase root initiation and development (Proebsting, 1984). Increasing the number of roots per
rooted cutting may be an important factor for transplant survival, particularly for conservation
purposes where plants are often planted for windbreak and erosion control. Previous research
with other species has documented that the quality of rooting, as described by the number of

roots, has an impact on field viability and transplant success of rooted cuttings (Bentz et al.,



1985). In the current research, NAA influenced the root number of hardwood and softwood
cuttings (Fig.1.1). Although not statistically significant, there was an observable trend in root
number of rooted cuttings in the NAA only experiment (Table 1.2). Experimental variability
likely masked the significance. Future research to reduce variability and determine the
concentration and effect of NAA on stem cuttings of ERC will be an important step in the
process to successfully propagate male clones of ERC.

Our findings support the use of hardwood cuttings over softwood and semi-hardwood
cuttings and show that application of NAA may increase the number of roots per rooted cutting.
Understanding this effect of NAA aids the development of a reliable, scalable propagation
protocol for ERC, though further investigation of genetic variability, the role of NAA, and
timing of cutting are necessary to refine the propagation protocol for ERC to achieve reliable

rooting results.
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Tables and Figures

Table 1.1. Effect of NAA on ERC Stem Cuttings Across Growth Stage.

ANOVA significance of rooting (%) and root number per rooted cutting for eastern
redcedar (Juniperus virginiana) at the hardwood, softwood, semi-hardwood growth
stages, or male plants treated with NAA only.

Hardwood Softwood S-Hardwood NAA Only
Rooting (%) NS * NS *x
Root # *x * NS NS

Rooting (%) and root number per rooted cuttings were either not significant (NS),

significant at P<0.05 (*), or significant at P<0.01 (**).

Table 1.2. Effect of NAA on Male ERC Stem Cuttings.

Rooting (%) and root number per rooted cutting + one standard error
of the mean of Juniperus virginiana male cuttings treated with
increasing concentration of naphthalene acetic acid (NAA).

NAA Rooting Root
(%) (%)* Number?
0.0 4 +4 1

0.1 29 +8 3+1

0.2 38 +4 5+2

0.5 25 +5 12 +4
1.0 13 +4 16 £5

“Response of rooting (%) to NAA was quadratic.

YRoot number was not impacted by auxin application (P=0.29)

11



Hardwood

100 —9=0% NAA b
——1.0% NAA

]

Rooting (%)
Rooting (%)

0 0.1 05 1
IBA Concn. (%)

35 —@=0% NAA

(9]

30 =fi=1.0% NAA d

Root Number
&
Root Number

- & b

0 0.1 0.5 1
IBA Concn. (%)

35

30

25

20

15

10

Softwood

—@=0% NAA
=f=1.0% NAA

0.1 05 1
IBA Concn. (%)

=== (0% NAA
== 1.0% NAA

0.1 0.5 1
IBA Concn. (%)

Figure 1.1. Effect of IBA and NAA on Hardwood and Softwood Growth Stages of ERC
Stem Cuttings. Effect of auxins indole-3-butyric acid (IBA) and naphthalene acetic acid (NAA)
on average rooting percent (a, b) and average root number per rooted cutting (c, d) across
hardwood (a, ¢) and softwood (b, d) growth stages of eastern redcedar (Juniperus virginiana)
stem cuttings. The application of NAA increased the number of roots per rooted cutting
(P<0.0001, P<0.0255) for the hardwood and softwood growth states (c, d). IBA, NAA, and IBA
x NAA had no significant effect on rooting percentage for hardwood cuttings. In softwood
cuttings, the presence of NAA in combination with IBA decreased rooting percent (P<0.0094).

Error bars are +1 standard error of the mean.
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Chapter 2 - Supplemental Iron Sources in Production of Eastern

Redcedar (Juniperus virginiana L.) From Stem Cuttings

Abstract

Eastern redcedar (ERC) is a tree commonly produced by forest and conservation
nurseries for windbreak purposes. The use of general-purpose fertilizers is advantageous but can
cause nutrient deficiencies in individual species. A general-purpose fertilizer for continuous
liquid feeding during production of ERC by the Kansas Forest Service (KFS) has historically
caused chlorosis symptoms. It was observed that the presence of a wire flagging staff made ERC
seedlings noticeably greener than those without a wire flagging staff. An experiment was
conducted to test if an oxidizing metal staff from a marking stake could supplement available
iron in the substrate. In an unamended sphagnum peat: perlite substrate with no plants, substrate
solution was collected to determine pH, EC, and micronutrient (Fe, Mn, and Zn) concentrations
in the presence or absence of a metal staff. In the presence of the metal marking staff, substrate
solution had a higher pH, Fe and Mn concentration and a lower EC. In a separate experiment,
rooted ERC stem cuttings were subjected to three different treatments for 21 weeks: the KFS
fertilizer blend, the KFS blend supplemented with chelated iron (10% DTPA), and the KFS
blend with two 5-inch lengths of 15.5-gauge metal wire from a metal flagging stake. There were
no growth differences between the treatments and foliar Fe concentration was greatest in the
chelated iron treatment. These findings suggest that under the production conditions of this
experiment, the metal from a flagging staff may increase the concentration of Fe and Mn in the

substrate solution, but that does not result in meaningful improvements in plant growth.
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Introduction

Eastern redcedar (ERC) (Juniperus virginiana L.) is an ornamental tree that is important
as a windbreak solution in the Great Plains region (Lawson, 1990). Its wide adaptability to a
variety of environmental conditions (Society of American Foresters Great Plains, 2020), dense
low spreading branches, as well as ecological benefits such as habitat and erosion protection
(Anderson, 2003) make it an ideal tree for conservation planting purposes. However, changes in
land management in the Great Plains have caused the tree to spread and proliferate from natural
areas and windbreaks into areas where it is not welcome, termed ERC encroachment. Despite
ERC encroachment, demand for the tree remains because limited suitable alternatives exist
(Society of American Foresters Great Plains, 2020, personal communication, KFS).

Production of ERC in the Great Plains region for conservation purposes occurs primarily
in forest service and conservation nurseries. The goal is to produce a large number of uniform
seedlings as cost effectively as possible to sell to landowners. To minimize cost, generic fertilizer
formulations which broadly fertilize seedlings of woody plants, both deciduous and coniferous,
are preferred. The use of a “general purpose” formula is advantageous in lowering costs and
reducing potential application error given the wide variety of species grown by these nurseries,
but it poses the risk of causing nutrient deficiency symptoms in specific species.

Iron is a known essential micronutrient for plants. Excess available iron can reduce root
growth and inhibit uptake of Mn and Zn, while deficiency causes symptoms such as chlorosis
(yellowing) of new growth and eventually stunted growth. Iron deficiency can occur in areas
with elevated soil or substrate pH or in production systems with irrigation water high in

alkalinity or bicarbonates that increases substrate solution pH over time.
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Chelating agents preferentially bind with Fe, Cu, Zn, and Mn (Reed, 1996). Chelated
irons are commonly used when persistent iron chlorosis is observed as a result of elevated soil or
substrate pH to increase the plant available iron (Blythe et al., 2018). The cost of convenience
comes at higher product cost relative to other forms of iron. An alternative method of increasing
iron availability may be advantageous in the goal of producing ERC as cost effectively as
possible.

The Kansas Forest Service (KFS, Manhattan, KS) produces and sells ERC seedlings, at
low cost, to landowners for conservation purposes. It was observed years ago that plants which
had a marking flag in them were noticeably ‘greener’ (less chlorotic) than the general population
of ERC seedlings (personal communication, Kansas Forest Service). Staff began inserting a
marking flag into the substrate of every plant. This was a solution to the general chlorotic nature
of the crop. It was assumed that the oxidation (rusting) of the metal staff of the marking flag was
providing some available iron to the plants. Thus, use of the metal wire may be a viable solution
for preventing iron deficiency, causing chlorosis in eastern redcedar containerized seedlings.

A typical 15.5-gauge wire staff from a marking stake (also known as a flagging stake) is
composed of carbon steel, an iron-based alloy that commonly contains manganese as an alloying
element (Davis, 1996). The wire staff of marking stakes may or may not be zinc coated to
prevent corrosion, depending on manufacturer. Corrosion of carbon steel primarily introduces
iron to the surrounding soil (Romanoft, 1957). Manganese and Zn may also be added in small
quantities. The rate of corrosion is impacted by many factors, but warm temperature, adequate
moisture, oxygen availability, and an acidic substrate pH will hasten corrosion. All of these

factors are ideal in a nursery container to produce conifers. However, the duration and rate of
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release of iron and other micronutrients using a metal wire piece remains undocumented in a
nursery setting.

As the metal wire staff oxidizes, it was hypothesized that micronutrients Fe, Mn, and Zn
are released at a rate sufficient to prevent the observed chlorosis symptoms in eastern redcedar.
The goal of this study was to determine the impact of a metal wire staff on micronutrient (Fe,
Mn, & Zn) concentration in a container substrate and the subsequent effects on production of

ERC to aid current conservation nursery production methods.

Materials and Methods

Nutrient Leaching. To replicate the KFS system, 100 D16L (16 in®) Deepots (Stuewe &

Sons, Tangent, OR) were filled with an unamended substrate of sphagnum peatmoss: perlite (1:1,
by vol) and topped with Turface Athletics MVP (Profile Products, Buffalo Grove, IL) before
being placed in alternating rows of D50T trays (Stuewe & Sons) in a glass-glazed greenhouse
(Throckmorton Plant Science Center, Manhattan, KS) on May 9, 2025. The experimental design
was a randomized complete block design with 10 replications, 2 treatments, and 5 subsamples
per treatment per replication. Treatments consisted of a control (no marking flag staff added),
and one 5-inch length of the steel wire staff from a fluorescent marking stake (Fig 2.1, C.H.
Hanson, Naperville, IL). The Deepots were watered every Monday, Wednesday, and Friday,
with municipal water, for the duration of the study. Manhattan city water has a pH of 8.9 and
alkalinity of 53 ppm (City of Manhattan Consumer Confidence Report, 2025). At 4 weeks, the
trays were moved towards the greenhouse cooling vents due to temperature concerns. At 6
weeks, a HOBO Pendant MX Temp logger (Onset, Bourne, MA) was added. The temperature

was recorded by the logger every 10 minutes for the duration of the study.
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At 6 weeks, collection of substrate solution using the PourThru method (Cavins and
Williams, 2018), was collected from each Deepot subsample. Half the replications (alternating
even and odd) were sampled at a time to mitigate the effects of leaching on the micronutrients.
After 30 minutes post watering, 20 mL of reverse osmosis (RO) water was poured through each
subsample. Substrate solution extract from the subsamples were combined into one sample per
treatment per replication. pH and electrical conductivity (EC) were measured for each sample
using an Accumet Excel XL20 (Thermo Fisher Scientific, Waltham, MA) and a BlueLab combo
meter pH probe (Tauranga, New Zealand). Solution samples were frozen following pH and EC
measurement, then submitted to the Kansas State University Soil Testing Laboratory
(Manbhattan, KS) for analysis. Extract was analyzed using an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) (720-ES, Varian Australia Pty Ltd, Mulgrave, Victoria
Australia) to determine Zn, Fe, and Mn in solution.

Container Production. At the Kansas State University John C. Pair Horticultural Center

(Haysville, KS), 33 rooted ERC stem cuttings were selected for uniformity and potted into D40H
Deepots (40 in®) (Stuewe & Sons, Tangent, OR) and watered with tap water until treatment
initiation. The Deepots were filled with a substrate of sphagnum peatmoss: perlite (1:1, by vol)
and placed in every other cell of D20T (Stuewe & Sons) support trays to allow room for growth.
On Dec 19, 2025, treatments were initiated. At treatment initiation, the young plants had been
potted for 10 weeks with no supplemental fertility and were showing visible signs of general
nutrient deficiency.

Treatments consisted of 1) a liquid nutrient solution used by the KFS (Table 1), 2) the
same nutrient solution supplemented with chelated iron (10% DTPA), or 3) the same nutrient

solution, but with two metal wire staffs inserted into the container substrate. Nutrient
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concentrations (Table 2.1) were calculated from the guaranteed analyses of commercial fertilizer
products and the labeled assay values of technical-grade reagents, where available. For reagents
without a labeled assay, theoretical elemental compositions were used. To create treatment 3, the
15.5-gauge steel wire staff from plain vinyl marking stakes (Blackburn Mfg., Neligh, NE) were
cut into 5-inch lengths. Two lengths were inserted on opposite sides of the cone along the side of
the container to a depth flush with the substrate surface. Nutrient stock solutions were mixed
with reverse osmosis (RO) water and 6 oz of treatment solution was added to the surface of the
substrate every Monday, Wednesday, and Friday. No additional irrigation was provided during
the experiment.

The experiment was conducted on a raised greenhouse bench in a polycarbonate
greenhouse with temperature set points 75°F day/55°F night. Plants were exposed to natural
photoperiod with supplemental daylength extension provided by high-pressure sodium lamps
suspended 3 ft above the plant canopy operating from 8:00 am to midnight, daily. The
experimental design was a randomized complete block design with 11 replications and 3
treatments. There was one plant per treatment per replication.

Substrate solution pH and EC were measured using a HI 98110 portable meter (Hanna
Instruments, Woonsocket, RI). Substrate solution was collected using the PourThru method
(Cavins and Williams, 2018) as described previously. RO water (75 mL) was poured through
each Deepot to extract the substrate solution.

On May 15, 2026 (21 weeks after treatment initiation), the height (cm) of each plant was
recorded. Height was measured from the surface of the substrate to the top of the tallest shoot.
After measuring height, the shoots and roots were separated using secateurs. Roots were gently

separated from the substrate by washing, then promptly sealed in paper bags. Foliage produced
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since treatment initiation was removed from the shoots for tissue analysis. The remaining shoots
were sealed in paper bags by individual plant. The new-growth tissue was washed using an initial
rinse in DI water before being agitated in 0.2M HCI and double rinsed in DI water, prior to being
sealed in paper bags. All samples were dried in an oven at 70C (SC-400, The Grieve Corp.,
Round Lake, IL). After drying, weights were recorded for all samples. Total shoot weight was
calculated by adding the new-growth tissue and remaining shoot weights together. New-growth
tissue was ground to pass a 20-mesh screen in a Wiley Mill (Arthur H. Thomas Co, Philadelphia,
PA) before submission to the Kansas State University Soil Testing Lab. The tissue was subjected
to a perchloric digest (Gieseking et al., 1935) and analyzed using an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES) (720-ES, Varian Australia Pty Ltd, Mulgrave,

Victoria Australia) to determine Zn, Fe, and Mn.

Statistical Analysis. All statistical analysis was performed using JMP Student Edition 19
(SAS Institute, Cary, NC). Differences between the control and metal staff treatment in the
nutrient leaching experiment were evaluated using a two-sided pooled Student’s t-test. For the
container production experiment, the data were subjected to ANOVA and Tukey’s HSD was

used for pairwise comparisons among means. Significance was determined at P<0.05.

Results

Substrate Extract. The pH and EC of the captured substrate solution were significantly

affected by the addition of the metal staff (£<0.05). Throughout the course of the experiment, pH
increased and was generally higher in the presence of the metal staff (Fig 2.2a) while the EC was
slightly lower (Fig 2.2b). The concentration of iron in the substrate solution extract was also

impacted by the metal staff. Iron concentration was generally 5- to nearly 10-fold higher (day 14)
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in the solutions from the metal staff treatment (Fig 2.3a). Manganese concentration was also
higher in the metal staff treatment, ranging from 2- to 3-fold greater in the extract (Fig 2.3b).
Zinc was present in small amounts in both treatments (< 0.02 ppm), however, no discernable
difference was measured (data not presented). During the course of the experiment, the average
daily greenhouse high temperature was 43°C, and the average daily low was 23°C.

Container Production. Substrate pH and EC were measured one and nine weeks after

treatment initiation. At one week, pH values for treatments 1 (KFS), 2 (KFS + 10% Fe DTPA),
and 3 (KFS + marking staff) were 4.6, 4.5, and 4.5, respectively, and EC values were 1.03, 0.99,
and 1.08 mS/cm. At nine weeks, pH values were 3.5, 3.7, and 3.6, and mean EC values

were 1.35, 0.94, and 1.06 mS/cm, respectively. No differences in pH occurred across treatments,
but at nine weeks, the EC value for the chelated iron treatment was significantly lower than the
KFS nutrient solution (P = 0.0327). There were no growth differences among the three
treatments (Table 2.2). Overall plant height mean was 32.5 cm, shoot dry weight was 18 g, and
root dry weight was 7 g. The foliar concentration of macronutrients (K & Mg) was greatest in the
KFS nutrient only solution. Additionally, the concentration of micronutrients Mn and Zn were
also greatest in plants fertilized with the KFS nutrient solution only. The concentration of
micronutrients Cu and Fe were greatest in the nutrient solution supplemented with chelated iron
(Table 2). Interestingly, the metal wire did not increase foliar nutrient concentration of any
micronutrient over the KFS solution only treatment. The concentration of Mg (%) in tissue was
lower in the metal wire treatment comparison with the other treatments. The chelated iron

treatment lowered Mn in tissue compared to the other treatments.
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Discussion

Sphagnum peat moss is acidic (pH 3 - 4.5) (Evans and Sambo, 2018) and therefore
accelerates corrosion of the wire components. The substrate pH of both experiments was <5.4.
During the corrosion of carbon steel under wet, aerated conditions, the coupled oxygen reduction
reaction generates hydroxide ions (OH"), leading to a gradual increase in the local pH (Stratmann
and Miiller, 1994). It is unknown why the corroding staff would create a lower substrate solution
EC. However, a general decrease of 0.1 mS/cm is not likely to affect growth in a seedling
nursery environment with a traditional fertility program. The EC of both treatments decreasing
over time is expected as salts are leached from the container with consistent irrigation and no
addition of fertilizer. As iron is pH sensitive, the wire's impact on substrate chemistry may
impact nutrient availability in ERC production.

The pH and EC for container-grown rooted stem cuttings were low according to the
recommended pH range for growing conifers (5.5 £+ 0.5) (Landis, 1989) and EC measured using
the PourThru method (normal: 2.6 — 4.6 mS/cm) (Blythe et al., 2018). While pH increased and
EC decreased in the nutrient leaching experiment because of the metal staff, the addition of the
fertilizer solution in the container-grown ERC likely masked or remediated the effect. Despite
significant difference at nine weeks between the KFS solution and chelated iron treatment, the
values were still low overall. Although pH and EC suggested the potential for altered nutrient
availability, these conditions were not consistently reflected in plant growth responses, and tissue
nutrient analysis values were used to evaluate plant nutrient status directly.

Macronutrient and micronutrient values for the container-grown rooted stem cuttings
were mostly within the range of desired values for container conifer production (Landis, 1985)

(Table 2), except for Ca, S, Mg, Fe (treatment 1), Cu, and Zn. Henry et al. (1992b) previously
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documented Cu and Zn unmeasurable using a plasma spectrometer in containerized 2-year-old
ERC seedlings, and lack of deficiency symptoms support the notion that ERC has low demand
for those micronutrients. Iron was just below the threshold for treatment one and greatest in the
chelated Fe treatment, resulting in a lower Mn concentration (Table 2.2). Zinc followed the same
pattern across treatments. This is not surprising given the well-documented occurrence of Fe
antagonism to Mn uptake (Rai et al., 2021). Iron, Mn, and Zn also share overlapping pathways
for uptake (Rai et al., 2021), which may cause competitive interaction and explain the inverse
relationship between Fe with Mn and Zn. Tissue concentration of Ca, S, and Mg were slightly
higher than reported standards for conifer container production (Landis, 1985). In comparison
with surveyed ranges of ERC macronutrients and micronutrients (Bryson and Mills, 2014),
values were overall out of range (Table 2.2), but the surveyed ranges were taken from trees of
unknown age in a botanical garden/arboretum and may not represent values required for seedling
production systems.

Despite higher iron and manganese in substrate solution in the presence of the wire staff,
the presence of any supplemental iron did not affect plant growth. In the production system used
during this research, ERC plants from rooted stem cuttings grew equally as well in the KFS
nutrient solution, the KFS nutrient solution supplemented with chelated iron, or the KFS nutrient
solution with two metal staffs inserted into the substrate to provide supplemental iron as it
oxidized. There were no differences in plant height, shoot dry weight, or root dry weight after 21
weeks suggesting neither treatment was superior or inferior. Foliar nutrient analysis did reveal an
elevated concentration of iron and copper when chelated iron was added to the nutrient solution.

However, it did not translate to increased growth, suggesting both were adequate in the other
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treatments. Both manganese and zinc were low in plant tissue from the chelated iron treatment.
This pattern is consistent with competitive interactions among Fe, Mn, and Zn.

While the impact of the metal flag was not seen in these results, the production of ERC
from stem cuttings, duration of study, and substrate pH may be factors. The KFS use the metal
staff for seedling production, in which iron is required for the growth of all tissue. Iron is
immobile in tissue, and stem cuttings have established tissue. Additionally, differences in
substrate pH are known to impact the ability of nutrients. The 22-week duration of this
experiment is 6 to 8 weeks shorter than the production system of the KFS, but the KFS
production of ERC includes germination. Despite using similar substrate components, the low
pH of this study may not be the pH of the KFS conditions. Therefore, the impact of the metal
staff causing plants to be notably greener witnessed in the KFS production system may not have
been due to iron. Without knowing the pattern of chlorosis or having access to historical
substrate conditions and tissue analyses, it is impossible to positively know what was causing
their chlorosis symptoms.

Further research is required to illustrate long-term effects of using a metal staff to supply
micronutrients, particularly iron, in the container production of ERC. The duration of impact and
the effect of different substrates and pH on the wire’s nutrient availability remains unknown. The
metal staff of a marking stake represents a potential source of Fe and Mn. However, additional
research is needed to determine whether the increased nutrient availability provides a meaningful
production benefit to ERC. If so, the use of the metal wire to supply iron may aid the production

of ERC while keeping costs lower.
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Tables and Figures

Table 2.1. Nutrient Components and Concentrations of the KFS Fertilizer Blend.

Nutrient components and final treatment solution concentration of the

Kansas Forest Service (KFS) fertilizer blend applied to ERC plants.

*Iron (Fe) was added to the chelated iron treatment only.

Final Concn.

Mineral Nutrient Source [mg/L (ppm)]

N KNOs, (NH4)2SO4, 127
Ca(NOs)2

P HsPO4 54
K>COs, KNOs 217

Ca Ca(NO:s): 64

S MnSOs4, (NH4)2SO4, ZnSOs, 61
CuSO4, MgSO4

Mg MgSOq4 46

B HsBO:s 0.55

Cu CuSO4 0.36

Zn ZnS04 0.52

Mn MnSOs4 1.16

Mo (NH4)sM 07024 0.03

*Fe Iron Chelate (10% DTPA) 8.22
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Table 2.2. Effect of Nutrient Solution Treatments on Foliar Nutrient Concentrations and Growth Characteristics of ERC.

Effect of nutrient solution treatments on foliar concentrations of phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur

(S), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) and plant height, shoot dry weight (SDW), and root dry weight (RDW) of

Juniperus virginiana (eastern redcedar) grown for 21 weeks compared to previously published standards for eastern redcedar (Bryson and

Mills) and conifers in general (Landis).

P K Ca Mg S Cu Fe Mn Zn Height SDW RDW
Treatment (%) (%) (%) (%) %) (pm) (pm)  (ppm) (pm) (cm) (g  (2)
’KFS 0.45 1.83 a 0.59 0.327a 0.25 05b 382b 2555a 16.8a 34 17 7
YKFS/Fe 0.49 1.60b 0.57 0321 a 0.29 23a 1282a 1814b 12.8b 33 18 7
*KFS/wire 0.44 1.78 ab 0.57 0.299 b 0.25 0.6b 412b 2351a 146D 31 19 6
Previously published standards.
“Bryson
and Mills 0.14-0.17 0.85-1.28 1.00-2.93 0.18-0.20 0.13-0.16  4-6 49-73  382-448  16-20
VLandis 0.20-0.60  0.7-2.5  0.20-0.50  0.1-0.3  0.10-0.20 4-20 40-200 100-250 30-150

“Kansas Forest Service solution only treatment (Table 1).

YKansas Forest Service solution supplemented with chelated iron (10% DTPA at 8.22 ppm)
*Kansas Forest Service solution with two flagging staffs inserted into the substrate
“Standard range published in Bryson and Mills (2014) for eastern redcedar

YValues reported by Landis (1985) for container grown conifers in general
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Figure 2.1. Marking Flag Staff for Treatment 3. Photograph showing the marking flag
components used to create Treatment 3: (A) a marking flag from C.H. Hanson (Naperville, IL)
cut to reduce length, (B) 5-inch pieces of the marking flag staff prepared before use, and (C) the
corroded marking stake staffs after 21 weeks of use.
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Figure 2.2. Substrate Solution EC and pH. Substrate solution electroconductivity (EC) (A)
and pH (B) from sphagnum peat moss: perlite (1:1 by vol) substrate with or without metal staff
inserted. DAT = days after treatment initiation. Statistical significance between the two treatment
groups at a DAT is indicated as follows: ns = not significant (P > 0.05), or significant at P < 0.05
(*); P<0.01 (**).
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Figure 2.3. Iron and Manganese Concentrations in Substrate Solution. Iron (Fe) (A) and
manganese (Mn) (B) concentrations (ppm) in substrate solution from sphagnum peat moss:
perlite (1:1 by vol) substrate with or without metal wire staff inserted. DAT = days after
treatment initiation. Statistical significance between the two treatment groups is indicated as
follows: ns = not significant (P > 0.05) or significant at P < 0.05 (*); P <0.01 (**). No
significance markers are shown for the final two time points because there were insufficient
samples to perform the pooled t-test.
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Chapter 3 - Controlled-Release Fertilizer Release Rates and Water-
Soluble Fertilizer in Production of Eastern Redcedar (Juniperus

virginiana L.) from Stem Cuttings

Abstract

Eastern redcedar (ERC) is a common conifer in North America used for various
ornamental and ecological purposes. Several forest nurseries, such as The Kansas Forest Service
(KFS) grow seedling ERC for conservation purposes. The KFS and previously utilized a custom
blend fertilizer applied through fertigation. Labor-intensive custom fertilizer blends could be
replaced with controlled release fertilizer (CRF) technologies. The objective of this study was to
compare complete CRFs (containing macronutrients and micronutrients) to determine if their use
produced a comparable plant ready for transplant. The effects of three release rates of CRFs on
soilless substrate pH and EC, as well as NH3-N, NHs-N, P, and K, were measured. Substrate pH
and EC generally did not differ among the three CRF release rates, but pH was lower than the
control and EC was higher. The CRFs released N, P, and K consistently across the release rates
as well. Temperature varied substantially, with the average daily high and low 43°C and 23°C,
respectively. In a separate experiment, rooted stem cuttings of ERC were grown in containers
with the three release rates of CRFs and a commercially available water-soluble complete
fertilizer to determine if those products could produce ERC that were suitable for conservation
plantings. In the greenhouse production of ERC from stem cuttings, EC was within the desired
range for plant production. Foliar tissue analysis results were comparable between the fertilizer
treatments. These results support the use of both complete fertilizer products, CRFs and water-

soluble fertilizer in the production of ERC.
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Introduction

Eastern redcedar (ERC) (Juniperus virginiana L.) is a common ornamental conifer tree
with a broad range across North America (Lawson, 1990). ERC is used in windbreaks,
conservation, landscapes, and as a lumber product (Schnelle, 2023). Conservation and forest
nurseries, as well as landscape nurseries and Christmas tree growers, produce ERC for these
purposes. In greenhouse and nursery production, rapid, uniform seedling growth is desired to
produce high-quality stock, which is dependent on appropriate nutrient management.

Growth is most influenced by nitrogen (N) rates (Landis, 1989), and mineral nutrients
require careful balance to optimize growth. In a study by Henry et al. (1992b) on containerized
ERC, increasing N resulted in increased tissue potassium (K), phosphorus (P), and boron (B)
while calcium (Ca), magnesium (Mg), and manganese (Mn) were reduced. However, excess N is
costly, can be toxic to the plant, and is susceptible to leaching and subsequent environmental
pollution. Nutrient deficiencies can negatively impact plant growth, quality, and/or appearance.
Therefore, identifying a cost-efficient fertility program that promotes growth is important for
conservation seedling nurseries.

Common nursery production fertilization techniques include water-soluble or liquid
fertilizers, or the use of controlled release fertilizers (CRFs). Continuous liquid feed fertilizers
are commonly applied through irrigation events (termed fertigation), while CRFs, specifically
polymer coated fertilizers (PCFs), are coated prills that are incorporated into the substrate and/or
applied to the substrate surface. Use of liquid fertilizers allows for precise nutrient control,
customization by species, and the ability to easily monitor and adjust nutrient levels (Landis,
1989). However, they require more labor than CRFs and are dependent on uniform irrigation

applications. CRFs require less labor as one-time application provides sustained fertility.
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One popular and widely studied mechanism of CRF nutrient release is diffusion through
a semi-permeable membrane. Water vapor dissolves the core, and fertilizer salts diffuse out of
the prill (Goertz, 1993). Given the mechanism, nutrient release rate is influenced by the thickness
of resin coating (Goertz, 1993) and temperature (Adams et al., 2013; Husby et al., 2003). Higher
temperatures result in faster release of nutrients. Many CRFs provide macronutrients only, and
micronutrients must be supplemented with a different nutrient package. However, several
products are now complete fertilizers offering micronutrients as well as macronutrients in the
CREF technology. These complete nutrient products simplify the process for the grower. Several
manufacturers offer different release rates for a similar nutrient analysis, so growers can more
specifically customize their nutrient program. Common release rates available are 3 to 4 months,
5 to 6 months, 8 to 9 months, and 12 to 14 months. Labeled longevities for Osmocote are based
on a temperature of 70°F.

The Kansas Forest Service (KFS, Manhattan, KS) produces ERC seedlings for
conservation and windbreak purposes. Production of ERC by the KFS historically occurred using
fertigation with a custom blend (Table 3.1). To minimize labor costs, KFS has been in the
process of transitioning to a CRF (Osmocote Plus 15-9-12) but lacked data related to which
product was best suited to their production system. Cost and nutrient efficiency were also a
concern. KFS conifer seedling program seeds are sown in February and grown in a greenhouse
until fall shipping season or placed in cold storage for the spring shipping season. In this long
production schedule, nutrient management is critical for a successful finished product.

The objective of this study was to compare three release rates of a commonly available
CRF (Osmocote Plus 15-9-12) with a commercially available water-soluble fertilizer (Jack’s

Professional LX All Purpose 21-5-20, JR Peters, Allentown, PA, USA) to determine which
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product results in an acceptable conservation-ready plant and to aid the KFS in their decision-

making process for the production of ERC.

Materials and Methods

Exp.1, Nutrient Leaching. To replicate the growing conditions at the KFS, 200 D16L

Deepots (Stuewe & Sons, Tangent, OR, USA) were filled with sphagnum peat moss:perlite (1:1
by volume) and topped with Turface Athletics MVP (Profile Products, Buffalo Grove, IL, USA)
and placed in alternating rows of D50T trays (Stuewe & Sons). Treatments were a control (no
fertilizer added) and three release rates of Osmocote Plus (15-9-12) (ICL Specialty Fertilizers,
Summerville, SC, USA). The three release rates used were: 3 to 4 months, 5 to 6 months, and 8
to 9 months. To ensure similar amounts of nitrogen across the treatments, 250 g/ft* (37.5 g N) of
each release rate was incorporated into the substrate prior to filling the Deepots. The rate was
selected because it is the average of the high rate for each release rate. The Deepots and trays
were placed in a glass glazed greenhouse (Throckmorton Plant Science Center, Kansas State
University, Manhattan, KS). The experimental design was a randomized complete block design
with 10 replications, 4 treatments, and 5 subsamples per treatment per replication. Deepots were
watered with municipal water every Monday, Wednesday, and Friday for the duration of the
study. The municipal water had a pH of 8.9, alkalinity of 53 ppm, and EC of 420 mmho/cm (0.42
mS/cm) (City of Manhattan Consumer Confidence Report, 2025).

At one month, the Deepots were moved closer to the cooling pads due to high
temperature concerns. Beginning at 5 weeks, substrate solution collection was conducted using
the PourThru method (Cavins and Williams, 2018). Reverse osmosis (RO) water (20mL) was

poured through each subsample, and subsamples of a treatment were pooled by replication. Of
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the ten replications, five were sampled on each date, alternating between even and odd
replications numbers, to mitigate excessive leaching over time. A HOBO Pendant MX Temp
logger (Onset, Bourne, MA) was placed in the middle of the trays. The temperature was recorded
every 10 minutes for the duration of the study. Substrate solution pH and electrical conductivity
(EC) were measured using the Accumet excel XL20 (Fisher Scientific, Waltham, MA) and a
Bluelab combo meter pH probe (Tauranga, New Zealand). Collected solution was frozen before
submission to the Kansas State University Soil Testing Laboratory (Manhattan, KS). The
substrate solution was analyzed by the laboratory to determine NO3-N and NH4-N (Alpkem
Corporation, 1986a, 1986b) and ICP-OES (720-ES, Varian Australia Pty Ltd, Mulgrave, Victoria
Australia) was used to determine P and K in solution.

Exp.2, Nutrient Release. At the Kansas State University John C. Pair Horticultural Center

(Haysville, KS), 50 rooted ERC stem cuttings were selected for uniformity. The rooted cuttings
were potted into 1-gallon pots (NS400, CREO Group, Kissimmee, FL) containing a substrate of
sphagnum peat moss: perlite (1:1 by volume) on June 1, 2025, and watered with tap water for 17
days before the initiation of treatments on June 18, 2025. Treatments consisted of no added
fertilizer (control), a solution of 100ppm nitrogen (Jack’s Professional LX All Purpose water-
soluble fertilizer 21-5-20; JR Peters, Allentown, PA), and three Osmocote Plus (15-9-12)
products with different longevity of nutrient release: 3 to 4 months, 5 to 6 months, and 8 to 9
months. The water-soluble fertilizer was dissolved in RO water and 12 oz of nutrient solution
was applied every Mon, Wed, and Fri to each pot. Similarly, 12 oz of RO water was applied to
the control and CRF treatments on the same days. Treatments with CRF were standardized to
22g /1 gallon container (3.3 g of N), and the prills were incorporated into the substrate at the

time of mixing.
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The experiment was conducted on a raised bench in a polycarbonate greenhouse.
Temperature was set at 75°F day/ 55°F night and daylength was extended by high pressure
sodium lamps suspended 3 ft above the plant canopy operating from 6:00pm to midnight for the
duration of the experiment. The experimental design was a randomized complete block design
with 5 treatments, 10 replications, and one plant per treatment per replication.

Beginning at 7 weeks (Aug 5, 2025), substrate solution pH and EC was measured weekly
using the PourThru method (Cavins and Williams, 2018). RO water (100 mL) was poured
through each pot 1 hr after an irrigation event to extract the substrate solution. Substrate solution
pH and EC were measured using a HI 98110 portable meter (Hanna Instruments, Woonsocket,
RI). After 22 weeks, height (cm) of the plants was measured from the tip of the tallest shoot to
the substrate surface, and caliper (mm) was measured at the substrate surface. The plants were
separated into shoot and root portions by making a cut at the substrate surface using secateurs.
Roots were gently washed to remove substrate. Shoot and roots were promptly bagged separately
in paper bags and dried in an oven at 70°C (SC-400, The Grieve Corp., Round Lake, IL) for one
week before being weighed. Tissue nutrient analyses weree conducted on all treatments of five
replications. The new-growth tissue was removed from the samples using sterilized secateurs.
The samples were promptly bagged and refrigerated for one day. The new-growth tissue was
cleaned by rinsing in DI water, agitated for 20 s in 0.2M HCI, double rinsed with DI water, then
bagged in paper bags. After drying at 70°C (Isotemp Oven, Fisher Scientific, Waltham, MA), the
new-growth tissue was weighed. The weight was added to the remaining dried shoot weight to
calculate total dry shoot weight. The samples were then ground to pass a 20-mesh screen in a
stainless-steel Wiley Mill (Arthur H. Thomas Co, Philadelphia, PA). Ground samples were

submitted to the Kansas State University Soil Testing Laboratory for nutrient analysis. To
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determine total N, dry combustion (LECO TruSpec CN combustion analyzer, LECO Corp., St.
Joseph, MI, USA) was performed. All other nutrients were measured using ICP-OES (720-ES,
Varian Australia Pty Ltd, Mulgrave, Victoria Australia) following digestion via nitric perchloride
acid (Gieseking et al., 1935).

Statistical Analysis. All statistical analysis was performed using JMP Student Edition 19

(SAS Institute, Cary, NC, USA), with the exception of the growth data for Exp. 2, which was
analyzed using SAS (version 9.4; SAS Institute Inc., Cary, NC, USA). Pour through pH and EC
(Exp. 1) and nutrient analysis (Exp. 2) data were analyzed using a one-way ANOVA and
Tukey’s HSD comparison of means to determine significance. Nutrient analysis (Exp. 1) was
analyzed using a mixed model, and pairwise Tukey’s HSD was used to determine significance (P
< 0.05). The growth data (Exp. 2) was analyzed using ANOVA. Means were separated using
Fisher’s protected least significant difference (LSD) test. For all statistical analyses, significance

was determined at P < 0.05.

Results and Discussion

Exp. 1, Nutrient Release. Substrate pH was consistently low (<5) across all treatments

compared to the recommended value for conifer production (5.5 &+ 0.5) (Landis, 1989). The low
pH was understandable given the pH of unamended sphagnum peat moss (pH 3 - 4.5) (Evans and
Sambo, 2018) but did increase over time by 0.4 units. Substrate pH was lower with the addition
of CRF across all three release rates (P<0.003), but pH differences were less than 0.34 across all
treatments with the exception of one outlier at 40 days after treatment initiation (DAT),
suggesting the impact of CRF release rate on substrate solution pH is likely negligible in

production. As expected, EC was consistently higher (P<0.0001) with the addition of CRF
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(Figure 1). Without CRF (control), EC was <0.61 mS/cm, while addition of fertilizer increased
EC (>1.59 mS/cm). There was no difference in EC between the three release rates (3 to 4
months, 5 to 6 months, and 8 to 9 months) at a given DAT across 90 days, suggesting different
release rates contribute equally to soluble salts concentration at the rate and conditions of this
experiment.

The average daily high greenhouse temperature was 43 °C, and the average daily
low was 23 °C. These values are far above the labeled temperature for longevity for Osmocote
(21°C). The excessive temperatures are likely responsible for the lack of separation of nutrient
release and EC recorded over time during this experiment. Increased temperature accelerates
nutrient release, and the pattern of nutrient release becomes uneven at higher temperatures, with
the highest release earlier (Adams et al., 2013; Huett and Gogel, 2000). Adams et al. (2013) also
documented longer labeled release rate CRFs were more temperature sensitive than shorter.

As expected, throughout the duration of the experiment, N and P were higher in CRF
treatments than the control (Figure 3.2a, 3.2b, 3.2¢). No differences between NO3-N, NHs-N and
P were observed among treatments, with the exception of NO3-N on 33 DAT (Figure 3.2b)
where the 8-9 month had the highest NO3-N. Potassium concentration was initially similar
among all treatments but eventually increased beginning at 47 DAT. Osmocote (15-9-12)
exhibited release of N before P and K, which has previously been documented (Broschat and
Moore, 2007).

Exp.2. In the production of container-grown ERC from stem cuttings, pH was highest for
the control (pH = 5.1). The regular addition of nutrients through fertigation and CRF in the other
treatments maintained a lower pH over time, while the control pH increased (Fig 3.3a). The

substrate pH of the fertilizer treatments was low (pH = 4.0) compared to the recommended range
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(5.5 £ 0.5) for conifer production (Landis, 1989). In general, EC of the three CRF and the water-
soluble fertilizer were not significantly different from each other, but all were considerably
higher than the control EC (Figure 3.3b). Mean EC of the fertilizer treatments was 2.91 mS/cm
over the course of the experiment and mean EC of the control was 1.13 mS/cm. EC values for
the fertilizer treatments were all within the range of normal (2.6 — 4.6 mS/cm) using the
PourThru method (Blythe et al., 2018). Caliper and root dry weight was not influenced by
fertilizer treatments, but other growth data was affected. Generally, plants with fertilizer
treatments were taller than control plants (39 cm and 27 cm, respectively), which was also
expressed in increased shoot dry weight (SDW) of fertilized plants (13 g) compared to control
plants (4 g) (Table 2). Growth outcomes among the four fertilizer treatments did not differ,
suggesting that under the conditions of the experiment, all fertilizer treatments were neither
superior nor inferior. Tissue concentrations of N (2.45%), P (0.29%), and K (1.16%) were all
similar among the fertilized plants and were within or above the range of previously published
values for ERC (Bryson and Mills, 2014) and container grown conifers (Landis, 1989) (Table
3.3). Similar to previous studies (Henry et al., 1992b), Ca (0.69%) and Mg (0.23%) in this study
were lower than the control (1.29% and 0.31, respectively) when adequate N was applied, even
though both were sufficient according to Landis (1989). Manganese (308 ppm) did not appear to
be affected by an increase in tissue N (Table 3.3). Copper (1.3 ppm) and Zn (13 ppm) were low
for all treatments compared to previously published standards, but Henry et al. (1992b) also
found Zn and Cu to be unmeasurable using a plasma spectrometer in containerized ERC. Lack of

deficiency symptoms suggest these nutrients were adequate in this production system.
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Conclusions

In the nutrient release experiment, substrate pH, EC, and N, P, K were similar among
CREF products. In ERC production, both the water-soluble fertilizer and CRF across all release
rates had comparable effects on growth and foliar tissue nutrient analysis in the conditions of this
experiment, supporting the potential use of either the water-soluble fertilizer or CRF products
used in the production of ERC from stem cuttings. These results could help to simplify current
practices for ERC producers, like the KFS by minimizing labor and potential for application
error by using commercially available fertilizer blends while maintaining comparable plant

growth.
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Tables and Figures

Table 3.1. Nutrient Components and Final Concentration of the Kansas Forest Service
Fertilizer Blend.

Final Concn.

Mineral Nutrient Source [mg/L (ppm)]
N KNOs, (NH4)2S0a, Ca(NOs)2 127
P HsPO4 54
K K2COs, KNOs 217

Ca Ca(NO:s): 64
S MnSOa4, (NH4)2SO4, ZnSOs, 61
CuSO4, MgSO4
Mg MgSO4 46
B HsBO:s 0.55
Cu CuSO4 0.36
Zn ZnS04 0.52
Mn MnSO4 1.16
Mo (NH4)sM 07024 0.03
Fe Iron Chelate (10% DTPA) 8.22
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Table 3.2. Effect of fertilizer treatments on plant caliper, height, shoot dry weight (SDW),
and root dry weight (RDW) of Juniperus virginiana (eastern redcedar) grown for 22 weeks
in containers.

Caliper  Height

Treatment (mm) (cm) SDW (g) RDW(g)
“Control 5.6 27.4 b" 3.8b 4.6
YLiquid Fertilizer 6.4 393 a 129 a 6.1
*OSMO 3 to 4 7.3 40.1a 11.5a 6.2
YOSMO 5to 6 6.7 414 a 12.6 a 7.4
'OSMO 8to 9 7.9 33.9 ab 11.7a 6.7
Significance NS P=0.004  P=0.005 NS
“No fertilizer added

YCommercial water-soluble fertilizer (Jack’s Professional LX All Purpose
water-soluble fertilizer 21-5-20) applied 3x weekly at 100ppm
*Osmocote Plus 15-9-12, 3-4 month release

YOsmocote Plus 15-9-12, 5-6 month release

YOsmocote Plus 15-9-12, 8-9 month release

“Means followed by the same letter are not statistically different at

P<0.05.
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Table 3.3. Effect of fertilizer treatments on foliar concentrations macronutrients and micronutrients of Juniperus virginiana
(eastern redcedar) grown for 22 weeks compared to previously published standards for eastern redcedar (Bryson and Mills)

and container grown conifers in general (Landis).

N P K Ca S Mg Cu Fe Mn Zn

Treatment (7o) (%) (%) (%0) (o) (o) (ppm)  (ppm)  (ppm) (ppm)

“Control 1.0 b* 0.07b 0.55b 1.29a 0.11b 031a 1.3 64 340 ab 6¢

YLiquid 25a 030a 1.14 a 0.78 b 0.17 a 0.24 ab 1.4 56 392 a 14 ab

*OSMO 3 to 0.63b 0.17a 0.23b 1.3 46 289 ab 15 ab
24a 0.29 a 1.21a

4

YOSMO 5 0.66 b 0.17 a 0.22b 1.5 54 246 b 16a
25a 0.27a 1.14 a

to 6

'YOSMO 8 to 0.69b 0.18a 0.23b 0.9 49 276 ab 13b
24a 0.28 a 1.16 a

9

Previously published standards.

“Bryson and

Mill 1.35-1.85 0.14-0.17 0.85-1.28 1.00-2.93 0.13-0.16 0.18-0.20 4-6 49-73  382-448 16-20

ills
‘Landis 1.3-3.5  0.20-0.60  0.7-2.5 0.2-0.5 0.1-0.2 0.1-0.3 4-20  40-200 100-250  30-150
“No fertilizer added

YCommercial water-soluble fertilizer (Jack’s Professional LX All Purpose water-soluble fertilizer 21-5-20) applied 3x weekly at

100ppm

*Osmocote Plus 15-9-12, 3—4-month release

YOsmocote Plus 15-9-12, 5—6-month release

YOsmocote Plus 15-9-12, 8-9-month release

“Standard range published in Bryson and Mills (2014) for eastern redcedar
“alues reported by Landis (1989) for container grown conifers in general
SMeans followed by the same letter are not statistically different at P<0.05.

40



4 —f— Control
—#—0SMO 3to 4

3.5
, —e—0SMO 5t06
—e—0SMO 8t09
— 25
£
9
a2
E
D 15
d
1
b b b b b b
0.5 N —— ——
0
30 40 50 60 70 80 90

DAT

Figure 3.1. Substrate solution EC with or without Osmocote Plus. Leachate solution
electrical conductivity (EC) from sphagnum peat moss: perlite (1:1 by vol) substrate with or
without Osmocote Plus (15-9-12) durations 3 to 4 months, 5 to 6 months, and 8 to 9 months over
90 days after treatment (DAT). EC from CRF treatments was consistently higher than the
control, but the three release rates were not different from each other. Statistical significance at a
DAT between the treatment groups occurred between the control and the Osmocote treatments

(P <0.01).
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Figure 3.2. Substrate solution nutrient analysis with or without Osmocote Plus. Substrate
solution nutrient analysis from Deepots filled with sphagnum peat moss: perlite (1:1 by vol)
substrate with or without Osmocote Plus (15-9-12) durations 3 to 4 months, 5 to 6 months, and 8
to 9 months. Solution was extracted by PourThru method (Cavins and Williams, 2018).
LSMeans of NHs-N (A), NO3-N (B), P (C), and K (D) over 90 days after treatment (DAT).
Significance represented by different letters and determined at P<0.05.
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Figure 3.3. Substrate pH (A) and electrical conductivity (EC) (B) during production of
ERC from stem cuttings. Plants were grown in a sphagnum peat moss: perlite (1:1 by vol)
substrate with or without Osmocote Plus (15-9-12) durations 3 to 4 months, 5 to 6 months, and 8
to 9 months or a commercial water-soluble fertilizer (Jack’s Professional LX All Purpose water-
soluble fertilizer 21-5-20) for 135 days after treatment initiation (DAT). Values with the same
letter within a DAT are not significant at P<0.05.
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