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ABSTRACT
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Controlled-release fertilizer (CRF) is currently used in containerized nursery production
to improve nutrient use efficiency and reduce run-offs. However, specific strategies involving the
improvement of nutrient management for environmental and economic reasons are still needed.
The objectives of this study were: 1) to determine the optimal CRF top-dress rates to reduce
production time of two flowering shrubs; 2) to investigate the influence of irrigation regimes,
based on substrate water volumetric capacity, on plant growth and nutrient leaching; 3) to
determine the rate of release from incorporated CRF placed in storage. Results of this study show
that a top-dressing application range of 10.0 to 15.0 g N/pot for both Hibiscus and Hydrangea
can improve plant quality and flowering time. Spirea shrubs irrigated at 0.35 m3∙m-3 had best
overall growth and reduced N leaching while Hydrangeas performed best under rate 0.75 kg
N∙m-3. Stored CRF-incorporated substrate for 10 days did not reach concerning levels for
moderate to high salt tolerant plants; however N release began 24 hours after incorporation.
Consumer potting mix stored for six months did not exceed 1.0 mS∙cm-1.
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Chapter 1
Introduction and Literature Review
The Canadian ornamental horticulture industry, which is sub-divided into nurseries,
floriculture, Christmas trees and turf sod (Deliotte and Touche LLP, 2009), is an important sector
for the country’s economy. In 2013 it is estimated that consumers spent over $8 billion in
ornamental retail and landscape services (Vineland Research and Innovation Centre, 2013).
According to Statistics Canada (2016), the number of nursery tree and container grown plant
production reached $459 million in 2015. Containerized plant production can be defined as the
complete confinement of a plant root system within the pot boundary during the growing season
(Kessel and Llewellyn, 2015). This includes deciduous and evergreen shrubs, ornamental and
nursery seedlings, perennial and annual plants (Statistic Canada, 2016).
Container-grown ornamental plants in Canada account for a significant portion of nursery
products, making it an important type of production in the nursery sector (Statistic Canada,
2016). This type of production offers several advantages, which include higher crop density per
hectare, easier management, plant maintenance, efficient handling and shipping (Davison et al.,
2000; Zhu et al., 2015). However, there are also a variety of environmental concerns that result
from the increased intensification of containerized production (Majsztrik et al., 2011). Most of
these environmental concerns are related to frequent irrigation and over fertilization, which leads
to run-off of nutrients into nearby waterways (Alam et al., 2009; Majsztrik et al., 2011).
The standard potting mix used for this type of production is a soilless porous substrate,
which provides the plant root system with good aeration and water movement (Handreck and
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Black, 2002; Kessel and Llewellyn, 2015); however, this soilless growing medium used in most
containerized production has restricted water-holding capacity (Alam et al., 2009). This results in
frequent irrigation which is responsible for the increased loss of nutrients through run-off and
leaching (Alam et al., 2009; Million et al., 2007). Run-off contains mostly Nitrate (NO3-), which
has higher mobility and is easily washed away, and phosphate (PO4-3), which can easily
contaminate waterways (Brady and Weil, 2002a, 2002b; Broschat, 1995). NO3- and PO4-3 run-off
has the potential to accelerate eutrophication of surface water, which is responsible for hypoxia
(lack of oxygen in aquatic systems) (Brady and Weil, 2002a; Carpenter et al., 2010) this is likely
to put the horticultural sector under the spotlight by environmental agencies and public interest
groups (Taylor et al., 2006).
To improve production and reduce run-offs, many nurseries in Canada use controlledrelease fertilizer (CRF) for their containerized plant production because of its slow release of
nutrients over time (Clark and Zheng, 2015a; Hicklenton and Cairns, 1992). CRF products were
designed to ensure that nutrient release from prills (e.g., pellets) would synchronize with plant
nutrient uptake (Shaviv et al., 2003; Wright and Niemiera, 1987). Currently most containergrown outdoor nursery production include one or more of the following practises;
1.

Potting plants in substrate incorporated with CRF or applying a top-dressing of
CRF at the substrate surface after potting (Alam et al., 2009);

2.

Incorporate CRF to soilless substrate prior to planting, and either use it
immediately or pilled on site for about 10 days (K. Osborne, personal
communication);
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3.

Combine incorporated CRF to substrate at potting with a top-dressing
application later in the season to boost crop growth (Alam et al., 2009).

Even though CRF is an efficient and a more environmentally minded product (Newman
et al., 2006), it is recommended that incorporated CRF substrate should be used as soon as
possible (Evans, 2014); rates should be optimized based on species-specific instead of
generalized guidelines suggested by manufacturers (Clark and Zheng, 2015a; Hicklenton and
Cairns, 1992). Furthermore, nurseries typically irrigate one to seven gallon pots using overhead
sprinkler, which is inneficient and increase the potential for nutrient run-offs (Fulcher et al.,
2016). Crops should be irrigated more efficiently according to plant daily water use (DWU),
which in return can reduce nutrient leaching (O’Meara et al., 2014; Warsaw et al., 2009).
To address some of these issues, several studies have been conducted over the years
determining optimal CRF incorporation rates for different containerized nursery plants to
improve production in temperate regions such as Canada and parts of the United States (Agro
and Zheng, 2014; Clark and Zheng, 2015a, 2015b; Hicklenton and Cairns, 1992; Shiflett et al.,
1994). Other researches focused on improving irrigation systems by investigating more efficient
methods such as drip, trickle and sub-irrigation or by combining different irrigation volumes
with different CRF rates (Alam et al., 2009; Colangelo and Brand, 2001; Goodwin et al., 2003;
Groves et al., 1998; Warsaw et al., 2009; Wiese et al., 2009). Others have used moisture sensors
or tensionmeters to water plants according to substrate volumetric water content (VWC) (Burnett
and van Iersel, 2008; Morel, 2001; O’Meara et al., 2014).
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Irrigating container-grown crops more efficiently means less leaching and run-off leaving
the production system (Burnett and van Iersel, 2008). Using optimal CRF rates application based
on species-specific requirements can also help reduce leaching into the environment (Agro and
Zheng, 2014; Clark and Zheng, 2015a, 2015b, 2015c). This means more nutrient availability at
the root zone for plant growth and development (Clark and Zheng, 2015b). However, new
guidelines for containerized ornamental crops based on species-specific fertilization and water
requirement are needed to help develop best management practises (BMP) to reduce nutrient
leaching into the environment (Burnett and van Iersel, 2008; Scagel et al., 2007) while helping
growers shorten the production time.

1.1 The Canadian Ornamental Sector

In the early 90’s the horticultural sector in Canada began to expand its production by
increasing and investing in greenhouses, nurseries and sod industries (Darrach, 2016). Today,
this sector is a 3.7 billion industry within Canada providing consumers with a wide variety of
products (Deliotte and Touche LLP, 2009; Statistics Canada, 2015). The ornamental sector is the
largest and most profitable sector within the horticultural industry accounting for $2.4 billion of
total sales in 2015 helping stimulate the country’s economy (Darrach, 2016; Deliotte and Touche
LLP, 2009). According to Darrach (2016) in 2015 the Canadian ornamental sector exported $498
millions in goods of which $300 millions was derived from nursery products alone. Nursery
sales in 2015 total an amount of $578 millions with Ontario, British Columbia and Quebec being
the largest contributors with 38%, 34% and 15% respectively (Darrach, 2016; Statistics Canada,
2011). Consequently, producing good quality plants with excellent marketability values is very
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important for this sector. Nonetheless, to produce excellent quality products within a high
production system, containers must be frequently irrigated and fertilized before shipping (Alam
et al., 2009; Chen et al., 2001; Million et al., 2007).

1.2 Container-Grown Ornamental Production

The intensification of containerized production where large amounts of fertilizer are
applied to hundreds of containers has raised some environmental concerns (Chen et al., 2001).
Even though the exact number of containers per hectare in Canada is currently unknown, it is
estimated that almost 3,000 hectares of land was dedicated for containerized production with
Ontario, Quebec, Alberta and British Columbia in 2011 (Statistic Canada, 2011). Containerized
production will continue to grow over the years because it offers an extended sales window in
temperate regions, such as Canada (Mathers et al., 2007). Containers can be easily handled and
transported and offer a high unit value, which are attributes sought by growers (Chen et al.,
2001; Mathers et al., 2007). However, this intensification of nursery production is increasingly
contributing to fertilizer run-offs due to frequent irrigation and over fertilization (Fulcher et al.,
2016; Taylor et al., 2006).

1.2.1 Irrigation
Currently, overhead irrigation is the most common form of irrigation used in containergrown outdoor production but is highly inefficient (Fulcher et al., 2016; Kessel and Llewellyn,
2015). Using a more efficient method of irrigation (e.g., drip irrigation) for containers smaller
than 5-gallon (20 litres) is considered expensive due to labour, installation, material and regular
5

maintenance (Beeson, Jr. and Knox, 1991). This means that overhead irrigation will likely
continue to be the main form of irrigation for smaller container-grown crops for years to come
(Fulcher, et al., 2016). Even though the number of nurseries has been on the decline (Statistics
Canada, 2011), the amount of water for nursery production is on the rise and future water
availability for irrigation purposes is expected to decline (Fulcher et al., 2016). The reason, for
such high-water consumption is caused by the soilless substrate used for container production
(Alam et al., 2009). Which typically contains 50-65% of composted bark, 30-40% sphagnum
peat and 10% of either perlite, vermiculate, sand or coco coir (Ontario Ministry of Agriculture,
Food and Rural Affairs, 2016).
Water usage for irrigation purposes at nurseries will vary according to seasonal
conditions. The Ministry of Environmental and Climate Change (2017) state if nursery growers
require more than 50,000 liters of water per day, they must purchase a permit to take water from
either lakes, stream, river, pond or groundwater. This permit is based on the anticipated risk to
the environment and may cost between $750 to $3,000. With climate change playing an
important role in temperature increase and reduced rainfall (Enviroment Canada, 2004) growers
are likely to purchase more water to keep production in reasonable quality (Fulcher et al., 2016).
However, Fulcher et al. (2016) recommends grower to develop water usage strategies and invest
in technology, which will help track and record their water usage.

1.2.2 Fertilization
To improve production in container-grown systems, crops must have an adequate amount
of nutrients for plant uptake (Wright and Niemiera, 1987). Being able to provide plants with
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enough fertilizer is not only important for plant health but also plant quality and marketability
(Zhu et al., 2015). Nitrogen (N), Phosphorous (P) and Potassium (K) are the primary nutrients
required by plant for optimal growth; however, plant species, container size and irrigation
scheduling greatly influence fertilization in container-grown crops (Zhu et al., 2015). It has been
well documented that nitrogen is the most important nutrient of the three minerals for plant
growth and development (Jones et al., 1991; Marschner, 1995); thus, growers usually apply a
higher rate of N to enhance production (Chen et al., 2001). However, growers had a tendency of
over applying fertilizer believing it could prevent any future N deficiency (MacDonald et al.,
2013). This often led to excessive N application (Cabrera, 2003) resulting in NO3-N leaching
(Broschat, 1995). This over application of fertilizer also leads to phosphorus accumulation,
which also results in PO4-3 leaching (Evans, 2014). Cabrera (2003) states that over application of
N P K will negatively impact plant health and suggested that an adjustment of fertilizer
recommendations based on crop demand should be made.

1.2.3 Nitrogen
Nitrogen (N) is one of the most used macronutrients in plant production (Whitcomb et al.,
2014). About 1% to 5% of aboveground plant biomass contains N, which helps form amino acid,
protein, is a major component in chlorophyll and secondary metabolites, aids in the production of
carbohydrates and it is a significant component of nucleic acids (Brady and Weil, 2002a;
Hawkesford et al., 2012). N is a key constituent for plant growth and development, if deficiency
occurs plant growth is stunted, chlorophyll content is reduced along with the formation of protein
and carbohydrates (Brady and Weil, 2002a; Jones et al., 1991) Nitrate and ammonium are the
main sources of N and are readily available in solution for plant uptake (Hawkesford et al.,
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2012). Over the years, over application of N in nursery production has led to higher N leaching
(Cabrera, 2003).

1.2.4 Phosphorous
Phosphorous (P) is the second most important macronutrient, making ≈0.2% of plant
total dry weight (Schachtman et al., 1998; Whitcomb et al., 2014). P is responsible for storage
and transfer of energy that is produced by photosynthesis. P promotes root growth, stimulates
tillering, helps with cell division and development of new tissues, aids with plant reproduction
and regulates metabolic pathways (Vance et al., 2003; Jones et al., 1991). P is taken by the plant
as phosphate (PO4-3), which is either in the HPO4-2 forms in alkaline conditions or in the H2PO4form in acidic conditions (Busman et al., 2009; Jones et al., 1991). P deficiency is responsible for
stunted growth, reduced tillering, delayed maturity, reduced flower production and leaves may
present a purple or yellowish colour (Brady and Weil, 2002b; Schachtman et al., 1998). P
deficiency cannot be easily detected and for this reason it is important to provide crops with an
adequate amount of this nutrient.

1.2.5 Potassium
Potassium (P) is the third most limiting nutrient involved in plant growth and composes 1
to 5% dry weight of leaf tissue (Brand and Weil, 2002b; Jones et al., 1991). K is available in K+
ion in soil solution and it enters the plant through root absorption (Jones et al., 1991). It helps
maintain the turgor pressure of cells, aids in starch synthesis, photosynthesis, nitrate reduction
and balancing cation for anion, which helps regulate the opening and closing of stomata (Brand
and Weil, 2002b; Jones et al., 1991). It also helps plants to adapt to environmental constrains.
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Plants are considered deficient if leaf dry weight is less than 1.5%, which can cause plants to be
prone to disease, scorching of older leaves and ammonium toxicity (Brand and Weil, 2002b;
Jones et al., 1991). On the other hand, if plants experience an excess of K (e.g., > 3.0%), it will
cause them to exhibit Mg deficiency (Jones et al., 1991). Even though K is more likely to leach
than P, there are no environmental concerns involving K leaching into water sources.

1.3 Improving Nutrient Management for Environmental and Economic
Reasons

There are several reasons why growers continue to pursue sustainable production
practices while staying economically competitive in the market (Cardarelli et al., 2015;
MacDonald et al., 2013). Over fertilization has led to the increase of nutrient run-offs to surface
and ground water (Colangelo and Brand, 2001; Yeager and Cashion, 1993). It is also expensive
for growers as synthetic fertilizer prices continue to rise as do costs for labour for fertilizer
application (Agro and Zheng, 2014; Halvin and Benson, 2006). According to Darrach (2016) the
overall operating cost for labour and other operating expenses in all nurseries in Canada in 2015
was $225 million and $212 million respectively. Hence, growers continue to seek ways to
improve production while reducing cost (Mathers et al., 2007). In addition, excess nutrient
availability can have detrimental effects on plant health while insufficient fertilization will cause
the plant to be nutrient deficient and prone to disease, both of which result in loss of production
(Agro and Zheng, 2014; White and Brown, 2010; Whitcomb et al., 2014).
According to MacDonald et al. (2013) and Chen et al. (2001) because nutrient use
efficiency is species-specific, being able to synchronize plant uptake with fertilizer supply would
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likely maximize crop nutrient uptake (Cabrera, 1997). Using optimal N rates based on speciesspecific requirements could translate into reducing N application by at least 20% (Chen et al.,
2001). This would provide growers with a tool to enhance crop production while reducing runoffs (MacDonald et al., 2013). Making production more efficient using an environmentally
friendly approach could also provide nurseries with the opportunity to reduce production time,
decrease labour cost while increasing profit margins (Burnett and van Iersel, 2008; Majsztrik et
al., 2011; Million et al., 2007).

1.3.1 Nitrogen leaching
Nitrate (NO3-) is highly soluble in water and it does not bind with clay particle or form
insoluble compounds with other elements (McKague and Reid, 2016). This makes NO3- highly
mobile as it moves through the soil profile becoming readily available for plant root uptake
(Brady and Weil, 2002a; Jones et al., 1991). However, if the amount of NO3- exceeds crop
demand, this excess will be leached out of substrates through the next watering event (e.g., rain
or irrigation scheduling) (Cabrera, 2003; Mathers et al., 2007). According to Broschat (1995)
NO3- leaching from containerized production has the potential to pollute surface and
groundwater. Water contaminated with high levels of NO3- causes methemoglobinemia in
infants (also known as baby blue syndrome), and high levels of methemoglobin can lead to death
(Knobeloch et al., 2000; McKague and Reid, 2016). The Ontario Drinking Water Standards
states that the limit of NO3- allowed in drinking waters should not exceed 10 mg/L (Ontario safe
drinking water act, 2002). According to McKague and Reid (2016) the province of Ontario is
currently contemplating the possibility of also adding NO3- leaching to the Provincial Water
Quality Objectives (PWQO).
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On the other hand, ammonium (NH4+) availability in the soil is usually low (McKague
and Reid, 2016). This is because NH4+ binds easily to negatively charged elements and clay
particles and it also converted to NO3- through the process of mineralization (Brandy and Weil,
2002b). However, NH4+ is also highly soluble in water and its form (ionized or un-ionized) is
affected by temperature and pH (an increase of both increase the un-ionized form of ammonia)
(Canadian Council of Ministers of the Environment, 2010). According to the PWQO high levels
un-ionized ammonia (NH3) leached to rivers and lakes are highly toxic to aquatic life and should
not exceed 20 μg/L (Ministry of Enviroment and Energy, 1994).

1.3.2 Phosphorous leaching
Synthetic fertilizers already provide phosphorous in its inorganic form, which can be
easily absorbed by the plant upon contact with water. PO4-3 is an immobile ion in most soils but
losing a small amount to leaching can have detrimental effects on surface water (Brady and Weil,
2002b). Phosphorous run-offs have been responsible for the contamination of waterways,
including the great lakes with algal bloom (Munroe, 2015). Because of its immobility, it
accumulates as precipitates in the soil, which with increased rainfall and irrigation frequency the
chances of PO4-3 leaching also increases (Busman et al., 2009). According to Busman et al.
(2009) soil pH also greatly influences PO4-3 availability. For example, either an alkaline or acidic
soil results in an insoluble compound of PO4-3, which is not available for plant uptake. This
increase of PO4-3 in solution leads to leaching and run-off to nearby surface water increasing the
possibilities of further water contamination (Brady and Weil, 2002b); hence growers should be
aware that optimal soil pH should be kept between 5.5 - 7.3 (Busman et al., 2009).
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1.4 Improving Nutrient Use Efficiency with Controlled-Release Fertilizer
Nutrient use efficiency (NUE) can be defined as how effective plants absorb available
nutrient as a percentage of total nutrient in the soil at a given time (Trenkel, 2010). To increase
NUE and avoid negative effects on the environment, it is important to ensure that the amount of
nutrient available in the growing substrate does not overly exceed plant nutrient uptake (Agro
and Zheng, 2014; Trenkel, 2010).
To improve nutrient use efficiency, coated fertilizer such as slow release (SRF) and
controlled-release fertilizer (CRF), were introduced on the market in the 1950’s. Even though
both coated fertilizers have been used interchangeably over the years (Cabrera, 1996), CRF “rate,
pattern and duration” of release is well-controlled during manufacturing (Shaviv, 2000). CRF is
more efficient than liquid fertilizer, as it provides a gradual release of nutrient and the potential
for initial high salt levels within substrates is minimized (Cabrera, 1997). Currently, the most
common CRF’s in containerized production are polymer coated fertilizers, which are considered
to be the most technologically advanced fertilizers on the market (e.g., Polyon®, Multicote®,
Nutricote®, etc…) (Husby et al., 2003; Shaviv, 2000). According to Shaviv et al. (2003) polymer
coated fertilizers follow a conceptual model of nutrient release, which involves a three phase
progression including lag phase, linear phase and decay phase as shown in Fig 1.1.
To contend with varying production timelines, CRF manufacturers developed different
longevity formulations for their products, ranging from 3 to 16 months. The CRF product
longevity is based on a constant temperature specified by manufacturers (Huett and Gogel,
2000; Husby et al., 2003; Jacobs, 2005). Several researches conducted under laboratory
conditions found that CRF release is highly affected by temperature increase (Adams et al.,
2013; Broschat, 2005; Hicklenton and Cairns, 1992a; Huett and Gogel, 2000; Husby et al., 2003;
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Lamont et al., 1987; Oertli and Lunt, 1962), coating technology (Huett and Gogel, 2000) and, in
some instances, slightly affected by moisture (Broschat, 2005; Huett and Gogel, 2000; Lamont
et al., 1987; Wright and Niemiera, 1987). However, a more recent study conducted by Adam et
al. (2013) exposed different types of CRF to water, moisture and solid substrate under high
temperature and concluded that the rate of nutrient release was not dependent on any level of
moisture availability, but mainly on temperature.
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Fig. 1. 1: The conceptual model of CRF nutrient release involves three phases; (1) the lag
phase, where aqueous vapour enters the prills and reacts with fertilizer salts causing
them to diffuse very slowly; (2) the linear phase, a constant rate of release is
maintained throughout this period as long as both saturated solution and undissolved fertilizer granules are at equilibrium, which is caused by the
concentration gradient; (3) the decay phase, where internal solutes concentration
begins to decline gradually; this occurs due to influx of water exceeding the efflux
of nutrients leaving the prill, thus causing the rate of nutrient availability to the
plant to drop resulting in complete diffusion of nutrients (Shaviv et al., 2003).
Graph was obtained from Trenkel (2010).
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1.4.1 Advantages and disadvantages of CRF
CRF offers several benefits such as slow salt build up, nutrient availability throughout the
season, less leaching and runoff and more localized fertilization (Cabrera, 1996). Because CRF is
designed to release nutrients over time it enables growers to increase NUE while also minimizing
negative effects on the environment (Shaviv, 2000; Shaviv et al., 2003; Trenkel, 2010).
According to Chen et al. (2001) and Broschat (1995) CRFs leach less NO3- than other
conventional methods of fertilization. For example, products like water soluble granular
fertilizer (SGF) can provide plants with immediate nutrients but because of its instantaneous
nutrient availability, salts content within the substrate is typically high right after the application
and a high percentage of nutrient is lost through leaching (Broschat, 1995). On the other hand,
CRF can be applied in larger amounts with less frequency without raising the salt content to
toxic levels (Trenkel, 2010) when the rate applied is optimal for plant uptake (Cabrera, 1997). In
addition, by reducing fertilizer application over the growing season, it also helps to reduce labour
cost associated with crop fertilization (Shaviv, 2000). Growers are also able to monitor the N
release from containerized outdoor production efficiently by measuring substrate Electrical
Conductivity (EC) and pH using the pour-through extraction method and the saturated paste
method (Birrenkott et al., 2005).
One of the main limiting factors with CRF is the cost associated with production.
According to Trenkel (2010) the technology used in polymer coated fertilizer can be a
complicated process, requiring specific procedures and the material used is more expensive than
any other conventional fertilizer. In addition, unseasonably low or high temperature will also
influence the rate of release and impact plant production negatively. For example, unseasonably
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low temperature will delay the release, which could result in plant deficiency; on the other hand,
high temperature will increase the rate of release resulting in accumulation of soluble salts in the
rhizosphere (this also increases the potential for leaching) (Cabrera, 1997).

1.5 Production Challenges with CRF
One of the preferred methods of CRF fertilization is by incorporating CRF into the
substrate before potting (Alam et al., 2009), which saves time and labour cost. However, one
problem associated with incorporating CRF before potting in early spring, is that prills start to
release significant amount of nutrients, especially N, when temperate region shrubs tend to have
low nutrient uptake (Cabrera, 1997; Newman et al., 2006; Wright and Niemiera, 1987). This has
raised some complaints regarding CRF release and plant nutrient requirement not being
completely synchronized (Cabrera, 1997). Conversely, when the plant requirement for N is high,
which usually happens later in the season, the amount of N available in the prills is not enough to
keep up with plant demand (Ivy et al., 2002; Newman et al., 2006; Sandrock et al., 2005; Shober
et al., 2010; Wright and Niemiera, 1987).
Another concern is the actual longevity of CRF formulations listed by the manufacturers.
According to Meadows and Fuller (1983) the longevity rating of polymer coated CRF products is
usually shorter than listed on packaging. A study conducted by Huett and Gogel (2000) tested the
rate of N P K release characteristics of 17 different types of CRF (different longevity and
products) under constant temperature of 30 and 40 ℃ and found that the period of release for
these products is shorter than the release advertised by the manufacturers. Husby et al. (2003)
were also able to confirm that the rate of release of NO3- and NH4+ increased within 20 hours of
being exposed to temperature between 20 to 40 ℃. These results could indicate that if container
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temperature exceeds 20 ℃, the rate of release is increased immediately. Lamont et al. (1987)
conducted a 13 week experiment where they also determined the release characteristics of 8-9
Osmocote® and Nutricote® under different temperature ranges. What they found was that the
release of nutrients was more pronounced in the first week. This increased release on the first
week may present a problem for incorporated fertilizer placed in storage for several days or
weeks. Some of the CRF manufacturers usually recommend that stored substrate with
incorporated CRF for seven days should be leached before plating, to avoid possible level of
high salt concentrations.
Another challenge related to production is that optimizing CRF rates based on speciesspecific requirements under different environmental conditions and management practises has
been a challenge (Clark and Zheng, 2015a). Each plant species has different nutrient
requirements making it even more difficult to find the appropriate fertilizer rate (Chen et al.,
2004; Chong et al., 2004; Clark and Zheng, 2015c). According to Wright and Niemiera, (1987) it
has been difficult to provide information on nutrient requirements for many container-grown
species based on best rates for optimal growth from previous research. This is because most of
these studies were conducted using different irrigation regimes, different growing substrates,
plant size, different locations with different environmental factors.

1.6 Optimizing CRF application
Maghrebi et al. (2014) stated that best management practises for fertilizer in crop
production should always include but not limited to: a) be able to match fertilizer release with
crop uptake; b) best time of application, where nutrient use efficiency will be maximized; c)
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optimal CRF rate application based on plant species or cultivar and d) the physical application of
CRF (e.g., incorporated vs. top-dressing).
Experiments conducted in recent years (Agro and Zheng, 2014; Clark and Zheng, 2015a,
2015b; Zheng et al., 2013) have been able to recommend optimal incorporated CRF rates for
different high valued ornamental plants (1- and 2-gal) at several nurseries in Ontario, helping
growers make informed decisions about fertilization rate based on specie-specific requirements.
On the other hand, a few studies have shown that topdressing applications allow the slow
movement of nutrient through the substrate profile, giving the fine roots a chance to absorb
nutrients more efficiently (Alam et al., 2009; Cabrera 1996). Hence, relying solely on
incorporated fertilizer means that plant nutrient requirements may not be met and prills located
below the root zone will likely leach once diffusion occurs (Cabrera, 1996).
This lack of synchronization between plant uptake and fertilizer release has been a
limiting factor in reducing over fertilization in outdoor production (Zhu et al., 2015). For this
reason, nursery growers would like to see more information about combining incorporated and
top-dressing fertilizer applications during one growing season. This type of information would
possibly allow growers to bridge the gap between early fertilizer application and species-specific
nutrient demand overlapped by the application of optimal top-dressing rate as shown in Fig 1.2.
To date, combining these two methods of fertilizer application for region-specific plants under
nursery management practices is still lacking (Zhu et al., 2015). Previous studies have compared
the efficiency of incorporated and top-dressed CRF applications individually under different
irrigation regimes but none of these studies have focused on combining both methods to improve
production (Alam et al., 2009; Cabrera, 1997; Hoskins et al., 2014). Being able to provide

18

growers with optimization of top-dressing application along with incorporated fertilizer may
enhance plant quality and accelerate growth which in return would allow growers to sell shrubs
earlier in the season reducing the need for further irrigation and cost associated with labour.
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CRF Release

Plant nutrient requirement

Peak release
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Fig. 1. 2:

Time

Late summer

A typical nutrient and plant requirement curve over the growing season. Dark solid
line represents the CRF release from the incorporated fertilizer in early spring.
Dotted line represents the trend of plant nutrient requirement uptake (especially N)
during the growing season. The overlap (gap) is where the peak of CRF release and
nutrient requirement is not synchronized. At this time, an optimal top-dressing
application would be most beneficial for further plant growth. Adapted from Ivy et
al. (2002), Cabrera (2003), Clark and Zheng (2015).
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Improving crop water use efficiency would also help reduce leaching from CRF
application; however, irrigation frequency is highly dependent on management practices. For
example, some growers like to keep high moisture level content within their crops (i.e., “wet
growers”) and other like to irrigate when the substrate is on the dry side (i.e., “dry growers”) (Y.
Zheng, personal communication). However, plants should be irrigated according to their actual
water use efficiency, which would be based on substrate moisture content levels (Burnett and
van Iersel, 2008; Schwankl et al., 2014). Although determining water requirements for containergrown plants based on species-specific shrubs has been challenging (O’Meara et al., 2014). To
improve irrigation efficiency, moisture sensors have been introduced on the market to help
growers reduce water usage without compromising plant marketability (Chappell et al., 2013;
van Iersel et al., 2013). These moisture sensors can determine the water volumetric capacity of
growing media, which would allow growers to irrigate based on the plant water needs (Burnett
and van Iersel, 2008; van Iersel et al., 2013) improving irrigation efficiency while at the same
time reducing leaching and run-offs from CRF application (Alam et al., 2009; Chappell et al.,
2013). According to Burnett and van Iersel (2008) more research is needed to determine water
usage efficiency of different plant species based on substrate moisture availability.
Furthermore, recommendations for the storage of CRF-incorporated substrate is still
unclear. Studies conducted by Adam et al. (2013), Broschat (2005) Lamont et al. (1987),
Hicklenton and Cairns (1992) and Husby et al. (2003) have determined under laboratory
conditions that CRF begins its release as soon as the product is exposed > 20 ℃. However,
further research must be conducted where incorporated CRF is placed under storage condition
exposed to realistic nursery management practises. This type of information would allow
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growers to manage storage of incorporated CRF according to crop sensitivity to the
accumulation of soluble salts.

1.7 Economically Important Ornamental Shrubs
According to Brethour et al. (2007), ornamental plants have economic and environmental
benefits as well as promoting a healthy lifestyle for consumers. Flowering semi-hardwood bushy
shrubs such as Hydrangea are highly sought after by consumers because of their beautiful
flowering display (Adkins and Dirr, 2003; Halcomb and Reed, 2012). It is estimated that 13,000
container-grown deciduous shrubs (e.g., Hydrangea, Hibiscus and Spirea) were sold in 2015, an
increase of 39% from the previous year (Statistics Canada, 2016). With this increase demand for
container-grown shrubs, growers must keep in mind that consumers are likely to pay more if
plants are symmetrical, larger in size and have an abundant number of flowers (Brethour et al.,
2007). To date, there are over 500 container-grown species that still lack information on optimal
CRF rates based on their nutrient requirement (Chen et al., 2001). Being able to improve plant
production by optimizing their nutrient use efficiency would enhance plant quality, provide cost
savings while providing consumers with an environmentally friendly product.

1.8 Research Question and Objectives

What new management practises in containerized production could reduce production
time and costs while mitigating negative environmental impact?
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This study was conducted to provide growers with more information on how to shorten
production time for economically important shrubs while also reducing leaching from
production. According to Vineland Research and Innovation Centre (2013), climate change, high
labour cost and new government regulations top the list for significant change drivers, which the
horticultural sector need to take into consideration for current and future production. For
example, the Ontario Nutrient Management Act (2002) and the Ontario Water Resources Act
(1990) requires the farm sector to manage nutrient diligently and ensure that any farming
discharges does not enter water sources. With these challenges at hand the objectives of this
study were to:
1.

Identify the optimal CRF top-dressing rate to induce earlier flowering in an

attempt to reduce production time at nurseries;
2.

Evaluate the effects of different irrigation regimes and CRF rates on plant growth

and N P K loss through leaching;
3.

Determine the rate of release from incorporated CRF during potting media

storage.

This study intends to provide recommendations for growers to use optimal top-dressing
rates to reduce production time, irrigate crops based on substrate volumetric water content and
advise growers on storage of CRF-containing growing substrate. Each experimental chapter in
this thesis (2, 3 and 4) follow the HortScience guidelines style set for manuscript submission.
HortScience is a Journal of the America Society of Horticultural Sciences.
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Chapter 2
Controlled-release fertilizer can be used to manage flowering and production
time for container-grown Hydrangea and Hibiscus

2.1 Introduction
Producing container-grown ornamental shrubs is a common practices in Canadian
nurseries production. To aid with this type of production, many nurseries use polymer-coated
controlled-release fertilizer (CRF) because it slowly releases nutrients over time, which helps
improve plant nutrition and minimize nutrient run-off (Alam et al., 2009; Birrenkott et al., 2005;
Scagel et al., 2007). CRF follows a conceptual model of nutrient release, where the release of
nutrients from fertilizer prills (e.g., pellets) and plant demands are synchronized to ensure
maximum efficiency of plant nutrient uptake (Shaviv et al., 2003; Wright and Niemiera, 1987).
Studies conducted by Agro and Zheng (2014), Clark and Zheng (2015a, 2015b) and
Zheng et al. (2013) have been able to recommend incorporated optimal CRF rates for different
high-value ornamental plants at several nurseries in Ontario. This has given growers the
appropriate information to best manage individual crops. However, guidelines combining
incorporated and optimal rates of top-dress fertilizer application in one growing season are still
needed (Zhu et al., 2015), especially to improve production of flowering shrubs. The disconnect
between early-season nutrient release from CRFs and plant nutrient requirement later in the
growing season has the potential to compromise plant marketability (Clark and Zheng, 2015b).
According to Cameron et al. (2006) an increasing demand to maximize crop growth and
improve plant quality, while minimizing cost associated with production timing, has been
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challenging for growers especially during flowering ornamental shrub production. The
expectation is that shrubs must reach their physiological maturity, when the display of flower
buds is abundant throughout the canopy. A common management practice at some nurseries
includes pruning shrubs to reduce plant height and promote lateral branching (Cochran et al.,
2013; Klingeman et al., 2008); however, pruning flowering plants promotes young shoot growth
and delays floral initiation (Cameron et al., 2006). Maximizing crop production by reducing
time to flower, without compromising plant size and quality, is of great interest to floriculture
and nursery sectors (Warner and Erwin, 2003). Applying optimal top-dressed control-released
fertilizer (CRF) rates could be used as a management strategy to reduce pruning for flowering
shrubs, which in turn can reduce labour costs and aid in plant establishment (Burdett et al., 1984;
Clark and Zheng, 2015b).
Several studies have been conducted to determine the flowering potential of the different
Hydrangea macrophylla cultivars using water restriction (Morel, 2001), photoperiod (Adkins
and Dirr, 2003) and fertigation (Bi et al., 2008). Photoperiod has also been used to induce early
flowering and increase the number of flowers per plant on many different Hibiscus cultivars
(Warner and Erwin, 2001, 2003); however, the I am not aware of any research conducted using
CRF to determine the flowering potential of 5-gallon Hydrangea or Hibiscus shrubs.
The combined approach of incorporating CRF at planting, followed by a top-dressed
CRF application later in the growing season could allow growers to bridge the gap between time
of nutrient release and plant nutrient requirement. To integrate both incorporated and top-dressed
CRF application, optimal top-dressing rates based on species-specific requirements and best time
of application under on-site nursery management practices must be determined. We hypothesized
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that finding the optimal top-dressing rates would provide the species-specific adequate amount of
nutrients to promote growth and earlier blooms. Therefore, the objective of this study was to
identify the optimal CRF top-dressing rates to reduce production time for both Hydrangea and
Hibiscus flowering shrubs.

2.2. Material and Methods
2.2.1 Plant material and treatment
Bare-root Hydrangea paniculata ‘Limelight’ and Hibiscus syriacus ‘Sugar tip’ were
potted on 18 Apr. 2015 at a commercial nursery in Southwestern Ontario (lat. 43o.40’ N, long.
79o.55’ W). Each plant was potted in a 5-gallon, white (13.3 L, 27 cm up diameter ×14 cm
bottom diameter × 28 cm height) nursery container using a growing substrate consisting of 40%
composted pine bark, 35% aged bark-blend A, 10% softwood fines and 15% compost [GrowBark (Ontario) Ltd., Georgetown, ON, Canada]. Polyon® 19N-2.6P-10.8K + Minors, 8-9 months
duration CRF duration consisting of 8.1% NH3-N and 7.2% NO3--N (Crop Production Services,
Evergro Division, Brantford, ON) was incorporated into the growing substrate at a rate of 4.16
kg N·m-3 before potting in accordance with the nursery’s standard protocol for growing these
crops.
Two types of CRF were selected for top-dressing: Polyon® 16N-2.6P-10.8K + Minors, 34 months duration (consisting of 8.8% NH3-N and 7.2% NO3--N; Crop Production Services,
Evergro Division) and Multicote® 18N-2.6P-10.0K + Minors, 4 months duration (consisting of
6.6% NH3-N and 5.8% NO3--N; Haifa NutriTech Inc., Altamonte Springs, FL). Containers were
top-dressed manually 47 days after transplanting (DAT) at one of the following CRF rates: 0.0,
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2.5 (0.076), 5.0 (0.152), 7.5 (0.227), 10.0 g (0.303), 12.5 (0.379) or 15.0 (0.455) g N/pot or (kg
N·m-2 growing substrate). CRF rates were selected based on recommendations from the fertilizer
companies and previous studies (Cabrera, 1997; Clark and Zheng, 2015a).
Water from an on-site catchment pond was used to irrigate plants throughout the growing
season, at the discretion of the grower. Substrate volumetric water content (VWC) was measured
at ten-second intervals using four moisture/temperature STD 5M sensors connected to a Decagon
EM50 data-logger (Decagon Devices Inc., Pullman, WA). Each of the four sensors was installed
in the growing substrate of an individual pot for two Hibiscus and two Hydrangea plants at a
depth ≈ 12.5 cm. Average daily VWC content ranged from 0.33 to 0.49 m ·m- for Hibiscus and
0.23 to 0.49 m ·m- for Hydrangea. Daily average air temperature ranged between 9.3 to 24.3 oC
for the first 47 DAT (Fig. 2.1) (Environment Canada, 2015). After top-dressing (ATD), e.g., 63
DAT onwards, daily temperatures increased gradually, ranging from 17.1 to 22.1 oC for June,
20.1 to 26.1 oC for July and 19.1 to 30.4 oC for August 2015. Daily temperatures remained above
21 oC for the last 60 days of this study (i.e., 27 June to 27 Aug. 2015).
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Fig. 2. 1:

Daily average (solid line), minimum (lower dotted line), and maximum (upper
dotted line) outdoor air temperature from 18 Apr. 2015 to 27 Aug. 2015 at the Pa
Atmos Naval Weather Station (43°37'25.6"N, 79°50'21.2"W) (adapted from
Environment Canada, 2015). Horizontal solid line indicates temperature at which
the product longevity of Polyon® 16N-2.6P-10.8K, 3-4 months controlled-release
fertilizer was determined by Agrium Advanced Technologies Inc. The horizontal
dotted line indicates temperature longevity Multicote® 18N-2.6P-10.0K, 4 months
as determined by Haifa NutriTech Inc.
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2.2.2 Experimental design
Ten plants for each of six CRF rate treatments, two plant species, and two fertilizer types
were organized in a completely randomized design, arranged by species. Plants were placed
outdoors on black weed barrier cloth and re-randomized twice per month to reduce location
error. Following the layout used by Agro and Zheng (2014) and Clark and Zheng (2015a,
2015b), both species groups were bordered with at least two rows of non-experimental plants to
reduce perimeter effects.

2.2.3 Measurements
Beginning on 23 Apr. 2015, five plants from each species were randomly selected every
ten days for a period of five weeks to measure the substrate electrical conductivity (EC) and pH
using the pour-through procedure (Wright, 1986). The objective of this procedure was to verify
the nutrient status in the growing substrate. Once substrate EC reached a mean of 1.1 mS·cm-1,
the six CRF rates for each fertilizer type were applied by top-dressing.
Substrate EC and pH were measured for five plants per species per CRF type and rate
treatment every 16 ± 2 days ATD using the pour-through procedure. Irrigation water was
sampled monthly from the on-site catchment pond. Leachate (collected from pour-through) and
irrigation water EC and pH were analyzed using an Oakton PC 300 portable EC and pH meter
(OAKTON Instruments, Vernon Hills, IL). Irrigation water EC and pH collected 38, 94 and 129
DAT were on average 0.7 mS·cm-1 and 8.2, respectively. Plant growth was assessed by
measuring plant height (i.e., from the surface of the growing substrate to the top of the highest
shoot), and canopy width in two perpendicular directions (i.e., width1 and width2). The
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aboveground growth index was calculated using the equation [(height x width1 x width2)/300] as
per Ruter (1992).
Time of flowering was assessed visually for all treatments across species for the duration
of this experiment. Days to flowering for Hibiscus were defined once the first flower opened
(anthesis). Hydrangea visual assessment for the first day to flower was defined based on
developing inflorescences with ≈ 7 cm in length (i.e. from the base to the tip of the
inflorescence) with individual lateral florets closed. For floral display assessments, a quadrant
method was developed to evaluate the symmetry of flower distribution throughout the plant
canopy. Each quadrant represented 25% of flower coverage, if the plant received a score ≥75%
(three full quadrants or more) it received a rating of 5; if the score was 50% (two full quadrants)
it received a rating of 3 and if the score was <30% (less than two full quadrants) it was rated as 1.
Chlorophyll content index (CCI) of three fully-expanded leaves at the upper-most point of the
plant was measured on 20 July and 27 Aug. 2015 using a CCM-200 Chlorophyll content meter
(Opti-Science, Inc. Hudson, NH).
On 27 Aug. 2015, Hibiscus flower and Hydrangea inflorescence number per plant were
counted and dimensions were measured. Specifically, flower area for Hibiscus was calculated
using the following equation for the area of a circle: [A= 𝜋 𝑟 2]. The radius was calculated by
dividing the average width, measured in two perpendicular directions, by two. Hydrangea
inflorescence volume was calculated using the following equation for a right circular cone: [𝑉 =
ℎ

𝜋 𝑟 2 3]. The radius was calculated by taking the average width measured in two perpendicular
directions at the base of the inflorescence and dividing the average width by two. The height was
measured from the base to the tip of inflorescence. On 27 Aug. 2015, five plants per species per
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CRF type and rate were rated on a scale of 1 (poor) to 5 (excellent) for plant overall appearance,
based on principles outlined by Stroup et al. (1998). At the end of this study, plant marketability
and consumer preference were evaluated visually considering four attributes: plant symmetry,
leaf greenness, foliage density and floral display. The four attribute ratings were averaged for
each CRF type and rate combination to provide an overall appearance assessment. On 16 July
and 3 Sep. 2015, the on-site nursery growers and industry professionals evaluated Hibiscus and
Hydrangea plants from all CRF type and rates for marketability based on the same attributes
listed above.
On 4 Sep. 2015, four representative plants per species per CRF type and rate were
selected to determine leaf area by using a leaf area meter (LI-3100; LI-Cor Inc., Lincoln, NE).
Shoot dry weight was determined by drying stems and flowers or inflorescences at 70 oC until a
constant weight was reached. The total shoot dry weight was calculated as the sum of stem,
flower or inflorescence, and leaf tissue dry weight. Root growth was evaluated on 21 Sep. 2015
by visually evaluating root growth on the side perimeter and bottom surface sections of the root
zone, when each root ball was removed from the container. A percentage rating between 0 to
100% was given according to the root distribution across the surface of the growing substrate.

2.2.4 Statistical analysis
All data sets were analysed using GraphPad Prism Version 6.01 (GraphPad Software
Inc., La Jolla, CA), using a significance level of P < 0.05. A one-way analysis of variance
(ANOVA) was used to analyze data for number of flowers and overall appearance followed by a
Tukey’s multiple comparison post-test, and for substrate EC and pH followed by a Dunnett
multiple comparison test. Prior to analysis, root-ranking values were transformed using an arcsin
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transformation to ensure a normally distributed data set. A two-way repeated measures ANOVA
with a Bonferroni post-test was used to evaluate differences among CRF rates treatments over
time for leachate EC and pH. Regression analyses with extra sum-of-square F tests were used to
relate CRF rates to substrate EC and pH, CCI, growth index, plant height, substrate surface root
coverage, shoot dry weight, leaf area and flower size, to estimate regression parameters for the
best-fit regression model (linear, quadratic or cubic).

2.3 Results
2.3.1 Plant growth
Plant growth (i.e., leaf area, shoot dry weight, plant height and growth index) either
increased linearly or responded quadratically to the increase of CRF rate (Fig. 2.2, Table 2.1).
Growth index increased for Hydrangea and reached a maximum at rate 13.0 g N/pot for Polyon®
and 15.1 g N/pot for Multicote®. Growth index increased for Hibiscus top-dressed with both
CRF types, but did not reach a plateau even at the highest CRF rate. Shoot dry weight and leaf
area also responded to CRF rate with a similar trend, increasing for both plant species and CRF
types. At the end of the trial (23 Sep. 2015), the percentage of substrate surface root coverage
around the side perimeter of the Hydrangea root ball ranged from 35% to 60%. Statistical
analysis showed that Hydrangea root coverage for both CRF types responded to CRF rate
quadratically (Fig. 2.3); however, there was no CRF treatment effect on the root coverage of
Hibiscus for either CRF type (data not shown).
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2.3.2 Flowering time
Hydrangea plants first day to flower was observed around 87 DAT (14 July 2015) for
rates 10.0 and 12.5 g N/pot for Polyon® and 10.0, 12.5 and 15.0 g N/pot for Multicote®. By 100
DAT (27 July 2015) all CRF rates had inflorescences with individual florets closed with higher
rates having inflorescences with individual florets mostly or completely opened. Flowering for
all rates continued until the end of this study. Hibiscus plants began to open their flowers on 110
DAT (5 Aug. 2015) for rates 10.0, 12.5 and 15.0 g N/pot for both CRF types. On 123 DAT (18
Aug. 2015) all rates had flowered, but shortly after flowers and buds of shrubs with no top-dress
(0.0 g N/pot) turned brown and dropped off from plants. All top-dressed rates for both CRF types
had flowers until harvest day 140 DAT (i.e., 04 Sep. 2015).
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Hydrangea Multicote

Hibiscus Multicote

Fig. 2. 2: Total shoot dry weigh, leaf area measured in September 2015 and growth index
increase for Hibiscus syriacus ‘Sugar tip’ and Hydrangea paniculata ‘Limelight’
top-dressed with different rates of Polyon® 16N-2.6P-10.8K or Multicote® 18N2.6P-10K. Data are means ± SE with n=4 for shoot dry weight and leaf area, n=5
for growth index. Lines represent the best fit at P < 0.05. Growth index increase
was calculated as: final growth index measured on 27 Aug. 2015 - initial
measurement on 3 June 2015.
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Table 2.1. Influence of controlled-release fertilizer (CRF) rate on plant height evaluated over
time for Hibiscus syriacus ‘Sugar tip’ and Hydrangea paniculata ‘Limelight’ top-dressed
with different rates of Polyon® 16N-2.6P-10.8K or Multicote® 18N-2.6P-10K.
Multicote 18N-2.6P10K
Hibiscus
z

(g N/pot)

CRF
(g/pot)

June

0.0
2.5
5.0
7.5
10.0
12.5
15.0

0.0
13.9
27.8
41.7
55.6
69.4
83.3

43.2 a
40.4 a
43.4 a
43.0 a
41.8 a
42.2 a
44.0 a

July
y

55.0 a
57.2 a
59.2 a
61.0 a
61.8 a
63.6 a
64.8 a

Hydrangea
August

June

July

August

57.0 b
61.4 ab
62.0 ab
64.0 ab
62.4 ab
70.8 a
70.2 a

33.8 a
34.6 a
34.1 a
34.9 a
34.5 a
32.6 a
32.4 a

55.8 a
60.0 a
64.0 a
63.8 a
63.8 a
62.2 a
64.2 a

59.6 c
68.0 bc
78.8 ab
82.6 ab
78.7 ab
79.6 ab
85.6 a

Polyon 16N-2.6P-10.8K
Hibiscus
(g N/pot)

CRF
(g/pot)

June

July

0.0
2.5
5.0
7.5
10.0
12.5
15.0

0.0
15.6
31.3
46.9
62.5
78.1
93.8

43.2 a
42.0 a
43.4 a
41.6 a
42.2 a
41.0 a
39.2 a

55.0 a
58.6 a
59.6 a
56.8 a
58.2 a
56.4 a
64.8 a

Hydrangea
August

June

July

August

57.0 b
64.0 ab
62.8 ab
63.6 ab
60.8 ab
62.8 ab
68.2 a

33.8 a
34.6 a
34.1 a
34.9 a
34.5 a
32.6 a
32.4 a

55.8 a
63.0 a
63.6 a
64.2 a
69.4 a
61.0 a
64.6 a

59.6 b
72.2 ab
84.6 a
79.6 ab
79.3 ab
79.4 ab
82.2 a

z

Initial measurement taken on 03 June 2015 before top-dressing application.

y

Data for each species within the same column bearing the same letter are not significantly different
according to a one-way analysis of variance using Tukey’s multiple comparison test at P < 0.05
(n=5).
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Fig. 2. 3:

Hydrangea Multicote

Substrate surface root coverage (SSRC) percentage around the side perimeter of
the root ball measured on 23 Sep. 2015 for Hydrangea paniculata ‘Limelight’
top-dressed with different rates of Polyon® 16N-2.6P-10.8K or Multicote® 18N2.6P-10K. Data are means ± SE (n=5). Lines represent the best fit at P < 0.05.
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2.3.3 Flower number and size
Flower number and size measured on 27 Aug. 2015 are shown in Fig. 2.4. Number of
opened and closed Hibiscus flowers (e.g., buds) were highest at rates > 10.0 g N/pot with
Multicote®, and at ≥12.5.0 g N/pot with Polyon®. For Hydrangea, number of inflorescences with
opened florets and closed florets did not differ significantly among CRF rates. Hydrangea flower
volume responded to CRF rate quadratically for both CRF types, reaching a maximum at 10.2 g
N/pot for Polyon® and 13.0 g N/pot for Multicote®. Flower size did not differ among treatments
for Hibiscus (data not shown).

2.3.4 Overall appearance
Overall plant appearance evaluated on 27 Aug. 2015 responded linearly for both species
with both CRF types (Fig. 2.5). Although higher CRF rates produced Hibiscus plants with the
best overall appearance, the overall appearance for all CRF rates used in this study were
acceptable for the participating nursery, including shrubs with no top-dressing (e.g., 0.0 g N/pot).
Like the overall appearance of Hibiscus, similar response was observed for Hydrangea plants for
both CRF types. Leaf chlorophyll content index (CCI) of Hibiscus increased linearly with the
increase of CRF rate for both CRF types in July 2015 while having a quadratic response to CRF
rate in August 2015. CCI of Hydrangea top-dressed with Multicote® responded quadratically
and linearly in July and August 2015 respectively. In August 2015, Hydrangea with Multicote®
had the lowest CCI at 2.5 to 7.5 g N/pot while the highest readings were observed for rates 0.0
and 15.0 g N/pot. However, for Hydrangea top-dressed with Polyon® no effect of CRF rate on
CCI was observed in July or August 2015 (Fig.2.6).
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Fig. 2. 4:

Total number of opened and closed flowers or inflorescences (A) and flower
volume (B) measured on 27 Aug. 2015 for Hydrangea paniculata ‘Limelight’ and
Hibiscus syriacus ‘Sugar tip’ top-dressed with different rates of Polyon® 16N2.6P-10.8K or Multicote® 18N-2.6P-10K. Data are means ± SE (n=5). Symbols
on the same curves bearing the same uppercase or lowercase letters are not
significantly different at P< 0.05. Lines (in B) represent the best fit at P < 0.05.
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0.0

Hibiscus

Overall appearance measured on 27 Aug. 2015 for Hibiscus syriacus ‘Sugar tip’
and Hydrangea paniculata ‘Limelight’ top-dressed with different rates of Polyon®
16N-2.6P-10.8K or Multicote® 18N-2.6P-10K. Data are means ± SE (n=5). Lines
represent the best fit at P < 0.05.
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Leaf chlorophyll content index measured on 20 Jul. and 27 Aug. 2015 for
Hibiscus syriacus ‘Sugar tip’ and Hydrangea paniculata ‘Limelight’ top-dressed
with different rates of Polyon® 16N-2.6P-10.8K or Multicote® 18N-2.6P-10K.
Data are means ± SE (n=5). Lines represent the best fit at P < 0.05.
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2.3.5 Substrate EC and pH
Increasing CRF rate resulted in higher substrate EC shortly after top-dressing application
for both CRF types (e.g., rate ≥7.5 g N/pot produced EC levels ≥ 1.0 mS·cm-1 while rate ≤5.0 g
N/pot produced EC level < 1.0 mS·cm-1) (Fig. 2.7). Substrate EC for both CRF types and both
species 63 DAT (19 June 2015) ranged from 0.5 to 2.1 mS·cm-1, the latter being the highest
average during the study. Substrate EC measured for Hibiscus increased with time for rates 2.5 g
N/pot for Multicote® and rates 2.5 and 5.0 g N/pot for Polyon®. A linear decrease in substrate EC
over time was observed for Hibiscus at rate 12.5 g N/pot for Multicote®. Quadratic responses of
substrate EC over time were observed at rate 10.0 and 15.0 g N/pot for Multicote® and 7.5 g
N/pot for Polyon®. Substrate EC measured for Hydrangea top-dressed with both CRF types
increased linearly over time for rate 2.5 g N/pot. A linear decrease in substrate EC over time was
observed for rates 7.5, 10.0, 12.5 and 15.0 g N/pot for Multicote® and rate 15.0 g N/pot for
Polyon®.
Application of higher rates of Polyon® resulted higher substrate EC compared to lower
Polyon® application rates on 63, 77, 94 and 110 DAT (i.e., 19 June to 5 Aug. 2015). Plants topdressed with Multicote® showed a similar trend, where high CRF rates produced a higher
substrate EC than lower rates. however, Multicote® substrate EC level were statistically
difference between high vs. lower rates only on 63 and 77 DAT (i.e., 19 June and 3 July 2015).
On 129 DAT (27 Aug. 2015), which corresponded to the last pour-through measurement date,
the differences among rates were not significantly for both CRF types and both species, and the
average substrate EC for all plants measured was 1.1 mS·cm-1.
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Substrate pH measured shortly after transplanting was within the optimum pH range of
5.8 to 6.5 for both species (Ontario Ministry of Agriculture, Food and Rural Affairs, 2014)
however, prior to top-dressing, the pH began to increase, reaching unfavourable levels (e.g., >
6.8; Fig. 2.8) on 27 DAT. After the top-dressing application, substrate pH began to decline on 63
DAT for both Hydrangea and Hibiscus. However, substrate pH for Hydrangea decreased more
quickly at high vs. low CRF rates for both CRF types. For Hibiscus with both CRF types,
substrate pH responded quadratically over time at all the rates. Substrate pH reached
unfavourable levels (e.g., > 6.8) on 95 DAT; however, substrate pH decreased between 110 and
129 DAT. No pH-induced nutrient deficiency symptoms (e.g., chlorosis) were observed with any
CRF type or rate application during this study..
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Substrate electrical conductivity (EC) over time for Hibiscus syriacus ‘Sugar tip’
and Hydrangea paniculata ‘Limelight’ top-dressed with different rates of Polyon®
16N-2.6P-10.8K or Multicote® 18N-2.6P-10K. Vertical doted lines indicate the day
of top-dressing application. Data are means ± SE (n=5). Lines represent the best fit
at P < 0.05.
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Substrate pH over time for Hibiscus syriacus ‘Sugar tip’ and Hydrangea
paniculata ‘Limelight’ top-dressed with different rates of Polyon® 16N-2.6P10.8K or Multicote® 18N-2.6P-10K. Vertical doted lines indicate the day of topdressing application. The data are means ± SE (n=5). Lines represent the best fit
at P < 0.05.
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2.4 Discussion
This study showed that a mid-season CRF top-dress application could be used by growers
as a management strategy to improve overall plant growth and reduce production time, which
would be based on appropriate plant height of 50 cm set by the participating nurseries and
flowering time. Clark and Zheng (2015b) stated that production time could be reduced by
applying a species-specific optimal CRF rate or range to ornamental shrubs. Growers would have
the opportunity to sell their crops earlier in the season, which could reduce labour cost, irrigation
water usage and nutrient leaching (Clark and Zheng, 2015a, 2015b). Previous studies have
shown that different ornamental crops tend to respond differently to CRF application due to their
different nutrient requirements (Agro and Zheng, 2014; Chen et al., 2001; Clark and Zheng,
2015b, 2015c). For the current study, an application of CRF ranging from 10.0 to 15.0 g N/pot
reduced the production time for both Hydrangea and Hibiscus by two weeks in July and August,
respectively. In addition, a mid-season optimal top-dress CRF rate application could also be used
as a management strategy to replace pruning for 5-gallon Hydrangea shrubs. Typically,
Hydrangea paniculata shrubs tend to produce smaller inflorescences or delay flowering when
pruned in the spring (Lancaster and Weil, 2008). If growers could use high CRF application rates
(e.g., 10.0 and 15.0 g N/pot) for shrubs to be market ready in mid-July while using low rates
(e.g., 2.5 and 7.5 g N/pot) to delay production until mid-August, they could eliminate the pruning
process during production time.
Plant growth and appearance are major factors, which contribute to plant marketability
(Cameron et al., 2006; Clark and Zheng, 2015b). Clark and Zheng (2015b) showed that high
CRF rates used on 2-gallon Rose of Sharon shrubs increased both growth index and overall
appearance. Similarly, the current study also determined high CRF rates for both fertilizer types
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produced tall Hibiscus shrubs with the best overall appearance, a high growth index. Although a
similar trend of high CRF rates producing tall plants with a high growth index was also
observed for Hydrangea shrubs using both CRF types, Hydrangea overall appearance did not
differ among CRF rates at the end of the current study. Studies conducted by Chen et al. (2011)
and Carpio et al. (2005) found that increase in leaf greenness was positively correlated with an
increase in CRF rates. A similar trend was observed for the current study, with Hibiscus
showing an increase in CCI with an increase in CRF rates on 27 Aug. 2015 for both CRF types.
On the other hand, Hydrangea top-dressed with Multicote® did not respond the same way, and
the growers did not think that the difference between leaf greenness among CRF rates
influenced plant overall appearance.
Hibiscus shoot dry weight top-dressed with both CRF types increased with an increase in
CRF rate, while Hydrangea shoot dry weight top-dressed with Polyon® reached maximum shoot
growth at rate 13.3 g N/pot and Hydrangea top-dressed with Multicote® reached maximum
growth at rate 11.2 g N/pot. Agro and Zheng (2014) saw a similar response during their trials,
where an increased N concentration did not increase plant biomass but rather decreased biomass
for Hydrangea paniculata ‘Grandiflora’. Another study conducted by Saska and Kuzovkina
(2014) using five ornamental willow shrubs showed a similar trend of reaching a maximum
biomass plateau, despite increasing fertilizer levels. On the other hand, leaf area for both
Hydrangea and Hibiscus using both CRF types increased with increased CRF rates while root
coverage for Hydrangeas reached a maximum at rate 10.2 g N/pot for Polyon® and 8.8 g N/pot
for Multicote®. Therefore, the recommended rates/range for optimal plant biomass (i.e., shoot
dry weight, leaf area and root coverage) were 10.0 to 12.5 g N/pot for Polyon® and 7.5 to 12.5 g
N/pot for Multicote®.
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A study conducted by Broschat and Moore (2001) used different CRF rates to induce
flowering on four ornamental plant species, and found that an increase in CRF rate increased
flowering; however, the number of flowers per plant was species dependent. This speciesdependent response was also observed for the current study, with CRF rates and types
influencing each species differently with respect to flowering time, flower number and size. High
fertilizer rates (i.e., 10.0 to 15.0 g N/pot) induced earlier flowering for both species by
approximately two weeks (i.e., on 87 DAT for Hydrangea and 110 DAT for Hibiscus) when
compared rates 0.0 to 7.5 g N/pot (i.e., on 100 DAT for Hydrangea and 123 DAT for Hibiscus).
Flower number for Hibiscus was positively correlated with CRF rates throughout the season.
McGinnis et al. (2009) had similar findings, with high N availability produced 93% more flowers
for Hibiscus moscheutos L. ‘Luna blush’ than shrubs with low N availability. Another study
conducted by Neumaier et al. (1987) found an increase of total buds and flowers for Hibiscus
rosa-sinensis L. with high N availability.
Inflorescences volume for Hydrangea reached an optimal rate at 10.2 g N/pot for
Polyon® and 13.6 g N/pot for Multicote®. Hydrangea shrubs top-dressed with high CRF rates
(i.e., 12.5 and 15.0 g N/pot) produced larger inflorescences, in term of volume, with more
vegetative growth than shrubs top-dressed with low CRF rates. This result is similar to findings
by Clemens and Morton (1999), where a high rate of N promoted large flowers and increased
plant vegetative growth. It is important to note that during this study, the weight of these large
inflorescences on the same shrub caused the shrub to tip over especially on windy days.
Therefore, Hydrangea shrubs top-dressed with high CRF rates should be sold before mid-August
to avoid tipping over and prevent injury to the plant.
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Previous studies (Alam et al., 2009; Newman et al., 2006) have shown that nursery
production practices and warm air temperature played an important role in nutrient release and
leaching from containers during outdoor production. In the current study, the relationship
between air temperature increase and nutrient release from both incorporated and top-dressed
CRF was observed for CRF types and rates based on substrate EC evaluation. Plants top-dressed
with Polyon® had a more gradual release over time for all application rates while Multicote®
release pattern among rates was more pronounced in mid-June and early July 2015. In July,
Hydrangea shrubs with no top-dressing (e.g., 0.0 g N/pot) exhibited light green leaves
throughout the canopy, which could have been caused either by a micronutrient deficiency or
unfavourable environmental conditions (Clark and Zheng, 2015a, 2015b). Furthermore, low
substrate EC levels observed for rates 2.5 to 15.0 g N/pot for both CRF types by the end of the
current study could be an indication that the majority of nutrients released from CRF prills had
been taken up by plants. The average substrate EC of 1.1 mS·cm-1 at the completion of the
current study was similar to the average substrate EC at the end of Agro and Zheng (2014), Clark
and Zheng (2015a) studies. This may suggest that the top-dressing rates did not cause substrate
EC levels to remain high before the over-wintering period (i.e., the risk of winter injury is
reduced).
In the current study, irrigation water quality also played an important role in plant quality.
When irrigation water pH increased or decreased during the growing season it influenced the
substrate pH and consequently plant growth, similar to observations of pH change of the
rhizosphere in previous studies (Kang et al., 2011; Valdez-aguilar et al., 2009). According to
Zheng et al. (2011) water used for irrigation in Southwestern Ontario is typically high in
alkalinity. During the current study, high water pH increased the growing substrate pH for both
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species before top-dressing and again later in the season. Although visual nutrient deficiency was
not observed across species and CRF types it is advised that irrigation water should be monitored
frequently to avoid unfavourably high pH levels.

2.5 Conclusion
In conclusion, using an optimal top-dressing CRF rates can provide 5-gallon Hydrangea
and Hibiscus with enough nutrients during the growing season to promote growth and earlier
blooms. It can also be used as a management tool to shorten or prolong production time based on
the market demand and growers’ planned outcome. For Hibiscus, number of flower, overall
appearance, dry weight, growth index and leaf area were greater at high than low CRF rates for
both types evaluated in the current study. The same was seen for Hydrangea flower size, dry
weight and leaf area. The optimal rates for Hibiscus top-dressed with Multicote® and Polyon®
were 10.0 to 15.0 g N/pot. These rates provided early flowering in August and continued
flowering until the end of the current study. Hydrangea fertilized with Polyon® at rates of 10.0 to
12.5 g N/pot and Hydrangea fertilized with Multicote® at 10.0 to 15.0 g N/pot promoted earlier
blooms in July, when compared to lower CRF rates. Additional research is needed to determine
the optimal species-specific top-dressing rate for other economically-important flowering shrubs.
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Chapter 3
Growth and nutrient leaching of two container-grown shrubs under two
different irrigation regimes and two fertilization rates

3.1 Introduction
Frequent irrigation is often necessary as most of the potting mixes used for containerized
nursery crop production generally have restricted water-holding capacity (Alam et al., 2009;
Naasz et al., 2005). This can result in an increase of nutrient loss through run-off and leaching
(Alam et al., 2009; Million et al., 2007). According to Colangelo and Brand (2001) nitrate-N
(NO3-N) leaching from container-grown plant production system presents a potential risk of
contaminating nearby waterways. A study conducted by Warren et al. (1995) found a
considerable amount of NO3-N and phosphorous (P) discharge from container in the run-off.
With this in mind, many nurseries in North America use polymer-coated controlled-release
fertilizer (CRF) in an attempt to improve plant productivity while minimizing nutrient loss
through leaching and run-offs (Alam et al., 2009; Shaviv, 2001; Wright and Niemiera, 1987). To
provide growers with more information on CRF use, several studies have investigated the
optimal CRF rates for different temperate shrub species (Agro and Zheng, 2014; Clark and
Zheng, 2015a, 2015b, 2015c; Zheng et al., 2013); however, irrigation was not included as a
factor for these studies.
Future water shortage is expected to become more frequent due to reduced precipitation
caused by climate change (Enviroment Canada, 2004). This may present a challenge to all
outdoor production that continues to consume considerably more water for irrigation purposes
(Fulcher et al., 2016). Using water efficiently based on species-specific crop demand may help
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nurseries improve irrigation management (Mathers et al., 2005), which in return allow on site
water reservoirs to last longer during the growing season. This can be achieved by monitoring
the moisture content of the substrate with soil moisture sensors (Burnett and van Iersel, 2008;
van Iersel et al., 2013). Soil moisture sensors, along with data-loggers, are able to detect and
record when the substrate moisture reaches a certain threshold; this provides growers with the
necessary information to irrigate their crops when needed. According to Burnett and van Iersel
(2008) more quantitative data in regards to water usage for different plant species based on
moisture availability is still warranted.
Clark and Zheng (2015c) stated that synchronizing the rate of CRF application with plant
nutrient requirement under different growing environments (e.g., various methods of irrigation)
is challenging. Consequently, more research involving optimal CRF rates for various species of
shrubs under different irrigation regimes based on moisture availability is necessary to reinforce
the efficacy of these optimal rates in relation to plant optimal growth and minimal environment
impact. Being able to relay this information to the nursery sector based on substrate moisture
content will allow growers to adjust their irrigation scheduling accordingly.
The hypothesis of this research was that applying a lower irrigation volume on
Hydrangea macrophylla ‘Bigleaf’ and Spirea bumalda ‘Goldmound’ using optimal CRF rates
will promote plant growth and reduce nutrient leaching. The objective of this study was to
evaluate the effects of two irrigation regimes (low vs. high) based on substrate volumetric water
content (VWC) on the growth and NPK loss through leaching under two CRF application rates
for container-grown Hydrangea macrophylla ‘Bigleaf’ and Spirea bumalda ‘Goldmound’.
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3.2 Material and Methods
3.2.1 Plant material and treatments
Plugs of Hydrangea macrophylla ‘Bigleaf’ and Spirea bumalda ‘Goldmound’ were
potted and placed in a fenced open area at the University of Guelph, Guelph, ON (lat.
43°32’41.3’’ N, long. 80°14’53.4’’ W) on 17 May 2016. Each plant was potted in a 2-gallon (6
L, 22 cm up diameter × 17 cm bottom diameter × 22 cm height) nursery container using a
soilless growing substrate consisting of 40% composted pine bark, 35% aged bark-blend A, 10%
softwood fines and 15% compost [Grow-Bark (Ontario) Ltd., Georgetown, ON, Canada].
Polyon® 19N-1.7P-8.3K + Minors, 8-9 months duration (Crop Production Services, Evergro
Division, Brantford, ON) was incorporated in the growing substrate at the time of potting at the
following rates for Hydrangea: 0.75 and 1.35 kg N∙m-3; and at the following rates for Spirea:
0.75 and 1.05 kg N∙m-3. Fertilizer rates were selected based on previous studies conducted by
Clark and Zheng (2015b; 2015c) who determined that the optimal CRF rate for Hydrangea is
between 0.75 to 1.35 kg N∙m-3 and for Spirea is 0.75 to 1.05 kg N∙m-3. Substrate EC at time of
potting was averaged at 0.76 mS∙cm-1. Plants were partially shaded for two weeks to avoid heat
stress and pruned to similar height and width on 12 June 2016.
Container moisture content was measured at 10-minute intervals using 12
moisture/temperature 5TM sensors connected to three Decagon EM50 data-loggers (Decagon
Devices Inc., Pullman, WA). Three sensors per treatment combination were placed in individual
containers horizontally at ≈12.5 cm below the substrate surface and six cm away from the edge of
container. Substrate specific calibration equations were set for data loggers as user defined (𝑦 =
0.005242𝑥 – 0.009831, R2 = 0.97; 𝑦 = 0.0005242𝑥 – 0.003454, R2 = 0.95; 𝑦 = 0.005296𝑥 –
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0.02355, R2 = 0.95). Data were collected and stored using DataTrac 3 software (Decagon Device
Inc., Pullman, WA).
Low and high irrigation regimes of 0.25 and 0.35 m3∙m-3 volumetric water content
(VWC, v/v) respectively were determined based on previous studies (Dza et al., 1999; Fields et
al., 2014; O’Meara et al., 2014) and the substrate water holding capacity (39%). Whenever the
VWC reached the set point of 0.25 m3∙m-3 for treatment one and 0.35 m3∙m-3 for treatment two,
plants were irrigated by hand using a digital flow gauge AF-012 (Dramm Corporation, Fenwick,
ON, Canada) with a fine hose nozzle attached (Fig. 3.1A). Containers were watered at the
surface of the substrate for 12 seconds, yielding between 20% to 30% leachate fraction (LF) for
all treatments. On average, Spirea treatments irrigated at 0.35 m3∙m-3 received 16% more water
than treatment irrigated at 0.25 m3∙m-3 while Hydrangea received 42% more at 0.35 m3∙m-3 than
at 0.25 m3∙m-3. Monthly mean air temperature minimum and maximum ranges were 9.1 to 24.8,
13.4 to 27.7, 14.1 to 27.6 and 9.2 to 23.2 °C in June, July, Aug. and Sep. 2016, respectively (Fig.
3.1B). Rain precipitations were collected and reported using three rain gages on site. The total
monthly rain precipitations were 80.2, 115.8 and 45.7 mm in July, Aug. and Sep. 2016
respectively.
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Fig. 3. 1:

(A) Typical soil moisture content changes over days for Spirea bumalda
‘Goldmound’ and Hydrangea macrophylla ‘Bigleaf’. (B) Daily average (solid
line), minimum (lower dotted line), and maximum (upper dotted line) outdoor air
temperature from 17 May to 01 Oct 2016 at Guelph Turfgrass Weather Station,
Ontario (43 33’00’’ N, 80 13’ 00’’ W) (Adapted from Environment and Climate
change Canada, 2016). Solid horizontal line indicates the temperature under which
the longevity was determined for Polyon® 19N-1.7P-8.3K + Minors, 8-9 month
duration.
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3.2.2 Experimental design
This experiment was a factorial design with eight-treatment combinations (two irrigation
regimes × two CRF rates × two plant species), 10 samples per factor combination. Plants were
randomly arranged nested within plant species and irrigation regimes. The experiment was
bordered with one row of unmeasured plants to reduce perimeter effects.

3.2.3 Measurements
Five plants from each species and irrigation regimes were selected about every 13 days
for the duration of this study to measure the growing substrate electrical conductivity (EC) and
pH using the pour-through nutrient extraction procedure (Wright, 1986). Irrigation water was
sampled monthly from the on-site tap. Pour-through solution and irrigation water EC and pH
were analyzed using an Oakton PC 300 portable EC and pH meter (OAKTON Instruments,
Vernon Hills, IL). Irrigation water EC and pH collected 57, 108 and 128 DAT were on average
1.0 mS·cm -1 and 7.4 respectively. Plant growth was assessed by measuring plant height (i.e.,
from the surface of the growing substrate to the top of the highest shoot), and canopy width in
two perpendicular directions (i.e., width1 and width2). The aboveground growth index was
calculated using the equation [(height × width1 × width2)/300] as per Rutter (1992). Chlorophyll
content index (CCI) of three fully-expanded leaves at the upper-most point of the plant was
measured on 19 Aug. and 16 Sep. 2016 using a Chlorophyll meter SPAD-502 Plus (Spectrum®
Technologies, Inc., Plainfield, IL).
On 20 Sep. 2016, five plants per species per CRF rate were rated on a scale of 1 (poor) to
5 (excellent) for plant overall appearance, based on principles outlined by (Stroup et al., 1998).
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This included visual assessment of four attributes (plant symmetry, leaf greenness, leaf size and
foliage density) based subjectively on plant marketability and consumer preference. On 1 Oct.
2016, four plants for Spirea and three plants for Hydrangea per treatment combination were
selected to destructively determine leaf area by using a LI-3100 leaf area meter (LI-Cor Inc.,
Licoln, NE). Shoot and root dry weight was determined by drying stems and roots separately at
70 oC until a constant weight was reached. The total shoot dry weight was calculated as the sum
of stems and leaf tissue dry weights.

3.2.4 Leachate collection and analysis
To determine the amount of leachate leaving the bottom of containers after every
irrigation pour-through and rain event, polyethylene (56 cm × 56 cm) was mounted tightly on 24
containers (three replicates per treatment combination) for the duration of this study. Metal wires
were placed on the inside of the polyethylene to provide weight and the gap between pot and
plastic was sealed using a caulk gun. Containers were placed on top of a Kord saucer № 8 inside
of a dishpan (36 cm up diameter × 26 cm bottom diameter × 12.5 cm height). Leachate was
collected after every rain, irrigation and pour-through event. The total amount of water per
container was recorded and a maximum of 50 mL subsample per sample was collected and
frozen at -80 ˚C.
At the end of this study, volume weighted aliquots per subsample were combined in
erlenmeyer flask, stirred and subsampled for N P K analysis at the Controlled Environment
System Research Facility, University of Guelph using a HPLC (Shimadzu Liquid
chromatograph) system consisting of a DGU-20A3 degasser, a SIL-10AP auto-sampler, two LC20AT pumps, two CDD-10A VP conductivity detectors, CTO-20AC column oven, and CBM58

20A system controller (Shimadzu Scientific, Kyoto, Japan). The percentage of total nutrient loss
(N%) was calculated using the total nutrient leached (NL) captured during this study and the
amount of incorporated fertilizer per pot (NP) by the following equation: [𝑁% = (𝑁

𝑁𝐿 (𝑚𝑔)
𝑃

)×

(𝑚𝑔/𝑝𝑜𝑡)

100%].

3.2.5 Statistical analysis
All data were analysed using JMP® Statistical Discovery Version 13 (SAS Institute Inc.,
Cary, NC) using a significance level of P < 0.05. Full-factorial ANOVA with repeated measures
was used to determine the effects of irrigation regimes, fertilizer rates and their interactions on
substrate EC, pH and growth index. Differences among means were tested with Tukey’s multiple
means comparison post-test. Regression analyses with extra sum-of-square F tests were used to
relate the effects of irrigation regimes, CRF rates and their interaction on growth index, EC and
pH. Linear or polynomial curves were fitted to the data when significant trend were identified in
the regression analysis. If there was no significant treatment effect, then data was pooled and
presented as the average of all the treatments. A two-way ANOVA was used to analyze data for
shoot dry weight, leaf area, root dry weight, overall appearance and nutrient loss followed by a
Tukey’s multiple comparison post-test. The residuals of the above analyses were tested for
normality and equality of variance using The Shapiro-Wilk test and Bartlett's test, respectively.
Dead plants were treated as missing data.
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3.3 Results
3.3.1 Plant growth
Growth index for both Hydrangea and Spirea responded quadratically to time (DAT)
(Fig. 3.2). However, the effects of different irrigation regimes and CRF rates were not significant
for Hydrangea growth index, leaf area, shoot and root dry weight. On the other hand, the effects
of irrigation regimes and CRF rate for the duration of this study were significant for Spirea with
most growth occurring between 94 to 137 DAT. Plants receiving fertilization rate of 0.75 kg
N∙m-3 and irrigated at 0.35 m3∙m-3 VWC had better growth (i.e., growth index, leaf area and root
dry weight) than plants receiving the other three treatments (Fig. 3.2B, Fig. 3.3). The effects of
irrigation regimes and CRF rate influenced Spirea leaf area with highest reading for treatment
fertilized 0.75 kg N∙m-3 and irrigated at 0.35 m3∙m-3 while Spirea root dry weight was only
affected by irrigation regimes. For example, plants fertilized with 0.75 and 1.05 kg N∙m-3 and
irrigated at 0.35 m3∙m-3 VWC saw a higher root growth at the end of this study; however, Spirea
shoot dry weights under all four treatments were not significantly different.
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Fig. 3. 2:

(A) Growth index of Hydrangea macrophylla ‘Bigleaf’, data pooled across
irrigation regimes and fertilizer rate. (B) Effects of irrigation regimes (0.25 and
0.35 m3∙m-3 VWC) and fertilizer rate (0.75 and 1.05 kg N∙m-3) on Spirea bumalda
‘Goldmound’ growth index. Data are means ± SE (n=5). Lines represent the best fit
at P < 0.05.
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Fig. 3. 3:

The effects of irrigation regimes (0.25 and 0.35 m3∙m-3 VWC) and CRF rates (0.75
and 1.05 kg N∙m-3) leaf area and root dry weight measured in October 2016 for
Spirea bumalda ‘Goldmound’. Bars bearing the same letters are not significantly
different at P < 0.05 according to Tukey’s multiple comparison test. Data are
means ± SE (n=4).
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3.3.2 Chlorophyll content index and plant appearance
Spirea chlorophyll content index (CCI) was not influenced by irrigation regimes nor CRF
rates while the same was observed for Spirea and Hydrangea overall appearances. Hydrangea
CCI readings taken in Aug. 2016 were not significant across all four treatments while treatment
1.35 kg N∙m-3 irrigated at 0.25 m3∙m-3 VWC for the measurements taken in Sep. 2016 had the
highest CCI reading (Fig. 3.4).

3.3.3 Nutrient leaching
The effects of CRF rate and irrigation regimes did not differ for the total P and K leached
during this study among all treatments. On the other hand, irrigation regimes, CRF rate and plant
species influenced the total-N loss differently. For example, Hydrangea fertilized with 1.35 kg
N∙m-3 had greater N leaching while for Spirea plants N leaching was influenced mostly by
irrigation regimes (Fig. 3.5).
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Fig. 3. 4:

Leaf chlorophyll content index measured on 16 Sep. 2016 for Hydrangea
macrophylla ‘Bigleaf’. Bars bearing the same letters are not significantly different
at P < 0.05 according to Tukey’s multiple comparison test. Data are means ± SE
(n=5).
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Fig. 3. 5:

Effects of irrigation regimes (0.25 and 0.35 m3∙m-3 VWC), and fertilizer rate (0.75
and 1.05 kg N∙m-3) on (A) Spirea bumalda ‘Goldmound’ and (B) Hydrangea
macrophylla ‘Bigleaf’ total Nitrogen loss through leaching (%). Numbers above bar
graphs are mg N/pot loss through leaching. Bars bearing the same letters are not
significantly different at P < 0.05 according to Tukey’s multiple comparison test.
Data are means ± SE (n=3).

65

3.3.4 Substrate leachate EC and pH
Substrate EC responded to irrigation regimes and CRF rates differently. Spirea substrate
EC was mainly influenced by irrigation regimes (Fig. 3.6) while Hydrangea substrate EC was
influenced by CRF rates over time (i.e., substrate EC levels were higher when fertilized with
1.35 kg N∙m-3 vs. 0.75 kg N∙m-3), with the two CRF rates being statistically different on 44, 47,
72, 77, 91, 98, 107 and 113 DAT (Fig 3.6). Over time substrate EC for Hydrangea and Spirea
receiving lower irrigation volume decreased linearly while Spirea receiving higher irrigation
volume increased linearly. Spirea plants under irrigation regime 0.35 m3∙m-3 VWC had an
increase in substrate EC between 91 and 121 DAT (e.g., on average 1.5 and 1.9 mS∙cm-1
respectively). The same trend was observed for Spirea plants under irrigation regime 0.25 m3∙m-3
VWC between 98 to 113 DAT (e.g., on average 1.2 to 1.3 mS∙cm-1 respectively). Substrate
temperature during this period was ≥ 22 ˚C (data not shown). At the end of this study substrate
EC level for Spirea fertilized with rates 0.75 and 1.05 kg N∙m-3 range from 0.9 to 1.2 mS∙cm-1
while Hydrangea substrate EC levels for rates 0.75 and 1.35 kg N∙m-3 were on average 0.6
mS∙cm-1 for both rates.
Substrate pH changed quadratically over time for both plant species (Fig. 3.6). Over time
irrigation regimes and CRF rates were statistically different between treatments on 72, 77, 91, 98
and 107 DAT for Spirea and on 121 and 127 DAT for Hydrangea. At the beginning of
measurements, pH levels reached unfavourable levels (e.g., > 6.8). Even though Spirea pH levels
under irrigation regime 0.25 m3∙m-3 dropped between 77 to 98 DAT to an average of 6.6, it
continued to be considered unfavourable levels. At the end of this study pH levels for both plants
species reached 7.3 on average.
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Effects of irrigation (0.25 and 0.35 m3∙m-3 VWC) and CRF rates (0.75 and 1.05 kg
N∙m-3) on substrate electrical conductivity (EC) and pH overtime for Spirea
bumalda ‘Goldmound’ and Hydrangea macrophylla ‘Bigleaf’. Data are means ±
SE (n=5). Lines represent the best fit at P < 0.05.
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3.4 Discussion
This study examined the performance of optimal CRF rates on overall plant growth and
nutrient leaching of Hydrangea and Spirea shrubs when irrigated under a low and high irrigation
regimes. The results showed that Spirea overall plant growth performed best at 0.75 kg N∙m-3 N
at 0.35 m3∙m-3 while it also resulted in the least amount of N leaching. Hydrangea performed
best at 0.75 kg N∙m-3 with the least amount of N leaching regardless of irrigation regimes at the
end of the season.
A study conducted by Clark and Zheng (2015c) determined that between 0.75 and 1.05
kg N∙m-3 was the optimal CRF range for Spirea for best plant performance. When comparing our
results using this optimal CRF range under different irrigation regimes we found that the growth
index, leaf area and shoot dry weight for each CRF rate were comparable to their findings.
Another study conducted by Clark and Zheng (2015b) determined that 0.75 and 1.35 kg N∙m-3
was the optimal CRF range for Hydrangea overall growth. Even though Hydrangea plant growth
did not show differences between treatment combinations for this study, the results for growth
index, leaf area and shoot dry weight for rate 0.75 kg N∙m-3 under low and high irrigation
regimes were also comparable to Clark and Zheng results. However, their leaf area and shoot dry
weight using rate 1.35 kg N∙m-3 were twice as high as the result in this study. The discrepancy in
Hydrangea plant growth for this CRF rates between the two studies could be attributed to the
difference in air temperature for location and year. For example, in 2013 Clark and Zheng
research conducted in Niagara, Ontario, Canada, experienced six days with temperature ≥ 30 °C
with three heat warnings (Environment Canada, 2013) while our study experienced 18 days with
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temperature ≥ 30 °C, the hottest year in recorded history (Environment and Climate change
Canada, 2016).
Hydrangea using a rate of 1.35 kg N∙m-3 was showing higher growth compared to the
lower rates in the beginning of July. However, plant heat stress associated with high air
temperatures can cause poor plant growth and development resulting in the decrease of plant
biomass (Bita and Gerats, 2013; Hatfield and Prueger, 2015; Wahid et al., 2007). Physiological
injuries such as scorching of leaves, foliar bleaching, leaf abscission and senescing are also
observed when plants are exposed to high temperatures (Bita and Gerats, 2013; Vollenweider et
al., 2006; Wahid et al., 2007) A study conducted by Dhir and Harkess (2011) found that heat
stress caused young developing leaves of ivy geranium to be bleached. This is caused by
inhibition of chloroplast development and reduction of chlorophyll biosynthesis (Feierabend,
1977; Mohanty et al., 2006; Tewari and Tripathy, 1998). Foliar bleaching of young leaves and
leaf scorching of older leaves were observed for both plant species during this study; however,
leaf scorching and leaf abscission affected Hydrangea foliage at rate 1.35 kg N∙m-3 more
severely in July; hence the decrease in plant biomass. Hydrangea CCI readings taken in Aug.
2016 were greatly affected by plant heat stress; nevertheless, as temperatures entered into a
favourable range (e.g., 120 to 138 DAT), shrubs began to recover and CCI readings increased.
However, by the fourth week of September leaf senescing was observed for both species.
Another factor to be considered is that high substrate temperature also limits plant growth
and decreases photosynthesis (Johnson and Ingram, 1984). Substrate temperature > 30 °C slows
down root growth (Mathers, 2003) and continuous exposure to temperature ≥ 40 °C causes root
injury and eventually plant death (Johnson and Ingram, 1984; Mathers et al., 2010). During this
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study substrate temperature for Hydrangea during July and August 2016 experienced days where
substrate temperature > 30 °C with some instance ≥ 40 °C (data not shown). The high substrate
temperature could have resulted in plant growth inhibition as well as plant death for some
Hydrangeas shrubs. Studies conducted by Nambuthiri et al. (2015) and Markham et al. (2011)
have shown that using alternative material and light colour containers can help reduce substrate
temperature.
Furthermore, root development could have influenced N uptake and loss for this study.
The N loss difference between low and high irrigation treatments for Spirea could be attributed
to root surface area able to uptake more nutrients throughout the season. For this instance, Spirea
root system at both CRF rates had a higher dry weight under higher irrigation volume when
compared to lower irrigation. Unlike Spirea root, Hydrangea root dry weight did not differ
between low and high irrigation regimes, which agrees with Morel’s (2001) findings. Our results
suggested the higher N loss for Hydrangea was due to a higher CRF rate than Spirea (e.g., 1.35
vs. 1.05 kg N∙m-3).
A study conducted by Alam et al. (2009) investigated the influence of different CRF
rates, fertilizer placement under different irrigation strategies on NO3- leaching of 2-gallon
Forsythia × intermedia Zab. ‘Spring Glory’. They found that NO3- leaching from incorporated
CRF at rate 2.0 kg N∙m-3 irrigated by drip irrigation with a LF of 25% or less, yield ≈151 mg/pot
over a period of 3 months. This study using hand watering irrigation with LF of 25% to 30% saw
similar results for Spirea, where the N loss through leaching for rates 0.75 and 1.05 kg N∙m-3
irrigated at 0.25 m3∙m-3 N was 89.4 and 173.0 mg N/pot respectively while for Hydrangea N loss
at a rate of 1.35 kg N∙m-3 under both irrigation regimes was 228.5 and 303.0 mg N/pot
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respectively (Fig. 3.5). Spirea shrubs irrigated with 0.35 m3∙m-3 leached between 67% to 83%
less than shrubs irrigated with 0.25 m3∙m-3. The difference in N leaching between the two
irrigation treatments was that shrubs under treatment 0.35 m3∙m-3 were larger in size (e.g.
aboveground biomass and root system) than shrubs under treatment 0.25 m3∙m-3, and larger plants
can have higher nutrient uptake capability. On the other hand Hydrangea N loss through
leaching was mostly influenced by CRF rate.
We did not account for nutrient loss prior to the implementation of the two irrigation
regimes (29 June 2016). Despite leachate not being collected for that time period, substrate ECs
on 44 and 47 DAT for both species were able to show the build-up of salts before the irrigation
trial began. Substrate ECs for Spirea at rates of 0.75 and 1.05 kg N∙m-3 were on average 1.1 and
1.4 mS∙cm-1 respectively while Hydrangea at rates of 0.75 and 1.35 kg N∙m-3 were on average
1.1 to 1.7 mS∙cm-1 respectively (Fig. 3.6). As the season progressed, EC for both species began
to decline; however, Spirea did experience an increase in EC between 91 to 121 DAT. Previous
studies have shown that some CRF release is positively correlated with air temperature (Adams
et al., 2013; Newman et al., 2006). During this period, maximum air temperature varied from 26
to 34 °C (Fig. 3.1), On the other hand, substrate EC for Hydrangea had a steady decline
throughout the growing season. This could indicate that Hydrangea had a higher nutrient uptake
rate than Spirea shrubs, which confirms what Agro and Zheng (2014) and Chen et al. (2001) had
previously determined regarding plant nutrient uptake being different among species.
It has been well documented that most irrigation water used in Southwestern Ontario has
high alkaline levels (Agro and Zheng, 2014; Chong et al., 2004; Clark and Zheng, 2015a, 2015b,
2015c; Zheng et al., 2013). During this study, substrate pH was influenced by the irrigation water
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pH (e.g., 7.4) and irrigation regimes (Fig. 3.6). Substrate pH for Spirea irrigated at 0.25 m3∙m-3
had lower pH values for most of this study compared to Spirea irrigated at 0.35 m3∙m-3. This
indicated that less irrigation frequency for this specie may help keep pH levels down when
irrigation water pH has high alkaline levels. High substrate pH levels could have induced
nutrient deficiency for both species during this study; however, at this point it is unclear if the
negative effects were caused solely by extreme heat or by pH induced nutrient deficiency or by a
combination of both.

3.5 Conclusion

In conclusion, both fertilizer rates under the two irrigation regimes produced comparable
results as those of Clark and Zheng (2015a, 2015b), with the exception of treatment 1.35 kg N∙m3

under both irrigation regimes for Hydrangea. However, treatment 0.75 kg N∙m-3 at 0.35 m3∙m-3

VWC for Spirea or both irrigation volumes for Hydrangea had better growth and less nutrient
loss through leaching. Plants fertilized with a high rate tended to suffer most during the hot
summer days. Nevertheless, overall appearances were similar across treatments for both species,
which indicated that using a lower CRF rate combined with lower moisture availability is also a
viable alternative. As temperature is expected to increase and rain precipitation become scarcer
in the summer, water shortages are anticipated to affect most outdoor productions. With this in
mind, being able to irrigate crops based on moisture availability may become indispensable for
future management. We suggest that future research also considers using lighter colour
containers to help reduce substrate temperature, which in return would aid in root zone growth.
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Chapter 4
Influence of storage on nursery substrates and consumer potting mix
incorporated with controlled-release fertilizers

4.1 Introduction
Controlled-release Fertilizer (CRF) is the main source of plant nutrients in most nursery
production (Huett and Gogel, 2000). In recent years, consumer-potting mix (CPM) containing
CRF has also become popular at most garden centers in Canada. To aid with short and long-term
production, most CRF manufacturers offer products with different longevity (e.g., from 3-4 to
10-12 month durations). This longevity is based on CRF prills coating thickness, which controls
the rate and pattern of release (Husby et al., 2003). CRF rates of release are temperature and time
dependent (Lamont et al., 1987; Newman et al., 2006) requiring a slight availability of moisture
for diffusion to occur (Brochat, 2005; Huett and Gogel, 2000). Hicklenton and Cairns (1992) and
Oertli and Lunt (1962) found that an increase of nutrient release is positively correlated with
temperature increase under laboratory conditions while Newman et al. (2006) concluded the
same under field conditions. Prolonged storage of incorporated fertilizer has the potential to
increase the concentration of soluble salts within the substrate, which may be detrimental to plant
health after potting (Evans, 2014). Some of the CRF manufacturers recommend to leach the
growing media before planting if CRF has been incorporated for more than seven days; however,
they do not provide clear specification in regarding to the storage conditions nor EC levels
during the storage period (i.e., if EC levels exceed or do not exceed certain soluble salt
concentration threshold for certain crops).
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Several studies conducted over the years have provided better insights in regards to the
rate and time of release for macro or/and micronutrients from different CRFs products (Adams et
al., 2013; Broschat, 2005; Hicklenton and Cairns, 1992; Huett and Gogel, 2000; Lamont et al.,
1987; Merhaut et al., 2006; Newman et al., 2006). Nonetheless, most of these studies did not
account for CRF release once incorporated in the growing media and placed in storage.
Currently, nurseries in Ontario will either incorporate CRF into their own substrate or purchase
substrate with incorporated CRF from potting mix companies. However, due to time
arrangement and other logistical issues, substrate incorporated with CRF sometimes may not be
used for potting immediately after incorporation. This results in the CRF-incorporated substrate
to be placed in storage until growers are able to re-schedule the next planting event (K.
Osbourne, personal communication). Information related to CRF release after incorporation
under nursery management practises is still lacking in the literature. Questions regarding how
long growers could store incorporated CRF substrates under indoor and outdoor conditions
during the early summer months still need to be answered. Being able to determine the
accumulation of soluble salts within the first 10 days would provide growers with information
about the increase of electrical conductivity (EC) levels. This would help growers decide which
crops can be planted with that specific substrate based on EC levels.
Furthermore, in Ontario, garden centres typically receive new CPM bags with
incorporated CRF from manufacturers in early spring. These bags are mostly placed in storage
outdoors for the remainder of the season or until bought by consumers. Leaving CPM bags in
outdoor storage exposed to low and high temperature influences CRF rate of release. For
example, unseasonably low temperature halts the release while higher temperature increases the
rate of release, possibly increasing the accumulation of soluble salts (Cabrera, 1997; Shaviv,

74

2001). A study conducted by Zaccheo et al. (2013) found that peat-based media when
incorporated with CRF and placed in incubation storage under controlled environment (e.g.,
incubation at 40℃ for 15 days vs. 21℃ for 12 months), increased the rate of CRF release.
Currently, more information regarding how long-term (e.g., six months) outdoor storage
influences the rate of nutrient release of incorporated CRF in consumer potting mix is still
needed.
Being able to provide estimates of fertilizer release during short-term storage for bark
substrate and long-term storage for CPM will increase some understanding of how to better
manage the use of growing media with incorporated CRF. Therefore, the objectives of this study
were: I) To determine the influence of time (10 days) and storage condition (greenhouse vs.
warehouse) using two CRF longevities (5-6 vs. 10-12 months duration) on EC and total-N rate of
release. This would provide the industry with time limit guidelines for incorporated fertilizer
storage for the first 10 days. II) To also investigate the influence of time on soluble salt levels of
CPM once stored outdoors for six months.

4.2 Material and Methods

4.2.1 Experiment 1:
4.2.1.1 Substrate and fertilizer treatment
Substrate used for this first experiment consisting of 60% consumer potting mix (CPM),
10% compost, 30% peat moss and 46% moisture content [Gro-Bark (Ontario) Ltd., Georgetown,
Ontario, Canada]. Polyon® 16N-2.6P-9.9K + Minors with longevity rating of 5-6 months at
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21 ℃, and Polyon® 15N-2.6P-9.1K + Minors with longevity rating of 12 months at 26.6 ℃, were
incorporated into the growing substrate at the following rate 4.7 kg∙m-3 and 7.1 kg∙m-3
respectively (Rates were based on Gro-Bark incorporation rates of 8 lbs∙yd-3 and 12 lbs∙yd-3
respectively). At the beginning of this study substrate EC was 1.4 mS∙cm-1, total-N 0.0 mg∙L-1
and pH was 4.0. Once both types of CRF were incorporated individually, 12 black force flex tie
‘n toss contract bags (170 L) were filled with 150 L of the CRF incorporated substrate (six bags
per CRF duration). To facilitate measurements, one liter of incorporated substrate was placed
inside 10 individual orange nylon mesh bags, tied up with string and buried randomly inside the
large 170 L bags. Six of the 170 L bags (three per CRF duration) were placed in a greenhouse to
simulate an outdoor summer environmental setting, where temperatures were kept constant at 29
℃ during the day and 19 ℃ at night. The other six bags were placed indoor to simulate
warehouse storage where minimum and maximum temperature reached 20.6 and 23.6 ℃
respectively. Overall relative humidity was maintained between 64 to 74 % in both locations.
Substrate temperature at the beginning and end of the study for bags stored in the greenhouse
were ±34 and 32 ℃ while bags stored in the warehouse were ± 34 and 29 ℃ respectively.

4.2.1.2 Experiment design
This experiment was a factorial design with two factors (storage condition and CRF
duration). Each factors had two levels (greenhouse and warehouse, and short and long-term
duration CRF), with three replicates for each factor combination.
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4.2.1.3 Sampling and analysis
One nylon mesh bag was removed randomly from each of the 12 bags daily for a period
of 10 days, beginning 24 hours after CRF incorporation. Substrate leachate (~50 ml) was
extracted using the saturated paste method described by Brown (1998). Substrate EC and pH
were analyzed using a portable pH and EC meter (Oakton PC 300; Oakton Instruments, Vernon
Hills, IL). All leachate samples were frozen immediately at -70 ℃ until the end of this
experiment. Before substrate leachate was analysed for NO3-N and NH4-N, samples were filtered
and diluted 10 times. A seal AA3 – flow segmented colorimetric analyser was used to determine
the NO3-N and NH4-N content of the substrate leachate (School of Environmental Science
Analytical laboratory, University of Guelph, Guelph, Ontario). NO3-N and NH4-N was reported
as total-N.

4.2.2 Experiment 2:
4.2.2.1 Substrate and fertilizer treatment
Consumer potting mix (CPM) used for this second study consisted of 80% peat moss
(coarse), 15% perlite (coarse), 5% vermiculate, wetting agent and amended with 0.0075 g∙mL-1
of limestone (CPM was developed by Dr. Youbin Zheng at the University of Guelph, Guelph,
Ontario). CPM moisture content was set at 50% as recommended by Bailey et al. (2002) for
peat-based substrate. Total CPM porosity 94%, container capacity 77.6 % and bulk density 0.1
g∙mL-1 determined using the NCSU Poromoter (Fonteno et al., 1995). Polyon® 15N-2.6P-9.1K +
Minors 10-12 months duration was incorporated in potting mix at the following rate 0.0011 kg
N∙m-3 (Rate was based on CPM bags from garden centre) . At the beginning of this study CPM
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EC was measured at 0.2 mS∙cm-1 and pH at 5.5. Once CRF was incorporated, five liters of CRFincorporated CPM were placed in individual large Ziploc bags, perforated along the seams on
both sides for airflow. A total of 66 Ziploc bags were moved outdoors, placed on top of a pallet
and covered with a tarp. Once the average air temperature reached single digits (24 Nov. 2016),
half of the existing bags were stored indoors, while the remaining of the bags stayed outdoors.

4.2.2.2 Experiment design
This experiment was a complete random design with single treatment (one CRF rate)
over time. Bags were exposed to partial shade and partial sun during the day and were re-piled
once a month to reduce perimeter effect.

4.2.2.3 Sampling and analysis
Three bags were randomly selected once a week over a period of five weeks, and then
every two weeks until the average temperature was below 10 ℃ (09 Nov. 2016). Sampling was
resumed for the last two weeks of Jan. 2017 when three bags from indoors and three bags from
outdoors were sampled for leachate. Outdoor bags were brought inside, left to thaw and sampled
once the substrate reached room temperature. Substrate EC and pH were analysed using the same
procedure as experiment one. Monthly mean air temperature minimum and maximum ranges
were 14.1 to 27.6, 9.2 to 23.2, 3.2 to 15.6, -1.3 to 10.4, 5.8 to -0.6 and -7.0 to -0.2 ℃ in Aug.,
Sep., Oct., Nov., Dec. 2016 and Jan. 2017, respectively (Fig. 4.1A) (Environment and Climate
change Canada, 2017). Indoor mean temperature minimum and maximum ranges were 19.1 to
21, 19.3 to 20.8 and 18 to 21 ℃ in Nov., Dec. 2016 and Jan. 2017 (Fig. 4.1B).
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Fig. 4. 1:

Daily average (dotted line), minimum (lower solid line), and maximum (upper solid
line) (A) outdoors air temperature from 01 Aug. 2016 to 31 Jan. 2017 at Guelph
Turfgrass Weather Station, Ontario (43 33’00’’ N, 80 13’ 00’’ W) (Adapted from
Environment and Climate change Canada, 2017). (B) Indoor air temperature from
24 Nov. 2016 to 31 Jan. 2017, recorded with a Hobo U12-013 external data logger.
Solid horizontal line indicates the temperature under which the longevity was
determined for Polyon® 15N-2.6P-9.1K + Minors, 10-12 months duration.
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4.2.3 Statistical analysis
All data sets were analysed using JMP® Statistical Discovery Version 13 (SAS Institute
Inc., Cary, NC) using a significance level of P < 0.05. Full-factorial ANOVA with repeated
measures was used to determine the effects of environmental conditions (locations), fertilizer
duration and their interactions on substrate EC, pH, and total-N. CPM EC and pH for the last two
sampling dates were subjected to a t-test analysis to verify any difference between samples
stored indoors and outdoors. Differences among means were tested with Tukey’s multiple means
comparison post-test. Regression analysis was used to relate substrate EC, pH and total-N with
CRF release over time. If the partitioning variance analysis indicated a significant treatment
effect, then the treatment effects were partitioned into one or more regression effects followed by
an estimation of regression parameters for the best-fit regression. If there was no significant
treatment effect, then data were pooled and presented as the average of all the treatments.

4.3 Results and Discussion
4.3.1 Nursery substrate
This study examined the influence of time, storage conditions and fertilizer longevity on
the rate of nutrient release after incorporation in nursery growing substrate. The results showed
that substrate EC and total-N did not differ between the fertilizer longevities nor between the
storage conditions, therefore data from both fertilizer types and the storage conditions were
pooled. Substrate EC and total-N increased linearly over the 10 days period, beginning with an
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average EC of 2.05 mS∙cm-1 and total-N of 31.1 mg∙L-1 and ending with an average EC of 2.6
mS∙cm-1 and total-N of 76.0 mg∙L-1 on day 10 (Fig. 4.2).
The results from this research agree with nutrient release being positively correlated with
exposure to higher temperature; however, it is important to recognize that different plant species
have different nutrient requirement levels. For example, if plant species requiring medium to
high nutrient levels (e.g., 1.5 to 3.5 mS∙cm-1, EC level based on saturated paste method)
(Mininistry of Agriculture Food and Rural Affairs, 2014), were to be potted using CRFincorporated substrate stored for 10 consecutive days, it would be unlikely for crops to be
damaged by the EC levels determined by this study, which means growers can use the stored
substrate without leaching. Being able to remove the leaching process before potting offers
growers an economic benefit to their production (e.g., reduce water usage and labour). The
results of this study also showed the increase concentration of total-N over time were below the
normal levels for plant uptake recommended by the Ontario Ministry of Agriculture, Food and
Rural Affairs (2016) (e.g., 100-200 mg∙L-1). However, newly transplanted shrubs have a reduced
capability of absorbing readily available N from incorporated CRF (Newman, et al., 2006). This
accumulation of total-N concentration over the storage period is likely to result in N leaching
once the substrate is exposed to either irrigation or rain event after potting. If growers want to
reduce N leaching and maximize crop uptake, it is recommend that substrate should not be
placed in storage but rather used shortly after incorporation. Furthermore, I do not recommend
using CRF-incorporated substrate storage for crops that cannot tolerate soluble salts
concentration > 1.5 mS∙cm-1 (e.g., Roses and Spirea) (Handreck and Black, 2002). High salt
concentration causes root damage, restricts plant growth, reduces plant water uptake and crop
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quality for salt sensitive plant (Evans, 2014; Handreck and Black, 2002; Ontario Ministry of
Agriculture, Food and Rural Affairs, 2014).
If incorporated substrate requires to be placed in storage and high salt level accumulation
over time for a specific crop becomes a concern, Merhaut (2011) suggests that once fertilizer has
been incorporated the substrate should be stored in a cool environment. However, growers
should be aware that if the substrate temperature at time of storage is > 28 ℃, storing it in a cool
storage is unlikely to delay the initial release. For example, CRF incorporated in April, where
temperature ranges between -2.0 to 10 ℃, should not present a problem; however, it is likely to
be a concern for crops considered to be salt sensitive (e.g., > 1.5 mS∙cm-1) if substrate is
incorporated with CRF and stored during May and June where temperatures are expected to
range from 5.0 to 19 ℃ and 9.1 to 25 ℃ respectively (Environment and Climate change Canada,
2016). During this study, both storage locations did not exceed 30 ℃; however, substrate
temperature for the 10 days continued to exceed 30 ℃ and nutrient release began 24 hours after
fertilizer was incorporated independent of CRF duration or storage location. Bernstein (1975)
and the Ontario Ministry of Agriculture, Food and Rural Affairs (2016) also suggest if substrate
EC levels are too high, substrate can be flushed with high quantities of water to help reduce EC
to lower or moderate levels. However, growers should keep in mind that higher levels of soluble
salts will likely leach into nearby groundwater and rivers (Huett and Gogel, 2000). The longer
the incorporated substrate stays in storage the higher the salt concentration is likely to be (e.g.,
day 5 at 2.0 mS∙cm-1 vs. day 10 at 2.6 mS∙cm-1).
In addition, substrate pH for Polyon® 5-6 months duration stored in the warehouse
responded quadratically over time while Polyon® 10-12 months duration stored in warehouse,
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and Polyon® 10-12 months duration stored in the greenhouse had a linear increase (Fig. 4.2).
Difference between treatment combinations over time was not significant and at the end of 10
days pH ranged from 3.6 to 4. 6, which are 0.6-1.6 pH units away from optimal pH range for
plant growth (Wright and Niemiera, 1987). However, irrigation water in Southwestern Ontario is
high in alkalinity, which should help increase pH in the first few weeks after potting (Zheng et
al., 2011) or growers could also flush substrate with water prior to potting to help increase pH
levels.

83

12 Months - Warehouse

6 Months - Warehouse
6 Months - Greenhouse

12 Months - Greenhouse

pH

5

4

3

1

2

3

4

5

6

7

8

Days after incorporation

84

9

10

Fig. 4. 2:

Data pooled for substrate electrical conductivity (EC) and total-N loss across
storage location and fertilizer duration. Effects of storage location (Greenhouse vs.
warehouse) and fertilizer duration (6 vs. 12 months) on substrate pH over time.
Polyon® 16N-2.6P-9.9K + Minors 5-6 months duration and Polyon® 15N-2.6P9.1K + Minors 10-12 months duration controlled-release fertilizer (CRF)
incorporated into substrate on 05 Aug. 2016. Data are means ± SE (n=3). Lines
represent the best fit at P < 0.05.
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4.3.2 Consumer potting mix
The results for this second experiment showed that storing CPM containing 10-12 month
duration CRF for six months does not increase substrate EC to concerning levels for the majority
of the common plants. For the duration of this study the substrate EC had a linear increase while
pH had a quadratic response to time during the first 92 days (until 09 Nov. 2017) (Fig. 4.3). At
the end of this study the average EC reached 0.70 mS∙cm-1 and pH at 6.4. According the Ontario
Ministry of Agriculture, Food and Rural Affairs (2014) EC level <1.5 mS∙cm-1 is adequate for
actively growing crops such as Impatient, Begonia and Azalea.
The linear increase observed for EC of samples placed outdoors before winter months
showed that outdoor storage influenced the rate of fertilizer release marginal over time (e.g., 0.26
to 0.62 mS∙cm-1 on day one and day 92 respectively) (Fig. 4.3). A study conducted by Zaccheo et
al. (2013) found that a 12-14 months CRF, when incorporated in a growing substrate, placed in
controlled environment storage under a constant temperature (e.g., 21 ℃), had comparable
results. Measurements taken on day 160 and 168 (January, 2017) were not included in the linear
regression analysis; however, difference between the last measurements taken before and after
winter did not show any statistical difference.
Huett and Morris (1999) had previously determined that damaged prills increase nutrient
loss over the season. This damage can be cause by rough handling and/or poor storage
conditions, which can cause prills to crack and speed the release of nutrients (Halcomb and Fare,
2010; Pasian, 2013). On day 160 and 168, EC measured in samples left outside to overwinter
were analysed and compared to samples kept indoors. Results showed that regardless of storage
location, both readings for both dates had comparable EC levels (Fig. 4.3). In addition, the
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freezing and thawing that occurred in the month of January did not seem to have damaged the
CRF prills based on the EC reading from this study (e.g., indoor EC were on average 0.67
mS∙cm-1 while outdoors were 0.62 mS∙cm-1). This confirms what Adam et al. had proposed in
2013 that Polyon® long-term duration when exposed to lower temperature tend to decrease
nutrient release, which may offer the advantage of overwintering without much damage.
In addition, the rapid increase in CMP pH from day one to day 50 can be attributed to the
limestone incorporated with the potting mix at the beginning of this trial. Limestone is typically
added to peat based media to help neutralize acidity and help increase the pH (Handreck and
Black, 2002; Ontario Ministry of Agriculture, Food and Rural Affairs, 2016). A study conducted
by Huang et al. (2007) showed that pulverized dolomitic limestone takes between 14 to 40 days
to stabilize the pH to an acceptable range. They also determined that pH response to limestone
on a peat based substrate is best fitted on a quadratic curve. This same trend was also observed
during this study where quadratic curve was best fitted for measurements taken until day 92 (Fig.
4.3). Even though, pH measurements taken on 160 and 168 were not included in the regression
analysis, pH levels remained stable until the end of this trial.

87

Fig. 4. 3:

Substrate electrical conductivity (EC) and pH collected from 17. Aug. 2016 to 31
Jan. 2017 from a peat-based consumer potting mix (CPM), incorporated with
Polyon® 15N-2.6P-9.1K + Minors 12 months controlled-release fertilizer (CRF) on
08 Aug. 2016. Data are means ± SE (n=3) for the first nine measurements and ±
SE (n=6) for measurement taken on day 160 and 168, which are not included in the
regression. Lines represent the best fit at P < 0.05.
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4.4 Conclusion
Storing bark-based substrate containing CRF is not recommended, especially if crops
being potted are sensitive to high soluble salt content (e.g., EC levels > 1.5 mS∙cm-1). As an
alternative, growers could flush substrate prior to potting to reduce the salt content; however, any
excess nutrient can leach into groundwater and rivers. We observed that if substrate temperature
is > 30 °C, it will activate early release regardless of coating formulation. This study showed that
nutrient release began 24 hours after incorporation regardless of storage location or product
longevity and continued to increase thereafter. The longer the CRF-containing substrate stays in
storage, the more likely it will accumulate soluble salts to high EC level. During this trial, the
substrate EC increased from 1.4 mS∙cm-1 (before incorporation) to 2.6 mS∙cm-1 under a daily
average temperature of 24 °C, which is comparable to the typical air temperature during early
summer in Ontario, Canada. Using CRF incorporated substrate placed in storage for a period of
10 days is not likely to damage actively growing species requiring medium to moderate nutrient
levels (e.g., 1.5 to 3.5 mS∙cm-1); however, total-N accumulation over the storage period (e.g.,
whether 1 or 10 days) is likely to be lost after potting.
CPM containing Polyon® 10-12 months CRF duration stored for six months outdoors
during summer and winters did not increase EC or pH to unacceptable levels. Hence, retailers
don’t have to dispose products from previous years while consumers are likely to purchase a
product containing the adequate levels of nutrient to grow their favorite plants. Further research
is needed involving other CRF products from different manufacturers where different substrate
and environmental conditions play an important role in the rate of nutrient release.
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Chapter 5
Summary and Conclusions
The objective of this study was to provide growers with new management tools to
improve nutrient management for environmental and economical benefits. Currently, many
nurseries across Canada still fertilizes their crop with generalized CRF rates provided by
manufacturers, irrigate their crops frequently, and sometimes have to store their CRFincorporated substrates for long period due to logistics. Fertilizer application based on plant
demand can not only save money and reduce environmental damage, but can also produce more
visually-appealing crops within a shorter production timeframe. Irrigating crop according to the
moisture availability within substrate can help reduce irrigation frequency, which in return can
decrease the demand of water availability during the growing season. Knowing the rate of
release and the accumulation of soluble salts from incorporated CRF can help growers to manage
their substrate and potting timing and avoid salt damage to certain salt-sensitive crops.
We established that an optimal CRF rate or range applied by top-dressing in early June
can provide adequate nutrients to promote growth and early blooms for 5-gallon Hydrangea and
Hibiscus, while also being used to shorten or delay production based on timelines set by
nurseries. CRF optimal rates/range for Hibiscus top-dressed with Multicote® and Polyon® were
10.0 to 15.0 g N/pot. These rates provided early flowering in August and continued until the
beginning of September. Hydrangea fertilized with Polyon® at rates 10.0 to 12.5 g N/pot and
Hydrangea fertilized with Multicote® at 10.0 to 15.0 g N/pot promoted earlier blooms in July
when compared to lower rates, which bloomed in August.
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The second experiment established that both optimal CRF rates (0.75 and 1.05 kg N∙m-3)
under the two irrigation regimes (0.25 and 0.35 m3∙m-3 VWC) for Spirea shrubs had comparable
overall appearance. However, shrubs fertilized with both CRF rates irrigated at 0.35 m3∙m-3 had
less N loss through leaching while rate 0.75 kg N∙m-3 had best overall plant growth (i.e., growth
index, leaf area, root dry weight). Due to the unseasonable hot summer, best growth and less
nutrient leaching were observed for Hydrangeas fertilized at rate 0.75 kg∙m-3 N under both
irrigation regimes. Hydrangeas fertilized with rate 1.35 kg N∙m-3 experienced bleaching and
scorching of leaves during this study. This could indicate that using lower CRF rate combined
with keeping growing substrate drier is also a viable alternative for 2-gallon container-grown
Hydrangeas.
The third experiment stablished that using stored (1-10 days) Polyon® CRF-incorporated
substrate before potting should not be a concern for plant species that are able to tolerate EC
levels > 1.5 mS∙cm-1 (EC levels based on the saturated paste method). However, if plants are
sensitive to high salt concentration, growers are recommended to use substrate immediately or if
not possible to flush substrate before potting with water. Growers should keep in mind that the
excess of soluble salts leaving the production site, could end up leaching into nearby water.
Furthermore, to avoid N leaching after potting and maximize plant N uptake it is also
recommended that growers do not place incorporated substrate in storage but instead use it
shortly after mixing. Consumer potting mix incorporated with Polyon® CRF placed in storage for
a period of six months, produced EC levels <1.0 mS∙cm-1, which is an acceptable level for
ornamental plants used by avid gardeners such as impatient, begonia and azalea.
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And thus, the results from this thesis, can be used to help develop a guide to advise
Canadian nursery and fertilizer industries regarding optimal top-dressing CRF application rates
for nursery crop production, irrigation volume based on VWC and the accumulation of soluble
salts from incorporated CRF. Consequently, help maximize economical return while minimizing
negative environmental impact from NO3- and PO4-3 run-off.

5.1 Going Forward
Agro and Zheng (2014) determined optimal CRF incorporated rates for 17 economically
important shrubs; however, there are hundreds of species that still lacking information on
synchronizing the application of incorporated with top-dressing rates to optimize crop
production. Hence, more research is needed to determine the optimal top-dressing rate for other
economically important species-specific flowering shrubs. This study was only able to
determine the rate of release from incorporated CRF placed in storage for Polyon® product.
According to Huett and Gogel (2000) determine that different CRF products tend to release
nutrient more rapidly that other products, so we recommend that more storage of incorporated
fertilizer using different CRF products would provide growers with more information for specific
product.
Furthermore, high temperature and low precipitation is expected to become the norm
during the growing season, affecting plant growth and development of outdoor production.
Growers will be forced to abide to new regulations or continue to purchase water permits,
increasing the cost of production. Irrigating crops based on VWC may become indispensable for
future management. However, there is not enough information available based on crop water
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usage based on species-specific and different growing environment (Burnett and van Iersel,
2008). Moisture sensor, has become a reliable form of monitoring substrate moisture content
availability; therefore I would recommend further researching using substrate VWC for more
economically important container-grown shrubs. Improving nutrient management to enhance
nutrient use efficiency of the common nursery crop species, would help growers to reduce
nutrient (e.g., NO3- and PO4-3) leaching into nearby water while also reducing cost of production.
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Appendices

Appendix 1
Presented below additional information in the form of figures and tables not presented on
chapter 2 and 3.
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Table A1. 1. Two-way analysis of variance for the effect of irrigation regime (0.25 m3∙m-3 and 0.35 m3∙m-3 VWC), fertilizer rate
(0.75 kg∙m-3 and 1.35 kg∙m-3)y and the interaction between irrigation and fertilizer rate on Hydrangea macrophylla ‘Bigleaf’
growth and appearance parameters.
Main effects and
interactions
Source
Irrigation
Rate
Irrigation × Rate
Source
Irrigation
Rate
Irrigation × Rate

df

SS

F ratio

1
1
1

Leaf area
86543.67
0.2823
615491.11
2.0074
229052.7
0.747

1
1
1

Shoot DW
0.020833
0.0005
31.040833
0.7464
7.2075
0.1733

Prob > F
0.6097
0.1943
0.4126

0.9827
0.4128
0.6881

df
1
1
1

1
1
1

SS

F ratio

Overall appearance
0.1875
0.6429
0.1875
0.6429
0.52083
1.7857
Root DW
2.5208333
1.4814
0.0075
0.0044
6.9008333
4.0553

DW = Dry weight
SS = Square Means
Polyon® 19N-1.7P- 8.3K + Minors 3-4 months durations controlled-release fertilizer (CRF) incorporated into growing substrate at transplanting
Treatment were arranged in a complete random block design N= 3 for leaf area, shoot and root DW; N= 5 for plant overall appearance
Plants were harvested on October 02nd, 2016.
*Significant at P > 0.05
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Prob > F
0.4458
0.4458
0.2182

0.2582
0.9487
0.0788

Table A1. 2. Two-way analysis of variance for the effect of irrigation regime (0.25 m3∙m-3 and 0.35 m3∙m-3 VWC), fertilizer rate
(0.75 kg∙m-3 and 1.05 kg∙m-3)y and the interaction between irrigation and fertilizer rate on Spirea bumalda ‘Goldmound’ growth
and appearance parameters.
Main effects and
interactions
Source
Irrigation
Rate
Irrigation × Rate
Source
Irrigation
Rate
Irrigation × Rate

df

SS

F ratio

1
1
1

Leaf area
71861.52
0.4412
101926.95
0.6258
878634.4
5.3947

1
1
1

Shoot DW
44.55625
2.7827
15.8000625
0.9868
71.82825625
0.3401

Prob > F
0.5191
0.4442
0.0386*

0.1211
0.3401
0.0557

df
1
1
1

1
1
1

SS

F ratio

Overall appearance
0.625
0.2222
0
0
0.56
2

18.9961
0.8226
0.289

Root DW
18.9961
0.8126
0.289

DW = Dry weight
SS = Square Means
y

Polyon® 19N-1.7P- 8.3K + Minors 3-4 months durations controlled-release fertilizer (CRF) incorporated into growing substrate at transplanting

Treatment were arranged in a complete random block design N= 4 for leaf area, shoot and root DW; N= 5 for plant overall appearance
Plants were harvested on October 02nd, 2016.
*Significant at P > 0.05
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Prob > F
0.6858
1
0.1827

0.0009*
0.3851
0.6007

Table A1. 3. Two-way analysis of variance for the effect of irrigation regime (0.25 m3∙m-3 and 0.35 m3∙m-3 VWC), fertilizer rate
(0.75 kg∙m-3 and 1.35 kg∙m-3)y and the interaction between irrigation and fertilizer rate on Hydrangea macrophylla ‘Bigleaf’ and
Spirea bumalda ‘Goldmound’ on chlorophyll content index (CCI).
Main effects and
interactions
Hydrangea source
Irrigation
Rate
Irrigation × Rate
Spirea source
Irrigation
Rate
Irrigation × Rate

df

SS

F ratio

1
1
1

CCI-August
112.82388
0.7802
71.88574
0.4971
746.36922
5.1616

1
1
1

CCI-August
38.080667
2.734
38.080667
2.734
8.816667
0.633

Prob > F
0.3837
0.4859
0.0300*

0.1038
0.1038
0.4296

df

SS

F ratio

Prob > F

1
1
1

CCI-September
2170.633
5.1104
14941.971
35.1782
2364.83
5.5676

0.0307*
<.0001*
0.0246*

1
1
1

CCI-September
12.9735
0.7755
56.260167
3.3631
0.160167
0.0096

0.3823
0.072
0.9224

DW = Dry weight
SS = Square Means
y

Polyon® 19N-1.7P- 8.3K + Minors 3-4 months durations controlled-release fertilizer (CRF) incorporated into growing substrate at transplanting

Treatment were arranged in a complete random block design N= 5
*Significant at P > 0.05
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Fig. A1. 1: Substrate calibration for 3 different decagon data loggers (Decagon Device Inc.,
Pullman, WA) using substrate consisting of 40% composted pine bark (2.38 cm),
35% aged bark-blend A (2.38 cm), 10% softwood fines (1.27 cm) and 15%
compost (1.27 cm) [Grow-Bark (Ontario) Ltd., Georgetown, ON, Canada].
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Fig. A1. 2: Photos taken on August 27, 2015 of Hydrangea paniculata ‘Limelight’ top-dressed
with six rates of Polyon® 16N-2.6P-10.8K or Multicote® 18N-2.6P-10K. Rate 0.0 g
N/pot represents shrubs with no top-dressing.
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Fig. A1. 3: Photos taken on August 27, 2015 of Hibiscus syriacus ‘Sugar tip’ top-dressed with
six rates of Polyon® 16N-2.6P-10.8K or Multicote® 18N-2.6P-10K. Rate 0.0 g
N/pot represents shrubs with no top-dressing.
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Fig. A1. 4: Photos taken on September, 2016 of Spirea bumalda ‘Goldmound’ fertilized with
Polyon® 19N-1.7P- 8.3K + Minors 3-4 months durations controlled-release
fertilizer (CRF). Plants represent each treatment (CRF rates and irrigation regimes).
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Fig. A1.5: Photos taken on September, 2016 of Hydrangea macrophylla ‘Bigleaf’ fertilized
with Polyon® 19N-1.7P- 8.3K + Minors 3-4 months durations controlled-release
fertilizer (CRF). Plants represent each treatment (CRF rates and irrigation regimes).
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Appendix 2
Presented below are the fertilizer technical sheet for the CRF formulation within this
study
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Fig. A2. 1: Fertilizer technical sheet for Multicote® 18N-2.6P-10.0K, 4 months controlledrelease fertilizer developed by Haifa NutriTech Inc.
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Fig. A2. 2: Fertilizer technical sheet for Polyon® 15N-2.6P-9.1K 10-12 months controlled
release fertilizer developed by Agrium Advanced Technologies Inc.
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Fig. A2. 3: Fertilizer technical sheet for Polyon® 16N-2.6P-9.9K, 5-6 month controlled release fertilizer developed
by Agrium Advanced Technologies Inc.
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Fig. A2. 4: Fertilizer technical sheet for Polyon® 19N-2.6P-10.8K, 8-9 months controlled release fertilizer developed
by Agrium Advanced Technologies Inc.
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Fig. A2. 5: Fertilizer technical sheet for Polyon® 16N-2.6P-10.8K, 3-4 months controlled release fertilizer developed
by Agrium Advanced Technologies Inc.
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Fig. A2. 6: Fertilizer technical sheet for Polyon® 19N-1.7P-8.3K, 8-9 months controlled release fertilizer developed
by Agrium Advanced Technologies Inc.
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