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(ABSTRACT)

Polymer-coated controlled-release fertilizers (PCFs) are the most widely used class of
fertilizersin the production of container-grown nursery plants. Nutrient release from
PCFsis primarily influenced by temperature. The objective of this study was to
determine the influences of temperature and time on the nutrient release patterns of three
PCFs (each with arated longevity of 8-9 months), each using a different coating
technology: Osmocote Plus™ 15N-3.93P-9.96K, Polyon™ 18N-2.62P-9.96K, and
Nutricote™ 18N-2.62P-6.64K. The first three experiments investigated the effects of
time on long-term nutrient release. In Expt. 1, each of the three PCFs were placed in
flasks of distilled water maintained at 40°C for 22 weeks. Fertilizer solutions were
poured off at bi-weekly intervals and measured for electrical conductivity (EC) and NOs-
N, NHs-N, P, K, Fe, Mn, Cu, and Zn concentrations. Overall, nutrient release for the
three PCFs was higher and more variable in the first eight weeks than later in the
experiment. Polyon's™ macronutrient release was generally more gradual than that of
the other products. Micronutrient release patterns varied substantially between fertilizers
and nutrients. In Expt. 2, pine bark (PB)-filled containers were amended with the three
PCFs and irrigated regularly in a greenhouse. PCFs were removed from containers when
Osmocote Plus ™ NOs-N supply was ~66% expended and analyzed for EC, NOs-N,
NH4-N, and P concentration. Except for P, the percentage of each nutrient remaining was
roughly comparable to those remaining at the corresponding stage of Expt. 1, suggesting
that PCF nutrient release behavior in the laboratory method is comparable with nutrient



release behavior in PB in the greenhouse. At the end of Expts. 1 and 2, Osmocote Plus™
had expended a higher percentage of its nutrients than the other fertilizers. In Expt. 3,
substrate solutions were collected weekly from PB-filled containers (same treatments as
in Expt. 2) and EC was determined. The substrate solution EC of Osmocote Plus™-
fertilized PB began to decline sooner than that of the other fertilizers. Overal, these
three experiments led to the conclusion that Osmocote Plus™ nutrient release declines
more quickly than does Polyon™ or Nutricote™, while Polyon™ has the most gradual
nutrient release pattern.

The objective of the second set of experiments was to determine the effects of
temperature on short-term nutrient release. In Expt. 4, 14 g of each PCF was maintained
at 40°C until ~33% of the NOz-N content in Osmocote Plus™ was expended. Each
fertilizer was then placed in a sand column and leached with distilled water at ~100
mL/h. Columns were then incrementally subjected to a smulated diurnal container
temperature change from 20°C to 40°C and back to 20°C over aperiod of 20 h. Leachate
was collected hourly and measured for soluble salts and NOs-N and NH4-N
concentrations. For all fertilizers, nutrient release increased and decreased with the
respective increase and decrease in temperature. Nutrient release patterns of the three
fertilizers were significantly different, with Osmocote Plus™ showing the greatest overall
change in nutrient release between 20°C and 40°C and Nutricote™ the least. In Expt. 5,
PCFs were placed in flasks of distilled water in constant temperature baths. Initially,
fertilizers were held at 40°C for three days and then at temperatures of 22, 28, 34, or 40°C
for two weeks. Fertilizer solutions were poured off after the first and second weeks.
Only solutions from the second week were analyzed for soluble salts and NO3z-N, NH4-N,
P, and K concentrations. For Osmocote Plus™ and Polyon™, there was a 29% to 86%
(depending on the nutrient measured) mean increase in nutrient release between 22°C and
40°C, whereas for Nutricote™ there was a 345% to 364% (depending on the nutrient
measured) mean increase. The overall mean increases in nutrient release in Expt. 4 were
between 1032% and 4023%, whereas the mean increases in Expt. 5 were between 29%
and 364%. In summary, the second set of experiments found that PCF nutrient release

was highly sensitive to diurnal temperature changes.
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Chapter One

Literature Review

| ntroduction

Controlled-release fertilizers (CRFs) are now the most widely used fertilizersin the
nursery industry for container-grown plants. A fundamental motivation for the
development of CRFs has been the goal of delivering nutrients to plants at a rate that
closely approximates plant nutrient demand over an extended period (Goertz, 1993;
Oertli, 1980). Fertilizers with this ability can provide many benefits to agriculture, such
as greater nutrient use efficiency, better plant growth and quality, lower labor costs, and
reduced fertilizer runoff pollution (Goertz, 1993; Shaviv & Mikkelsen, 1993; Oertli,
1980).

CRFs can generally be grouped into three broad categories according to nutrient-
release mechanism: (1) organic fertilizer materials, (2) materias of inherently low
solubility, and (3) soluble fertilizer materials which are coated with a water-insoluble
barrier that limits the rate of fertilizer dissolution (Bunt, 1988; Goertz, 1993). The
coating mechanism offers improved flexibility with regard to CRF composition because
the coating, rather than the inherent solubilities of the fertilizer contents, is the primary
controlling factor of nutrient release. The coating method also allows the manufacturer to
modify the nutrient release pattern of the CRF (Goertz, 1993).

At present, CRF coating materials are composed of either sulfur or polymeric
substances, or a combination of both (Goertz, 1993). The individual coated fertilizer
capsules are called prills. Polymer-coated fertilizers (PCFs) are now the most
sophisticated and advanced means of controlling nutrient release and fertilizer longevity
(Goertz, 1993). However, polymer-coating technology is generally expensive compared
to other CRF technologies. Asaresult, PCFs are now used primarily in the production of
high value crops, such as nursery crops (Goertz, 1993).

For PCFs, nutrients are released through a semipermeable membrane (Bunt, 1988;
Goertz, 1993). Water vapor diffusesinto the prill and condenses (Bunt, 1988; Goertz,

1993). The condensed water then dissolves some of the fertilizer saltsinside and the



resulting fertilizer solution in the prill is thought to be released either via diffusion (Bunt,
1988; Goertz, 1993) or via hydrostatic pressure forcing nutrient solution out of the
membrane (Oertli, 1980; Kochba et al., 1990).

Use of PCFs has become widespread in the production of container-grown plants.
Thisislargely because PCFs can reduce labor and management requirements, improve
fertilizer use efficiency, and reduce nutrient leaching as compared to liquid fertilization
(Bunt, 1988). At the same time, PCFs can produce equivalent or even improved plant
growth as compared to liquid fertilization (Wright and Niemiera, 1987).

However, concerns persist as to whether nutrient rel ease from PCFs adequately
parallels plant needs (Wright and Niemiera, 1987). For example, Cabrera (1997) found
that season-long nitrogen leaching patterns of different PCFs could differ significantly
over a growing season, despite the fact that the PCFs had similar (8-9 month) longevity
ratings.

To better understand the basis for differencesin PCF nutrient release profiles, we
need to learn more about the relative effects of environmental factors and coating
technologies on PCF nutrient release patterns. A better understanding of the factors that
affect PCF nutrient release could potentially lead to more efficient use of currently
available PCFs and to the eventual development of more efficient PCFs.

l. Factors Influencing PCF Nutrient Release
A. Temperature

Early research by Oertli and Lunt (1962a; 1962b) established that temperature is the
most important environmental factor influencing of PCF nutrient release. Nutrient
release rate was found to increase substantially with increases in temperature. For
example, release rate nearly doubled when the temperature was increased from 10°C to
20°C. Because thisincrease was much greater than would have been expected from
diffusion aone, Oertli and Lunt (1962a) hypothesized that temperature-induced changes
in coating characteristics contributed substantialy to the increase in release rate. Oertli
(1980) later hypothesized that high hydrostatic pressure inside PCF prills contributes to
nutrient release by forcing nutrient-laden solution out of the prill via mass flow.



Tamimi et al. (1983) studied the effects of temperature and timeon N, Pand K
release from PCFs in cinder-filled columns and found that release rate increased with
increasing temperature, but the relationship was different for each nutrient. Worrall
(1982), who studied the effects of temperature on PCF release rate in flasks of distilled
water, found that temperature had a major effect on release rate and that the magnitude
of the temperature effect was different for the two types of PCF studied. Harbaugh and
Wilfret (1982) also found strong temperature effects on nutrient release in water. Lamont
et al. (1987) studied the effects of time, temperature, and fertilizer type on PCF nutrient
release in beakers of distilled water held at different constant temperatures. These
investigators found that both temperature and time affected nutrient release rate and
formulated amodel of nutrient release over time. Generally, nutrient release was found
to increase with increasing temperature and nutrient rel ease decreased with time after
initial high release levels. Different PCF types also had different nutrient release
patterns. In asimilar study, Hinklenton and Cairns (1992) modeled the strong
relationships that they found between temperature, time, and PCF nutrient release. A
recent study by Cabrera (1997) investigated the nitrogen leaching patterns of different
PCFs in containers under greenhouse conditions during the growing season. The release
patterns of some PCF types were found to correlate with the seasonal pattern of ambient
temperature change. However, other types of PCF in this study did not follow the
ambient temperature pattern. Kochba et a. (1990) investigated PCF release rates in soil
and found that the rate of PCF nutrient release was related linearly to water vapor
pressure which, in turn, varied with temperature. They concluded that the entry of water
vapor into fertilizer prills was the rate-limiting step, as opposed to diffusion or mass flow
out of prills. Thisfinding is consistent with the finding of Oertli and Lunt (1962a) that
diffusion aloneis not sufficient to account for the observed relationship between

temperature and release rate.

B. Other Factors
Oertli and Lunt found that release rate was generally independent of soil pH (1962a)
and soil moisture content (1962b), as long as moisture content remained above the

wilting point. Furthermore, they determined that microbial activity and external salt



concentration do not have a substantial effect on nutrient release (Oertli and Lunt,
1962a). Thelack of asalt concentration effect was attributed to the high nutrient
concentration gradient between the inside of a prill and the outside, which was probably
not significantly affected by the range of salt concentrations used in the study. Kochba
et a. (1990) found that substrate vapor pressure was the rate-limiting step in nutrient
release. Thisindicates that substrate moisture content may be of little importance to
nutrient release because substrate vapor pressure changes little with substrate moisture
level. Worrall (1982) found that short term exposure of PCF to high temperatures did
not appreciably alter subsequent nutrient release at lower temperatures. This indicates
that PCF are relatively stable at high temperatures. Oertli and Lunt found that coating
thickness (1962a) and method of application (top-dressing versus incorporation) (1962b)
significantly affected nutrient release. Thicker coatings decreased release rate relative to
thinner coatings and top-dressing generally decreased release rate in comparison to
incorporation. Cabrera (1997) also found that top-dressing decreased release rate relative
to incorporation. For certain PCF technologies, the addition of special “releasing agents’
to the coating may significantly affect release (Goertz, 1993).

C. Nutrient Release Patterns under Different Experimental Conditions

The nutrient release patterns of PCFs have been observed under several experimental
conditions. Oertli and Lunt (1962a, 1962b) investigated release patterns of PCFsin
beakers of water (water elution) aswell asin columns of soil or sand. These
investigators found that, over the same time period, total nutrient release was twice as
great for a PCF in water than for the same PCF in sand or soil columns (1962a). Oertli
and Lunt (1962a) concluded that a buildup of salt concentrations in a thin boundary layer
of water may inhibit nutrient release in the soil environment. They also speculated that
PCF membrane characteristics may be atered in soil conditions.

Lamont et al. (1987) investigated PCF nutrient release patterns under |aboratory
conditions (using water elution) and in container substrates outdoors. The investigators
found that PCF nutrient release in container substrates was similar to that in water

elution.



[. Release Patter ns of Different Nutrients
A. Macronutrients: Nitrogen, Phosphorus, and Potassium

Most PCF nutrient release studies have investigated macronutrient release. NOs-N
and NH4-N release have been the focus of the mgjority of these studies. Cabrera (1997)
found that N leaching pattern in containers could be strongly affected by PCF type.
Broschat (1996) studied K release from PCFs in sand columns at 21°C and showed that K
release rates were similar for some PCF types, but varied substantialy for other PCF
types.

However, some studies have compared the relative release rates of different
macronutrients from PCFs. Oertli and Lunt (1962a) found that NO3s-N was released at a
higher rate than P under similar conditions. Oertli and Lunt (1962a) also found that N
from NH4NO3 was released faster than K. Tamimi et al. (1983) found that N, P, and K
release rates increased with increasing temperature. Nitrogen had the fastest release rate,
whereas K had the second fastest release rate, and P had the slowest release rate (Tamimi
et a., 1983). In addition, release of the nutrients, especially N and P, tended to be linear
at lower temperatures (21.1°C and 26.7°C) and curvilinear at higher temperatures (32.2°C
and 37.8°C).

Some container studies have compared |leachate concentrations of different nutrients
in PCF- fertilized substrates. Y eager and Cashion (1993) found that |eachate NOs-N and
NH4-N exhibited similar patterns over time for the PCF type they studied. Ruter (1992)
found that leachate EC was highly correlated with NOs-N concentrations from PCF-
fertilized plants. Groves et al. (1998) found different patterns in leachate NOs-N and
NH4-N that were probably due to nitrification in the container substrates. On the other
hand, P concentrations appeared more stable during the experiment than either NOs-N or

NH,-N concentrations.

B. Micronutrients

Recently, some polymer-coated PCF manufacturers have begun to incorporate
micronutrients into their products. Rose and Wang (1999) studied the effectiveness of
slow-release micronutrient sources, including PCFs, in pine bark substrate. The PCF
studied included types that had micronutrients inside the prills and types that had



micronutrients incorporated into the prill coating. For the PCFs studied, increasesin
extractable micronutrient levels did not follow a consistent pattern for the three testing
dates. However, there have as yet been no detailed studies of micronutrient release from
PCFs.

[11. Temperature Response Comparisons Among Different PCF Technologies
Several studies have compared the effects of temperature on release rate for different
PCF technologies. Worrall (1982) found that for nine-month rated PCFs, Type A
(manufactured by Chisso Asahi Fertilizer Co. Ltd., Tokyo) was generally less responsive
to temperature increase than was type B (manufactured by Sierra Chemical Co.,
Marysville, Ohio). Cabrera (1997) showed that certain PCF types may have different

rel ease responses to changes in temperature.

V. Container Temperature: Diurnal Fluctuations

PCFs are used extensively in container plant production. Because PCF nutrient
release is strongly affected by temperature, the diurnal temperature fluctuationsin
nursery containers likely have a significant effect on nutrient release. Furthermore,
nutrient uptake and plant growth can also be substantially affected by container
temperature, although the effects seem to be largely species-specific (Johnson and
Ingram, 1984; Harrison et al., 1988).

Ingram (1981) and Ingram et al. (1989) found that temperatures in the center of a
rigid black plastic nursery container in Florida increased from 21°C in the early morning
to 40°C or more after as little as six hours of outdoor exposure to sunlight. Much of this
temperature increase was due to incident radiation from the sun (Martin and Ingram,
1988). Because diurnal temperature fluctuations in containers can be extreme, the
determination of how these relatively short-term temperature fluctuations affect PCF
nutrient release would be valuable. The present study is the first investigation of the
effects of diurnal temperature fluctuations on PCF nutrient release.



V. Summary

Polymer coated fertilizers are widely used in the container plant production because
they have the potential to reduce labor and management needs, increase nutrient use
efficiency, and maintain good plant growth. To provide these benefitsin full, a PCF
should have a nutrient release pattern that maintains nutrient levels in the range that
promotes optimum plant growth.

The main environmental factor that affects PCF nutrient release is temperature.
Increasing temperature generally increases nutrient release. However, the magnitude and
pattern of temperature response can vary with coating technology, with coating thickness,
and with the presence of “releasing agents’ that may be added to the coating.

A thorough understanding of the relationships between PCF nutrient release and
temperature is important for evaluating PCF effectiveness. Polymer coated fertilizer
temperature response will generaly play alarge role in determining how well PCF
nutrient release parallels plant needs. The present study will investigate the effects of
temperature and time on nutrient release for three major PCF technologies.

Temperature changes in container substrates are generally short-term diurnal fluctuations.
However, until now PCF studies have generally investigated effects of long-term
exposure to constant temperatures. Therefore, this study will also investigate the effects

of simulated short-term diurnal temperature fluctuations on PCF nutrient release.
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CHAPTER TWO
I nfluence of Time on Nutrient Release Patter ns of Three Controlled-Release

Fertilizers

Abstract

Polymer-coated controlled-release fertilizers (PCFs) are the most widely used
fertilizersin the production of container-grown nursery plants. The duration and
magnitude of PCF nutrient release varies with product and this variation can significantly
affect plant growth. Three experiments were conducted to determine the long-term
nutrient release patterns of three PCFs (each with arated longevity of 8-9 months), each
using a different coating technology: Osmocote Plus™ 15N-3.93P-9.96K, Polyon™
18N-2.62P-9.96K, and Nutricote™ 18N-2.62P-6.64K. In Expt. 1, each of the three PCFs
was placed in flasks of distilled water maintained at 40°C for 22 weeks. Fertilizer
solutions were poured off at bi-weekly intervals and measured for electrical conductivity
(EC) and NOs-N, NH4-N, P, K, Fe, Mn, Cu, and Zn concentrations. Overall, nutrient
release for the three PCFs was higher and more variable in the first eight weeks than later
in the experiment. Polyon's™ macronutrient release was generally more gradual than
that of the other products. Micronutrient release patterns varied substantially between
fertilizers and nutrients. In Expt. 2, PB-filled containers were amended with the three
PCFs and irrigated regularly in a greenhouse. PCFs were removed from containers when
Osmocote Plus ™ NOs-N supply was ~66% expended and analyzed for EC and NOs-N,
NH4-N, P and K concentrations. Except for P, the percentage of each nutrient remaining
was roughly comparable to those remaining at the corresponding stage of Expt. 1,
suggesting that PCF nutrient release behavior in the laboratory method is comparable
with nutrient release behavior in PB in the greenhouse. At the end of Expts. 1 and 2,
Osmocote Plus™ had expended a higher percentage of its nutrients than the other
fertilizers. In Expt. 3 substrate solutions were collected weekly from PB-filled containers
(same treatments as in Expt. 2) and EC was determined. The substrate solution EC of
Osmocote Plus™-fertilized PB began to decline sooner than that of the other fertilizers.
Overall, these three experiments led to the conclusion that Osmocote Plus™ nutrient
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release declines more quickly than does Polyon™ or Nutricote™, while Polyon™ has the
most gradual nutrient rel ease pattern.

Introduction

Controlled-release fertilizers (CRFs) are used extensively in container nursery plant
production. A fundamental motivation for the development of CRFs has been the goal of
delivering nutrients to plants at rates that approximate plant demand over an extended
period (Goertz, 1993; Oertli, 1980). Fertilizers with this ability can benefit the nursery
industry by providing greater nutrient use efficiency, better plant growth and quality,
lower labor and management costs, and reduced fertilizer runoff pollution (Goertz, 1993;
Oertli, 1980; Shaviv & Mikkelsen, 1993).

The most widely used CRFs in container plant production are polymer-coated
fertilizers (PCFs). PCFs consist of soluble fertilizer encapsulated in a polymer coating.
Each fertilizer capsuleis called a prill. PCFs release nutrients through a semipermeable
membrane formed by the polymer coating (Bunt, 1988; Goertz, 1993). Water vapor
diffuses into the prill, condenses, and then dissolves some of the fertilizer salts inside the
prill (Bunt, 1988; Goertz, 1993). The resulting fertilizer solution is thought to be released
either viadiffusion (Bunt, 1988; Goertz, 1993) or via hydrostatic pressure forcing
nutrient solution out of the membrane (Kochba et al., 1990; Oertli, 1980).

PCF nutrient release is primarily influenced by temperature and time (Lamont et al.,
1987; Oertli and Lunt 1962a; 1962b). An increase in temperature generally causes an
increase in nutrient release rate (Tamimi et a., 1983). PCF manufacturers categorize
their products by longevity of nutrient release which is commonly based upon the length
of time necessary for the fertilizer to release a high percentage (e.g., 80%) of its contents
at agiven temperature (e.g. 21°C). However, several investigators have questioned the
adequacy of longevity ratings for evaluating PCF performance. For example, Meadows
and Fuller (1983) found that nitrogen release from 8-9 month and 12-14 month rated
PCFs dropped below satisfactory levels after only four months. In addition, Cabrera
(1997) found that different PCFs with 8-9 month longevity ratings have different N
release patterns as indicated by nutrient leaching from pots during a growing season in

greenhouse conditions.
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Because several factors influence the nutrient release patterns of PCFs, the overall
performance of different PCFs can only be adequately evaluated when the effects of these
factors are understood. The main objective of this study was to investigate the effects of
time on the macronutrient and micronutrient rel ease patterns of three PCFs, each using a
different coating technology, under constant temperature conditions in the laboratory and

under changing temperature conditions in the greenhouse.

Materials and Methods

Each of the three PCFs used in this experiment were produced by a different
manufacturer, each of which uses a different coating technology (Goertz, 1993). The
PCF types used were Osmocote Plus™ 15N-3.93P-9.96K (Scotts-Sierra Horticultural
Products, Marysville, Ohio), Polyon™ 18N-2.62P-9.96K (Pursell Technologies Inc.,
Sylacauga, Ala.), and Nutricote™ 18N-2.62P-6.64K (Chisso-Asahi Fertilizer Co., Ltd.,
Tokyo). Osmocote Plus™ 15N-3.93P-9.96K had a longevity rating of 8-9 months while
Polyon™ 18N-2.62P-9.96K and Nutricote™ 18N-2.62P-6.64K each had alongevity
rating of 9 months. Furthermore, both Osmocote Plus™ 15N-3.93P-9.96K and
Nutricote™ 18N-2.62P-6.64K contained micronutrients (B, Cu, Fe, Mn, Mo, and Zn) in
additionto N, P, and K. Information on fertilizer formulation, nutrient sources, and
manufacturers’ longevity clamsisin Appendix E.

Electrical conductivity (EC) of nutrient solutions was measured with a CDM83
Conductivity Meter (Radiometer Copenhagen, Copenhagen). EC was converted,
approximately, to mg/L soluble salts by multiplying mS/cm by 700 (Bunt, 1988). NOs-N
concentration was measured with a Cardy NOs- Nitrate Meter (Spectrum Technologies
Inc., Plainfield, I11.). NH4-N concentration was measured with an ammonia-selective
electrode (HNU Systems, Inc., Newton, Mass.) and an Orion Research Microprocessor
lonalyzer/901 (Orion Research, Boston). Phosphorus, K, Fe, Mn, Cu, and Zn
concentrations were measured via inductively coupled plasma (ICP) spectrometry which
determines elemental concentrations and does not depend upon the molecular species of

an € ement.
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Expt. 1. Soluble salts and macronutrient release patterns under laboratory conditions

For each of the three PCFs, fourteen grams of PCF and 100 mL distilled water were
put into 125 mL Erlenmeyer flasks. There were four flasks of each of the three
fertilizers. Flasks were completely randomized in a 40°C water bath. Bath temperature
was maintained by a thermostatically controlled heater and circulator.

The fertilizer solution in each flask was poured off and collected at one-week
intervals for the first eight weeks. Solutions were poured-off at two-week intervals for
the remaining 16 weeks of the experiment. At each pour-off, prills were rinsed with 100
mL of distilled water and rinsate was collected. The total solution volume (pour-off
combined with rinsate) was then measured. Solutions were analyzed for EC and
concentrations of NOs-N, NH4-N, P, K, Fe, Mn, Cu, and Zn. Only Osmocote Plus™ and
Nutricote™ were formulated with micronutrients. EC was converted to mg soluble salts
as previously described. The experimental design was completely randomized with
repeated measures (using two-week measurement intervals). There were four
replications of each of the three fertilizers. Data were analyzed using SAS (version 6.12,
SAS Ingtitute Inc., Cary, N.C.) PROC MIXED using AR(1) autocorrelation for the

repeated measures.

Expt. 2: Nutrients remaining after 16 weeks in greenhouse conditions

On 31 July 1998, 2.8 L nursery containers, filled with PB, were amended with one of
three different types of PCF (Osmocote Plus™ Plus 15-9-12, Polyon™ 18N-2.62P-
9.96K, or Nutricote™ 18N-2.62P-6.64K). Fertilizer prills were placed in a layer between
folds of cotton paper dish towels to facilitate subsequent fertilizer removal. The fertilizer
prill layer was covered with approximately 5 cm of pine bark. Fertilizers were applied at
the manufacturers recommended rates for incorporation (Osmocote Plus™: 16.8 g;
Polyon™: 23.6 g; Nutricote™: 21.9 g). Two sets of six replications of each of the three
fertilizer types were prepared (for atotal of 2*(3*6) = 36 experimental containers).

Containers were placed on a bench in a greenhouse in a completely randomized
configuration. A row of "guard containers' filled with PB (without fertilizer) were
placed around the periphery of the treatment containers to prevent experimental

containers on the periphery from receiving more solar radiation than containers inside the
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arrangement. Containers were irrigated on Mondays, Wednesdays, and Fridays of each
week with 260 mL of water. Ambient greenhouse temperatures were monitored on
irrigation days beginning on the sixth week of the experiment. Temperatures were
generally in the 17-29°C range through the ninth week and were subsequently in the 17-
26°C range.

An additional 30 PB-filled containers, on a different greenhouse bench, were
amended with Osmocote Plus™ and these containers were treated as described above.
Periodically, fertilizer prills from one o