
ABSTRACT 

OWEN, WILLIAM GARRETT. Pine Wood Chips as an Alternative to Perlite in Greenhouse 

Substrates: Cultural Parameters to Consider. (Under the direction of Dr. Brian E. Jackson). 

 

 Greenhouse and nursery container substrates are traditionally formulated (by volume) 

mostly from peatmoss, pine bark, perlite, and vermiculite. Of these substrate components, 

peatmoss and pine bark are the most commonly used in the southeastern United States. 

However, due to inconsistency, availability, and increasing cost associated with 

transportation of peat and pine bark, growers and researchers have expressed an increased 

interest in utilizing alternative substrates and substrate components. Many alternatives have 

been investigated and proven successful such as coconut coir, hardwood bark, fresh parboiled 

rice hulls, and most recently pine tree substrates (PTS). In the southeastern United States, 

loblolly pine trees (Pinus taeda L.) are desirable because of its regional availability and fast 

growth rate. Studies have demonstrated PTS to be successful for some greenhouse and 

nursery crops and shows promise as an alternative to peatmoss and pine bark. However, with 

the emphasis of alternatives directed towards peatmoss and pine bark, there is a need to 

investigate an alternative to perlite. Therefore, the objective of this work was to determine 

the cultural parameters with pine wood chips (PWC) as an alternative to perlite in greenhouse 

substrates. The response of peat-based substrates amended with increasing rates of PWC or 

perlite aggregates and the rate of lime in which to adjust substrate pH to the recommended 

pH range for greenhouse crops was investigated. This study demonstrates similar pre-plant 

rates of 3.54 to 7.12 mgm
-3

 dolomitic limestone are required to adjust substrate pH to the 

recommended range for most greenhouse crops. The efficacy of paclobutrazol, a plant 



growth regulator, is not affected by increasing rates of PWC-amended substrates. Similar 

drench concentrations of paclobutrazol controlled potted sunflower, marigold, and 

plectranthus growth in substrates amended with similar rates of 10% to 30% PWC or perlite 

aggregates. The nitrogen (N) requirement for zinnia and marigold plants grown in PWC- and 

perlite-amended substrates were investigated. Results indicate similar N requirements of 200 

mgL
-1

 will produce optimal plant growth in substrates containing PWC or perlite 

aggregates. Therefore, based on this work, it is concluded that PWC is a suitable alternative 

to perlite and no change in cultural practices are required when implementing substrates 

amended with PWC in greenhouse substrates. 
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CHAPTER I 

INTRODUCTION 

The United States Department of Agriculture (USDA) reported the floriculture and 

nursery industry has grown economically to $17 billion in 2006 in gross receipts 

(Floriculture and Nursery Yearbook, 2007). In 2007, the five largest expenses in the 

horticulture industry include hired labor, 38.1%; plant materials, 15.6%; all other production 

expenses, 6.6%; total container expenses, 5.2% and gasoline, fuels and oils purchased 

account for 4.9% of total expenses (National Agricultural Statistics Service, 2007). With the 

increase in total gross receipts and considerable expenses attributed to labor, plant materials, 

containers, fuel, and other expenses, there is little margin for growers to alter growing 

practices. However to decrease expenses and increase profits, growers strive to become more 

efficient and sustainable in production and by growing practices.  

To increase profits, growers should first start with a substrate that works well with 

their crops and production practices. Ideally, container-grown plants produce healthy and 

functioning root systems in the confined volume of substrate. The rooting environment (often 

referred to as growing media, soilless media, medium, substrate, potting or container mix) 

should provide adequate aeration, water retention and supply of nutrients, while being pest 

and pathogen free.  

 

 

 

 



 

  2 

 

LITERATURE REVIEW 

History of Container Substrates 

 The first documented case of container-grown plants were Egyptian wall paintings in 

the temple of Deir el Bahari (Raviv and Lieth, 2008). Large mature trees were transported 

from their native countries to the king’s palace. In the seventeenth century, orangeries 

became popular among the European wealthy for aesthetic value and the supply rare fruits or 

vegetables around the year. Plants were transported from the Far and Middle East to Europe 

in containers and placed in gardens during the summer and moved inside orangeries during 

the winter. Understanding plant nutritional requirements was first pioneered by both French 

and German scientist in the nineteenth century and was later perfected by American and 

English scientist in the first half of the twentieth century. As late as 1946, British scientist 

still claimed that while it was possible to grow plants in silica sand using nutrient solutions, 

similarly treated soil-grown plants produced more yield and biomass (Reviv and Leith, 

2008).  

 In modern times, soilless growing media became popular in the 1960’s when Cornell 

University introduced their new peat-lite mixes as an alternative to topsoil for growing plants 

in containers.  It was not until the 1970’s that researchers developed complete nutrient 

solutions, coupled their use to appropriate rooting medium and studied how to optimize the 

levels of nutrients, water and oxygen to demonstrate the superiority of soilless media in terms 

of yield (Reviv and Leith, 2008). Plant culture in soilless medium improved plant 
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productivity because of the realization of the importance of disinfection to suppress disease 

and weeds in container grown plants compared to soil grown plants. 

 

Container Substrates in Horticulture 

 Substrates are mixture of component materials, other than soil in situ, in which plants 

are grown in containers. Growing medium constituents are the basic components of 

substrates, which are generally formulated on a percentage volume basis (Schmilewski, 

2008). Substrates are composed of various materials such as peat, bark, and aggregates. 

Substrates can also contain additives such as lime, wetting agents and pre-plant charger 

fertilizers. One of the most important investments a grower can make is in a good quality, 

consistent substrate that matches well with the crops and the irrigation system (Griffith, 

2007). For the grower it is absolutely essential that the substrate functions well under his/her 

growing conditions (Schmilewski, 2008). As prices of raw materials fluctuate, growers 

must evaluate whether to use a “tired-and-true” component (peat) or a replacement (coconut 

coir) in a recipe that may have proven to work well over the years (Reviv and Leith, 2008). 

Due to these price changes, growers may be forced to change a constituent of the substrate to 

a constituent that may result in lower costs or quality of crops, especially if the substitution is 

with a material with which the grower has less experience. Thus, growers throughout the 

world face the challenge of assembling mixes with alternative components to match the 

physical properties of their “tried-and-true” mixes and perform as desired at the lowest 

possible overall cost. 
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 A report conducted by Greenhouse Management magazine in 2011 stated that U.S. 

greenhouse growers spend on average $47,500 annually on growing media ($22,785 on peat 

alone). This indicates that, as an industry spends approximately $855 million per year on 

growing media (Davis, 2011).  About one-quarter of U.S. greenhouse growers, mix their own 

medium exclusively. Another quarter use a combination of media mixed in-house, and pre-

mixed by manufacturers. The rest of the U.S. growers use a media pre-mixed by substrate 

manufacturers (Davis, 2011). Multiple surveys were conducted with growers who were asked  

questions about the substrates they used in production. Thirty-eight percent of the growers 

responded that they purchase standard mixes from a manufacturer. Seven percent purchase 

custom-made mixes from manufacturers. Twenty-seven percent mix in-house and 28% use 

both pre-mixed and in-house mixing. Growers’ reported that 53% of them use one or two 

mixes while 41% use three or four mixes. 

Sphagnum peat has been the most important substrate constituent for many decades 

(Schmilewski, 2008). Peat can be shipped directly to the grower in bales or towers where 

they can be mixed in-house. Another choice for growers is pre-mixed substrates, which 

manufacturers have incorporated aggregates, vermiculite, wetting agents and/or starter pre-

plant fertilizers. Traditional recipes still rule, but there are a plethora of components that 

growers are experimenting with. Many of these alternative ingredients come from local 

sources and are byproducts of local industries, thus reducing freight costs. 
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Sphagnum Peat moss  

 Peat, partially decomposed sphagnum moss and sedges are dug from swampy, cool 

climatic regions such as Canada, Russia, Latvia, and Scandinavia. Under cool waterlogged 

conditions, sugars and celluloses are decomposed, leaving behind the lignified cell walls and 

humus. Following the natural decomposition of the plant material, the cellular structure is left 

behind. The cellular structure gives rise to the unique physical properties of Sphagnum peats. 

The structure of Sphagnum moss leaf is made up of large cells about 0.1 to 0.2 mm long 

(Handreck and Black, 2010). These cell walls have thickened bands or ‘buttressed’ which 

helps resist collapse when the cells are under pressure. Holes within the cell walls allow 

water to enter and be retained in many of the medium-sized pores between cells. The total 

amount of water held is as much as eight times the dry weight of the moss and is increased 

by light compression (Handreck and Black, 2010).  

 The most common Sphagnum species used in production are S. fuscum,  S. 

angustifolium, and S. magellanicum. Herbaceous plants such as sedges, Caryx spp. are also 

used (Dunberg, et al., 1987). These different materials result in different physical properties 

of substrates. Sphagnum peat with a low degree of humification consists of mostly of the 

original structure of the mosses with stems and leaves remaining intact, while Caryx peat 

mostly consists of fine roots and preserved rhizomes, often in a matrix of amorphous 

particles (Dunberg et. al., 1987). Lignose peat is comprised mostly of wood and bark. The 

differences between the mosses and the sedges vary in their degree of composition. The 

differences are described by the Von Post scale; light peat are assigned the numbers H1 to 

H3, dark peats H4 to H6 and black peats H7 to H10 (Handreck and Black, 2010). The 
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criterion that separates the three categories of peat is related to the water-holding capacity on 

a mass basis, particle size, and air-filled porosity. In peats with high degrees of humification, 

it is possible to identify a very small proportion of the material, and the relative amount of 

woody material increases as a consequence of its low degradability (Dunberg et. al., 1987). 

The three physical properties all decrease as the H number increases. ‘White peat’ and ‘blond 

peat’ are referred to as light-colored sphagnum peat, which consist of larger particle size and 

limited decomposition. These light colored peats are more expensive compared to the more 

decomposed peats, such as black peat. The high value of the light colored peats is due to its 

ability to provide excellent aeration plus moderate water-holding capacity and fast 

decomposition rate compared to black peats. The more highly decomposed ‘black peats’ are 

of variable quality. These peats usually have to be frozen for at least a week before they are a 

useful grade for horticulture (Handreck and Black, 2010). The origin of ‘white peats’ or 

‘blonde peats’ are harvested from peat bogs in Canada. However, European peats vary in 

quality depending on three factors: source, season, and the container load. European peats are 

generally coarse, lumpy types however the concern of destruction or draining of peat bogs 

has led Europe to decrease the use of peat in horticulture (Handreck and Black, 2010). 

 Peat has many great attributes when used in production and guarantees a high water 

holding capacity with simultaneously high air capacity (Schmilewski, 2008). Peat is naturally 

acidic with a pH between 3.0 – 3.2. The low pH and nutrient content permit these 

characteristics to be raised artificially to crop-specific values. Due to its mode of formation, 

peat is naturally hydrophobic, meaning it repels water. Substrates containing peat must have 

wetting agents amended to the mix to help absorb water when irrigation takes place. 
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However, if water is not applied to high-peat mixes, water will begin to evaporate from the 

surface and shrinkage will occur. Shrinkage results after evaporation has occurred and the 

substrate has decreased in container volume. Water must be applied before shrinkage is so 

great that the water runs down between the container wall and the substrate, and does not 

stop long enough to wet much of the substrate (Handreck and Black, 2010). In summary, 

peats have a low bulk density, a high level of readily available water, variable air-filled 

porosity at container capacity, and high buffer capacity (Handreck and Black, 2010). It is 

also free of pests and pathogens, and under circumstances of controlled production it is also 

free of weed seeds (Schmilewski, 2008).  

 

Alternatives to Sphagnum Peatmoss 

 Alternatives to peat are being investigated by researchers around the world because of 

environmental impacts of peat harvest, costs associated with peat, and supply-and-demand 

issues. Extraction or harvesting of peat involves the clearance of surface vegetation and site 

drainage. Extracting peat was traditionally done by hand cutting blocks of peat from drained 

areas but has recently transitioned to mechanized block cutting, to milling and sod cutting. 

These practices require deeper drainage of the bog, thus resulting in reduced restoration and 

biodiversity success. This deconstruction of peat bogs causes irreversible damage to the 

ecosystem however conservation and restoration of these areas have become popular in 

Europe. Harvesting of peat is climate dependent and rain during the harvest season reduces 

the amount and quality of peat harvested. Thus resulting in a reduction of the peat supply and 

quality of peat for the following year. Transportation and quality of peat is variable 
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dependent on the peat’s origin. The majority of peat is harvested from Europe, but Canada, 

China, and the United States also produce peat as a fuel source and for horticultural use. The 

ultimate goal of peat replacement is to cut costs while using sustainable components, 

preferably sourced close to market, and to actually add value to the resultant substrate 

(Alexander et al., 2008). Some alternatives include coconut coir dust, pine bark, and 

processed wood.  

 

Coconut Coir Dust 

  This discussion of coconut coir processing is only one possibility. Coir can be 

processed in several ways not discussed here. Coconut coir dust, also referred to as coir or 

cocopeat, is an agricultural waste product derived from the mesocarp or husk of the coconut 

fruit (Cocos nucifera L.) and is being marketed as an alternative substrate component 

(Dasoju et al., 1998). The main countries that supply coir for the horticultural industry are: 

Sri Lanka, India, Mexico, Costa Rica, Guyana, Indonesia, Philippines, Malaysia, New 

Guinea, Fiji, and Samoa. Producing coir from coconuts takes several months.  

 Processing of coir first starts by removing the husk. Separating it from the inner hard 

shelled nut is done by soaking it in water, usually a lagoon for several months allowing the 

pith to loosen the fibres. Once the husks are ready to be processed, the moist husks are then 

held against a rotating drum, stubbed with spikes to comb the fibres together. To receive 

horticultural grade coir, the fibres are then screened to less than 2 cm in size. Once screened, 

the coir is allowed to air dry before it is compressed into bales or blocks. Fresh coir after air 

drying and baled is light brown in color and with age the coir turns a dark brown-black. Once 
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receiving bales of coir at growing facilities, they can be broken up easily by hand or 

mechanically. Compressed coir can increases in volume by 3 – 4 fold. Generally, a single 

bale can yield 340 L of moist coir which is approximately one-third of a cubic meter. 

 In plant production trials, coir has been demonstrated to be a suitable substrate 

component for greenhouse crops production, promoting shoot and root growth in certain 

species (Talukdar and Barooah, 1987; Lokesha et al., 1988; Evans and Stamps, 1996).  Evans 

and Stamps (1996) found that coir dust is a suitable alternative to peat for the formulation of 

substrates for the production of annuals. They also found that the growth and development of 

the bedding plant species tested was either equivalent to or greater than those produced in 

peat-based substrates. Handreck and Black (1993) concluded from a study of two subtropical 

ornamentals that plants in coir-based media require more Calcium (Ca), Sulfur (S), Copper 

(Cu), and Iron (Fe), but less Potassium (K), than those grown in peat. He also reported 

greater immobilization of soluble Nitrogen (N) with coir than peat, an observation confirmed 

by (Cresswell, 1992). Meerow (1994) recommends that nutritional regimes need to be 

adjusted on a crop-by-crop basis. A study conducted by Ma and Nichols (2004), conclude 

fresh coir dust and fresh fine coconut shell severely inhibited root elongation of lettuce. This 

was attributed from phytotoxicity caused by phenolic compounds in the coir dust. For most 

plant producers in the United States, the primary decision on whether to use coir dust as a 

substitute for peat likely will be economic, and the secondary decision, environmental 

(Meerow, 1994). 

 The chemical and physical properties of coir, generally allow it to be an alternative to 

peat in the horticulture industry. However, electrical conductivity and chloride often exceed 



 

  10 

the recommended levels of containerized plant production. Previous work by Bunt (1988), 

states that most mineral elements were within ranges reported for sphagnum peats. The 

exceptions were pH, P, K, Na (Sodium), and Cl (Choride) (Evans et al., 1996). Evans (1996), 

found that the higher pH of coir dust would negate the need to incorporate lime to raise 

substrate pH – a common practice when using peat in substrates – and the P and K found in 

coir dust may serve as a source of mineral elements. However, Na and Cl levels may present 

problems when coir dust is used in substrates (Evans et al., 1996). The physical properties of 

coir dust can allow it to absorb liquids and gases, due to its honeycomb like structure of the 

mesocarp tissue. This structure has a high surface area, water holding capacity, and excellent 

drainage per unit volume. Coir is also hydrophilic, allowing water to evenly disburse over the 

surfaces of the fibres and delivering it to plant roots. 

 

Pine Bark   

Pine bark is a common organic component of growing media for containerized plant 

production both in the greenhouse and nursery industry. Pine bark is used in greenhouse 

substrates to help extend the use of peat, while in the nursery industry pine bark is the 

predominant component of substrates. Pine bark is obtained from harvested pine trees with 

the help of specialized equipment that removes the bark and cambium. Once the pine bark is 

removed, it is then hammer milled to obtain a desirable particle size for growers to use. Once 

hammer milled it is often aged for a period of time. Growers prefer pine bark with little to no 

white wood (cambium) content; however research shows that white wood is not detrimental 

to crop growth. 
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Pine bark and peat has often been used collectively as containerized substrates, but 

recently wood has been used as a component of greenhouse substrates. The identification of 

wood-based substrates produced from softwood or hardwood trees has led to several 

investigations. Fain et al., (2011) stated that previous research have demonstrated the 

effectiveness of wood-based substrates for production of a variety of crops, with some 

requiring additional fertilizer for growth comparable to those produced in a peat-based 

substrate. Pine bark and wood can help alleviate production cost of transporting sphagnum 

peat moss to the southeastern United States.  

 

Wood as Substrate Components 

In the southeastern United States, loblolly pine (Pinus taeda L.), has been identified 

as an excellent component in containerized plant substrates. The raw materials to produce 

these growing substrates can be readily available from harvesting operations throughout the 

year from commercial timber production. The commercialization of non-composted wood-

based substrate materials has been available in Europe for many years. Recently, US 

substrate manufacturing companies have introduced wood-based substrates. These products 

contain >50% wood, and are produced from various coniferous species which are obtained 

from forestry operations or as waste from manufacturing. Processing of wood-based 

substrates can be done in several methods. 
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Pine Tree Substrates 

WholeTree® (WT), recently introduced wood-based substrates in the southeastern 

United States. The name is derived from processing of the whole tree including the wood, 

bark, limbs, needles, and cones, thus substrates consist of about 80% wood. Once it has been 

processed and tailored to the growers needs, physical properties such as particle size and 

porosity, it can then be used immediately in production. Large growers with a capital 

investment of equipment could even process their own substrate by buying trees on the open 

market (Fain, 2006), or grow their own trees, harvest, and process themselves. Young’s Plant 

Farm in Auburn, A.L. has invested in the equipment and land to produce their substrates 

(Personal Communication, 2011).  

WholeTree differs from standard pine-bark and peat moss-based substrates because of 

the higher pH, lower cation exchange capacity and a higher carbon-to-nitrogen ratio. These 

properties will determine if growers need to alter their production practices to produce 

suitable and profitable crops. Previous research has found that some crops grown in wood-

based substrates require supplemental fertilizer for optimum growth compared with plants 

grown in peat or pine bark substrates (Fain et al., 2011).  

 Successful use of pine tree substrates (PTS) in greenhouse and nursery crop 

production has gained considerable interest from growers and substrate manufacturers. Pine 

tree substrates can be produced from pine trees that are chipped and ground (with or without 

bark, limbs, needles) in a hammer mill or from clean chip residual, which is produced from 

byproducts of the pine tree-harvesting process (Jackson et al., 2010). Chipping and hammer 
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milling pine wood chips into an acceptable particle size can be used as a container substrate 

with a natural pH of 4.5 – 6.0. The southern United States, which produced 60% of the 

nation’s timber products and more timber than any other country in the world, has been 

quoted as being the “wood-basket of the world” as a result of increasing productivity of pine 

plantations, in particular loblolly pine (Pinus tadea L.). The importance of loblolly pines is 

significant because pine trees large enough to be harvested can be produced within ten to 

fifth-teen years. The young pines can be harvested and processed locally and delivered to 

greenhouse and nursery growers without being composted. The locality of these organic, 

renewable resources, immediately to use aggregates, allow growers to cut production costs 

and become stewards to the environment. Other potential pine tree species in the south east 

include slash pine (Pinus elliottii Engelm.) and long leaf pine [Pinus palustris Mill.; (Fain et. 

al., 2010)]. White pine (Pinus strobes L.) could also serve the green industry in the 

northeastern United States. 

 The physical properties of PTS such as container capacity and air space can be easily 

altered during the manufacturing process by the degree of grinding of the pine wood chips in 

a hammer mill (Jackson et al., 2010). However substrates composed of wood, or large 

portions of wood, have a tendency to become N –deficient as a result of high rates of N 

immobilization (Jackson et al., 2010). The reason for the high rates of N immobilization is 

due to wood containing high amounts of useable/degradable carbon (C) compounds but only 

a small amount of nutrients available for micro-organisms, resulting in a draw on nutrient 

sources (primarily N) from the substrate solution (Jackson et al., 2010).  
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Clean Chip Residual 

Clean chip residual (CCR) is another type of pine substrate with commercialization 

possibilities. Trees are harvested during the thinning stage at pine plantations and shipped 

whole to be used in the paper pulp industry. The trees are then ground into smaller sizes 

based upon crop specification. Approximately 32 cubic yards of CCR is generated per acre 

during thinning (Boyer et al., 2006). Clean chip residuals are composed of approximately 

≈50% wood, 40% bark, and 10% needles (Boyer, et al., 2008).  

Previous investigation by Boyer et al. (2008), demonstrated that annual bedding 

plants grown in CCR or in combinations of CCR and peat produced similarly sized plants 

when compared to a traditional pine bark substrate (Boyer et al., 2009).  Later, Boyer 

evaluated eight perennial plant species and woody crops and reported similar results among 

all the treatments. The use of CCR has the potential to provide a sustainable media resource 

that is able to meet the continuing needs of the greenhouse and nursery industry and have a 

value-added benefit to forestry landowners (Boyer et al., 2008) 

 

Aggregates Used in Horticultural Substrates 

 Aggregates are important components of horticultural substrates because they provide 

air-filled pore space. The pore space allows for gas exchange between the root environment 

and the outside atmosphere (Bunt, 1988). Aggregate size dependent, pores may be filled with 

air or water. The different pores sizes drain differently; large pores drain freely and are air-

filled, medium pores contains water, which is easily available for plant uptake. As pores get 
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smaller, water is held more strongly and in the smallest pores is unavailable for plant growth 

(Sinclair, 2012). 

 

Perlite 

 Perlite is a naturally occurring, non-renewable, inorganic, silicaceous volcanic rock 

that is produced by mining the ore, grinding the crude ore to the desirable particle size. Once 

it is to the desirable particle size for the versatile end product, it is heated to 1800 - 3200˚F 

(982˚C) (Evans, 2011). Heating causes the ore to expand from four to twenty times its 

original volume, resulting in a light-weight, sterile, white porous particle with a neutral pH 

between 6.5 – 7.5. The multi-cellular structure affords a very high pore volume, typically 

97% of the total volume (Sinclair, 2012). Aggregate size varies among the horticulture 

industry. Propagation perlite particle size is sieved between 55-80% volume; screen 8 to 

10%; screen -30. Substrate particle size for perlite ranges from 5-20% volume; screen 8 to 

10%; screen -30. Finally, perlite used in plug mixes is sized from 0-5% volume; at screen 8 

to 10%; screen -50 (Supreme Perlite, 2012).  

 Perlite is used in a variety of applications such as water purification, construction, 

pharmaceuticals, and most importantly as a horticultural aggregate in substrates. An annual 

survey conducted in 2010 by the U.S. Geological Service (USGS) concluded the amount of 

expanded perlite sold or used increased by 7% in 2010 compared to 2009, which is 

equivalent to 471,000 metric tons. The 471,000 metric tons of expanded perlite sold or used 

by domestic producers was valued at $143 million. Of the valued $143 million of expanded 

perlite, the horticulture industry averaged a value of expanded perlite of $446 per ton in 
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2010. Greece ranks as the number one producing perlite country in the world in 2010 

followed by the U.S.  

 The production and use of perlite in various industries bring about health risks to 

employees implementing its use. Health risks associated with perlite’s dry state, which 

produces siliceous dust can become an eye and lung irritant. The perlite industry has been at 

the forefront of testing for health effects that may be associated with perlite and perlite 

products (Perlite Institute, 2002). There are no true detrimental effects to constant exposure 

to perlite except dust that can function as a nuisance. For some workers, exposure can result 

in temporary physical irritation, discomfort, impaired visibility, and enhancement of accident 

potential (Perlite Institute, 2002). In addition, coughing, irritation of throat and nasal 

passages can occur as a result of overexposure. Repeated handling or contact may also result 

in some drying effects of the skin or slight skin abrasions also may occur with any mineral 

dust (Schundler Company, 2002). 

 

Parboiled Rice Hulls 

 Rice hulls are a byproduct of the rice milling industry and consist mainly of 

hemicelluloses, lignin, and amorphous silica (Juliano et al., 1987). Rice hulls comprise ≈20% 

of rice grain at harvest (Evans and Gachukia, 2007). Additionally, fresh rice hulls have often 

been contaminated with rice seeds and thus present a weed problem for growers (Evans and 

Gachukia, 2007). To prevent this, rice rulls are parboiled to or steamed and are therefore free 

of viable weed seed. The emphasis of implementing agricultural byproducts such as rice hulls 

as a substrate component opened an avenue into the horticulture industry.  
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 According to Bunt (1988) and Hanan (1998), fresh rice hulls had a bulk density of 

0.10 g•cm
-3

, water-holding capacity of 20% (v/v), total pore space of 89% (v/v), and air-

filled pore space of 69% (v/v). Evans and Gachukia (2007) demonstrated that the large 

particle size of whole parboiled fresh rice hulls increased the drainage and air-filled pore 

space in peat-based substrates without causing significant N immobilization. Rice hulls are 

naturally high in silicon (Si) resulting in decreased degradation therefore mixes containing 

rice hulls would have a stable structure during production. According to Scott and Burbridge 

(1991), its main use is as a compost opener but as it is expensive, it can only reasonably be 

included at rates of up to 30%. 

 Evans et al. (2011), found regardless of particle size, ground rice hull products had 

electrical conductivity (EC), ammonium (NH4
+
) and nitrate (NO3

-
) concentrations that were 

not excessively high and within recommended ranges for uses as a greenhouse crop root 

substrate. However, the pH and the P and K concentrations of ground rice hull products were 

higher than the recommended levels. Other properties of peat-based substrates amended with 

parboiled rice hulls had no effect on secondary macro- and microelements. The elements 

were within the recommended concentrations other than increased Molybdenum (Mo). 

 

Processed Corncob 

 Corn is a prominent agronomic crop grown in the United States for livestock feed, 

seed, food, and other products. Once the kernels of the corn are removed during or after 

harvest, corncobs are left over and usually deposited back onto the field. Corncobs are a 

waste byproduct of the corn feed and seed industry and requires less energy to produce than 
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perlite (Weldon et al., 2011) Since corncobs are a byproduct of the feed and seed industry, it 

has potential to become a component of horticultural substrates. Weldon, et al. (2011) found 

when peat is amended with processed corncobs, the substrates had a higher total porosity and 

air-space. Particle size distributions demonstrated that corncobs had a consistent particle size. 

Further research needs to be conducted to determine if corncobs are a reliable substrate 

component. 

 

Growstones  

 Growstones have been successfully used as a hydroponic substrate and proposed as 

an aggregate to adjust the physical properties of peat-based substrates (Evans et. al., 2011). 

The production of growstones are produced from finely ground waste glass poweder that has 

been combined with calcium carbonate and heated in a kiln. The heat resulted in the 

production of carbon dioxide (CO2),  as the glass particles were heated and fused together 

trapping air spaces inside the glass, resulting in a light weight product (Evans et. al., 2011).  

Once cooled, the product can be ground into the desired particle size. 

 Evans et. al., (2011) found that growstones had a air-filler porosity higher than both 

peat and perlite and when added to peat at a concentration of at least 15% increased the air-

filled porosity of the peat-based substrate. Growstones could be used in a similar manner to 

perlite and parboiled rice hulls as an aggregate to increase air-filled porosity of peat-based 

substrates (Evans et. al., 2011). 
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Expanded Clay 

 Lightweight Expandable Clay Aggregates (LECA) are formed by firing clay through 

rotary kilns at high temperatures. During this time, gases form as clay materials begin to 

expand. Once cooled, the gases leave a cellular pore structure in the interior and exterior of 

the aggregates (Pickens et al., 2008).  The end result of the process is a structural grade 

lightweight aggregate with a low bulk density (Spomer, 1998). There are several clay 

aggregate products available amongst the horticulture indurstry and they include: Stalite
®
, 

HydRocks
®
, Livlite

®
, Gravelite

®
, Profile

TM
, and Turface

TM
 [(Arcillite); Pickens et al., 2008]. 

They reported that the parent clay material and the firing temperature play a significant role 

in both the chemical and physical properties of the final product. 

 The lightweight expanded clay aggregates have a high bulk density, which limits the 

use of  these aggregates in container substrates. However, LECA has potenial as a 

replacement to perlite in certain substrate blends (Whitcome, 2003). LECA aggregates 

provide pore spaced similar to oerkite within a substrate blend, however whereas perlite has a 

tendency to float to the top of the substrates, LECA does not. Also, unlike perlite, LECA 

does not break down over time and could also provide stability to substrates with an intended 

long life (Pickens et al., 2008). Limiting factors of expanded clays used as a component for 

substrates in container production include availability, cost, high transportation costs, and 

high bulk density. 
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Expanded Polystyrene 

 Expanded polystyrene beads can be used in media mixes in the greenhouse industry 

for propagation, but they are used less commonly in the nursery industry (Cole and Dunn, 

2002). Polystyrene beads can be purchased at a low cost, roughly $.044/m
3
 [($0.34/yd

3
); 

Cole and Dunn, 2002] or at no cost if picked up by the grower. Expanded polystyrene beads 

are produced in large amounts as waste annually. The most common source of these beads 

can be found in beanbag coushins and in similar products, however more beads are being 

produced than for a demand for the beads. Companies are seeking alternative avenues that 

could utilize the beads such as the horticulture industry. The expanded polystyrene beads are 

an inorganic aggregate, therefore the beads will have a consistent size and shape year round 

compared to other aggregates produced. There are some positive attributes about the utilizing 

polystyrene beads such as low cost, good drainage, and light weight.  

 Cole and Dunn (2002), found the physical and chemical properties of expanded 

polystyrene beads were comparable to perlite in multiple studies. The pH of the substrates 

was not affected by polystyrene concentrations and the EC decreased as polystyrene 

increased in the substrate. Also, air space increased as the amount of polystyrene increased.  

Other factors that growers should consider is that polystyrene floats, resulting in 

accumulations in retaining ponds or in the container, and because of it light weight, 

polystyrene blows with the wind during mixing (Cole and Dunn, 2002) and does not degrade 

in landscape beds. 
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Pumice 

 Is a product of volcanic activity and when rapidly cooled at atmosphereic pressure, 

turns into a lightweight white to light gray porous rock.  The igneous rock mineral 

composition is aluminosilicate plus potassium and sodium oxides. For the horticulture 

industry, pumic is mined, crushed, and graded upon aggreagte size. It is ideal for horticulture 

substrates because it is lightweight, porous, normally sterile (free of pathogens and weed 

seeds), chemcially inert and unaffected by pasterurization. Pumice has a pH of 7.0 – 7.4.  

 

pH and pH effects of Container Substrates 

 When pH of container substrates is not at the recommended range of 5.4 to 6.5 for 

most crops, nutritional problems can occur. Plants only take up dissolved nutrients through 

their roots. Substrate pH drives the chemical reactions that determine whether nutrients are 

either available for root uptake (soluble) or unavailable for uptake (insoluble) (Fisher and 

Argo, 2002). Several nutrients are affected by medium-pH, but the most important are P and 

most micronutrients, espically manganese (Mn), copper (Cu), Fe, Zn, and B (which decreases 

in solubility at high pH), and Mo [(which increases in solubility at high pH); Fisher and 

Argo, 2002]. When these nutrients are not delivered to the plant in the correct quanities, signs 

and symptoms will develop such as lower or upper leaf chlorosis, interveinal chlorosis, 

overall chlorosis following necrosis. 

 Different floricultural crops require differ in pH ranges and nutritional needs which 

are seperated into three nutritional groups: petunia, general, and geranium group. The petunia 

group are known as iron-inefficient species which are prone to iron deficiency at high pH, 
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espically combined with low fertilizer concentration or high media pH (Fisher and Argo, 

2002). Species in this group grow best at a pH range of 5.4 – 6.2. The general group are 

species such as poinsettias, chrysanthemum and ivy, grow at a moderate pH range of 5.8 – 

6.4. Finally, the geranium group, grow at a higher pH range of 6.0 – 6.0. These plants are 

iron-efficient, prone to iron/manganese toxicity at low pH, espically when combined with 

high fertilizer concentrations (Fisher and Argo, 2002). 

Irrigation water pH affects chemical solubility of solutions, but has little effect on 

substrate pH. Water alkalinity, a measure of the irrigation water to raise the pH of the root 

zone solution and is the measurement of CaCO3, bicarbonate (HCO3), and hardness [(calcium 

carbonate, Ca and Mg); Raviv and Lieth, 2008]. Irrigating crop with high alkalinity water 

(above 150 ppm CaCO3 of alkalinity) can cause substrate pH to increase over time (Fisher 

and Argo, 2002).   A common practice to reduce alkalinity in irrigation water is neutralizing 

the water by the addition of phosphoric, sulfuric or nitric acid.  

  

Limestone and Horticultural Substrates 

 It is standard practice to adjust (raise) the pH of soilless substrates with limestone to 

reach a desirable pH range of 5.4 to 6.5 for most crops (Nelson, 2003).  The addition of lime 

to substrates is probably based on tradition and common practice of using peat and bark-

based substrates for the past three decades that require the addition of lime to increase pH for 

proper plant growth (Jackson et al., 2009). Limestone is incorporated into peat-based 

substrates to neutralize substrate acidity, increase pH buffering capacity, and provide Ca and 



 

  23 

Mg. There are three different types of lime used in the horticulture industry and they include: 

calcitic (CaCO3), dolomitic (CaMg(CO3)2) and hydrated (Ca(OH)2).  

 Limestones differ in their rate of pH change, equilibrium pH, and proportion of 

unreacted “residual” lime (Fisher et al., 2006) and medium. Limestone is incorporated into 

substrates at different amounts depending on the organic components to increase the pH 

value by neutralizing the components.  When considering amending substrates with lime, the 

three “R’s” need to be considered: Reactivity, Residual, and Requirements (Fisher et al., 

2006). Reactivity, described the magnitude of pH change (ΔpH) over time, is primarily a 

function of lime particle size, lime chemistry, acid neaturalizing value, and initial substrate-

pH (Fisher et al., 2006). Residual lime is the proportion of unreacted lime remaining 

following neautralization of substrate acidity. Soilless substrates have low cation exchange 

capacity per unit volume (Argo and Biernhaum, 1996), therefore lime is needed as the major 

source to buffer pH over time in soilless substrates. Lime requirements (g of lime/L of 

substrate) depends on the amount of acidity that needs to be neutralized in order to raise the 

substrate pH to a specific level (pH buffering), and is measured in units of ΔpH per 

milliequivalent of base per unit volume (liters) of substrate (Fisher et al., 2006). 

 The effectiveness of a lime material to neutralize the acidity of substrates depends on 

its neutralizing capacity, fineness of grinding, chemical composition, and mineralogy 

(Barber, 1984). Because the dissolution of limestone occurs as a surface reaction, the particle 

size distribution of a limeing material directly influences the dissolution rate and its 

effectiveness in neutralizing soil acidity (Huang et al., 2007). It is desirable to have some 

immediate limestone to initially adjust the substrate to the target pH level and some residual 
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limestone to counteract acidity continually produced by the plant system throughout its 

production cycle (Taylor and Nelson, 2007). 

 

Fertility Management in Greenhouse Substrates 

 Production of container-grown plants require substrates that supports the plants needs 

such as adequate water retention, aeration and a fertilization routine that ensures a continuous 

nutrient supply (Macz et al., 2001). Substrate physical and chemical properties that are 

important are substrate quality, drainage, irrigation, water quality and fertilization. The 

marketability of containerized plants is greatly influenced by the conditions of production. 

Fertilization regimes must supply nutrients need by the plants. Nutrients for container grown 

plants are applied by injecting fertilizers into irrigation systems [(constant liquid feed; CLF); 

fertigation], top dressed or incorporation into substrates of slow release (SR) prilled 

fertilizers, or a combination of both.  

 Greenhouse container crop production requires frequent irrigation and high 

fertilization rates, which can result in contamination of ground and surface water (Lang and 

Pannuk, 1998). Nitrate pollution of groundwater is a serious problem in the European Union 

and in other countries (European Commission, 1999). The container plant industry is 

potentially an important source of nitrates but there is no exact information about its 

contribution to water contamination. Chavez and Benedetto (1998) conducted a study 

between greenhouse substrates and two fertilization rates of 200 and 400 mg l
-1

 N and found 

that the pH values of leached solutions over time did not show changes between substrates or 

fertilization level. Bedding plant fertilizer recommendations are usually high (Nelson, 1994; 
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Rader, 1998). However, their results showed that a high N fertigation decreased the dry 

weight of Petunia x hybrid and Impatiens walleriana in all alternative growing substrates 

tested. 

 Nitrogen-based fertilizers often move with applied water and leaches out of the pot. 

This process may potentially contaminate ground and surface waters. Substrates in containers 

are often leached to prevent substrate salinization or high EC that could lead to damaging 

consequences. However, the excessive leaching in undesirable because it may contaminate 

the environment with fertilizers (Ku and Hershey, 1997). Chavez and Benedetto (1998) 

conclude the need for new knowledge about alternative substrates in order to offer the best 

conditions for plant growth. High concentration fertigation solution decreased substrate 

quality parameters and plant growth.  

 

Nutrient Testing 

Sampling and testing greenhouse substrates is essential in determining a crop’s 

nutrient status. A standard laboratory substrate analysis determines pH, EC, macronutrients 

or nutrients needed by plants in large amounts such as NO3-N, NH4-N, P, K, Ca, and Mg. 

Growers can also have substrates analyzed for sulfur and micronutrients or nutrients needed 

by plants in smaller amounts such as B, Cu, Fe, Mn, Mo, and Zn. Substrate testing is 

recommended to be tested every three to four weeks and micronutrient testing is only 

recommended under special circumstances.  

Other substrate tests conducted in-house by growers to determine pH and EC values 

of container-grown crops include the substrate extract and pour-through methods. A substrate 
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extract measurement is two parts substrate to one part distilled or deionized water by volume 

(2:1 substrate extract) can determine the initial pH and EC values of substrates. Growers can 

utilize the pour-thorough method to determine pH and EC values of crops during production. 

This is a great method for growers to implement to determine pH and EC value to make 

quick adjustment to fertilizer regimes.  

Water quality is an important consideration with irrigation water especially if the 

water is re-circulated. This is important to acknowledge the soluble salts dissolved and the 

current pH and alkalinity. Irrigation testing is essential and recommended to test one to four 

times a year and determines pH, EC, alkalinity, and once a year testing for both macro- and 

micronutrients. The most important consideration in testing irrigation water is alkalinity.  

Fertilizer water testing is an important consideration when determining nutrient 

deficient or toxic crops. The test is to determine the accuracy of injectors and mixing 

procedures. Sampling and testing should be conducted two to four times each year by 

laboratories and in-house injector testing of EC by growers. Analysis of fertilizer water by 

commercial labs include pH, EC, NO3-N, NH4-N, P, K, Ca, and Mg. 

Foliar nutrient testing is conducted to determine the nutrient status of a crop 

especially micronutrients. Traditionally tissue samples collected can determine 

macronutrients and micronutrients. Currently, nutrient foliar analysis of plants is determined 

in laboratories because of the reliable and accurate results. However, the disadvantage of this 

testing method is to send foliar samples to the lab and wait one to two weeks for the nutrient 

analysis. The time growers will have to wait for the results could be time wasted before 

corrective procedures can take place.  
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Another method of fertility management is to conduct in-house petiole sap of plants 

by growers through the use of a handheld cardy nitrate meter. A cardy nitrate meter is a  

portable instrument that can determine NO3 concentrations in plant saps ranging from 1 to 

10,000 parts per million (ppm) nitrate. This rapid N determination can allow growers to 

predict deficient levels of N prior to the occurrence of visual symptoms in the plant (Altland 

et al., 2002). 

Applying N based on some measured plant response could also increase nitrogen use 

efficiency (NUE), improve plant growth, and reduce N leaching (Altland et al., 2002). 

Previous studies by Coltman, (1988) reported that applying N to tomato (Lycopersicon 

esculentum) based on the maintenance of plant sap nitrate levels resulted in less use over the 

growing season, thus improving plant NUE. Rose et al., (1994) reported that poinsettia 

(Euphorbia pulcherrima) fertilized with a constant rate (liquid feed) compared to a variable 

rate (applied N was linked to N accumulation pattern of the crop) resulted in plants with 

similar shoot N concentrations, size, and quality, although plants fertilized with the variable 

N rate required 41% less in N applications, and thus had greater N recovery rates. 

 

Plant Growth Retardant Efficacy 

 A common cultural practice of controlling growth in containerized plants in 

greenhouse production is the application of plant growth retardants (PGRs). Sachs et al. 

(1976) recommended that optimal plant height should be 1.5 to 2 times the container height 

to produce a marketable plant. Applying PGRs to crops allows growers to decrease the rate 

of growth or flowering, hold plants longer in production and to produce uniform, compact, 
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and marketable plants. PGRs can be applied in several ways, including foliar sprays, 

substrate drenches, liner dips, or bulb, tuber, and rhizome soaks or dips (Barrett, 2001; 

Blanchard and Runkle, 2007; Currey and Lopez, 2010; Whipker and McCall, 2000). 

However, the majority of applications are made as a foliar spray, substrate drench or applied 

as a combination of the two (Gent and McAvoy, 2000). Drenches provide more uniform 

results and increase the duration of effectiveness compared with foliar sprays (Boldt, 2008; 

Ecke et al., 2004; Gent and McAvoy, 2000). However, the efficacy of PGR drenches can be 

affected by the amount of active ingredient (a.i.), solution volume applied, and substrate 

components (Barrett, 2001; Barrett, et al., 2009). 

 A problem with many growth retardants has been finding an efficient application 

method that produces consistent and uniform crops. Spray application are most commonly 

used in commercial practice, but can result in non-uniform plant size if proper techniques are 

not used, especially when applying the very active triazoles (Barrett and Nell, 1990; Barrett 

et al., 1994). Paclobutrazol ((2RS, 3RS)-1-(4-chlorophenyl)-4,4-dimethyl- 2-1,2,4-triazol-1-

yl) penten-3-ol) provides size control on many floricultural crops (Barrett and Nell, 1989) 

and is active when applied to the growing media and taken up through the roots (Barrett and 

Bartuska, 1982; Davis et al., 1988). 

 Numerous studies have reported that PGR drench efficacy is reduced when organic 

components are included in substrates including pine bark (Barrett, 1982; Bonaminio and 

Larson, 1978; Million et al., 1998a, 1998b; Newman and Tant, 1995; Tschabold et al., 1975).  

Tschabold et al. (1975) compared the movement of ancymidol through columns of soil and 

sand or pine bark and sand mixtures and concluded that ancymidol binds to the bark, which 
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decreased its activity as a PGR. Burchill et al. (1981) further demonstrated that binding of 

organic compounds such as PGRs by the substrate particles resulted from hydrophobic 

attraction between the nonpolar portions of the PGRs molecules and the bark. 

 Dasoju et al. (1998) found the activity of paclobutrazol drench of potted sunflowers in 

coir and peat-based substrates to be similar at 2 mg compared to a reduction in plant height at 

4 mg in coir-based substrates. This reduction suggests an increase in PGR activity at higher 

concentration in coir-based substrates and the higher water holding capacity of the substrate. 

Similar drench concentrations of paclobutrazol as recommended for peat-based substrates 

could be used for coir-based substrates to control plant size of potted floricultural crops, 

although, to compensate for the greater amount of plant growth in coir-based substrates, PGR 

concentrations may need to be increased slightly to achieve similar plant heights as with 

peat-based substrates (Evans et. al., 1998). 

 Lopez et al. (2010) found there was no difference in plant height, stem length growth 

patterns, or in final growth of pansy and calibrachoa, repectively, between plants grown is 

standard or rice hull amended substrates when given the identical PGR application of 

ancymidol (Abide), palcobutrazol (Bonzi), and uniconazole (Consice). Based on their results, 

producers may employ PGR drench strategies that have previously been used for plants 

grown in substrates comprised of peat and perlite for plants grown in substrates containing 

peat and rice hulls. Whipker and McCall (2000), also found paclobutrazol drenches of 2 or 4 

mg offer the economic advantages to growers of increased plant density on greenhouse 

benches. Also, growers should evaluate the trade-offs between the added costs of a 
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paclobutrazol drench and labor costs of applying a drench versus the higher cost-per-square-

foot-week of production space required for foliar sprays. 

 Paclobutrazol is active when applied to the substrate, but may have little efficacy as a 

chemical growth retardant when applied as a foliar spray because it is not translocated out 

from treated leaves (Barrett and Bartuska, 1982; Davis et al., 1988). However, the effects of 

paclobutrazol and other triazole PGRs on growth and flowering can extend beyond 

production to affect bedding plant performance in the retail and landscape environment. In 

addition to growth suppression, triazole PGRs can increase a plant’s tolerance to several 

types of stress including saline conditions, gaseous sulfur dioxide, low and high temperature 

extremes, desiccation, and water stress (Keever and Kessler, 2008). Paclobutrazol-induced 

drought tolerance has been associated with a decrease in transpiration, plant height, biomass 

and leaf area, and an increase in stomatal resistance (Keever and Kessler, 2008). Fernandez 

et al., (2006) found that paclobutrazol applied during nursery production induced 

morphological adaptations including increased root-to-shoot ratio and stomata density that 

allowed plants to tolerate drought after transplanting. 

 Paclobutrazol is widely used in the production of high-quality bedding plants, 

however it is a very active growth retardant and its effects can extend well beyond 

application during production (Keever and Kessler, 2008). Keever and Kessler (2008) found 

paclobutrazol application to four cultivars of bedding plant during production promoted 

compactness and enhanced market quality at the ends of production and simulated shipping 

with minimal or no delay in flowering.While exposed to drought-stress cycles in a simulated 

retail environment, plants previously treated with paclobutrazol wilted in much lower 
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percentages and maintained consistently higher quality compared to control plants (Keever 

and Kessler, 2008). Results of the study suggest that application of paclobutrazol during 

production a standard practice in growing many bedding plants, has a positive impact on 

postproduction shelf life and may benefit sales in retail outlets where plants are often 

subjected to frequent drought stress (Keever and Kessler, 2008). 

 

Plant Disease in Soilless Culture 

 Switching from soil culture to substrates in the past, was thought to eliminate 

dangerous soil borne diseases and pathogens. However, most root – infecting pathogens also 

occur in new cultivation systems such as soilless substrates. Disease problems in soilless 

culture may not be the same  or to the same extent in soilless culture compared to soils 

(Olympios, 1999). Examples of minor pathogens that can lead to major problmes that infect 

root systems of plants grown in soilless culture are: Pythium, Phytophthora, Cucumber Green 

Mottle Mosaic Virus, Tomato Mosaic Virus and many more. As suggested by Van Assche 

and Vangheed, (1989) problems be faced by optimizing the plant’s growing conditions such 

as increasing the substrate’s or nutrient solution’s buffering effect by a addding humid acids 

by introducting anatagonistic bacteria into the substrate (Olympios, 1999). Also by assisting 

plants to develop more “Cultivation Technical Resistance” by controlling the growth medium 

by balancing the nutrients or using the optimum temperature(s) (Olympios, 1999). 

 Controlling pathogens by the implication of chemicals in soilless culture is important 

aspect of greenhouse production of crops. It is imparitive to pay attention to applications of 

chemicals in soilless culture because unlike soils there is no buffering effect. The three most 
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important symptoms to consider is solubility, possible systemic activity and phytotoxicity. 

Applying soluble chemicals to prevent plant pathogen outbreaks has more advantages than 

protection, it also helps save time and money in labor, has a quick effect, and has 

homogenous spread thorough the crop. 
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Subject Category: Research Report 

 

Title Pine Wood Chips as an Alternative to Perlite in Sphagnum Peat-based Substrates: 

Liming Requirements 

 

Additional index words: potting media, loblolly pine, Pinus taeda L., aggregate, lime rate, 

pine tree substrate  

 

Species used in this study Chrysanthemum x morifolium L. ‘Mildred Yellow’, Tagetes 

erecta L. ‘Moonsong Deep Orange’ 

 

Abstract: Perlite is the most commonly used aggregate in greenhouse substrates and it is 

often the most expensive component of greenhouse mixes. There are no recommendations 

regarding liming requirements for greenhouse substrates amended with PWC aggregates. The 

purpose of this research was to determine the recommended rates of limestone addition to 

adjust substrates amended with PWC. In Expt. 1, peat-based substrates were amended (v/v) 

to contain 0%, 10%, 20%, 30%, 40%, and 50% PWC or perlite. All substrates were amended 

with dolomitic limestone rates of 0, 1.78, 3.56, 5.34, and 7.12 kgm
-3

 for a total of 55 

substrate treatments. Rooted liners of Chrysanthemum x morifolium ‘Mildred Yellow’ were 

transplanted into six reps of each substrate. and seven weeks after transplanting (WAT), 

shoots were harvested for dry weight determination. In Expt. 2, peat-based substrates were 
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amended (v/v) to contain 0%, 10%, 20%, 30%, and 40% PWC or perlite for a total of 9 

substrates. Dolomitic limestone rates of 0, 1.78, 3.56, 5.34, 7.12, and 8.90 kgm
-3

 were 

amended to substrates for a total of 54 substrate treatments and marigold (Tagetes erecta L. 

‘Moonsong Deep Orange’) plugs were transplanted into six reps of each substrate. Plant 

growth indices and shoot and root dry weights were determined at four WAT. In Expt. 3, 

similar substrates as previously described were formulated, initial substrate pH was 

determined, and substrates were amended with pulverized (100-mesh) or superfine (200-

mesh) dolomitic limestone at the previous rates for a total of 90 substrate treatments. All 

experiments followed the similar trend of increasing pH as a response of increasing lime rate 

and percentage of PWC or perlite aggregates. Shoot growth of chrysanthemums in all 

substrates containing perlite or PWC increased as lime rate increased from 0 kgm
-3

 to 5.34 

kgm
-3

. Marigold growth and dry weights indicate lime rates of 5.34 and 7.12 kgm
-3

 were 

required for optimal substrate pH. For Expt. 3, subsamples were collected 1, 3, 5, 7, 14, 21, 

and 28 days after lime amendment (DAM). To adjust substrate pH to the recommended range 

of 5.4 – 6.6 for most greenhouse crops, lime rates of 3.56 and 5.34 kgcm
-1

 of 100-mesh and 

7.12 and 8.90 kgcm
-1

 of 200-mesh dolomitic limestone were needed. Results demonstrate 

that PWC can replace perlite in peat-based substrates with no change in plant growth, liming 

requirements, and cultural practices when growth chrysanthemum and marigolds. 

Introduction 

 In production of greenhouse plants, including most all bedding, green/foliage, and 

potted flowering plants, managing container substrate pH is a major nutritional challenge 

(Argo and Fisher, 2002; Nelson, 2012). Container substrates are traditionally formulated on a 
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by volume basis of peat moss, pine bark (PB), vermiculite, perlite, and recently coconut coir 

(Nelson, 2012). Of the components used for container substrates, peat moss is the primary 

base of most all greenhouse mixes (Wright et al., 2008b), while PB is the common nursery 

substrate in the southeastern United States (Wright et al., 1999).  

 Peat moss, PB, and coconut coir are naturally acidic (pH 4.0 to 4.5; Rippy et al., 

2007), therefore require lime additions to increase the initial substrate pH. During substrate 

formulation, it is standard practice by growers or commerical substrate companies to adjust 

(raise) the pH of formulated substrates with limestone to a desirable pH range of 5.4 to 6.6 

for most greenhouse crops (Nelson, 2012). When adjusting substrate pH with limestone, 

there are three factors to consider: limestone type, particle size, and limestone hardness 

(Argo and Fisher, 2002). The two types of limestone that are commonly used in adjusting pH 

of greenhouse substrates are calcitic limestone (calcium carbonate) and dolomitic limestone 

(calcium and magnesium carbonate). Calcitic limestone is desireable for its quick reaction in 

adjusting substrate pH, compared to equalivent rates of dolomitic limestone. Particle size of 

limestone differ but in general, the smaller the particle size the more reactive the limestone 

will be in adjusting substrate pH. Limestones with larger particles will react slower, but will 

have a longer residual effect on substrate pH compared to smaller particles of limestone. 

Therefore, the rate of limestone required to adjust substrate pH depends on the components 

in the mix and the type of limestone incorporated (Taylor and Nelson, 2007).  

Due to increasing cost and availability surrounding the use of peat moss and PB 

substrates, alternative substrates and substrates components are continually being 

investigated. Many of these alternative substrates or substrate components come from local 
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sources and are agricultural-, municipal-, or waste-byproducts of local industries. For 

example, Evans (2004b) demonstrated that geranium (Pelargonium xhortorum L.H. Bailey) 

and vinca (Catharanthus roseus L.) could be grown in a substrate containing up to 30% 

processed poultry feather fiber without any significant growth differences when compared to 

a 4 sphagnum peat moss: 1 perlite (by volume) substrate. However, substrate inconsistency 

and insufficient quantities of these local byproduct materials is a problem for long-term and 

sustained use as an alternative substrate or substrate component, especially for large 

production facilities.  

Recently, researchers have tested wood-based substrates produced from hardwood 

(Murphy et al., 2011) and coniferous tree species, such as loblolly pine trees (Pinus taeda L.) 

and white pine [(Pinus strobus); Nelson, 2012]. Numerous studies have demonstrated pine 

wood substrates to be successful container substrates for numerous horticultural crops (Boyer 

et al., 2008; Fain et al., 2008b; Jackson et al., 2009) and show promise as alternatives to peat 

moss and PB (Jackson et al., 2008a; Taylor et al., 2012). Most of the recent studies of wood-

based substrates have investigated loblolly pine trees because of their fast growth rate and 

regional availability in the southeastern United States (Boyer et al., 2008a; Fain et al., 2008a, 

2008b; Jackson et al., 2008, 2009; Wright el al., 2008b, 2009).  

 Increased interest in utilizing substrates containg wood components has led to many 

unanswered questions about their performance during crop production. Among these 

unknown issues, are those relating to the requirements of pre-plant limestone addition and 

recommended rates for pH adjustment for optimal plant growth. In previous studies, wood-
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based substrates were evaluated (Bohne, 2004; Starr et al., 2011), however no indication of 

initial substrate pH testing or changes to lime applications to the substrates were reported.  

 For example, Boyer et al. (2008) incorporated 2.26 kgm
-3

 dolomitic limestone to 

substrates produced from clean chip residuals [(CCR); forestry materials left over from in-

field chipping operations], and reported substrate pH (34 days after planting) to be above the 

optimal range for ageratum (Ageratum houstonianum ‘Blue Hawaii’).  

 While in other studies, initial testing of substrates indicated the need to amend 

substrates with dolomitic limestone, however the rates of limestone addition resulted in pH of 

substrates above the recommended range 5.4 to 6.6. For example, Fain et al. (2008a) 

processed loblolly pine, slash pine (P. elliottii) and longleaf pine trees (P. palustris) to 

produced three PTSs (one of each species) and reported initial substrate pH of 5.3, 4.5, 4.6, 

respectively, and were amended with 1.78 kgm
-3

 dolomitic limestone to adjust substrate pH. 

Substrate testing (30 days after planting) indicated substrate pH was above the recommended 

range for growing annual vinca (Catharanthus roseus L.). Fain et al. (2008b) produced and 

initially tested substrate pH of PTSs before amending dolomitic limestone at a rate of 1.78 

kgm
-3

. They reported pH of all substrates to be higher than the recommended range of 5.4 – 

6.2 for petunia (Petunia xhybrida), with the exception of the peat-lite (control), which was at 

the upper limit of the recommended pH range.  

 Studies investigating PTS, Wright et al. (2006, 2008b) and Jackson et al. (2008, 

2009b), reported no lime addition was needed for 100% PTS substrates because substrate pH 

was in the range of 5.5 to 6.4.  Similarly, Gruda and Schnitzler (2006) used wood-based 

substrates without lime addition and observed substrate pH 5.3 to 5.9, an acceptable range for 
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most horticultural crops. Saunders et al. (2005) also found, there to be no advantage of 

amending 100% PTS with limestone for marigold growth. They found the addition of 

peatmoss or PB to PTS would require limestone incorporation as a result of the acidic nature 

pH of the materials.  

 Jackson et al. (2009b) evaluated the effect of limestone addition of 0, 1.78, 3.56, 5.35, 

or 7.12 kgm
-3

 on substrate pH and growth of marigold (Tagetes erecta ‘Inca Gold’) and 

geranium (Pelargonium xhortorum ‘Rocky Mountain White’), two pH-sensitive greenhouse 

crops grown in 100% PTS and PTS amended with 25% or 50% peatmoss. They reported 

substrate pH of marigold and geranium to be highest for 100% PTS and pH generally 

decreased as the amount of peatmoss increased, regardless of lime rate. They also reported, 

pH increased with limestone additions, but the increase in pH was less responsive as the 

amount of peatmoss in the substrate increased from 25% to 50% (Jackson et al., 2009b). In 

the study, 100% PTS did not require limestone for growth of marigold, but they found as the 

percent of peatmoss amended to PTS increased, there was an increase need for limestone to 

increase substrate pH and optimize plant growth. For geranium, there were no growth 

differences when plants were grown in all substrates amended with 0 kgm
-3

, however the 

addition of lime increased plant dry weight when plants were grown in substrates amended 

with peatmoss compared to 100% PTS. Dry weight of geranium plants were highest when 

substrates containing 25% peatmoss and limed with 1.78 kgm
-3

 and substrates containing 

50% peatmoss were limed with 3.56 kgm
-3

. The growth responses reflected changes in pH 

as a result of limestone additions because more limestone is required to increase substrate pH 

relative to the amount of peat present in the substrates (Jackson et al., 2009).  
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 Adjusting substrate pH for greenhouse and nursery container-grown plants is often 

considered a common practice based on tradition and with increasing interest of utilizing 

alternative substrates or substrate components, modification of lime rates and liming practice 

is needed. No information is available regarding lime requirements for sphagnum peat-based 

substrates amended with PWC aggregates as an alternative for perlite. Therefore, the 

objective of this study was to determine lime requirements for pH modification and the 

effects of lime rates on plant growth in sphagnum peat-based substrates amended with 

aggregates of PWC or perlite. 

Materials and methods 

Preparation of substrates. On 2 June, 2011, eight-year-old loblolly pine trees were 

harvested, delimbed, and subsequently stored under shelter for protection from the weather. 

On 4 July, pine logs were chipped in a DR Chipper [(18 HP DR Power Equipment, model 

356447; Vergennes, VT] resulting in small wood chips (1 L x 0.2 W x 1.0 H –cm). Wood 

chips were then spread out on a concrete pad under shelter, turned periodically and allowed 

to air dry for 2 d. Wood chips were air dried to reduce the initial moisture content (MC), 

which has been shown in unpublished studies to aid in the processing. Wood chips were then 

hammer milled (Meadows Mills, North Wilkesboro, NC) through a 6.35 mm screen resulting 

in PWC (0.11 L x 0.4 W x 0.2 H –cm). On 7 July, peatmoss was moistened (≈ 45%) and 

amended with 0%, 10%, 20%, 30%, 40%, or 50% (v/v) perlite (Carolina Perlite Company, 

Gold Hill, NC) or 10%, 20%, 30%, 40%, or 50% [(v/v) excluding the 0% used in perlite] 

PWC to produce a total of 11 substrate treatments. After formulation of the substrates, initial 

substrate pH was determined by the 1:2 saturated media extract method [(1 part deionized 
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water: 2 part substrate); Argo and Fisher, 2002] using a Hanna HI 9813-6 pH instrument 

(Hanna Instruments, Woonsocket, RI). After determining initial substrate pH, dolomitic 

limestone was incorporated at rates of 0, 1.78, 3.56, 5.34, or 7.12 kg•m
-3 

 (0, 3, 6, 9, or 12 

lb/yd
3
), making for a total of 55 treatments (11 substrates x 5 lime rates). All substrates were 

incubated for 2 d in sealed plastic bags to allow for lime/pH equilibration before potting. 

Substrate physical properties, including air space [(AS); % volume], total porosity [(TP); % 

volume], container capacity [(CC); % volume], and bulk density [(BD); g•cm
-3

] were 

determined using three representative samples of each substrate and analyzed by using the 

North Carolina State University Porometer Procedure (Fonteno et al., 1995).  

 Experiment 1: Substrate lime rates and chrysanthemum growth. On 8 July, six 

replications of single rooted cuttings of ‘Mildred Yellow’ chrysanthemums 

[(Chrysanthemum x morifolium); C. Raker and Sons, Inc., Litchfield, MI] were transplanted 

in 12.7-cm (6-in), diameter plastics containers (ITML Horticultural Products, Middlefield, 

OH) filled with the previously described substrates, for a total of 330 plants (55 treatments x 

6 replications). Plants in each substrate were watered, as needed depending upon weather 

conditions, and were never allowed to showed symptoms of water stress. Plants were 

fertilized at each watering with 200 mg•L
-1

 nitrogen (N), injected by a Dosatron injector 

[(D14MZ2); Dosatron Interantional, Inc., Clearwater, FL] with Peters Professional 20-10-20 

Peat-Lite Special (Israeli Chemicals Ltd), containing 8.1% ammoniacal- (NH4-N) and 11.9% 

nitrate-Nitrogen (NO3-N). Substrate solution was extracted from three representative plants, 

using the pour-through method (Wright, 1986) each week for seven weeks [weeks after 

transplanting; (WAT)] and was analyzed for pH and EC. On 29 Aug, growth index {[(GI); 
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(height + widest width + perpendicular width) ÷ 3]} was determined and recorded for all 

plants. Shoots were severed at the substrate surface, dried at 70˚C for one week, and 

weighed.  

 Experiment 2: Substrate lime rates and marigold growth. Except where indicated, 

procedures for Expt. 2 were as described for Expt. 1. On 28 May 2012, ‘Moonsong Deep 

Orange’ marigolds (Tagetes erecta) seeds were sown into 288 plug trays (1.5 L x 1.5 W x 3.5 

H -cm) containing Fafard Germination mix (Fafard, Anderson, SC) in a glasshouse in 

Raleigh, NC. On 17 June 2012, eight-year-old loblolly pine trees were harvested, delimbed 

and processed as previously described.  

Substrates were formulated using peatmoss, moistened (≈ 45%) and amended with 

0%, 10%, 20%, 30%, or 40% (v/v) perlite or 10%, 20%, 30%, or 40% [(v/v) excluding the 

0% used in perlite] PWC to produce a total of 9 substrate treatments. In this experiment, the 

50:50 (v/v) substrate treatments (for both perlite and PWC aggregates) were excluded based 

on the likelihood that such a high aggregate percentage is not practical or common in 

production. Initial substrate pH was determined using the previously described extraction 

method and dolomitic limestone was amended at 0, 1.78, 3.56, 5.34, 7.12, and 8.90 kg•m
-3

 

(0, 3, 6, 9, 12, and 15 lbs/yd
3
) making for a total of 54 treatments (9 substrates x 6 lime 

rates). Based on Expt. 1, where substrate pH was never observed to peak/plateau after 7 

weeks, a higher rate (8.90 kg•m
-3

) of limestone was added to Expt. 2. On 21 June 2012, 24 

day old marigold seedlings were potted in 12.7 –cm (5-in), diameter plastic containers 

(ITML Horticultural Products, Middlefield, OH) filled with the previously described 

substrates 324 plants (54 treatments x 6 replications). 
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Experiment 3: Pre-plant lime additions for pH modification. Except where indicated, 

procedures for Expt. 3 were as described for Expts. 1 and 2. Nine-year-old loblolly pine trees 

were harvested and delimbed on 13 May, chipped on 15 May, and hammer milled on 21 May 

2012. On 30 May, peatmoss, moistened (≈ 45%) and amended with 0%, 10%, 20%, 30%, or 

40% (v/v) perlite or 10%, 20%, 30%, or 40% [(v/v); excluding the 0% used in perlite] PWC, 

to produce a total of nine substrate treatments. Substrates were measured to 6.4-cm
3
 and 

sealed in plastic bags for moisture retention. Initial substrate pH was determined on all 

substrates prior to limestone incorporation using the 2:1 extraction method. Two different 

particle sizes (mesh size), pulverized [(#100); Rockydale Quarries Corporation, Roanoke, 

VA] or superfine [(#200); Mississippi Lime Company, Vicksburg, MS] dolomitic limestone 

were incorporated at rates of 0, 1.78, 3.56, 5.34, 7.12, and 8.90 kg•m
-3

 (0, 3, 6, 9, 12, and 15 

lbs/yd
3
), making for a total of 90 treatments (9 substrates x 5 lime rates x 2 mesh sizes). 

Substrates were sealed in plastic bags and stored at a constant air temperature 18.3°C (65°F). 

On 1, 3, 5, 7, 14, 21, 28 days after limestone amendment (DAM), three subsamples from 

each bag (substrate treatment) were collected and substrate solution pH was measured at 0, 1, 

3, 5, 7, 14, 21, 28 DAM using the previously substrate extraction method. Prior to 

subsampling, bags were thoroughly mixed/rotated. 

 An analysis of variance was conducted on all data to determine if significant 

differences occurred in substrate pH or EC as a result of aggregate type, lime rate, and time. 

Where significance occurred, regression analysis was conducted to develop general linear 

models. Additionally, the slice option in SAS (SAS 9.3; Institute, Cary, NC) was used to 

determine if significant differences occurred among all substrates amended at similar rates of 
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dolomitic limestone. Means were separated by Duncan’s or Tukey’s least significant 

differences at P ≤ 0.05. 

Results and Discussion 

 Substrate Physical Properties. Total porosity was highest in peatmoss (91.3%) and 

similar in substrates amended with 10% to 20% PWC (v/v) and 10% to 30% perlite (v/v) 

aggregates. The TP of 30% PWC (v/v) aggregates was similar to 10% to 30% perlite- 

amended substrates. Also, TP of 30% PWC-amended substrates were similar to those 

amended with 40% to 50% PWC aggregates. The TP of substrates were lowest in 40% PWC- 

and 40% to 50% perlite-amended substrates. Air space of substrates containing 50% PWC 

(v/v) aggregates was 22.0% by volume (Table 2.1.). The AS of formulated substrates 

decreased with increasing proportion of peat in the substrates. Substrates amended with 10%, 

20%, and 40% PWC (v/v) and 50% perlite (v/v) aggregates were similar, respectively. 

Compared to 50% PWC-amended substrates, AS of substrates amended with 30% PWC (v/v) 

and 10% to 40% perlite (v/v) aggregates and 100% peatmoss were significantly different in 

AS. All other substrates were similar in AS, with 100% peatmoss with the lowest AS of 

14.1% by volume. 

 Container capacity for the 100% peatmoss substrate was 77.2% (Table 2.1.) and 

decreased as the proportion of peat was amended with PWC or perlite aggregates. The CC 

for the 30% PWC-amended substrate was similar to those amended with 10% and 20% PWC 

(v/v) and 10% to 30% perlite (v/v) aggregates. The CC of substrates amended with PWC and 

perlite aggregates were similar when the proportion of peat replaced was not over 30% (v/v) 

for both aggregate types. Container capacity of substrates amended with 30% and 40% PWC 
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(v/v) were similar to substrates amended with 40% and 50% perlite (v/v) aggregates, 

respectively, and substrates amended with 40% and 50% PWC (v/v) aggregates were similar. 

Compared to 100% peatmoss, substrates containing 30% to 50% PWC (v/v), and 40% and 

50% perlite (v/v) aggregates decreased the CC 6.1% to 16.2%, and 9.1% and 11.9% by 

volume, respectively. Therefore, substrates with similar CC would likely provide similar 

water and aeration to plants, resulting in similar plant growth. 

 Substrate BD were highest when substrates were amended with 50% PWC aggregates 

and decreased with increasing proportion of peat compared to those amended with perlite 

(Table 2.1.). The BD of perlite-amended substrates was consistent with increasing proportion 

of perlite aggregates. Compared to substrates amended with PWC or perlite aggregates, 

100% peatmoss had the lowest BD of 0.10 gcm
-1

.  

Chrysanthemum Substrate Solution pH, EC, and Growth. The pH of substrates containing 

PWC aggregates were generally higher than perlite-amended substrates, and pH among all 

substrates generally increased with increasing percentage of aggregate. This is consistent 

with work by Evans (2008), who reported increasing PBH or perlite resulted in an increase in 

substrate pH. Similarly, substrate EC levels prior to lime amendment were highest in PWC-

amended substrates compared to perlite-amended substrates, and generally decreased with 

increasing peat proportion (data not shown). 

 Over the duration of the study and for all measured parameters, substrate, lime rate, 

and the interaction between the variables were significant (Table 2.2.). The pH of substrates 

amended with the lime rate of 0 kgcm
-1

 decreased at 1 WAT, compared to the initial 

substrate pH values (data not shown). At 1 WAT, pH of PWC-amended substrates at the 0 
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kgcm
-1

 lime rate increased as the proportion of peatmoss decreased, compared to perlite-

amended substrates (Table 2.2). This is consistent to previous work by Jackson et al. (2008), 

which reported 100% PTS and PTS amended with 25% and 50% peat moss at 0 kgcm
-1

 to 

have a pH of 5.1, 4.0, and 3.9, respectively. Over the duration of 7 weeks, pH of PWC- and 

perlite-amended substrates increased as the proportion of peat decreased and pH increased 

with increasing lime rates. Analysis of substrate solution from 100% peatmoss and 10% 

perlite-amended substrates indicated the requirement of 7.12 kgcm
-1

 dolomitic limestone to 

adjust substrate pH to the recommended pH range of 5.5 – 6.3 for optimal chrysanthemum 

growth (Whipker, et al., 2000). Substrates formulated to contain ≤ 40% perlite aggregates 

and amended with lime rates of 5.34 and 7.12 kgcm
-1

, adjusted substrate pH to the 

recommended pH range. Additionally, substrates formulated to contain up to 50% perlite 

would require limes rate of 3.56 kgcm
-1

 to adjust substrate pH to recommended range. It is 

important to note from 1 to 3 WAT, the substrate containing 50% perlite aggregates at lime 

rate 7.12 kgcm
-1

, achieved a pH of 6.3, the upper pH limit of the recommended pH range.  

 Overall, increasing the proportion of PWC in a substrate resulted in an increase in 

substrate pH. Substrate amended with 10% PWC aggregates required lime rates of 5.34 and 

7.12 kgcm
-1

 for pH adjustment to the recommended pH range for optimal chrysanthemum 

growth. Recommended pH range was determined in substrates containing ≤ 40% PWC 

aggregates at limes rates of 3.56 to 7.12 kgcm
-1

. The substrate containing 50% PWC 

aggregates achieved the recommended pH range at lime rates 1.78 to 7.12 kgcm
-1

. It is also 

noteworthy that substrates containing 40% and 50% PWC aggregates achieved pH values 

above the recommend pH range at lime rates 3.56 to 7.12 kgcm
-1

. Among all substrates, 



 

  58 

there were no visual deficiencies or toxicities related to substrate pH below or above the 

recommended pH range for chrysanthemums.  

 Low substrate EC levels is consistent with previous research by Wright et al. (2008), 

which reported nutrient levels of 0.53 mScm
-1

 in a 100% PTS compared to 1.58 mScm
-1

 in 

a peat-lite substrate containing 45% peat, 15% perlite, 15% vermiculite, and 25% bark (v/v). 

They reported chrysanthemums grown in 100% PTS to require an addition 100 mgL
-1

 N 

compared to plants grown in the peat-lite substrate. Tisdale et al. (1993), reported lower 

substrate nutrient levels in PTS compared to peat-lite may relate to increased microbial N 

immobilization. However, low nutrient levels were consistent among all substrates 7 WAT 

therefore, N immobilization most likely did not contribute to the decline of substrate 

nutrients. According to Nelson, (2011), a constant fertigation of 200 mgL
-1

 N is sufficient 

for proper chrysanthemum growth, which was supplied to all chrysanthemums in this 

experiment. Although, lower nutrient levels is likely related to the increased growth stage of 

chrysanthemum plants occurring between 3 to 7 WAT. According to Whipker et al. (2000), 

nutrients levels between 0.0 and 1.00 may not be able to sustain rapid plant growth. For 

chrysanthemum production, thus increasing the rate of N would likely increase substrate EC 

levels to the recommended EC range of 2.60 - 4.60 mScm
-1

 (Whipker et al., 2000).  

 Comparable shoot dry weights of chrysanthemum plants occurred between substrates 

formulated to contain similar proportions of PWC and perlite aggregates. Chrysanthemum 

plants grown in 50% PWC-amended substrates at the 0 kgcm
-1

 lime rate were higher in 

shoot dry weight (Table 2.4.). In general and for both aggregate types, as the proportion of 

aggregate increased, shoot dry weight of plants decreased. Equivalent shoot dry weights 
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occurred among all substrates at the 1.78 kgcm
-1

 lime rate, with the exception of plants 

grown in the 50% PWC-amended substrate, which were similar to plants grown in 40% 

PWC- and 10% and 40% perlite-amended substrates. At the 3.56 kgcm
-1

 lime rate, the 

greatest shoot dry weight occurred in plants grown in 10% to 20% PWC- and 30% perlite-

amended substrates and similar to shoot dry weights of plants grown in 100% peatmoss and 

10% to 40% perlite-amended substrates. Plants grown in substrates containing 50% perlite 

aggregates were similar to those grown in substrates amended with 30% and 40% PWC 

aggregates, and similar to shoot dry weight of plants grown in the 50% PWC-amended 

substrate. Maximum plant shoot dry weights occurred in 100% peatmoss, 10%, 40%, and 

50% PWC- and 20% perlite-amended substrates at the 5.34 kgcm
-1

 lime rate. Increasing the 

lime rate above 7.12 kgcm
-1 

resulted in maximum plant growth of plants grown in 30% 

PWC- and 50% perlite-amended substrates. Increasing beyond the lime rate of 7.12 kgcm
-1

 

is unknown, therefore maximum shoot dry weights of plants grown in these substrates is 

likely correlated to the substrate pH within the recommended pH range for optimal 

chrysanthemum growth. 

 This data indicates that PWC aggregates can substitute for perlite in greenhouse 

substrates to grow chrysanthemums. Increasing lime rates and aggregate proportion of 

substrates affected substrate pH, EC, and plant growth. Substrates containing PWC 

aggregates require 1.78 to 5.34 kgcm
-1

 less lime to adjust substrate pH, compared to perlite-

amended substrates. Lower substrate EC levels observed in substrates containing high 

proportions of both PWC or perlite aggregates can be overcome with an additional N supply. 

For most substrates, maximum chrysanthemum growth occurred between lime rates 3.56 and 
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5.34 kgcm
-1

which adjusted substrate pH to the recommended range for growing 

chrysanthemums. 

Marigold Substrate Solution pH, EC, and Growth. For this study, substrate pH was evaluated 

on rates of lime and PWC- or perlite-amended substrates. Over the duration of the study, 

lime rate, substrate, and the interaction between the variables were significant (Table 2.3.). 

At 0 WAT, pH of substrates at the 0 kgcm
-1

 lime rate were similar with the exception of 

100% peatmoss with a pH of 4.4. Similar to the chrysanthemum study, substrate pH response 

increased as lime rate increased and proportions of peatmoss decreased. For example, 

substrates amended with 10% PWC aggregates required a lime rate of 8.90 kgcm
-1

 to 

increase substrate pH compared to substrates amended with 40% PWC requiring a lime rate 

of 5.34 kgcm
-1

. Therefore, buffering capacity was higher in substrates amended with higher 

proportions of aggregates.  

 For all substrates, the addition of 0 and 1.78 kgcm
-1

 lime rates did not adjust 

substrate pH to the recommended pH range of 6.0 – 6.6 for optimal marigold growth 

(Whipker, et al., 2000). As a result of low substrate pH, visual symptoms of iron toxicity 

were observed in this study at the 0 and 1.78 kgcm
-1

 lime rates. To increase substrate pH to 

the recommended pH range for marigolds, lime rates of 5.34, 7.12, or 8.90 kgcm
-1

 were 

required. Therefore, substrates containing 20%, 30%, and 40% PWC, 10% to 40% perlite 

aggregates and 100% peatmoss required similar rates of lime between 8.90, 7.12, and 7.12 

kgcm
-1

, respectively. With the exception of 10% PWC-amended substrates, which required 

an additional 3.56 kgcm
-1

 compared to 10% perlite-amended.  
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 The interaction between increasing lime rate and substrates evaluated in the study was 

not significant in regards to substrate solution EC (Table 2.3.). Electrical conductivity levels 

at 0 WAT, were similar among all substrates and lime rates. From 1 to 4 WAT, EC levels 

were also similar among all substrates and according to Whipker et al. (2000), were in 

desirable EC range of 1.00 – 2.60 mScm
-1

. Over the duration of the study, the change in 

leachate color was observed. Transparent leachates were observed at the 0 kgcm
-1

 lime rate 

and darkened with increasing lime rate and proportion of aggregate. This occurred for both 

aggregates, but leachate color for PWC seem to be most prominent (Personal observation). 

The correlation between leachate color and PWC-amended substrates may likely be a 

function of the chemical composition of the substrate component. Literature indicating the 

presence of phenolic compounds, terpenes, and organic acids (Ortega et al., 1996; Morel and 

Guillemain, 2004) contained in the bark and wood of softwood tree may be the cause of the 

leachate color, however further investigation is needed. 

 Maximum marigold shoot dry weights occurred in substrates as a response to 

increased lime rate and adjusted pH. The maximum shoot dry weights of marigold plants the 

lime rate of 3.56 kgcm
-1

, occurred in the 40% PWC-amended substrate (Table 2.4). 

Similarly, Jackson et al. (2009), reported maximized shoot dry weights of marigold and 

geranium plants at the similar lime rate of 3.56 kgcm
-1

 amend to substrate containing 50% 

PTS (v/v). Dry weight of marigold plants grown in substrates containing 10% PWC 

aggregates occurred at the lime rate of 5.34 kgcm
-1

. Substrates amended with 10% (pH 5.8) 

and 40% (pH 5.4) PWC aggregates were not in the recommended pH range for marigold 

plants, therefore lower substrate pH could account for the differences in shoot dry weights. 
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At the 7.12 kgcm
-1

 lime rate, maximum marigold shoot dry weights occurred when plants 

were grown in the substrate containing 40% perlite (v/v) aggregates. Similar to the 40% 

perlite-amended substrate, maximized shoot dry weights occurred when marigold plants were 

grown in 100% peatmoss substrates and limed with 7.12 kgcm
-1

. Similar lime rates of 7.12 

kgcm
-1

 were required to adjust pH of 20% (pH 5.9) and 30% (pH 6.3) PWC aggregates to 

achieve maximum shoot dry weights. At similar lime rates of 8.90 kgcm
-1

, marigold plants 

grown in 30% (pH 6.4) and 40% (pH 6.6) perlite- amended substrates achieved the maximum 

shoot dry weights. 

 Growth indices of marigold plants indicate plant growth increased with increasing 

lime rate (Table 5). At lime rates of 0, 5.34, and 7.12 kgcm
-1

, growth of all marigold plants 

were similar among all substrates. Larger plants were observed in the substrate containing 

40% PWC aggregates at lime rate 1.78, kgcm
-1

, however GI was similar to plants grown in 

30% PWC-, 20% and 40% perlite-amended substrates. Smaller growth indices were found in 

substrates containing 30% perlite aggregates at lime rate 1.78 kgcm
-1

. Similar plant growth 

occurred between 30% and 40% PWC- and perlite-amended substrates at the lime rate of 

3.56 kgcm
-1

. It is important to note that maximum GI occurred among these substrates at the 

lime rate of 3.56 kgcm
-1

, in which substrate pH ranged 5.4 – 5.8. Similarly, maximum 

growth occurred in 20% PWC- and 10% perlite-amended substrates with lime rate of 5.34 

kgcm
-1

. In contrast, maximum shoot dry weight occurred when plants were grown in the 

20% perlite-amended substrate and 100% peatmoss at lime rates of 7.12 and 8.90 kgcm
-1

, 

respectively. Growth indices of these plants occurred when substrate were within the 

recommended pH range of 6.0 – 6.3 for proper marigold growth. 
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 Root dry weights were evaluated and determined to be similar among all substrates at 

lime rates 0 and 1.78 kgcm
-1

 (Table 2.5.). Root dry weights followed the similar trend of 

growth indices. Similar, maximum root dry weights occurred among 20% and 40% PWC- 

and 20% perlite-amended substrates at the lime rate of 3.56 kgcm
-1

, where the largest root 

dry weights occurred in substrates containing 40% PWC. The lime rate of 7.12 kgcm
-1

 

amended to the 100% peatmoss and 20% perlite amended substrates resulted in maximum 

root dry weights, however the root dry were significantly different. Decreased root dry 

weight of marigold plants occurred when substrates were amended with the lime rate of 8.90 

kgcm
-1

 and is consistent to previous work (Chrustic and Wright, 1983; Gillman et al., 1998). 

 Results indicate that similar rates of 5.34 and 7.12 kgcm
-1

 dolomitic limestone are 

required to adjust substrates amended with 20%, 30%, or 40% PWC or perlite aggregates, to 

the recommended range for marigold growth. Substrate pH followed the similar trend, 

increasing with lime rate and with decreasing proportion of peatmoss. Substrate solution EC 

was similar for all substrates from 0 to 4 WAT. Substrate pH within the recommended pH 

range maximized marigold shoot and root growth.  

Pre-plant lime additions for pH modification. For both pulverized and superfine dolomitic 

limestone experiments, statistical analysis indicated significant differences for substrate, lime 

rate, and the interaction (Table 2.6 and 2.7.). Substrate pH was significantly influenced by 

increasing rates of lime and decreasing proportion of peat. Increased substrate pH occurred at 

all rates of pulverized limestone and among all substrates. In the 100% peatmoss substrate, 

amending all rates of pulverized limestone increased the initial pH of 3.9 to pH of 4.2 to 5.1 

at 1 DAM. From 5 - 28 DAM, lime rates of 7.12 and 8.90 kgcm
-1

 were required for the pH 
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of 100% peatmoss to be within the recommended pH 5.4 – 6.6 range for most greenhouse 

crops (Nelson, 2011).  

 Substrate containing 10% PWC aggregates and amended with pulverized limestone 

rates of 7.12 and 8.90 kgcm
-1

 required 14 to 1 DAM, respectively, to adjust substrate pH to 

the recommended pH range of most greenhouse crops. While, substrates containing 20% 

PWC-amended substrates required similar rates of pulverized lime, but pH adjustment 

occurred at 5 and 2 DAM, respectively. Substrates containing 30% and 40% PWC aggregates 

and amended with pulverized lime rates of 7.12 and 8.90 kgcm
-1

, required 3 and 1 DAM 

and 21, 3, 1 DAM, respectively, to reach the recommended pH for greenhouse crops. 

Therefore, lime rates for PWC-amended substrates, with the possible exception of 20% 

PWC-amended substrate, required the lime rate of 8.90 kgcm
-1

 to adjust substrate pH after 1 

DAM and maintained to 21 DAM.  

 The substrate formulated to contain 10% perlite aggregates and amended with 

pulverized lime rates of 5.34, 7.12, and 8.90 kgcm
-1

, required 14, 5, and 1 DAM, 

respectively, to reach the recommended pH range. Substrates containing 20% perlite-

amended substrates required similar rates of pulverized lime and pH adjustment occurred at 

7, 3, and 1 DAM, respectively. Substrates containing 30% and 40% perlite-amended 

substrates required 5.34, 7.12, and 8.90 kgcm
-1 

rates of pulverized lime and pH adjustment 

occurred at 2 and 1 DAM, and 5 and 1 DAM, respectively. After 21 DAM for all substrates, 

pH decline occurred and is correlated to the residual effect or the long term buffering 

capacity of the larger particle limestone (Argo and Fisher, 2002). 
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 According to Argo and Fisher (2002), the finer the particle size, the more reactive the 

limestone. The results of the superfine limestone experiment support the statement in which 

the limestone reacts or increases substrate pH quickly (1 DAM) and neutralizes substrate 

acidity. Superfine limestone rates were similar among all substrates at rates of 3.56 and 5.34 

kgcm
-1

, which increased substrate pH to the recommended pH range for greenhouse crops 

from 1 to 21 DAM (Table 2.7.). Superfine limestone rates can be used in substrates 

containing PWC or perlite aggregates. 

 Based on these results, the use of pulverized dolomitic limestone in greenhouse 

substrates would require a longer equilibration period and would have a longer residual effect 

up to 28 DAM, compared to superfine dolomitic limestone. The use of pulverized dolomitic 

limestone in a greenhouse substrate would require 7.12 and 8.90 kgcm
-1

 of limestone to 

achieve the recommended range for greenhouse crops. Whereas, superfine dolomitic 

limestone would react quickly and required at rates of 3.56 and 5.34 kgcm
-1

, to achieve 

recommended substrate pH levels for most greenhouse crops. Therefore, growers could use a 

combination of the two, where superfine dolomitic lime would adjust the substrate initial pH 

and the pulverized lime would promote buffering. 

Conclusions 

 Based on these results, PWC aggregates can be a suitable alternative for perlite in 

greenhouse substrates for the production of chrysanthemum and marigold plants. As a means 

to determine recommended lime rates for PWC-amended substrates, these studies have 

demonstrated the variation in substrate pH associated with lime rates, particle size, and plant 

growth. Therefore, the importance of understanding greenhouse substrates, their components 
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and the proportion in which they are formulated, is vital in regards to limestone amendment 

and the increase interest of utilizing alternatives. Acknowledging the initial pH of substrates 

and substrate components should be considered before formulating substrates for greenhouse 

crop production. The common practice of amending a standard rate of lime to a substrate can 

impact durability of substrate pH and crop performance. It is recommended here to initially 

test substrate components before amending substrates with pre-plant limestone application 

rates and PWC aggregates.   

 For commercial greenhouse production, changes in cultural practices are not need 

when substituting perlite with PWC aggregates. For successful chrysanthemum production, it 

is recommended that substrate pH be adjusted using dolomitic limestone rates of 3.56 and 

5.34 kgcm
-1

. Understanding plant requirements is vital and in terms of plant quality. As 

observed in the marigold study, iron toxicity related to low substrate pH affected plant 

growth and visual quality. It is recommended for substrates containing PWC aggregates to be 

amended with dolomitic limestone rates of 5.34 and 7.12 kgcm
-1

, for optimal marigold 

growth and quality. The use of pulverized and superfine dolomitic limestone in greenhouse 

substrates can eliminate issues related to substrate pH and amending to fresh, PWC 

aggregates. Adjusting the pH of substrates containing PWC or perlite aggregates will require 

pulverized limestone rates of 7.12 to 8.90 kgcm
-1

.
 
While similar substrates amended with 

superfine dolomitic limestone would require rates of 3.56 and 5.34 kgcm
-1

, to achieve the 

recommended substrate pH range of most greenhouse crops. Overall, PWC can be used in 

production of greenhouse crops without changing cultural practices and offers greenhouse 
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growers in the southeastern United States a regional and readily available alternative to 

perlite. 
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Table 2.1. Physical properties of sphagnum peat and sphagnum peat-based substrates 

amended with perlite or pine wood chip (PWC) aggregates
 z
. 

Substrates 

Total 

porosity
y 

(% vol) 

Air 

space
x
 

(% vol) 

Container 

capacity
w
 

(% vol) 

Bulk 

density
v
 

(gcm
-1

) 

    PM 100
u
 91.3 a

t
 14.1 b 77.2 a 0.10 h 

    Perlite 10
s 

90.1 ab 15.7 b 74.4 ab 0.11 fg 

    Perlite 20 87.2 abc 14.0 b 73.2 ab 0.13 d 

    Perlite 30 87.7 ab 14.2 b 73.5 ab 0.11 f 

    Perlite 40 82.5 d 14.4 b 68.1 cd 0.11 fg 

    Perlite 50 82.4 d 17.1 ab 65.3 d 0.11 gh 

    PWC
r
 10 91.6 a 16.5 ab 75.1 ab 0.12 e 

    PWC 20 91.4 a 18.0 ab 73.4 ab 0.13 d 

    PWC 30 86.6 bcd 15.5 b 71.1 bc 0.14 c 

    PWC 40 82.1 d 18.0 ab 64.2 de 0.15 b 

    PWC 50 83.0 cd 22.0 a 61.0 e 0.17 a 
z
 Physical property data were collected from three samples per substrate and represented as 

means. Analysis performed using the North Carolina State University Prometer method 

(Fonteno et al. 1995). 
y
 Total porosity is equal to container capacity + air space. 

x 
Air space is the volume of water drained from the sample ÷volume of the sample. 

w
 Container capacity is (wet weight – oven dry weight) ÷volume of the sample. 

v
 Bulk density after forced-air drying at 105°C for 48 h; 1 

-1
 = 0.5780 oz/inch

3
. 

u
 100% sphagnum peat moss (PM). 

t
 Means were separated within column by Duncan’s (LSD) multiple range test (P ≤ 0.05). 

s
 Substrates were formulated with 90, 80, 70, 60, or 50% sphagnum peat/ 10, 20, 30, 40, or 

50% perlite or PWC. 
r
 PWC were produced from eight-year-old loblolly pine trees, delimbed, chipped, and 

hammer-milled to pass through 6.35-mm screen.  
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Table 2.2. Effect of dolomitic limestone rate on substrate solution pH of chrysanthemum grown in sphagnum peat-based substrates 

amended with perlite or pine wood chip (PWC) aggregatess. 

Substrates
z
 Pour-through

y
 

 
Lime rate 

(kg•m
-3

)
u 

1 WAT
x
  3 WAT 5 WAT 7 WAT Significance

w,v 

pH EC pH EC pH EC pH EC pH EC 

PM
t
 100 

              0 2.7 cd
s 

2.03 a 3.5 c 2.34 a 3.4 b 1.72 a 3.6 a 1.30 a L** Q
NS

 L*** Q** 

    1.78 3.8 h 1.69 a 4.6 g 2.03 a 4.5 c 1.67 ab 4.6 c 1.09 a L* Q** L*** Q** 

    3.56 4.6 f 1.85 a 5.4 f 2.30 a 5.0 d 1.90 a 5.2 de 1.07 a L
NS

 Q* L** Q*** 

    5.34 5.4 e 1.61 a 5.9 e 2.08 ab 5.5 d 2.11 a 5.6 d 1.32 a L
NS

 Q
NS

 L
NS

 Q
NS

 

    7.12 5.8 c 1.57 a 6.1 c 2.30 a 5.7 d 2.37 a 5.9 e 1.36 a L* Q
NS

 L
NS

 Q*** 

Significance 

L***  

Q*** 

L** 

Q
NS

 

L*** 

Q*** 

L
NS

 

Q
NS

 

L*** 

Q*** 

L** 

Q
NS

 

L*** 

Q*** 

L
NS

 

Q
NS

 

  Perlite 10 

              0 3.0 cd 2.00 a 3.5 c 2.21 ab 3.5 b 1.69 a 3.7 a 1.21 a L*** Q
NS

 L*** Q*** 

    1.78 3.9 gh 1.65 ab 4.8 fg 1.99 a 4.5 c 1.82 a 4.7 c 1.10 a L* Q** L** Q*** 

    3.56 5.0 e 1.72 ab 5.7 de 2.10 ab 5.2 cd 1.82 a 5.1 e 1.31 a L
NS

 Q** L** Q
NS

 

    5.34 5.6 de 1.72 a 6.0 de 2.23 a 5.6 cd 2.15 a 5.6 d 1.36 a L
NS

 Q
NS

 L
NS

 Q* 

    7.12 6.0 bc 1.54 a 6.2 c 2.02 ab 5.8 cd 2.00 ab 5.9 de 1.34 a L** Q
NS

 L
NS 

Q
NS

 

Significance 

L***  

Q*** 

L**  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q** 

L*  

Q
NS

 

  Perlite 20 

              0 2.6 d 1.80 ab 3.6 c 2.45 a 3.5 b  1.72 a 3.7 a 1.28 a L*** Q
NS

 L*** Q*** 

    1.78 4.2 fg 1.76 a 5.0 def 1.99 a 4.8 bc 1.61 ab 4.8 c 1.10 a L
NS

 Q** L*** Q
NS

 

    3.56 5.1 e 1.72 ab 5.9 cde 1.92 abc 5.6 bc 1.38 ab 5.5 bcd 1.19 a L
NS 

Q** L*** Q
NS

 

    5.34 5.7 cde 1.64 a  6.1 cde 2.11 ab 5.8 bc 2.05 a 5.9 cd 1.12 a L
NS

 Q
NS

 L* Q* 

    7.12 6.0 bc 1.56 a 6.2 c 2.03 ab 5.8 cd 2.05 ab 6.1 cde 1.35 a L* Q
NS

 L
NS

 Q** 
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Table 2.2 (continued) 

   

          

Significance 

L***  

Q*** 

L*  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q* 

L*** 

Q*** 

L*  

Q* 

L*** 

Q*** 

L
NS

  

Q
NS

 

  Perlite 30 

              0 2.7 cd 1.84 a 3.6 c  2.04 ab 3.6 ab 1.69 a 3.7 a 1.26 a L*** Q* L*** Q*** 

    1.78 4.4 ef 1.59 abc 5.2 cde 1.82 ab 4.9 b 1.50 ab 4.9 bc 1.14 a L
NS

 Q*** L*** Q** 

    3.56 5.4 de 1.72 ab 5.9 cd 2.19 a 5.5 bc 1.86 a 5.4 bc 1.25 a L
NS

 Q* L** Q*** 

    5.34 5.8 cd 1.66 a 6.1 cde 2.13 ab 5.8 bc 2.06 a 5.9c 1.32 a L
NS

 Q
NS

 L* Q*** 

    7.12 6.1 bc 1.72 a 6.3 c 2.11 ab 6.0 bc 2.02 ab 6.0 cde 1.09 a L** Q
NS

 L* Q** 

Significance 

L***  

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L**  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

  Perlite 40 

              0 2.7 cd 1.86 a 3.7 bc 2.06 ab 3.6 ab 1.74 a 3.7 a 1.28 a L** Q* L*** Q*** 

    1.78 4.8 cd 0.94 d 5.2 cd 1.86 ab 5.1 b 1.69 ab 4.9 bc 1.21 a L
NS

 Q*** L
NS

 Q*** 

    3.56 5.4 de 1.66 ab 6.0 bc 2.01 ab 5.6 b 1.10 a 5.6 bc 1.28 a L
NS

 Q** L** Q
NS

 

    5.34 6.0 bc 1.55 a 6.2 bcd 1.90 abc 5.8 bc 1.80 a 6.0 c 1.07 a L* Q
NS

 L* Q* 

    7.12 6.2 ab 1.65 a 6.2 c 2.19 ab 6.0 bcd 2.11 ab 6.1 cde 1.33 a L** Q
NS

 L* Q*** 

Significance 

L***  

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q* 

L*** 

Q*** 

L*  

Q* 

L*** 

Q*** 

L
NS

  

Q
NS

 

  Perlite 50 

              0 2.6 d 1.87 a 3.8 abc 1.92 ab 3.7 ab 1.60 a 3.9 a 1.21 a L*** Q** L*** Q*** 

    1.78 4.9 bc 1.52 abc 5.6 b 1.77 ab 5.1 b 1.62 ab 4.8 bc 1.19 a L* Q*** L**Q** 

    3.56 5.9 abc 1.52 ab 6.0 bc 2.03 ab 5.7 b 2.00 a 5.8 b 1.28 a L
NS

 Q
NS

 L
NS

 Q** 

    5.34 6.2 ab 1.42 a 6.3 bc 2.18 ab 5.9 bc 1.75 a 6.0 c 1.15 a L*** Q
NS

 L
NS

 Q** 

    7.12 6.3 ab 1.55 a 6.3 bc 2.16 ab 6.1 bc 1.81 abc 6.1 cde 1.30 a L** Q
NS

 L* Q* 

Significance 

L***  

Q*** 

L
NS

  

Q* 

L*** 

Q*** 

L**  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS
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Table 2.2 (continued) 

         

           PWC
r
 10 

              0 3.0 bc 1.53 abc 3.6 fg 2.21 ab 3.4 b 1.67 a 3.6 a 1.26 a L*** Q
NS

 L* Q*** 

    1.78 4.4 def 1.46 abc 4.7 ef 1.98 a 4.5 c 1.37 ab 4.9 bc 0.78 a L** Q
NS

 L*** Q*** 

    3.56 5.6 cd 1.46 ab 5.6 cde 2.20 a 5.2 cd 1.84 a 5.2 de 1.19 a L** Q
NS

 L
NS

 Q*** 

    5.34 6.2 ab 1.40 a 6.0 c 2.35 a 5.7 bcd 1.94 a 5.7 cd 1.27 a L* Q
NS

 L
NS

 Q*** 

    7.12 6.5 a 1.44 a 6.2 2.30 a 6.1 bc 1.89 ab 6.3 bcd 1.10 a L
NS

 Q*** L
NS

Q*** 

Significance 

L***  

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L*  

Q
NS

 

L***  

Q* 

L
NS

  

Q
NS

 

  PWC 20 

              0 3.4 ab 1.77 abc 3.7 bc 2.19 ab 3.5 b 1.67 a 3.6 a 1.30 a L
NS

 Q
NS

 L*** Q*** 

    1.78 4.7 cde 1.47 abc 4.9 ef 1.85 ab 4.8 bc 1.15 b 4.6 c 1.06 a L
NS

 Q* L** Q
NS

 

    3.56 6.0 ab 1.30 b 5.9 cde 2.01 ab 5.5 bc 1.62 ab 5.6 bc 1.03 a L*** Q
NS

 L
NS

 Q*** 

    5.34 6.3 ab 1.37 a 6.2 bcde 1.96 ab 6.0 b 1.67 ab 6.1 bc 0.93 a L
NS

 Q
NS

 L** Q*** 

    7.12 6.5 a 1.51 a 6.3 c 2.14 ab 6.3 b 1.47 bcd 6.3 bc 0.95 a L
NS

 Q
NS

 L** Q
NS

 

Significance 

L***  

Q*** 

L
NS

  

Q** 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L*** 

Q** 

  PWC 30 

              0 3.5 a 1.65 abc 3.7 bc 1.93 ab 3.6 ab 1.51 a 3.7 a 1.25 a L** Q
NS

 L*** Q** 

    1.78 4.9 bc 1.12 cd 5.2 cde 1.64 ab 5.0 b 1.30 ab 4.8 bc 1.00 a L* Q* L
NS

 Q** 

    3.56 5.8 bcd 1.32 b 5.8 cde 1.90 abc 5.5 bc 1.56 ab 5.5 bcd 0.99 a L*** Q
NS

 L** Q*** 

    5.34 6.2 ab 1.33 a 6.0 cde 2.20 a 5.9 bc 1.81 a 6.0 c 0.96 a L
NS

 Q** L
NS

Q*** 

    7.12 6.5 a 1.54 a 6.2 c 2.24 ab 6.3 b 1.60 bcd 6.3 bc 0.93 a L
NS

 Q** L** Q*** 

Significance 

L*** 

Q*** 

L
NS

  

Q** 

L*** 

Q*** 

L**  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L***  

Q* 
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Table 2.2 (continued) 

         

           PWC 40 

              0 3.6 a 1.27 bc 3.9 ab 1.72 b 3.7 ab 1.44 a 3.8 a 1.14 a L
NS

 Q
NS

 L* Q*** 

    1.78 5.2 b 1.35 abcd 5.4 bc 1.60 ab 5.1 b 1.22 ab 5.2 ab 0.86 a L* Q
NS

 L*** Q** 

    3.56 6.1 ab 1.28 b 6.3 ab 1.60 bc 6.4 a 0.98 b 6.3 a 0.86 a L
NS

 Q
NS

 L*** Q
NS

 

    5.34 6.5 a 1.22 a 6.5 ab 1.64 bc 6.5 a 1.10 bc 6.4 ab 0.91 a L
NS

 Q
NS

 L** Q** 

    7.12 6.5 a 1.42 a 6.6 ab 1.71 bc 6.8 a 1.16 cd 6.6 ab 0.94 a L* Q
NS

 L*** Q* 

Significance 

L***  

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q* 

L*** 

Q*** 

L*  

Q** 

L*** 

Q*** 

L
NS

  

Q** 

  PWC 50 

              0 3.8 a  1.30 c 4.1 a 1.68 b 3.9 a 1.51 a 3.8 a 1.13 a L
NS

 Q* L
NS

 Q* 

    1.78 5.6 a 1.15 bcd 5.9 a 1.35 b 5.6 a 1.14 b 5.6 a 0.82 a L
NS

 Q
NS

 L*** Q* 

    3.56 6.2 a 1.27 b 6.4 a 1.43 c 6.5 a 1.00 b 6.5 a 0.81 a L
NS

 Q
NS

 L*** Q
NS

 

    5.34 6.5 a 1.37 a 6.7 a 1.37 c 6.7 a 0.98 c 6.6 a 0.85 a L
NS

 Q
NS

 L*** Q
NS

 

    7.12 6.6 a 1.45 a 6.8 a 1.42 c 6.8 a 1.03 d 6.7 a 0.90 a L* Q
NS

 L*** Q
NS

 

Significance 

L***  

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L*** 

Q*** 

L*** 

Q*** 

L
NS

  

Q*** 

  Substrate (S) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

  Lime rate (L) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

  S x L <0.0001 <0.0001 <0.0001 0.0383 <0.0001 <0.0001 <0.0001 0.2444 

  z
 Substrates were formulated with 90, 80, 70, 60, or 50% sphagnum peat with the remainder 10, 20, 30, 40, or 50% perlite or pine 

wood chip (PWC) aggregates (by volume). 
y
 pH and EC (mScm

-1
) of substrate solution determined on pour-through extracts (Wright, 1986). 

x
 Weeks after transplanting (WAT). 

w 
Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001 (***) 

v
 L = linear; Q = quadratic response across measurement dates (7 weeks) at *, **, or ***. 

u
 Pre-plant rates of dolomitic lime (kgm

-3
) amended to formulated substrates 

t
 100% sphagnum peat moss (PM). 
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Table 2.2 (continued) 

 
s
 Means were separated within column by substrate (n=10) within lime rate using Tukey’s HSD, P ≤ 0.05. 

r
 PWC were produced from eight-year-old loblolly pine trees, delimbed, chipped, and hammer-milled to pass through 6.35-mm 

screen. 
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Table 2.3. Effect of dolomitic limestone rate on substrate solution pH of marigold grown in sphagnum peat and sphagnum peat-

based substrates amended with perlite or pine wood chip (PWC) aggregates. 

Substrates
z
 Pour-through

y
 

  Lime rate 

(kgm
-3

)
u
 

0 WAT
x
  1 WAT 2 WAT 3 WAT 4 WAT Significance

w,v 

pH EC pH EC pH EC pH EC pH EC pH EC 

PM
t
 100 

                0 4.4 a 0.87 a 4.5 a 1.26 ab 4.4 a 1.79 a 4.5 a 1.63 a 4.5 a 1.73 ab L
NS

 Q
NS

 L*** Q* 

    1.78 4.3 b 0.78 a 4.2 b 1.24 ab 4.2 d 1.78 a 4.3 c 1.84 a 4.3 b 1.54 a L
NS

 Q
NS

 L** Q*** 

    3.56 4.5 c 0.74 a 4.3 d 1.25 ab 4.3 e 1.76 a 4.4 d 1.75 b 4.3 e 1.75 a L
NS

 Q* L*** Q*** 

    5.34 5.7 bc 0.76 a 5.6 bc 1.31 ab 5.6 c 1.79 a 5.6 d 1.62 a 5.5 de 1.55 a L** Q
NS

 L** Q*** 

    7.12 6.5 ab 0.65 ab 6.4 ab 0.97 ab 6.2 bcd 1.38 ab 6.1 abc 1.43 a 5.9 cd 1.22 a L** Q
NS

 L** Q*** 

    8.90 6.3 ab 0.75 a 6.2 ab 1.19 ab 6.0 d 1.37 ab 6.0 d 1.58 a 6.0 d 1.09 ab L*** Q** L
NS

 Q** 

Significance 

L*** 

Q
NS

 

L*  

Q
NS

 

L*** 

Q
NS

 

L
NS

  

Q
NS

 

L***  

Q
NS

 

L*  

Q
NS

 

L*** 

Q
NS

 

L
NS

 

Q
NS

 

L*** 

Q
NS

 

L***  

Q
NS

 

  Perlite 10 

                0 3.5 b 0.82 a 3.5 b 1.45 a 3.6 c 1.44 ab 3.7 b 1.34 a 3.8 b 1.48 ab L*** Q
NS

 L
NS

 Q
NS

 

    1.78 4.6 b 1.09 a 4.5 ab 1.25 ab 4.5 bcd 1.60 ab 4.6 bc 1.76 a 4.5 ab 1.49 a L
NS

 Q
NS

 L** Q** 

    3.56 5.7 c 1.00 a 5.4 abc 1.31 ab 5.4 bc 1.65 ab 5.4 bc 1.72 b 5.3 bcd 1.45 a L* Q
NS

 L** Q*** 

    5.34 5.6 abc 1.09 a 5.7 abc 1.41 a 5.8 bc 1.61 a 5.9 bcd 1.70 a 5.5 de 1.55 a L
NS

 Q* L** Q*** 

    7.12 6.3 c 0.54 ab 6.6 ab 1.19 ab 6.6 ab 1.25 ab 6.4 ab 1.54 a 6.4 abc 1.36 a L
NS

 Q* L*** Q*** 

    8.90 6.5 bcd 0.96 a 6.8 ab 1.20 ab 6.7 ab 1.38 ab 6.5 abcd 1.39 a 6.2 cd 1.31 a L* Q*** L* Q* 

Significance 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q** 

L*  

Q
NS

 

L*** 

Q*** 

L
NS 

 Q
NS

 

L*** 

Q*** 

L
NS

 

Q*** 

L*** 

Q** 

L
NS 

 Q
NS

 

  Perlite 20 

                0 3.6 b 0.93 a 3.8 ab 1.23 ab 3.7 bc 1.51 ab 3.9 b 1.36 a 4.0 bc 1.30 b L*** Q
NS

 L* Q*** 

    1.78 4.4 b 1.05 a 4.2 b 1.33 a 4.3 cd 1.56 ab 4.3 c 1.68 a 4.2 d 1.53 b L
NS

 Q
NS

 L** Q* 

    3.56 4.8 c 0.64 a 4.8 cd 1.32 ab 4.9 d 1.46 ab 5.0 cd 1.84 b 5.0 cd 1.49 cd L
NS

 Q
NS

 L** Q* 

    5.34 5.7 abc 0.98 a 5.8 abc 1.35 ab 5.7 bc 1.57 ab 5.7 cd 1.66 a 5.6 c 1.53 cde L
NS

 Q
NS

 L*** Q*** 

    7.12 6.0 c 0.81 ab 6.1 bc 1.22 ab 6.1 bcd 1.50 ab 6.0 bc 1.69 a 6.3 d 1.42 bc L* Q
NS

 L** Q** 

    8.90 6.3 bcd 1.01 a 6.2 ab 1.30 ab 6.3 bcd 1.44 ab 6.3 bcd 1.59 a 6.4 d  1.38 abcd L
NS

 Q
NS

 L* Q* 

Significance 

L*** 

Q
NS

 

L
NS

  

Q
NS

 

L*** 

Q
NS

 

L
NS

  

Q
NS

 

L***  

Q
NS

 

L
NS

  

Q
NS

 

L*** 

Q
NS

 

L
NS

  

Q* 

L*** 

Q
NS

 

L
NS

 

Q* 
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Table 2.3 (continued) 

           
             Perlite 30 

                0 3.6 b 1.08 a 3.8 ab 1.27 ab 3.8 bc 1.33 ab 4.0 ab 1.28 a 4.1 ab 1.11 b L*** Q
NS

  L
NS

 Q* 

    1.78 4.0 b 1.15 a 4.0 b 1.31 a 4.1 d 1.51 ab 4.4 d 1.53 a 4.2 b 1.38 a L
NS

 Q
NS

 L* Q** 

    3.56 6.0 a 1.01 a 6.0 a 1.26 ab 5.8 ab 1.53 ab 6.0 ab 1.40 b 5.6 ab 1.59 a L
NS 

Q
NS

 L*** Q
NS

 

    5.34 6.0 ab 1.33 a 6.4 ab 1.42 a 6.4 a 1.60 ab 6.3 ab 1.58 a 6.1 ab 1.57 a L
NS

 Q** L
NS

 Q
NS

 

    7.12 6.4 abc 1.19 a 6.6 ab 1.31 a 6.6 ab 1.40 ab 6.4 ab 1.58 a 6.6 ab 1.55 a L
NS

 Q
NS

 L*** Q
NS

 

    8.90 6.2 ab 1.24 a 6.7 ab 1.32 a 6.5 abcd 1.61 a 6.5 abcd 1.60 a 6.6 abc 1.43 a L
NS

 Q* L
NS

 Q* 

Significance 

L*** 

Q*** 

L
NS  

Q
NS

 

L*** 

Q** 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

Q** 

L** 

Q
NS

 

L***  

Q* 

L
NS 

 Q** 

  Perlite 40 

                0 3.6 b 0.93 a 3.8 ab 1.35 a 3.9 bc 1.44 ab 4.1 ab 1.35 a 4.0 b 1.55 ab L*** Q* L* Q
NS

 

    1.78 5.5 a 1.16 a 5.2 a 1.12 ab 5.1 a 1.65 ab 5.1 ab 1.75 a 4.8 a 1.48 a L*** Q
NS

 L* Q
NS

 

    3.56 6.2 a 1.13 a 5.2 abc 1.36 a 6.3 a 1.76 a 6.2 a 1.61 b 5.8 a  1.51 a L
NS

 Q
NS

 L* Q** 

    5.34 6.4 a 1.30 a 6.6 a 1.45 a 6.5 a 1.74 a 6.5 a 1.67 a 6.2 a 1.58 a L
NS

 Q** L* Q* 

    7.12 6.7 a 0.44 a 6.8 a 1.28 a 6.6 ab 1.55 a 6.6 a 1.47 a 6.9 a 1.18 a L
NS

 Q
NS

 L* Q*** 

    8.90 6.7 a 0.72 a 7.0 a 1.30 ab 6.8 ab 1.56 ab 6.6 abc 1.56 a 6.8 ab 1.59 a L
NS

 Q
NS

 L*** Q** 

Significance 

L*** 

Q*** 

L
NS

  

Q
NS

 

L*** 

QNS 

L
NS

  

Q
NS

 

L*** 

Q*** 

L
NS

  

Q* 

L*** 

Q*** 

L
NS

 

Q
NS

 

L*** 

Q*** 

L
NS 

Q
NS

 

  PWC 10 

                0 3.6 b 1.10 a 3.7 ab 1.31 a 3.7 bc 1.35 ab 3.9 b 1.28 a 3.9 b 1.47 ab L***Q
NS

 L** Q
NS

 

    1.78 4.5 b 0.89 a 4.0 b 1.15 ab 4.2 d 1.42 ab 4.2 c 1.49 a 4.2 b 1.61 a L
NS

Q
NS

  L*** Q
NS

 

    3.56 4.9 c 0.75 a 4.7 cd 1.35 ab 4.9 cd 1.53 ab 5.1 c 1.57 a 5.0 cd 1.45 a L
NS

 Q
NS

 L** Q*** 

    5.34 5.6 bc 1.92 a 5.7 abc 1.26 abc 5.7 c 1.58 ab 5.8 bcd 1.46 a 5.8 abcd 1.58 a L* Q
NS

 L*** Q* 

    7.12 5.7 cd 0.82 ab 5.7 b 1.17 ab 5.7 cd 1.49 ab 5.7 c 1.61 a 5.8 d 1.57 a L
NS

 Q
NS

  L*** Q* 

    8.90 5.7 b 0.78 a 6.1 b 1.12 ab 6.1 cd 1.53 ab 6.1 cd 1.63 a 6.3 bcd 1.47 a L*** Q
NS

  L*** Q** 

Significance 

L*** 

Q** 

L
NS

 

Q
NS

 

L***  

Q* 

L
NS

 

Q
NS

 

L*** 

Q** 

L
NS

 

Q
NS

 

L*** 

Q** 

L*  

Q
NS

 

L*** 

Q
NS

 

L
NS 

Q
NS
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Table 2.3 (continued) 

           
             PWC 20 

                0 3.6 b 1.86 a  3.8 ab 1.12 ab 3.9 bc 1.23 ab 4.0 ab 1.23 a 4.0 b 1.33 ab L*** Q* L*** Q
NS

 

    1.78 4.1 b 0.71 a 4.1 ab 0.92 b 4.2 d 1.30 ab 4.4 c 1.52 a 4.3 b 1.32 a L
NS

 Q
NS

 L*** Q* 

    3.56 4.7 c 0.71 a 5.2 bcd 1.10 ab 5.2 cd 1.06 bc 5.3 c 1.24 b 4.9 d 1.44 a L
NS

 Q*** L*** Q
NS

 

    5.34 5.2 c  0.84 a 5.3 abc 1.18 abc 5.4 c 1.29 abc 5.4 d 1.33 a 5.2 e 1.38 a L
NS

 Q** L** Q
NS

 

    7.12 5.7cd 0.87 ab 6.0 ab 0.87 b 6.0 d 0.88 b 6.0 bc 1.22 a 5.9 a 1.58 a L
NS

 Q*** L*** Q*** 

    8.90 6.1 ab 0.90 a 6.5 ab 0.96 b 6.0 abc 1.02 ab 6.6 abcd 1.22 a 6.4 abcd 1.38 a L
NS

 Q** L*** Q
NS

 

Significance 

L*** 

Q
NS

 

L
NS

  

Q* 

L*** 

Q
NS

 

L
NS

 

Q
NS

 

L***  

Q
NS

 

L*  

Q
NS

 

L*** 

Q
NS

 

L
NS

 

Q
NS

 

L***  

Q* 

L
NS

 

Q
NS

 

  PWC 30 

                0 3.7 b 1.04 a 3.9 ab 1.13 ab 4.0 abc 1.03 b 4.2 ab 1.23 a 4.1 ab 1.34 ab L*** Q* L* Q
NS

 

    1.78 4.3 b 0.93 a 4.6 ab 1.14 ab 4.7 abc 1.22 ab 5.2 a 1.31 a 4.5 ab 1.59 a L
NS

 Q
NS

 L*** Q
NS

 

    3.56 4.8 c 0.79 a 5.0 bcd 0.99 b 5.2 cd 1.03 bc 5.3 c 1.30 b 5.0 cd 1.57 a L
NS

 Q*** L***Q
NS

 

    5.34 5.6 bc 1.04 a 6.2 abc 0.95 c 6.2 ab 0.95 bc 6.2 abc 1.04 a 5.6 bcde 1.26 a L
NS

 Q*** L* Q** 

    7.12 5.7 d 1.10 ab 6.4 ab 0.96 ab 6.5 abc 1.03 ab 6.3 ab 1.35 a 6.3 bcd 1.56 a L* Q*** L*** Q** 

    8.90 6.2 ab 0.73 a 6.7 ab 1.11 ab 6.8 ab 1.07 ab 6.7 ab 1.24 a 6.5 abcd 1.24 a L
NS

 Q*** L** Q
NS

 

Significance 

L*** 

 Q* 

L
NS

 

Q
NS

 

L*** 

Q
NS

 

L
NS

 

Q** 

L*** 

Q** 

L
NS

 

Q
NS

 

L***  

Q* 

L
NS

 

Q
NS

 

L*** 

Q
NS

 

L
NS

 

Q
NS

 

  PWC 40 

            

    0 3.7 b 0.96 a 4.0 ab 0.93 b 4.1 ab 1.00 b 4.2 ab 1.26 a 4.2 ab 1.29 ab 

L*** 

Q*** L*** Q
NS

 

    1.78 4.2 b 1.07 a 4.6 ab 0.98 ab 4.9 ab 1.00 b 5.0 ab 1.21 a 4.6 ab 1.60 a L* Q*** L** Q*** 

    3.56 5.1 bc 0.86 a 5.7 ab 1.03 ab 6.1 a 0.75 c 6.0 a 1.00 b 5.4 abc 1.56 a L
NS

 Q*** L** Q** 

    5.34 5.5 bc 1.07 a 6.1 abc 1.05 bc 6.4 a 0.84 c 6.3 abc 1.04 a 6.1 abc 1.18 a L* Q*** L
NS

 Q* 

    7.12 5.8 bcd 0.78 ab 6.6 ab 0.91 b 6.8 a 0.92 ab 6.7 a 1.20 a 6.6 ab 1.06 a L* Q*** L
NS

 Q
NS

 

    8.90 6.1 ab 0.88 a 6.8 ab 1.00 ab 7.0 a 0.91 b 6.9 a 1.06 a 6.9 a 0.60 b L** Q*** L
NS

 Q* 

Significance 

L*** 

Q*** 

L
NS

 

Q
NS

 

L*** 

Q*** 

L
NS

 

Q
NS

 

L*** 

Q*** 

L
NS

 

Q
NS

 

L*** 

Q*** 

L
NS

 

Q
NS

 

L***  

Q* 

L*** 

Q*** 

  Significance 

            Substrate (S) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.4225 <0.0001 <0.0001 

  Lime rate (L) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0043 <0.0001 0.4084 <0.0001 <0.0001 

  S x L <0.0001 0.0146 <0.0001 0.0301 <0.0001 0.3858 <0.0001 0.4753 <0.0001 <0.0001 
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Table 2.3 (continued) 

 
z
 Substrates were formulated with 90, 80, 70, or 60% sphagnum peat with the remainder 10, 20, 30, or 40% perlite or pine wood 

chip (PWC) aggregates (by volume). 
y
 pH and EC (mScm

-1
) of substrate solution determined on pour-through extracts (Wright, 1986). 

x
 Weeks after transplanting (WAT). 

w 
Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001 (***). 

v
 L = linear; Q = quadratic response across measurement dates (5 weeks) at *, **, or ***. 

u
 Pre-plant rates of dolomitic lime (kgm

-3
) amended to formulated substrates. 

t
 100% sphagnum peat moss (PM). 

s
 Means were separated within column by substrate (n=8) within lime rate using Tukey’s HSD, P ≤ 0.05. 

r
 PWC were produced from eight-year-old loblolly pine trees, delimbed, chipped, and hammer-milled to pass through 6.35-mm 

screen. 
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Table 2.4. Effect of dolomitic limestone rate on shoot dry weights and growth index of 

chrysanthemum grown in sphagnum peat and sphagnum peat-based substrates amended with 

perlite or pine wood chip (PWC) aggregates. 

 

Shoot dry weight (g) 

 

 

Chrysanthemum 

 

 

Lime rate (kgm
-3

)
z
 

 Substrates
y
  0 1.78 3.56 5.34 7.12 Significance

x,w 

PM
v
 100 9.58 ab

u
 17.18 a 18.03 abc  19.05 ab 18.15 a L*** Q*** 

    Perlite 10 6.82 e 16.07 ab 18.32 abc 16.38 bcd 15.55 c L*** Q*** 

    Perlite 20 7.68 de 16.88 a 17.98 abc 18.62 ab 15.30 cd L** Q*** 

    Perlite 30 8.03 cde 17.55 a 19.48 a 15.42 cd 16.93 abc L** Q*** 

    Perlite 40 8.27 bcd 16.42 ab 17.40 abc 16.60 bcd 15.85 bc L*** Q*** 

    Perlite 50 9.10 abc 17.68 a 16.02 bcd 17.83 bc 18.22 ab L*** Q** 

    PWC
t
 10 8.53 abcd 17.47 a 18.82 a 21.45 a 15.33 cd L** Q*** 

    PWC 20 8.60 abcd 18.77 a 19.65 a 18.15 bc 18.62 a L*** Q*** 

    PWC 30 9.37 abc 17.85 a 14.95 de 16.23 bcd 18.40 a L*** Q
NS

 

    PWC 40 9.15 abc 15.93 ab 15.83 cd 16.37 bcd 14.83 cd L** Q*** 

    PWC 50 9.65 a 13.70 b 13.53 e 13.88 d 13.00 d L* Q*** 

P values Substrate (S) = <0.0001; Lime rate (L) = <0.0001; S*L = <0.0001 
z
 Pre-plant rates of dolomitic lime (kgm

-3
) amended to formulated substrates. 

y
 Substrates were formulated with 90, 80, 70, or 60% sphagnum peat with the remainder 10, 

20, 30, or 40% perlite or pine wood chip (PWC) aggregates (by volume). 
x
 Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001 (***). 

w 
L = linear; Q = quadratic response across measurement dates (5 weeks) at *, **, or ***. 

v
 100% sphagnum peat moss (PM). 

u
 Means were separated within column using Duncans’s multiple range test HSD (P ≤ 0.05). 

t
 PWC were produced from eight-year-old loblolly pine trees, delimbed, chipped, and 

hammer-milled to pass through 6.35-mm screen. 
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Table 2.5. Effect of dolomitic limestone rate on shoot dry weights and growth index of 

marigold grown in sphagnum peat and sphagnum peat-based substrates amended with perlite 

or pine wood chip (PWC) aggregates. 

 

Shoot dry weight (g) 

 

 

Marigold 

 

 

Lime rate (kgm
-3

)
z
 

 
Substrates

y
  0 1.78 3.56 5.34 7.12 8.90 Significance

x,w 

    PM
v
 100 2.15 a

u 
2.44 abc 2.51 d 3.36 abc 3.82 ab 3.59 ab L*** Q

NS
 

    Perlite 10 1.98 a 2.33 abc 2.78 dc 3.35 abc 3.65 bc 3.47 ab L*** Q* 

    Perlite 20 1.89 a 2.34 abc 2.34 d 3.11 bc 3.54 bc 3.74 ab L*** Q
NS

 

    Perlite 30 1.83 a 2.34 abc 3.50 ab 3.65 ab 3.67 bc 3.92 a L*** Q** 

    Perlite 40 1.96 a 1.97 c 3.94 a 3.91 a 4.21 a 3.61 ab L*** Q*** 

    PWC
t
 10 2.10 a 2.62 ab 3.12 bc 3.78 ab 3.27 c 3.68 ab L*** Q

NS
 

    PWC 20 1.96 a 2.43 abc 3.39 b 3.36 abc 3.62 bc 3.54 ab L*** Q*** 

    PWC 30 1.85 a 2.24 bc 3.10 bc 3.50 abc 3.67 bc 3.20 b L*** Q*** 

    PWC 40 2.03 a 2.42 abc 3.29 bc 2.84 c 2.74 d 2.67 c L
NS

 Q*** 

P values Substrate (S) = 0.0482; Lime rate (L) = <0.0001; S*L = <0.0001 
z
 Pre-plant rates of dolomitic lime (kgm

-3
) amended to formulated substrates. 

y
 Substrates were formulated with 90, 80, 70, or 60% sphagnum peat with the remainder 10, 

20, 30, or 40% perlite or pine wood chip (PWC) aggregates (by volume). 
x
 Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001 (***). 

w 
L = linear; Q = quadratic response across measurement dates (5 weeks) at *, **, or ***. 

v
 100% sphagnum peat moss (PM). 

u
 Means were separated within column using Duncans’s multiple range test HSD (P ≤ 0.05). 

t
 PWC were produced from eight-year-old loblolly pine trees, delimbed, chipped, and 

hammer-milled to pass through 6.35-mm screen. 
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Table 2.6. Effect of dolomitic limestone rate on growth index and root dry weight of 

marigold grown in sphagnum peat and sphagnum peat-based substrates amended with perlite 

or pine wood chip (PWC) aggregates. 

 

Marigold 

 

 

Growth index (cm)
z 

 

 

Lime rate (kgm
-3

)
y
 

 Substrates
x 

0 1.78 3.56 5.34 7.12 8.9 Significance
w,v 

    PM
u
 100 18.9 a

t
 18.7 bc 19.7 b 21.2 a 20.6 a 22.2 a L*** Q

NS
 

    Perlite 10 18.5 a 18.6 bc 21.3 a 21.6 a 21.0 a 21.0 ab L*** Q** 

    Perlite 20 18.1 a 20.1 ab 19.3 b 21.0 a 21.7 a 21.4 ab L*** Q
NS

 

    Perlite 30 18.3 a 18.2 c 22.8 a 20.8 a 21.3 a 20.5 cb L** Q** 

    Perlite 40 19.5 a 20.0 ab 21.5 a 20.8 a 20.4 a 20.9 ab L* Q* 

    PWC
s
 10 19.7 a 19.5 bc 21.4 a 21.1 a 21.4 a 21.9 ab L*** Q

NS
 

    PWC 20 19.1 a 20.0 b 22.2 a 22.3 a 21.4 a 21.0 ab L** Q*** 

    PWC 30 19.1 a 19.8 ab 21.4 a 20.9 a 20.5 a 20.7 ab L* Q*  

    PWC 40 19.4 a 21.3 a 22.1 a 20.7 a 20.4 a 19.2 c L
NS

 Q*** 

P values Substrate (S) = 0.0480; Lime rate (L) = <0.0001; S*L = <0.0001 

        

 

Root dry weight (g) 

     PM 100 1.15 a 0.60 a 1.28 bc 0.60 cd 1.98 a 1.13 b L
NS

 Q
NS

 

    Perlite 20 1.00 a 0.60 a 0.80 c 0.48 d 1.43 b 1.35 abc L** Q** 

    Perlite 40 0.80 a 0.52 a 1.80 ab 0.90 bc 1.65 ab 1.15 b L* Q
NS

 

    PWC 20 0.88 a 0.62 a 1.65 ab 1.03 ab 1.48 b 1.58 a L** Q
NS

 

    PWC 40 0.98 a 0.70 a 2.08 a 1.28 a 1.43 b 1.40 ab L*** Q
NS

 

P values Substrate (S) = <0.0001; Lime rate (L) = <0.0001; S*L = <0.0001 
z
 Growth index (GI) = [(height + widest width + perpendicular width) ÷ 3]. 

y 
Pre-plant rates of dolomitic lime 

-3
) amended to formulated substrates. 

x
 Substrates were formulated with 90, 80, 70, or 60% sphagnum peat with the remainder 10, 

20, 30, or 40% perlite or pine wood chip (PWC) aggregates (by volume). 
w
 Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001 (***). 

v 
L = linear; Q = quadratic response across measurement dates (5 weeks) at *, **, or ***. 

u
 100% sphagnum peat moss (PM). 

t
 Means were separated within column using Duncans’s multiple range test HSD (P ≤ 0.05). 

s
 PWC were produced from eight-year-old loblolly pine trees, delimbed, chipped, and 

hammer-milled to pass through 6.35-mm screen. 
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Table 2.7. Effect of pulzerized (100 mesh) dolomitic limestone rate using the 1:2 saturated extration method to determine substrate 

pH sphagnum peat and sphagnum peat-based substrates amended with perlite or pine wood chip (PWC) aggregates. 

  

100 Mesh Lime  

 

  

Substrate Solution Extract pH
z
 

 Substrates
y
 

 

DAM
x
 

 Lime rate 

(kgm
-3

)
w
 Initial 1 3 5 7 14 21 28 Significance

v,u 

PM
t
 100 

             0 3.9 b
s
 --- --- --- --- --- --- --- L

NS
 Q

NS
 

    1.78 --- 4.2 c 4.3 cd 4.3 cd 4.4 cd 4.4 c 4.5 cd 4.4 de L** Q*** 

    3.56 --- 4.3 d 4.6 cd 4.7 c 4.7 a 4.8 cd 4.8 de 4.8 cd L*** Q*** 

    5.34 --- 4.8 cd 4.8 e 4.9 f 4.8 f 4.9 f 5.1 de 5.0 d L*** QNS 

    7.12 --- 5.1 cde 5.2 def 5.4 bc 5.3 cd 5.4 de 5.7 cd 5.6 cd L*** Q** 

    8.90 --- 5.1 e 5.3 de 5.5 ef 5.4 d 5.7 ef 5.9 d 5.7 cd L*** Q*** 

Perlite 10 

             0 4.1 a --- --- --- --- --- --- --- LNS QNS 

    1.78 --- 4.5 a 4.5 ab 4.5 ab 4.6 ab 4.6 ab 4.6 bcd 4.5 bcd LNS Q*** 

    3.56 --- 4.6 ab 4.8 ab 4.8 bc 4.9 a 4.9 abc 5.0 bc 4.9 bc L*** Q*** 

    5.34 --- 5.1 b 5.2 c 5.3 bc 5.3 bc 5.4 bc 5.4 bc 5.3 c L*** Q*** 

    7.12 --- 5.1 cde 5.3 bcd 5.5 b 5.5 b 5.6 bc 5.8 bcd 5.7 bc L*** Q*** 

    8.90 --- 5.5 abc 5.7 bc 5.9 ab 5.9 ab 6.0 bcd 6.3 ab 6.1 b L*** Q*** 

Perlite 20 

             0 4.1 a --- --- --- --- --- --- --- L
NS

 Q
NS

 

    1.78 --- 4.4 ab 4.5 ab 4.5 ab 4.6 ab 4.6 ab 4.6 abc 4.5 abc L* Q*** 

    3.56 --- 4.7 ab 4.8 ab 4.9 ab 4.9 a 4.9 abc 5.1 abc 5.0 ab L*** Q** 

    5.34 --- 5.2 ab 5.3 b 5.3 bc 5.4 b 5.5 ab 5.6 b 5.4 bc L** Q*** 

    7.12 --- 5.2 bcd 5.3 bcde 5.5 b 5.5 bc 5.6 cd 5.7 bcd 5.7 bc L*** Q*** 
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Table 2.7 (continued)         

          

    8.90 --- 5.4 bcd 5.6 bc 5.7 cd 5.7 bc 5.9 cd 6.1 bc 6.0 b L*** Q*** 

Perlite 30 

             0 4.1 a --- --- --- --- --- --- --- L
NS

 Q
NS

 

    1.78 --- 4.5 a 4.5 ab 4.6 a 4.7 a 4.7 a 4.8 ab 4.6 ab L* Q*** 

    3.56 --- 4.7 a 4.9 a 5.0 a 5.0 a 5.0 a 5.2 a 5.0 ab L** Q*** 

    5.34 --- 5.3 a 5.5 a 5.6 a 5.5 a 5.7 a 5.8 a 5.6 a L*** Q*** 

    7.12 --- 5.3 ab 5.4 b 5.5 b 5.6 b 5.8 ab 5.9 b 5.8 b L*** Q*** 

    8.90 --- 5.7 a 5.9 a 6.0 a 6.0 a 6.2 a 6.4 a 6.3 a L*** Q*** 

Perlite 40 

             0 4.0 ab --- --- --- --- --- --- --- L
NS

 Q
NS

 

    1.78 --- 4.5 a 4.6 a 4.6 a 4.7 a 4.8 a 4.8 a 4.7 a L** Q*** 

    3.56 --- 4.7 a 4.9 a 5.0 a 5.0 a 5.0 ab 5.2 ab 5.0 a L*** Q*** 

    5.34 --- 5.1 b 5.2 bc 5.3 bc 5.3 bc 5.6 a 5.6 b 5.5 ab L*** Q*** 

    7.12 --- 5.4 a 5.6 a 5.7 a 5.8 a 6.0 a 6.2 a 6.1 a L*** Q*** 

    8.90 --- 5.6 ab 5.7 ab 5.9 a 6.0 a 6.1ab 6.4 a 6.3 a L*** Q*** 

PWC
t
 10 

             0 3.9 b --- --- --- --- --- --- --- L
NS

 Q
NS

 

    1.78 --- 4.2 c 4.2 d 4.3 d 4.3 d 4.4 c 4.4 d 4.2 e L
NS

 Q*** 

    3.56 --- 4.4 cd 4.5 d 4.5 d 4.6 b 4.7 d 4.7 e 4.6 e L*** Q*** 

    5.34 --- 4.7 d 4.7 e 4.9 f 4.9 f 5.0 ef 5.1 e 5.0 d L*** Q*** 

    7.12 --- 5.0 e 5.1 f 5.2 d 5.2 e 5.4 e 5.5 e 5.4 e L*** Q*** 

    8.90 --- 5.1e 5.2 e 5.4 f 5.4 d 5.5 f 5.5 e 5.7 d L*** Q* 
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Table 2.7 (continued) 

        

          PWC 20 

             0 3.9 b --- --- --- --- --- --- --- L
NS

 Q
NS

 

    1.78 --- 4.2 c 4.2 d 4.3 cd 4.3 d 4.4 c 4.5 cd 4.3 e L* Q*** 

    3.56 --- 4.5 bc 4.6 cd 4.7 cd 4.7 b 4.8 cd 4.8 de 4.7 de L*** Q*** 

    5.34 --- 4.7 d 4.8 e 4.9 ef 4.9 ef 5.1 de 5.2 de 5.0 d L*** Q*** 

    7.12 --- 5.0 e 5.2 ef 5.3 cd 5.3 de 5.5 cde 5.6 de 5.5 de L*** Q*** 

    8.90 --- 5.3 d 5.4 d 5.6 de 5.7 c 5.8 de 6.0 cd 5.8 c L*** Q*** 

PWC 30 

             0 3.9 b --- --- --- --- --- --- --- L
 NS

 Q
 NS

 

    1.78 --- 4.3 bc 4.4 bc 4.4 bc 4.5 bc 4.5 bc 4.6 cd 4.4 cd L*** Q*** 

    3.56 --- 4.5 bc 4.7 bc 4.7 c 4.7 b 4.8 bcd 5.0 cd 4.8 cd L*** Q*** 

    5.34 --- 4.8 cd 4.9 de 5.0 de 5.1 de 5.2 cd 5.3 cd 5.1 d L*** Q*** 

    7.12 --- 5.0 de 5.3 cde 5.4 bc 5.5bc 5.5 cde 5.7 bcd 5.6 cd L*** Q*** 

    8.90 --- 5.4 bcd 5.6 c 5.8 bc 5.8 bc 6.0 bcd 6.1 bc 6.0 b L*** Q*** 

PWC 40 

             0 3.9 b --- --- --- --- --- --- --- L
NS

 Q
NS

 

    1.78 --- 4.3 bc 4.4 ab 4.5 ab 4.6 ab 4.7 ab 4.6 abc 4.6 abc L** Q*** 

    3.56 --- 4.6 a 4.9 ab 4.9 ab 4.9 a 5.0 ab 5.1 abc 5.0 ab L*** Q*** 

    5.34 --- 4.9 d 5.0 cd 5.2 cd 5.2 cd 5.3 bc 5.5 b 5.3 c L*** Q*** 

    7.12 --- 5.2 bc 5.4 b 5.5 b 5.6 b 5.7 bc 5.9 bc 5.8 b L*** Q*** 

    8.90 --- 5.4 bc 5.6 bc 5.8 bc 5.8 b 6.0 bc 6.2 b 6.1 a L*** Q*** 

Significance 

         Substrate (S) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 Lime rate (L) 
NS 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 S x L 
NS 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
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Table 2.7 (continued) 
 

z
 pH and EC (mScm

-1
) of substrate solution determined on pour-through extracts (Wright, 1986). 

y
 Substrates were formulated with 90, 80, 70, or 60% sphagnum peat with the remainder 10, 20, 30, or 40% perlite or pine wood 

chip (PWC) aggregates (by volume). 
x
 Days after amending dolomitic lime (DAM). 

w 
Pre-plant rates of dolomitic lime 

-3
) amended to formulated substrates.  

v
 Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001 (***). 

u
 L = linear; Q = quadratic response across measurement dates (5 weeks) at *, **, or ***. 

t
 100% sphagnum peat moss (PM). 

s
 Means were separated within column by substrate (n=8) and lime rates (n=5) using Tukey’s HSD, P ≤ 0.05. 

r
 PWC were produced from nine-year-old loblolly pine trees, delimbed, chipped, and hammer-milled to pass through 6.35-mm 

screen.
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Table 2.8. Effect of superfine (200 mesh) dolomitic limestone rate using the 1:2 saturated extration method to determine substrate 

pH sphagnum peat and sphagnum peat-based substrates amended with perlite or pine wood chip (PWC) aggregates. 

  

200 Mesh Lime  

 

  

Substrate Solution Extract pH 

 Substrates 

 

DAM 

 Lime Rate 

(kgm
-3

)
w
 Initial 1 3 5 7 14 21 28 Significance 

PM
t
 100 

             0 3.9 b --- --- --- --- --- --- --- ---     --- 

    1.78 --- 4.7 c 4.8 de 4.7 d 4.9 de 4.7 d 4.8 de 5.1 ab L** Q
NS

 

    3.56 --- 5.1 f 5.3 e 5.6 de 5.4 f 5.4 d 5.3 f 5.0 f L
NS

 Q*** 

    5.34 --- 5.9 cd 5.9 d 6.1 cd 6.0 e 6.2 d 6.2 f 6.0 f L
NS

Q*** 

    7.12 --- 6.1 b 6.3 d 6.5 c 6.6 d 6.8 c 7.0 e 6.6 e L*** Q*** 

    8.90 --- 6.4 bc 6.8 cde 6.7 cde 6.9 c 7.1 bcd 7.5 cd 6.9 d L** Q*** 

Perlite 10 

             0 4.1 a --- --- --- --- --- --- --- ---     --- 

    1.78 --- 5.1 a 5.1 abc 5.1 bc 5.2 abc 5.2 b 5.3 ab 5.2 a L
NS

 Q* 

    3.56 --- 5.5 cde 5.6 cd 5.9 bc 5.7 cd 5.9 c 5.8 de 5.5 de L
NS

 Q*** 

    5.34 --- 6.0 bcd 6.1 bc 6.2 cd 6.2 de 6.3 cd 6.5 de 6.2 ef L* Q*** 

    7.12 --- 6.3 ab 6.5 bcd 6.7 bc 6.8 bcd 7.0 abc 7.1 de 6.8 de L** Q*** 

    8.90 --- 6.6 ab 7.0 abc 7.0 ab 7.2 ab 7.4 ac 7.7 bc 7.4 abc L*** Q*** 

Perlite 20 

             0 4.1 a --- --- --- --- --- --- --- ---     --- 

    1.78 --- 5.0 ab 5.2 a 5.4 a 5.3 ab 5.4 ab 5.3 ab 5.2 a L
NS

 Q*** 

    3.56 --- 5.6 bcd 5.7 bc 6.1 b 5.8 bcd 5.9 bc 6.0 bcd 5.7 bcd L
NS

 Q*** 

    5.34 --- 6.1 ab 6.4 b 6.5 b 6.5 bc 6.6 bc 7.0 b 6.6 cd L*** Q*** 

    7.12 --- 6.3 ab 6.6 abc 6.8 ab 6.9 bc 7.2 ab 7.5 ab 7.2 bc L*** Q*** 
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Table 2.8 (continued)         

          

    8.90 --- 6.7 a 7.1 ab 7.1 a 7.4 a 7.5 a 7.8 ab 7.5 abc L*** Q*** 

Perlite 30 

             0 4.1 a --- --- --- --- --- --- --- ---     --- 

    1.78 --- 5.1 a 5.2 ab 5.5 a 5.3 a 5.3 ab 5.3 ab 5.2 a L
NS

 Q* 

    3.56 --- 5.8 ab 6.0 ab 6.1 ab 6.0 ab 6.3 ab 6.2 ab 5.9 ab L
NS

 Q*** 

    5.34 --- 6.3 a 6.6 a 6.7 a 6.7 ab 7.0 a 7.1 b 7.0 ab L*** Q*** 

    7.12 --- 6.3 ab 6.5 bcd 6.6 bc 6.8 bcd 7.1 abc 7.4 bcd 7.2 bc L*** Q*** 

    8.90 --- 6.5 ab 6.8 bcd 6.8 bcd 7.3 ab 7.3 abc 7.8 ab 7.4 abc L*** Q*** 

Perlite 40 

             0 4.0 ab --- --- --- --- --- --- --- ---     --- 

    1.78 --- 5.1 a 5.3 a 5.5 a 5.4 a 5.4 ab 5.5 a 5.3 a L
NS

 Q*** 

    3.56 --- 5.9 a 6.1 a 6.3 a 6.2 a 6.3 a 6.4 a 6.1 a L
NS

 Q*** 

    5.34 --- 6.3 a 6.7 a 6.5 ab 6.8 a 7.0 a 7.5 a 7.2 a L
NS

 Q*** 

    7.12 --- 6.5 a 6.8 a 7.0 a 7.1 a 7.1 ab 7.7 a 7.5 a L*** Q** 

    8.90 --- 6.6 ab 7.1 a 7.0 ab 7.3 ab 7.4 ab 8.0 a 7.6 a L*** Q*** 

PWC 10 

             0 3.9 b --- --- --- --- --- --- --- ---     --- 

    1.78 --- 4.7 c 4.8 e 4.9 cd 4.7 e 4.8 cd 4.7 e 4.5 d L** Q** 

    3.56 --- 5.3 ef 5.4 de 5.5 e 5.5 ef 5.7 cd 5.7 e 5.3 ef LNS Q*** 

    5.34 --- 5.8 d 6.0 cd 6.0 d 6.2 de 6.3 cd 6.3 ef 6.0 f L* Q*** 

    7.12 --- 6.1 b 6.5 cd 6.5 c 6.6 d 6.9 bc 7.1 e 7.0 cd L*** Q*** 

    8.90 --- 6.2 c 6.6 e 6.5 e 6.8 c 6.8 d 7.3 d 7.3 c L***Q** 
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Table 2.8 (continued) 

        

          PWC 20 

             0 3.9 b --- --- --- --- --- --- --- ---     --- 

    1.78 --- 4.7 c 4.9 cde 4.9 cd 5.0 d 5.6 a 5.0 cd 4.7 cd L
NS

 Q*** 

    3.56 --- 5.5 cd 5.6 cd 5.8 cd 5.8 cd 5.8 c 5.8 de 5.5 de L
NS

 Q*** 

    5.34 --- 5.9 cd 6.1 cd 6.0 d 6.2 de 6.3 cd 6.5 def 6.3 de L*** Q*** 

    7.12 --- 6.2 b 6.5 cd 6.6 bc 6.7 cd 7.0 abc 7.2 cde 7.1 bc L*** Q*** 

    8.90 --- 6.2 c 6.5de 6.6 de 6.7 c 7.0 cd 7.2 d 7.1 bc L*** Q*** 

PWC 30 

             0 3.9 b --- --- --- --- --- --- --- ---     --- 

    1.78 --- 4.8 bc 5.0 bcde 5.3 ab 5.1 cd 5.1 bc 5.1 bc 4.8 bc L
NS

 Q*** 

    3.56 --- 5.4 de 5.6 cd 5.6 de 5.7 de 5.8 cd 5.9 cde 5.6 cd L* Q*** 

    5.34 --- 5.9 bcd 6.1 cd 6.3 bc 6.3 cd 6.5 bcd 6.6 cd 6.4 de L*** Q*** 

    7.12 --- 6.3 ab 6.6 abc 6.6 bc 6.9 bc 7.2 ab 7.4 bc 7.3 ab L*** Q*** 

    8.90 --- 6.6 ab 6.9 abc 7.0 abc 7.1 b 7.2 abc 7.5 bcd 7.5 abc L*** Q** 

PWC 40 

             0 3.9 b --- --- --- --- --- --- --- ---     --- 

    1.78 --- 4.8 bc 5.0 abcd 5.4 a 5.1 bcd 5.2 b 5.3 ab 5.1 ab L
NS

 Q** 

    3.56 --- 5.7 bc 5.8 bc 6.0 bc 5.9 bc 6.0 abc 6.1 bc 5.9 abc L* Q*** 

    5.34 --- 6.0 bc 6.2 bc 6.4 b 6.5 bc 6.7 ab 6.9 bc 6.7 bc L*** Q*** 

    7.12 --- 6.5 a 6.8 ab 6.7 bc 7.0 ab 7.3 a 7.6 ab 7.2 bc L*** Q*** 

    8.90 --- 6.6 ab 6.9 abc 7.0 ab 7.3 ab 7.4 ab 7.8 abc 7.6 ab L*** Q*** 

Significance 

         Substrate (S) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 Lime rate (L) 
NS

 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 S x L 
NS

 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
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Table 2.8 (continued)
 

 

z
 pH and EC (mScm

-1
) of substrate solution determined on pour-through extracts (Wright, 1986). 

y
 Substrates were formulated with 90, 80, 70, or 60% sphagnum peat with the remainder 10, 20, 30, or 40% perlite or pine wood 

chip (PWC) aggregates (by volume). 
x
 Days after amending dolomitic lime (DAM). 

w 
Pre-plant rates of dolomitic lime (kgm

-3
) amended to formulated substrates.  

v
 Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001 (***). 

u
 L = linear; Q = quadratic response across measurement dates (5 weeks) at *, **, or ***. 

t
 100% sphagnum peat moss (PM). 

s
 Means were separated within column by substrate (n=8) and lime rates (n=5) using Tukey’s HSD, P ≤ 0.05. 

r
 PWC were produced from nine-year-old loblolly pine trees, delimbed, chipped, and hammer-milled to pass through 6.35-mm 

screen. 
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CHAPTER III 

 

Paclobutrazol Drench Activity Not Affected in Sphagnum Peat-based Substrates 

Amended with Pine Wood Chips 
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Subject Category: Research Report 

 

Title Paclobutrazol Drench Activity Not Affected in Sphagnum Peat-based Substrates 

Amended with Pine Wood Chips 

 

Additional index words: PGR, plant growth regulator, plant growth retardant, potting 

media, aggregate, loblolly pine, Pinus taeda L., Helianthus annuus L., Tagetes erecta L., 

Plectranthus ciliates E. Mey. 

 

Species used in this study Pinus taeda L., Helianthus annuus L. ‘Pacino Gold’, Tagetes 

patula L. ‘Anemone Safari Yellow’, Plectranthus ciliatus E. Mey. ‘Variegata’ 

 

Abstract: Processed pine wood has potential as a greenhouse substrate component to replace 

perlite. However, numerous studies have reported that some substrate components such as 

pine bark can reduce the efficacy of plant growth regulator (PGR) drenches. The purpose of 

this research was to determine the efficacy of paclobutrazol (Piccolo 10XC) applied to 

sphagnum peat amended with pine wood chips (PWC). Paclobutrazol drench applications of 

0.0, 1.0, 2.0, and 4.0 mg a.i./pot were applied to ‘Pacino Gold’ potted sunflowers (Helianthus 

annuus L.); 0.0, 0.25, 0.50, and 1.0 mg a.i./pot were applied to ‘Anemone Safari Yellow’ 

French marigolds (Tagetes patula); and 0.0, 0.125, 0.25, and 0.50 mg a.i./pot were applied to 

‘Vareigata’ plectranthus (Plectranthus ciliates) grown in sphagnum peat-based substrates 

containing 10%, 20%, or 30% (v/v) perlite or PWC. Height of potted sunflower, marigold, 

and plectranthus was not influenced by aggregate type, but plant height differed significantly, 

with greater control as paclobutrazol concentration increased. Plant diameter of sunflower 
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and plectranthus only differed significantly by paclobutrazol concentration with smaller 

plants as the concentration increased. Final growth indices and shoot dry weight of potted 

sunflower were observed to decrease as paclobutrazol concentration increased. Paclobutrazol 

concentration controlled growth of marigold and plectranthus, thus following a similar trend. 

Pine wood chip-amended substrates did not affect the efficacy of paclobutrazol drench 

applications, resulting in similar paclobutrazol control of plants grown in PWC- and perlite-

amended substrates. Without changing production practices, growers can use similar drench 

concentrations of paclobutrazol as recommended for perlite-amended substrates for PWC-

amended substrates to control plant size of potted sunflower, marigold, and plectranthus. 

Introduction 

Traditionally, greenhouse and nursery operations formulate container substrates 

primarily from peat moss (peat), pine bark (PB), perlite, and vermiculite for the production of 

most all bedding plants and nursery ornamentals (Nelson, 2012). Of these substrate 

components, peat and PB are used in the greatest quantities. Davis (2011), reported that U.S. 

greenhouse growers spend on average $47,500 annually on growing substrates ($22,785 on 

peat alone), which translated into approximately $855 million per year spent on growing 

substrates by the greenhouse industry. Peat and PB, the primary base for container substrates 

are becoming more expensive to use in horticultural industries due to reduced availability 

and increasing costs associated with harvesting, processing, and long distance transporting of 

these substrate components. Perlite, another common substrate component in high demand, 

requires high amounts of energy for production and shipping (Vandiver et al., 2011). Thus, 

an emphasis of reducing production costs and the increased interest of utilizing local and 
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regional materials, led to the investigation and development of alternative substrates and 

substrate components for peat, PB, and perlite.  

Many of these alternative substrates or substrate components come from local sources 

and are agricultural-, municipal-, or waste by-products of local industries. Numerous studies 

have investigated a variety of substitutes for peat, PB, and perlite such as animal wastes 

(Tyler et al, 1993), cotton gin waste (Owings, 1993), wood by-products (Chong and Lumis, 

2000; Criley and Watanabe, 1974), municipal leaf and sewage sludge (Bugbee et al., 1991; 

Rosen et al., 1993), rice hulls (Dueitt et al., 1993; Evans and Gachukia, 2004), ground bovine 

bones (Evans, 2004a), poultry feather fiber (Evans, 2004b) and shredded rubber (Evans and 

Harkess, 1997). However, substrate inconsistency and insufficient quantities of these local 

byproduct materials is a problem for long-term and sustained use as an alternative substrate 

or substrate component, especially for large production facilities. Therefore, one of the most 

important investments a grower can make is in a good quality, consistent substrate that 

matches well with the crops and the irrigation system being used (Griffith, 2007).  

The use of plant growth retardants (PGRs) is a common cultural practice of 

controlling growth in containerized plants in greenhouse production. Benefits of applying 

PGRs to plant material allows growers to control the rate of growth or flowering, increase 

water uptake efficiency, hold plants longer in production and to produce uniform, compact, 

and marketable plants (Whipker, 2013). Dependent on plant species, Sachs et al. (1976) 

recommended that optimal plant height should be 1.5 to 2 times the container height to 

produce a marketable plant.  
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Applications of PGRs to plants include: foliar sprays, substrate drenches, liner dips, 

or bulb, tuber, and rhizome soaks or dips (Whipker and McCall, 2000; Barrett, 2001; 

Blanchard and Runkle, 2007; Currey and Lopez, 2010). However, the majority of 

applications are made as a foliar spray, substrate drench or applied as a combination of the 

two (Gent and McAvoy, 2000). A problem with many growth retardants has been finding an 

efficient application method that produces consistent and uniform crops. Spray application 

are most commonly used in commercial practice, but can result in non-uniform plant size if 

improper techniques are used, especially when applying the very active triazoles (Barrett and 

Nell, 1990; Barrett et al., 1994). Substrate drenches are preferred because of the precision of 

application, crop uniformity, duration of effectiveness, minimal environmental impact and 

the reduction of potential drift from spray applications. However, the efficacy of PGR 

drenches can be affected by the amount of active ingredient (a.i.), solution of volume applied, 

and substrate components (Barrett, 2001; Barrett, et al., 2009). 

 Paclobutrazol [(2RS, 3RS)-1-(4-chlorophenyl)-4,4-dimethyl- 2-1,2,4-triazol-1-yl) 

penten-3-ol] provides size control on many floricultural crops (Barrett and Nell, 1989) and is 

active when applied to the substrate and taken up through the roots (Barrett and Bartuska, 

1982; Davis et al., 1988). Numerous studies report that PGR drench efficacy is reduced when 

organic materials such as pine bark are substrate components (Tschabold et al., 1975; 

Bonaminio and Larson, 1978; Barrett, 1982, Newman and Tant, 1995; Million et al., 1998a, 

1998b). Adsorption or binding of PGR molecules onto nonpolar, hydrophobic surfaces of 

bark has been suggested as a reason for reduced activity (Burchill et al., 1981; Barrett 1982). 

In comparison to a peat-based substrate, Quarrels and Newman (1994) reported a significant 
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reduction in paclobutrazol control when drenches were applied to poinsettia (Euphorbia 

pulcherrima Willd.) plants grown in a pine bark-based substrate. Similar results of 

paclobutrazol activity inhibition were reported by Barrett (1982) for chrysanthemum 

(Denranthemum grandiflora Tzuelev.) grown in pine bark-based substrates. 

Dasoju et al. (1998) found the activity of paclobutrazol drenches to potted sunflowers 

in coir- and peat-based substrates to be similar at 2 mg a.i., however a greater control of in 

plant height was reported for coir-based substrates at 4 mg a.i. The greatest control of plant 

height in coir-based substrates suggests, increased activity of paclobutrazol at a higher 

concentration in coir. In comparison to peat-based substrates, sunflower plant growth was 

greater in coir-based substrates and is contributed to increased water retention capacity rather 

than decreased paclobutrazol activity. Similar drench concentrations of paclobutrazol as 

recommended for peat-based substrates could be used for coir-based substrates to control 

plant size of potted floricultural crops, although, to compensate for the greater amount of 

plant growth in coir-based substrates, PGR concentrations may need to be increased slightly 

to achieve similar plant heights as with peat-based substrates (Dasoju et. al., 1998). 

Lopez et al. (2010) reported identical PGR drench applications of ancymidol (Abide), 

palcobutrazol (Bonzi), and uniconazole (Concise) to pansy (Viola wittronkiana ‘Delta 

Orange Blotch’) and calibrachoa (Calibrachoa xhybrida ‘Callie Deep Yellow’) grown in a 

80% sphagnum peat and 20% perlite or rice hull (v/v) amended substrate, resulted in no 

difference in plant heights, stem length growth patterns, or in final growth. Based on their 

results, producers may employ similar PGR drench applications for plants grown in 

substrates containing peat and rice hulls or perlite. 
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However, no information is available regarding the activity of paclobutrazol drenches 

in peat-based substrates amended with aggregates of PWC. Therefore, the objective of this 

study was to determine if the efficacy of paclobutrazol substrate drenches differ when 

applied to peat-based substrates amended with either perlite and PWC. 

Materials and methods 

On 19 Dec. 2011, eight-year-old loblolly pine trees (Pinus taeda L.) were harvested at 

ground level and de-limbed in Chatham county, NC and subsequently stored under shelter, 

protected from the weather. On 3 Jan. 2012, pine logs were chipped in a DR Chipper (18 HP 

DR Power Equipment, model 356447; Vergennes, VT) resulting in smaller wood chips 

[(WC); 1 L x 0.2 W x 1.0 H –cm]. Wood chips were then spread out under shelter, turned 

periodically and allowed to air dry for 2 d. Wood chips were air dried to reduce the initial 

moisture content (MC), which has been shown in unpublished studies to aid in the processing 

of WC through the hammer mill. In this experiment the MC for fresh WC was 43.30% and 

35.15% after air drying for 2 d, resulting in 8% moisture loss. Wood chips were then 

hammer-milled through a 6.35-mm screen [(6.35 L x 6.35 W x 4.76 H –inch); Meadows 

Mills, North Wilkesboro, NC] to produce smaller pine wood chips [(PWC); 0.11 L x 0.4 W x 

0.2 H –cm]. On 11 Jan. substrates were blended to contain 10%, 20%, or 30% (v/v) perlite 

(Carolina Perlite Company, Gold Hill, NC) or PWC with the remainder being sphagnum peat 

to produce a total of six substrate treatments. After formulation of the substrates, initial 

substrate pH was determined and dolomitic limestone was incorporated at 5.3 kg•m
-3 

(9 

lb/yd
3
) and Aquatrols 2000G wetting agent at 0.26 kg•m

-3 
[(202.8 g/yd

3
); Aquatrols, 
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Paulsboro, NJ]. Substrates were incubated for 4 d in sealed plastic bag for lime equilibration 

before potting and the substrates did not contain a pre-plant starter-charge fertilizer. 

 Experiment 1. On 27 Dec. 2011 ‘Pacino Gold’ potted sunflower seeds were double 

sown into 1203 cell packs [(8 L x 4 W x 5.5 H -cm); ITML Horticultural Products, 

Middlefield, OH] containing Fafard 1P mix (Fafard, Anderson, SC) in a glasshouse in 

Raleigh, NC. On 3 Jan. 2012, germinated seedlings were pinched at the substrate surface to 

leave one seedling per cell. On 20 Jan. 2012, sunflowers were potted in 15.24-cm (6-in), 

diameter plastics containers (ITML Horticultural Products, Middlefield, OH) filled with each 

substrate and watered in with tap water. The seedlings were grown in a polyhouse in Raleigh, 

NC and grown at 23˚C day/ 17˚C night air temperatures. Plants in each substrate were 

watered by emitters on a drip line at the same time as needed depending upon weather 

conditions, and were never allowed to show any symptoms of water stress. Plants were 

fertilized at each watering with 200 mg•L
-1

 nitrogen (N), injected by TrueAdvantage 

Dosmatic (Hydro Systems Co., Cincinnati, OH) with Ultrasol 13N-0.9P-10.8K Water 

Soluble Seedling Plus (SQM North America, Atlanta, GA) containing 0.3% ammoniacal- 

(NH4-N) and 12.7% nitrate-Nitrogen (NO3-N). On 10 and 17 Feb. and 2 Mar., substrate 

solution was extracted one h after irrigation using the pour-through method (Wright, 1986) 

and was analyzed for pH and electrical conductivity (EC) using a Hanna HI 9813-6 

instrument (Hanna Instruments, Woonsocket, RI). Fifteen days after potting, 118 mL of 

solution containing 0.0, 1.0, 2.0, 4.0 mg (a.i) paclobutrazol per 15.24-cm pot [(Piccolo 

10XC), Fine Americas, Walnut Creek, CA] was applied to each container. The experimental 

design was completely randomized with eight single-plant replications of six substrates x 



 

  102 

four PGR concentration combinations. On 3 and 24 Feb., growth index [(GI); (height + 

widest width + perpendicular width) ÷ 3] was determined on all plants. Between 8 – 23 Mar. 

a final GI of each plant was recorded at the first sign of flower anthesis. Also at anthesis, the 

number of days from sowing, total plant height (measured at the substrate surface to the top 

of the bloom), plant diameter (measured widest width, turned 90˚, and averaged), and 

inflorescence diameter (measured at the widest diameter, turned 90˚, and averaged) were 

recorded for each plant. Shoots were severed at the substrate surface, dried at 70˚C for one 

week, and weighed. Data were subjected to analysis of variance by the general linear model 

procedures and regression analysis (SAS Institute, Cary, NC). Means were separated by least 

significant differences at P ≤ 0.05. 

Experiment 2. Except where indicated, procedures for Expt. 2 were as described for 

Expt. 1. After formulation of the same substrates described for Expt. 1., dolomitic limestone 

was amended at 4.5 kg•m
-3 

(7.5 lb/yd
3
).  A lower amount of lime was incorporated to achieve 

the target pH of 5.4 (due to high pH levels observed in Expt. 1). On 12 July, five-week-old 

plugs of ‘Anemone Safari Yellow’ French marigolds [(Tagetes patula); C. Raker and Sons, 

Inc., Litchfield, MI] were potted in 12.70-cm (5-in), diameter plastic containers (ITML 

Horticultural Products, Middlefield, OH) filled with the same substrates described in Expt. 1. 

Terminal buds were pinched on 30 July, 8 and 17 Aug. to allow branching of lateral buds. 

Eighteen days after potting, 88 mL of solution containing 0.0, 0.25, 0.50, 1.0 mg a.i. 

paclobutrazol per 12.70-cm pot [(Piccolo 10XC), Fine Americas, Walnut Creek, CA] was 

applied to each container. On 11 Sept. a final GI was determined on all plants and shoots 

were severed at the substrate surface, dried at 70˚C for one week, and weighed. Data were 
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subjected to analysis of variance by the general linear model procedures and regression 

analysis (SAS Institute, Cary, NC). Means were separated by least significant differences at 

P ≤ 0.05. 

Experiment 3. Except where indicated, procedures for Expt. 3 were as described for 

Expt. 1. After formulation of the same substrates described for Expt. 1., dolomitic limestone 

was amended at 4.5 kg•m
-3 

(7.5 lb/yd
3
). On 20 July, four-week-old plugs of ‘Variegata’ 

plectranthus [(Plectranthus ciliatus; 3 L x 3 W x 5 H-cm)] were potted in 15.24-cm (6-in), 

diameter plastic containers (ITML Horticultural Products, Middlefield, OH) filled with the 

same substrates described for Expt. 1. On 30 July, terminal buds were pinched to two nodes 

to allow lateral branching. Twenty-four days after potting, 118 mL of solution containing 0.0, 

0.125, 0.25, 0.50 mg a.i. paclobutrazol per 15.24-cm pot [(Piccolo 10XC), Fine Americas, 

Walnut Creek, CA] was applied to each container.  On 16 Aug., 13 Sept., and a final GI 

[(height + widest width + perpendicular width) ÷ 3] was determined on all plants. Shoots 

were severed at the substrate surface, dried at 70˚C for one week, and weighed. Data were 

subjected to analysis of variance by the general linear model procedures and regression 

analysis (SAS Institute, Cary, NC). Means were separated by least significant differences at 

P ≤ 0.05. 

Substrate physical properties, including air-filled space [(AS); % vol.], total porosity 

[(TP); % vol.], container capacity [(CC); % vol.], and bulk density [(BD); % g•cm
-3

] were 

determined using three representative samples of each substrate at experiment initiation using 

the North Carolina State University Porometer (Fonteno et al., 1995). 
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Results and Discussion  

 Plant height. Sunflower, marigold, and plectranthus heights were not significantly 

influenced by aggregate type (perlite or PWC) or percentage (10%, 20%, or 30%) of perlite- 

or PWC-amend substrates; therefore, plant height data was pooled and analyzed by 

paclobutrazol concentration. There was a significant quadratic relationship between 

sunflower height and paclobutrazol concentration for perlite- and PWC-amended substrates, 

with shorter plant height as paclobutrazol concentration increased (Fig. 3.1A). Plant height 

was 13%, 20%, and 30% shorter than the untreated control for 1.0, 2.0, and 4.0 mg a.i. 

paclobutrazol, respectively, when applied to both perlite- and PWC-amended substrates. 

Sunflower plant height was significantly different at each paclobutrazol concentration. 

 There was a significant quadratic relationship between marigold height and 

paclobutrazol concentration for perlite- and PWC-amended substrates, with decreasing plant 

height as paclobutrazol concentration increased (Fig. 3.1B). Plant height was 5%, 15%, and 

13% shorter than the untreated control for 0.25, 0.50, and 1.0 mg a.i. paclobutrazol, 

respectively, when applied to both perlite- and PWC-amended substrates. No further height 

control occurred when concentration ≥ 0.5 mg paclobutrazol.  

There was a significant quadratic relationship between plectranthus height and 

paclobutrazol concentration for perlite- and PWC-amended substrates, with shorter plant 

height as paclobutrazol concentration increased (Fig. 3.1C). Plant height was 3%, 18%, and 

23% shorter than untreated control for 0.125, 0.25, and 0.50 mg a.i. paclobutrazol, 

respectively, when applied to both perlite- and PWC-amended substrates. Plectranthus height 
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was similar at the untreated control and 0.125 mg a.i. and similar at 0.25 and 0.50 mg a.i. 

paclobutrazol. 

 Plant diameter. Sunflower and plectranthus plant diameter were not significantly 

influenced by aggregate type or percentage; therefore, plant diameter data was pooled and 

analyzed by paclobutrazol dose. There was a significant quadratic relationship for sunflower 

diameter among paclobutrazol concentrations. Plant diameter was 13%, 17%, and 24% 

smaller than the untreated control for 1, 2, and 4 mg a.i. paclobutrazol, respectively, when 

applied to both perlite- and PWC-amended substrates (Fig. 3.2A). Sunflower plant diameter 

was significantly different at each paclobutrazol concentration. However, marigold plant 

diameter was not influenced by aggregate type, percentage of aggregate, or paclobutrazol 

concentrations, respectively, over the course of the experiment (data not shown). This lack of 

differences may in part be due to the inflorescence removal. 

There was a significant linear relationship for plectranthus diameter between 

paclobutrazol concentrations. Plants treated with 0.25 and 0.50 mg a.i. paclobutrazol were 

9% and 20% smaller, respectively, than the untreated control plants (Fig. 3.2B). Plant 

diameter was 11% smaller between 0.25 and 0.50 mg a.i.  paclobutrazol, therefore substrate 

drenches ≥ 0.25 mg paclobutrazol concentration produced the smallest diameter plants.   

Growth index. Sunflower GI was not affected by aggregate type, but there was a 

strong quadratic relationship between the percentage of perlite- or PWC-amended substrates 

and paclobutrazol concentration; therefore, GI data was pooled and analyzed. Sunflower 

plant growth was controlled in perlite- and PWC-amended substrates at all paclobutrazol 

concentrations. Paclobutrazol drenches of 1.0, 2.0, and 4.0 mg a.i. applied to plants grown in 



 

  106 

substrates containing either 10% perlite and PWC, controlled sunflower growth and were 

12%, 19%, and 22% less than the untreated control, respectively (Fig. 3.3A). Paclobutrazol 

drenches of 1.0, 2.0, and 4.0 mg a.i. applied to plants grown in substrates containing either 

20% perlite and PWC, controlled plant growth and were 14%, 21%, and 30% less than the 

untreated control, respectively. Paclobutrazol drench of 1.0, 2.0, and 4.0 mg a.i. applied to 

plants grown in substrates containing either 30% perlite and PWC, controlled plant growth 

and were 16%, 21%, and 27% less than the untreated control, respectively. There is slightly 

less control of plant growth when only 10% perlite or PWC was amended to substrates, as 

compared to 20% and 30% perlite- or PWC-amended substrates.  

Marigold and plectranthus growth followed similar trends when drenched with 

paclobutrazol. Marigold plant GI was significantly similar between the untreated control and 

0.25 mg a.i. and between 0.50 and 1.0 mg a.i. paclobutrazol concentrations (Fig. 3.3B). There 

was 4% less plant growth for plants treated with 0.50 and 1.0 mg a.i. paclobutrazol 

concentrations, therefore substrate drenches ≥ 0.50 mg a.i. paclobutrazol concentration 

produced the smallest plants. Plectranthus GI was similar at the untreated control and 0.125 

mg a.i. paclobutrazol and significantly different at 0.25 and 0.50 mg a.i. paclobutrazol 

concentrations (Fig. 3.3C). There was 14% and 21% less growth for plectranthus plants 

treated with 0.25 and 0.50 mg a.i. paclobutrazol concentrations, compared to the untreated 

control and 0.125 mg a.i. paclobutrazol. 

Shoot dry weight. Sunflower shoot dry weight was not significantly influenced by 

aggregate type; therefore shoot dry weight data was pooled and analyzed by the aggregate 

percentage and paclobutrazol concentration. There was a significant linear relationship 
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between percentage of perlite- and PWC-amended substrates and paclobutrazol 

concentrations. Shoot dry weights were similar between the untreated control and 1 mg a.i. 

paclobutrazol concentrations and significantly different at 2.0 and 4.0 mg a.i. paclobutrazol 

concentrations. Shoot dry weight of plants grown in 10% perlite- and PWC-amended 

substrates were 7%, 12%, and 21% smaller than the untreated control for 1.0, 2.0, and 4.0 mg 

a.i. paclobutrazol, respectively (Fig. 3.4A). Shoot dry weight of plants grown in 20% perlite- 

and PWC-amended substrates were by 8%, 13%, and 38% smaller the untreated control for 

1.0, 2.0, and 4.0 mg a.i. paclobutrazol, respectively. Shoot dry weight of plants grown in 30% 

perlite- and PWC-amended substrates were 1%, 25%, and 40% smaller than untreated control 

for 1.0, 2.0, and 4.0 mg a.i. paclobutrazol, respectively. Similar to growth index, control of 

shoot dry weight was less when 10% perlite or PWC were used. 

 Marigold and plectranthus shoot dry weights were not significantly influenced by 

aggregate type or percentage; therefore, shoot dry weight data were pooled and analyzed by 

paclobutrazol concentration. For marigold shoot dry weights, there was a significant linear 

relationship among all paclobutrazol concentrations. Shoot dry weights were 11%, 15%, and 

21% less than the untreated control for 0.25, 0.50, and 1.0 mg a.i. paclobutrazol, respectively 

(Fig. 3.4B). Significant differences occurred in marigold shoot dry weights among all 

paclobutrazol concentrations. 

 There was a significant quadratic relationship among all paclobutrazol concentrations 

for plectranthus shoot dry weights. Dry weights of plectranthus were similar among the 0.0, 

0.125, and 0.50 mg a.i. paclobutrazol, respectively (Fig. 3.4C). However, shoot dry weights 
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were 32% larger between the untreated control and 0.25 mg a.i. paclobutrazol drench 

application occurred.  

 The results of the shoot dry weight data were inconclusive. For potted sunflower, 

there was more control as the percentage of added aggregates (perlite and PWC) increased at 

the highest paclobutrazol drench concentration. Marigold followed the expected trend of less 

dry weight accumulation as the paclobutrazol drench concentration rate increased. 

Plectranthus plants followed the opposite trend in dry weight accumulation with a slightly 

higher dry weight for the 0.125 mg a.i. 

 Days to anthesis. Days to anthesis of ‘Pacino Gold’ potted sunflower was not 

significantly influenced by aggregate type or percentage; therefore, data was pooled and 

analyzed by paclobutrazol dose. There was a significant quadratic relationship for days to 

anthesis for potted sunflower (Data not shown). The mean number of days to anthesis was 78 

for the untreated control and were 80, 80, 79 for the 1, 2, and 4 mg a.i. paclobutrazol 

concentrations, respectively. Results were similar to those reported earlier by Dasoju and 

Whipker (1997) with a mean of 75 days to flowering for ‘Pacino’ potted sunflower. While 

there were statistical differences between days to anthesis and paclobutrazol concentration, 

the difference of 2 days would not be commercially important. 

Conclusions 

This research demonstrates that PWC can be used from 10% to 30% (v/v) in 

greenhouse substrates as a perlite replacement without affecting paclobutrazol activity. 

Similar drench concentration of paclobutrazol applied to 10%, 20%, and 30% (v/v) perlite- 

and PWC-amended substrates controlled plant height, and shoot growth index of potted 
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sunflower, marigold, and plectranthus. Trends with respect to shoot dry weights of potted 

sunflower and marigold also followed the similar trends of greater control as paclobutrazol 

concentration increased. Days to anthesis for potted sunflower plants were influenced by 

increased paclobutrazol concentrations, however the difference in days of the untreated 

control and drenched plants would not be commercially significant.  

The focus of this experiment utilized up to 30% replacement of peat with perlite or 

PWC. In prior experiments, Wright et al. (2008) found that substrates amended 100% PTS 

required an additional 100 mgL
-1

 N compared to peat-lite substrates. This concern about 

possible increased leaching and increased microbial immobilization of N in substrates 

containing 100% PTS is why only 10% to 30% PWC is recommended. Pine wood chip 

percentages > 30% would most likely result in decreased paclobutrazol activity as reported 

by Million et al, (1998a) when the percent of composted bark increased to 60%. 

Similar CC at each percent of each substrate amended with perlite or PWC indicated 

paclobutrazol drench was available for plant uptake rather than leached from the 

experimental substrates (data not shown). This is consistent with Laiche and Nash (1986), 

who suggested milling pine chips to smaller particle sizes which would decrease leaching, 

and increase nutrient retention and water holding capacity. Potential for N immobilization to 

occur during the experiment was likely counteracted by a constant liquid feed, because plants 

did not exhibit nutritional deficiency or toxicity disorders. Substrate solution pH range and 

EC levels were within the recommended range [(Table 1.); Nelson, 2012]. This provides 

additional support that potted sunflower, marigold, and plectranthus can be grown 

successfully in peat-based substrates amended with PWC.   
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 Commercially, PWCs can be used in greenhouse substrates as a perlite substitute 

without any concern of reduced paclobutrazol efficacy. Additionally, PWCs can reduce the 

costs associated with perlite production and transportation, while utilizing a sustainable, local 

material of the southeastern United States. Aggregates of PWCs are blockular, consistent in 

size, and free flowing (personal observation) therefore using machinery to mix substrates and 

fill pots and flats with PWC-amended substrates should not be problematic. Also, this study 

indicates that plants can be grown in substrates amended up to 30% PWCs as a perlite 

replacement with similar drench concentrations of paclobutrazol as recommended for perlite-

amended substrates. Other than replacing perlite with PWCs, there are no recommended 

changes in production practices and growers should expect similar plant PGR response and 

crop quality.  
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Table 3.1. ‘Pacino Gold’ potted sunflower substrate solution pH and EC measured with pour-

through method of 10, 20, and 30% perlite- or pine wood chip (PWC)-amended substrates.  

 

Sunflower 

 

Pour-through
z 

 

Substrates
y
 

Days after 90:10 Perlite 

 

80:20 Perlite 

 

70:30 Perlite 

transplanting 

(DAT)
x
 pH EC   pH EC   pH EC 

    21 5.2 c
w 

1.52 a 

 

5.9c  1.52 a 

 

6.2 c 1.65 ab 

    28 5.6 bc 1.54 a 

 

6.3 ab 1.71 a 

 

6.4 bc 1.74 a 

    42 6.1 a 1.51 a 

 

6.5 a 1.61 a 

 

6.7 ab 1.51 ab 

Significance
v 

L*** Q*** L
NS

 Q
NS

 

 

L*** Q*** L
NS

 Q
NS

 

 

L*** Q*** L
NS

 Q
NS

 

         

 

90:10 PWC 

 

80:20 PWC 

 

70:30 PWC 

 

pH EC 

 

pH EC 

 

pH EC 

    21 5.6 bc 1.55 a 

 

6.3 ab 1.71 a 

 

6.4 bc 1.74 a 

    28 5.7 b 1.75 a  

 

6.1 bc 1.68 a 

 

6.7 ab 1.65 ab 

    42 6.2 a 1.53 a 

 

6.5 a 1.39 a 

 

6.9 a 1.47 b 

Significance L*** Q*** L
NS

 Q
NS

   L
NS

 Q
NS

 L** Q**   L** Q** L*** Q*** 
z
 Substrate solution pH and EC determined by pour-through extracts (Wright, 1986). 

y
 Composed of 90%, 80%, or 70% peatmoss/ 10%, 20%, or 30% perlite or PWCs (by 

volume). 
x
 Substrate solution pH and EC were measured and collected 21, 28, and 42 days after 

transplant (DAT). 
w
 Means separation within columns using Tukey’s HSD, P ≤ 0.05. 

v
 Non-significant (

NS
) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001(***), respectively; L 

= linear, Q = quadratic. 
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Figure 3.1. Plant height (cm) of potted sunflower (A), marigold (B), and plectranthus (C) as 

influenced by paclobutrazol (mg a.i./pot) drenches. Data were pooled over paclobutrazol 

drench concentration (sunflower, n = 48; marigold, n = 42; plectranthus, n = 42). The 

adjusted r
2
 for sunflower, marigold, and plectranthus were 0.6982, 0.3178, and 0.1846, 

respectively. Non-significant (
NS

) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001(***), 

respectively; L = linear, Q = quadratic. 
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Figure 3.2. Plant diameter (cm) of potted sunflower (A) and plectranthus (B) as influenced by 

paclobutrazol (mg a.i./pot) drenches. Data were pooled over paclobutrazol drench 

concentration (sunflower, n = 48; plectranthus, n = 42). The adjusted r
2
 for sunflower and 

plectranthus was 0.5476 and 0.2980, respectively. Non-significant (
NS

) or significant at P ≤ 

0.05 (*), 0.01 (**), or 0.001(***), respectively; L = linear, Q = quadratic. 
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Figure 3.3. Plant growth index (cm) of potted sunflower (A) as influenced by aggregate 

percentage (10% =☐, 20% = ×, 30% =  by volume) and paclobutrazol (mg a.i./pot) 

drenches. Data were pooled over aggregate percentage and paclobutrazol drench 

concentration (n = 16). The adjusted r
2
 was 0.6982, 0.7985, and 0.7884, respectively. Plant 

growth (cm) marigold (B) and plectranthus (C) as influenced by paclobutrazol (mg a.i./pot) 

drenches. Data were pooled over paclobutrazol drench concentration (marigold, n = 14; 

plectranthus, n = 14). The adjusted r
2
 for marigold and plectranthus was 0.0326 and 0.3038, 

respectively. Non-significant (
NS

) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001(***), 

respectively; L = linear, Q = quadratic. 
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Figure 3.4. Shoot dry weight (g) of potted sunflower (A) as influenced by aggregate 

percentage (10% =☐, 20% = ×, 30% =  by volume) and paclobutrazol (mg a.i./pot) 

drenches. Data were pooled over aggregate percentage and paclobutrazol drench 

concentration (n = 16). The adjusted r
2
 was 0.1853, 0.3950, and 0.4188, respectively. Shoot 

dry weight (g) marigold (B) and plectranthus (C) as influenced by paclobutrazol (mg a.i./pot) 

drenches. Data were pooled over paclobutrazol drench concentration (marigold, n = 14; 

plectranthus, n = 14). The adjusted r
2
 for marigold were 0.1952; plectranthus were 0.1196. 

Non-significant (
NS

) or significant at P ≤ 0.05 (*), 0.01 (**), or 0.001(***), respectively; L = 

linear, Q = quadratic.  
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CHAPTER IV 

 

Nitrogen Requirements and Growth Similar for Sphagnum Peat-based Substrates 

Amended with Pine Wood Chips or Perlite 
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Subject Category: Research Reports 

 

Title Nitrogen Requirements and Growth Similar for Sphagnum Peat-based Substrates 

Amended with Pine Wood Chips or Perlite 

 

Additional index words: fertilization, plant nutrition, potting media, aggregate, loblolly 

pine, Pinus taeda L., Zinnia xhybrida L., Tagetes erecta L. 

 

Species used in this study Pinus taeda L., Zinnia xhybrida L. ‘Profusion Orange’, Tagetes 

erecta L. ‘Moonsong Deep Orange’ 

 

Abstract: Processed pine wood has potential to be a substitute for perlite as greenhouse 

substrate aggregates. In container substrates, nitrogen (N) tie-up is of concern when 

substrates contain alternative components such as wood, therefore a better understanding of 

N requirement for plant growth is needed for sphagnum peat-based substrates amended with 

pine wood chips (PWC). The purpose of this research was to compare the N requirement for 

optimal growth of plants grown in PWC- or perlite-amended substrates. Fertility rates of 100, 

200, or 300 mgL
-1

 N (100, 200, 300 ppm N) were applied to ‘Profusion Orange’ zinnia 

(Zinnia xhybrida) and ‘Moonsong Deep Orange’ African marigolds (Tagetes erecta) grown 

in sphagnum peat-based substrates containing 10%, 20%, or 30% (v/v) PWCs or perlite. 

Extractable substrate solution was collected weekly, for six weeks for zinnia and five weeks 

for marigold to determine substrate solution electrical conductivity (EC) and pH. Plant 
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growth indices and shoot dry weights were recorded at the end of each study. Zinnia plant 

substrate solution EC was not influenced by percentage of perlite or PWCs. Zinnia plants 

grown in perlite-amended substrates and fertilized with 200 mgL
-1

 N, maintained a constant 

EC within optimal EC levels of 1.0 to 2.6 mScm
-1 

from 14 to 42 days after planting (DAP), 

and then EC increased at 49 DAP. Substrates fertilized with 100 and 300 mgL
-1

 N, EC 

levels steadily declined and then increased, respectively. Whereas, zinnia plants grown in 

PWC-amended substrates fertilized with 200 mgL
-1

 N, maintained a constant EC within the 

optimal range from 14 to 49 DAP. Marigold substrate solution EC was only influenced by N 

rate and followed a similar response to zinnia substrate solution EC. Zinnia and marigold 

substrate solution pH was influenced by N rate, generally decreasing with increasing N rate. 

Zinnia and marigold plants fertilized with 100 mgL
-1

 N resulted in higher substrate solution 

pH values and achieved recommended pH 6.2 to 6.5 for optimal zinnia and marigold growth. 

However for marigold, percent of aggregate (10, 20, and 30%) and N rate influenced 

substrate solution pH. Substrate solution pH decreased as peat and N rate increased. Plant 

growth and shoot dry weight were determined and found to be similar when fertilized with 

100 and 200 mgL
-1

 N. Based on this study, plants grown in PWC-amended substrates 

fertilized with 100 to 200 mgL
-1

 N, can maintain proper substrate solution EC levels, pH 

values, maximize plant growth without additional fertility requirements and change of 

production practices. 

Introduction 

 The marketability of containerized plants is influenced by grower decision’s of 

individually tailoring growing techniques and cultivation measures to meet requirements of 
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horticultural crops (Schmilewski, 2008). Production of container-grown plants require 

substrates that perform well under growing conditions and fulfills the plants’ needs such as 

adequate water retention, aeration and a fertilization routine that ensures a continuous 

nutrient supply (Macz et al., 2001). One of the most important investments a grower can 

make is in a good quality, consistent substrate that performs well with the crops and the 

irrigation systems (Griffith, 2007).  

Traditional substrate mixes are formulated by volume of peat moss, vermiculite, 

perlite, and/or pine bark [(PB); Nelson, 2012]. An article by Greenhouse Management 

magazine in 2011, reported that U.S. greenhouse growers spend on average $47,500 annually 

on growing media and $22,785 on peat alone. This indicates that as an industry spends 

approximately $855 million per year on growing media (Davis, 2011). There are no 

regulations or mandates to decrease the use of peat (harvested and shipped from Canada) 

here in the United States, but recent increases in fuel (transportation) cost have led to the 

increasing cost of peat-based substrates (Jackson et al., 2008b) and therefore a higher 

demand for less expensive products. The interest is new substrates or substrate components is 

in response to the increasing cost and environmental issues surrounding the use of peat moss 

and the cost availability of PB substrates (Jackson et al., 2009).  

  Researchers are investigating alternative substrates and substrate components to 

address this issue faced by the greenhouse and nursery industries. There are numerous studies 

that have investigated alternative substrates and substrate components such as expanded 

polystyrene  (Cole and Dunn, 2002), wood waste (Pudelski and Pirog, 1984), pumice (Gizas 

and Savvas, 2007), coir (Meerow, 1994), wood fiber (Roeber and Leinfelder, 1997), rice 
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hulls (Evans and Gachukia, 2004), pine tree substrates [(PTS); Wright and Browder, 2005; 

Fain et al., 2008; Jackson et al., 2008a; Wright el al., 2006, 2008, 2009], clean chip residuals 

[(CCR); Boyer, 2006, 2008; Boyer et al., 2008a). 

Many of these alternative substrates or substrate components come from local sources 

and are agricultural-, municipal-, or waste-byproducts of local industries. For example, Evans 

(2004) demonstrated that geranium and vinca (Catharanthus roseus L.) could be grown in a 

substrate containing up to 30% processed poultry feather fiber without any significant growth 

differences when compared to a 4 sphagnum peat moss: 1 perlite (by volume) substrate. 

However, inconsistency and insufficient quantities of these local byproduct materials is a 

problem for long-term and sustained use as an alternative substrate or substrate component, 

especially for large production facilities. In response, researchers have tested wood-based 

substrates that are specifically produced for the use as container substrates for numerous 

horticultural crops (Wright et al., 2006; Jackson et al., 2008a).  

In European studies, wood has been developed and used as a commercialized 

horticultural substrate for decades (Schilling, 1999; Gruda, 2001; Gumy, 2001; Raviv and 

Leith, 2008). Conover and Poole (1983) produced a substrate containing 25% (by volume) 

melaleuca [Melaleuca quinquenervia (Cav.) S.T. Blake] tree wood and found that it was 

successful when growing Benjamin fig (Ficus benjamina L.) and dracaena (Dracena 

marginata  Lam.). While, Kenna and Whitcomb (1985) used ground, non-composted post 

oak (Quercus stellate Wangenh.) and Siberian elm (Ulmus pumila L.) as a substrate 

component to formulate a 3 oak or elm:1 sphagnum peat moss: 1 sand (by volume) substrate. 

The oak- or elm-based substrates when compared to a standard PB substrate produced similar 



 

  126 

Formosan sweetgum (Liquidambar formosana Hance) and Mojave pyracantha [Pyracantha 

(M. Roemer) x ‘Mojave’] plants. Boyer et al. (2006) demonstrated that ageratum (Ageratum 

houstonianum Mill. ‘Blue Hawaii’) and salvia (Salvia xsuperba Stapf. ‘Vista Purple’) growth 

was comparable to PB substrates when grown in a substrate formulated from clean chip 

residual [(CCR); derived from harvesting of trees including the limbs, needles, bark, cones 

for pulp wood]. Further research by Fain et al. (2008) manufactured a pine tree substrate 

(PTS) known as WholeTree, by chipping and grinding freshly harvested 8- to 10-year-old 

pines including the wood, bark, limbs, and needles. They reported vinca (Catharanthus 

roseus L.) plants to be smaller when grown in the WholeTree substrate compared to 100% 

PB substrate, however growth index and visual quality of the plants were similar.  

Gerber et al. (1999) demonstrated that geranium (Pelargonium xhortorum L.H. 

Bailey) could be grown in 100% wood fiber substrate with similar growth to plants grown in 

peat,  if they were irrigated and fertilized more often than plants grown in peat. Wright and 

Browder (2005) demonstrated that Japanese holly (Ilex crenata Thunb. ‘Chesapeake’), azalea 

(Rhododendron obtusum Planch. ‘Karen’), and marigold (Tagetes erecta Big. ‘Inca Gold’) 

could be grown in substrates made from processed loblolly pine (Pinus taeda L.) chips (PC) 

at 100% PC, and 75% PC: 25% PB (by vol.) if additional nutrients are provided, with 

minimum growth differences when compared to 100% PB substrates. Wright et al., (2008) 

also found plant growth of chrysanthemums (Chrysanthemum xgrandiflora ‘Baton Rouge’) 

grown in 100% PTS, required an additional 100 mgL
-1

 of nitrogen (N) fertilizer to obtain 

comparable growth to a peat-lite (PL) substrate composed of 45% peat, 15% perlite, 15% 

vermiculite, and 25% bark (by vol.). 



 

  127 

Jackson et al., (2008a, 2008b) also reported Japanese holly (Ilex crenata Thunb. 

‘Compacta’), azalea (Rhododendron obtusum Planck. ‘Delaware Valley’), and poinsettia 

(Euphorbia pulcherrima Willd. Ex Klotzsch ‘Prestige’) growth response to be similar to 

previous reports, when grown in PTS compared to PL or PB substrates at increasing fertility 

rates, respectively. They reported substrate solution EC values increased with increasing 

fertilizer rate and were higher in PL or PB than in PTS, thus demonstrating higher fertilizer 

rates were required to achieve comparable substrate solution EC levels for PTS compared to 

PL or PB, respectively (Wright et al., 2008; Jackson et al., 2008a, 2008b). Wright and 

Browder (2005) also found similar results of lower substrate solution EC for PTS compared 

to PB and is likely to be due to the lower cation exchange capacity of PTS compared to PB. 

Wright et al., (2008) and Jackson et al., (2008a, 2008b) reported substrate solution pH to 

follow the normal response of decreasing with increasing fertilizer rate for PTS and PL or PB 

substrates. 

In contrast to PL and PB substrates, plant growth in substrates composed of wood, or 

large portions of wood, have a tendency to become N–deficient as a result of high degree of 

N immobilization (Handreck, 1991, 1993; McKenzie, 1958). Nelson (2012) described the 

desirable properties of substrates for greenhouse crops, noted the importance of organic 

matter stability, and the carbon (C): nitrogen (N) ratio. The high C:N ratio of wood 

substrates, resulting in the tie-up of N resulting from microbial immobilization, and wood 

substrate stability (decomposition) over time have been major concerns of researchers and 

growers (Jackson et al., 2008a). In addition to N immobilization, nutrient leaching of wood-

based substrates (dependent on processing of wood material and resultant particle size) has 
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been proposed as a possible reason for lower EC and nutrient levels of PTS compared to PL 

or PB substrates during plant production (Wright and Browder, 2005; Wright et al., 2008; 

Jackson, 2008b). Therefore, to counteract microbial N immobilization from a wood-based 

substrate or a substrate containing wood, growers must use a fertilization program that will 

supply additional nutrients needed by plants and minimize nutrient waste and loss from 

leaching.  

However, Jackson and Wright (2009) found shoot dry weight of marigold plants 

grown in 100% PTS to increase as peat amendment increased when fertilized with 50, 100, 

and 200 mgL
-1

 N. When plants were fertilized with 300 mgL
-1

 N, shoot dry weight of 

plants grown in at least 40% PTS (by volume) with the remainder being peat, did not 

increase with increasing peat amendment. Without additional peat amendment, plants and 

substrate microbes were supplied with sufficient fertility requirements, thus minimizing 

effects of microbial N immobilization. Reduced plant growth in wood-based substrates is 

generally only a concern when fertility levels (primarily N) are below optimal recommended 

levels for growth and development (Hicklenton, 1983). 

Most nursery and greenhouse producers base their fertility management on previous 

growing experiences with PL and PB substrates (Jackson et al., 2009). However, no 

information is available regarding fertility requirement for peat-based substrates amended 

with aggregates of pine wood chips (PWC). Therefore, the objective of this study was to 

determine fertility recommendations for optimal plant growth in peat-based substrates 

amended with PWCs or perlite.  
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Materials and methods 

 On 19 Dec. 2011, eight-year-old loblolly pine trees (Pinus taeda L.) were harvested at 

ground level and de-limbed in Chatham county, NC and subsequently stored under shelter, 

protected from the weather. On 3 Jan. 2012 pine logs were chipped in a DR Chipper (18 HP 

DR Power Equipment, model 356447; Vergennes, VT) resulting in large wood chips [(WC); 

1.0 L x 0.2 W x 1.0 H –cm]. Wood chips were then spread out under shelter, turned 

periodically and allowed to air dry for 2 d. Wood chips were air dried to reduce the initial 

moisture content (MC), which has been noted in unpublished studies to aid in the processing 

of the wood through the hammer mill. In this experiment the MC for fresh WC was 43.30% 

and 35.15% after air drying for 2d, resulting in a moisture loss of 8.15%. Wood chips were 

then hammer-milled through a 6.35-mm screen [(0.6 L x 0.6 W x 0.5 H –cm); Meadows 

Mills, North Wilkesboro, NC] resulting in smaller pine wood chips [(PWC); 0.11 L x 0.4 W 

x 0.2 H –cm]. On 11 Jan. moistened peat (≈40% MC) was amended with 10%, 20%, or 30% 

(v/v) perlite (Carolina Perlite Company, Gold Hill, NC) or PWCs to produce a total of six 

substrate treatments. After formulation of the substrates, dolomitic limestone and Aquatrols 

2000G wetting agent (Aquatrols, Paulsboro, NJ) was incorporated at 5.3 kg•m
-3

 (9 lb/yd
3
) 

and 0.26 kg•m
-3

 (202.8 g/yd
3
), respectively. Each substrate was sealed in a plastic bag and 

allowed to incubate for 4 d to allow for lime equilibration before use. Substrates did not 

contain a pre-plant starter-charge fertilizer. 

 Experiment 1. On 27 Jan. 2012, round [12.7 –cm (5-in)] plastic containers (ITML 

Horticultural Products, Middlefield, OH) were filled with each of the six previously 

described substrates. Zinnia ‘Profusion Orange’ (Zinnia xhybrida) seeds were direct, double 
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sown in to substrate filled containers at a depth of 1-cm. The seedlings were grown in a 

polyhouse in Raleigh, NC and grown at 22.2˚C day/17.8˚C night temperatures. Plants in all 

substrates were watered at the same time, as needed depending upon weather conditions, and 

were never allowed to exhibit symptoms of water stress. On 2 Feb., one of the double sown 

zinnia seedlings were pinched at the substrate level to remove it and allow a single seedling 

to remain in each pot.  

Plants were constant liquid fertilized at each watering with 100, 200, or 300 mgL
-1

 

(100, 200, or 300 ppm) N, provided by equal N combinations of Peters Professional 20N-

10P-20K Peat-Lite Special (Israeli Chemicals Ltd) containing 8.1% ammonical- (NH4-N) 

and 11.9% nitrate-Nitrogen (NO3-N) and Ultrasol Cal-Mag 13N-0.9P-10.8K Water Soluble 

Seedling Plus (SQM North America, Atlanta, GA) containing 0.3% NH4-N and 12.7% NO3-

N. The fertility treatments consisted of 25.0 g, 50.0 g, or 75.0 g, respectively, of 20N-10P-

20K and 39.0 g, 77.0 g, or 115.0 g, respectively, of 13N-0.9P-10.8K fertilizers to produce 

100, 200, 300 mgL
-1

 N. Peat Lite Special and Ultrasol Cal-Mag water soluble fertilizers 

were weighed and dissolved together in separate 100 L fertilizer tanks to achieve 100, 200, or 

300 mgL
-1

 N. Fertilizer solutions were supplied to plants by irrigation lines constructed with 

drip rings. Five pots of each substrate were randomized on irrigation lines at bench level and 

drip rings were placed on top of the substrate for each pot, corresponding to the fertility 

treatment. Substrate solution was extracted 1 h after the last irrigation and collected weekly 

for six weeks using the pour-through method (Wright, 1986) and was analyzed for EC and 

pH using a Hanna HI 9813-6 instrument meter (Hanna Instruments, Woonsocket, RI). The 

experimental design was completely randomized with five single-plant replications x six 
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substrates x three N treatment combinations. On 23 Mar., a final growth index (GI) [(height + 

widest width + perpendicular width) ÷ 3] of each plant was recorded at the first sign of 

anthesis and total plant height was measured (from the substrate to the top of the bloom). 

Stems were severed at the substrate surface, dried at 70˚C for one week, and weighed. Data 

were subjected to analysis of variance by the general linear model procedures and regression 

analysis (SAS Institute, Cary, NC). Means were separated by least significant differences at 

P ≤ 0.05. 

 Experiment 2. Except where indicated, procedures for Expt. 2 were as described for 

Expt. 1. On 12 Mar. 2012, ‘Moonsong Deep Orange’ French marigolds (Tagetes erecta) 

seeds were sown into 288 plug trays [(1.5 L x 1.5 W x 3.5 H –cm; (ITML Horticultural 

Products, Middlefield, OH] containing Fafard Germination mix (Fafard, Anderson, SC) in a 

glasshouse in Raleigh, NC. The same substrates used in Expt. 1. were used for Expt. 2. and 

dolomitic limestone incorporated at 4.5 kg•m
-3

 (7.5 lb/yd
3
).  A lower amount of lime was 

incorporated in Expt. 2 to achieve pH of 5.8, determined by initial substrate pH. On 4 April, 

germinated seedlings were potted in 12.7 –cm (5-in), diameter plastic containers filled with 

the previous substrates. Substrate solution was extracted 1 h after the last irrigation and 

collected weekly for five weeks using the pour-through method and was analyzed for EC and 

pH. On 11 May, final GI of each plant was measured and recorded. Stems were severed at 

the substrate surface, dried at 70˚C for one week, and weighed. Data were subjected to 

analysis of variance by the general linear model procedures and regression analysis (SAS 

Institute, Cary, NC). Means were separated by least significant differences at P ≤ 0.05.  
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Results and Discussion 

Substrate solution electrical conductivity. Zinnia substrate solution EC (fertilizer 

salts) was not significantly influenced by percentage of aggregate (10%, 20%, or 30% by 

vol.); therefore, substrate solution EC data were pooled and analyzed by aggregate type 

(perlite or PWC) and nitrogen rate (mgL
-1 

N). There was a significant linear and quadratic 

relationship between substrate solution EC and N rate at 14, 21, 28, 35, 42, and 49 days after 

planting (DAP) for perlite- or PWC-amended substrates (Fig. 4.1A and B). Electrical 

conductivity levels of substrates amended with perlite or PWCs followed a similar trend from 

14 to 49 DAP. Substrate solution EC was similar between 14 and 42 DAP and significantly 

different at 49 DAP for each N rate. 

Substrate solution EC of both substrates fertilized with 100 mgL
-1

 N, resulted in a 

steady decline from 1.71 to 0.72 mScm
-1

 for perlite-amended substrates and 1.02 to 0.66 

mScm
-1

 for PWC-amended substrates, respectively, from 14 to 49 DAP (Fig.4.1A and B). 

Similarly, Jeong and Nelson (2010) observed a similar trend when kalanchoe were fertilized 

with 100 mgL
-1

 N. They indicated insufficient fertilizer were supplied and suggested that a 

high proportion of fertilizer was taken up by plants. Whipker, et al. (2001) indicated that the 

recommended pour-through extract EC range for zinnia to be 1.0 to 2.6 mScm
-1

. Therefore, 

plants fertilized with 100 mgL
-1

 N, achieved the recommended EC levels between 14 and 28 

DAP for both substrates and continuously declined beyond 28 DAP.  

Substrate solution EC of plants supplied with 200 mgL
-1

 N, held fairly constant. In 

perlite-amended substrates, substrate solution EC were consistent and within recommended 

EC levels from 14 to 42 DAP, with an increase of 1.42 mScm
-1

 at 42 DAP, not 
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recommended for zinnia. Unlike substrates amended with perlite, substrate solution EC of 

PWC-amended substrates fertilized with 200 mgL
-1

 N remained relatively consistent 

between recommended EC levels from 14 to 49 DAP. Kang and van Iersel, (2009) found a 

similar trend when petunias were irrigated with a fertilizer solution EC of 1.5 mScm
-1

.  

Substrate solution EC of zinnia plants grown in both substrates amended with perlite 

or PWC and fertilized with 300 mgL
-1

 N, resulted in a steady increase from 2.10 to 3.93 

mScm
-1

 and from 2.00 to 3.95 mScm
-1

 for perlite- and PWC-amended substrates, 

respectively, from 14 to 49 DAP. Kang and van Iersel, (2009) also reported constant liquid 

fertilizer concentrations above 2.5 mScm
-1

 supplied to petunias to increase substrate 

solution EC, as a result of additional fertilizer applied to the substrate than taken up by the 

plant. Plants grown in both substrates amended with perlite or PWCs and fertilized with 300 

mgL
-1

 N maintained recommended EC levels from 14 to 21 DAP. Substrate solution EC of 

both substrates continuously increased above recommended EC levels for zinnia beyond 28 

DAP. An increase in substrate solution EC with increasing fertilizer concentration throughout 

the experiment is consistent with previous findings (van Iersel, 1999; James and van Iersel, 

2001; Kang and van Iersel, 2001; Nemali and van Iersel, 2004; Kang and van Iersel, 2009). 

Marigold substrate solution EC was not significantly influenced by aggregate type or 

percent of aggregate, but rather influenced by N rate. Thus, as N rate increased substrate 

solution EC increased (Table 4.1). The mean substrate solution EC for marigold plants grown 

in both perlite- and PWC-amended substrates fertilized at 100, 200, and 300 mgL
-1

 N were 

0.62±0.23, 2.12±0.43, and 3.79±0.85 mScm
-1

, respectively (data not shown).  
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Data pooled by N rate and sampling time for marigold plants grown in perlite- and 

PWC-amended substrates resulted in a significant linear and quadratic relationship between 

11, 18, 25, 32, and 39 days after transplanting [DAT; (Fig. 4.2)]. From 11 to 39 DAT, 

substrate solution EC of marigold plants was significantly similar and followed a similar 

trend of zinnia plants. Marigold plants grown in perlite- or PWC-amended substrates and 

fertilized with 100 mgL
-1

 N resulted in a steady decline from 0.99 to 0.49 mScm
-1

. 

Substrate solution EC of plants fertilized with 200 mgL
-1

 N, held fairly constant over the 

duration of five weeks, while plants fertilized with an additional 100 mgL
-1

 N resulted in an 

increase from 2.77 to 4.16 mScm
-1

 from 11 to 39 DAT. According to Whipker, et al. (2001), 

substrate solution EC of marigold plants were in recommended pour-through extract EC 

range of 1.0 to 2.6 mScm
-1

 when fertilized with 200 mgL
-1

 N. Substrate solution EC levels 

of perlite- or PWC-amended substrates were not within recommended EC range for marigold 

plants when fertilized with 100 or 300 mgL
-1

 N.  

Jeong and Nelson (2010) reported, accumulation of fertilizer salts, as seen in rising 

substrate EC levels, resulted in the physiological fertilizer effect being proportionately 

smaller than the chemical fertilizer effect on substrate pH. Consequently when aggregate 

type and percent of aggregate data is pooled by N rate, all zinnia and marigold plant substrate 

solution pH values were lower when fertilized with 300 mgL
-1

 N compared to plants 

fertilized with 100 mgL
-1

 N (Table 4.1). 

Substrate solution pH. Zinnia substrate solution pH was not significantly influenced 

by aggregate type or percent of aggregate; therefore, substrate solution pH data were pooled 

and analyzed by N rate. Results indicate as N rate increased, substrate solution pH decreased. 
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The mean substrate solution pH of zinnia plants grown in both perlite- and PWC-amended 

substrates fertilized at 100, 200, and 300 mgL
-1

 N were 6.2±0.37, 5.7±0.30, and 5.5±0.32 

log10[H
+
], respectively, (data no shown). Overall, though, substrate solution pH for zinnia 

plants fertilized with 100 mgL
-1

 N was in acceptable range of pH 6.2 – 6.5 for zinnia growth 

(Jim Nau, 2011).  

However for marigold substrate solution pH, there was a significant linear and 

quadratic relationship between the percent of aggregate and N rate. In this study, as fertilizer 

rate increased, substrate solution pH decreased with decreasing aggregate amendment with 

significant differences (Figure 4.3). This trend is supported by Jackson et al. (2009) who 

observed pH to be highest in 100% PTS substrate compared to a peat-lite substrate and pH 

generally decreased as the proportion of peat increased. Overall, substrates amended with 

30% perlite or PWC (by vol.) and fertilized at all fertility rates, had the highest substrate 

solution pH and decreased with increasing peat. 

Marigold plants grown in 10%, 20%, and 30% (v/v) perlite- or PWC-amended 

substrates and fertilized with 100 mgL
-1

 N had the highest substrate solution pH 6.1±0.31, 

6.4±0.28, and 6.7±0.31, respectively, while plants fertilized at 300 mgL
-1

 N had the lowest 

substrate solution pH 5.2±0.18, 5.4±0.18, and 5.5±0.37, respectively. Similarly, Wright et al. 

(2008) found that substrate pH followed the normal response of decreasing with increasing 

fertilizer rate for PL and PTS. Overall, though, substrates amended with 20% perlite or 

PWCs and fertilized with 100 mgL
-1

 N, were in acceptable pH range for marigold growth 

(pH 6.2 – 6.5). However, plants grown in substrates amended with 10% and 30% perlite or 

PWCs and fertilized with 100 mgL
-1

 N, achieved a pH 6.1 and 6.7, respectively, a pH not 
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recommended for marigold growth. Also, marigold plants grown in 10%, 20%, or 30% 

perlite- or PWC-amended substrates, fertilized with 200 and 300 mgL
-1

 N, were not within 

the recommended marigold substrate pH range. 

Zinnia plants fertilized at all fertility treatments did not exhibit any visual nutrient 

deficiencies or toxicities. Marigold plants grown only in the substrate amended with 10% 

perlite (by vol.) and fertilized with 100 and 300 mgL
-1

 N, exhibited lower leaf purpling at 

15 DAT. The discoloration of marigold leaves is likely caused by the high substrate pH and 

its effect on phosphorus availability or due to excessive watering. However at 39 DAT, 

plants did not exhibit any nutritional deficiencies or toxicities. 

Difference of substrate pH for both species may be caused by the rates of 200-mesh 

(60% screening) dolomitic lime amended to the substrates. Materials used to formulate 

substrates to grow zinnia had an initial pH ≈ 4.2 before liming. Dolomitic lime was 

incorporated at 5.3 kgm
-3

 (9 lb/yd
3
), three days before use to allow for lime equilibration, 

resulting in pH ≈ 6.2; within recommended pH range for zinnia plants. Substrate formulated 

for marigolds had an initial pH ≈ 4.1 before liming. Based on previous studies, a lower rate 

of dolomitic lime 4.5 kgm
-3

 (7.5 lb/yd
3
) was incorporated in the formulated substrates to 

achieve a target substrate pH ≈ 5.8.  

The reactive fraction or the fraction of dolomitic limestone that initially reacts to 

increase pH to a stable level, five to 10 days after planting was achieved for zinnia and 

marigold plants. However, the residual or the unreacted limestone affects the substrate’s 

long-term buffering capacity or the ability to minimize fluctuations in pH (Argo and Fisher, 

2002) was reduced when dolomitic lime of 4.5 kgm
-3

 was incorporated in substrates to grow 
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marigold plants. Argo and Fisher (2002) demonstrated that the amount of residual lime 

contained in a substrate can influence the overall pH reaction in the substrate and override 

the effects of fertilizers. In this study, the normal response of substrate pH decreasing with 

increasing N rate for substrates amended with perlite or PWCs was observed. It has been 

reported by Wright et al., (2008) that PTS normally has a proper pH range for plant growth 

without any addition of dolomitic limestone incorporated into PTS compared to PB and PL. 

Therefore, initial testing of substrate components and lime reactivity is recommended.  

Plant height. Zinnia height was not significantly influenced by aggregate type, 

percentage, or N rate with a mean overall height of 14.3 cm for all treatments. Marigold 

height was not significantly influenced by aggregate type or the percentage of perlite- or 

PWC-amend substrates; therefore, plant height data was pooled and analyzed by N rate with 

significant differences between N rates. There was a significant linear relationship between 

marigold height and N rate for perlite- and PWC-amended substrates, with shorter plant 

height as N rate increased (Table 2). In perlite- and PWC-amended substrates, plants height 

was greatest when fertilized with 100 mgL
-1

 N and reduced by 4 and 7% when fertilized 

with 200 and 300 mgL
-1

 N, respectively, however plants were visually similar in size. 

Height reduction could be contributed to high substrate solution EC, not recommended for 

marigold culture when fertilized with 300 mgL
-1

 N. Also, substrate pH was not within the 

recommended pH range occurred when plants were fertilized with 200 and 300 mgL
-1

 N, 

which may contribute to shorter plant height.  

Diameter. Zinnia and marigold plant diameter was not significantly influenced by 

aggregate or percentage of perlite- or PWC-amended substrates; therefore, plant diameter 
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data was pooled and analyzed by N rate. Results indicate for perlite- and PWC-amended 

substrates, a significant linear relationship between zinnia plant diameter and a quadratic 

relationship between marigold plant diameter and N rate. For zinnia, plant diameter 

decreased as N rate increased while marigold plant diameter increased as N rate increased 

(Table 2). Zinnia plant diameter decreased by 3 and 8% when fertilized with 200 and 300 

mgL
-1

 N, respectively, compared to plants fertilized with 100 mgL
-1

 N. In both perlite- and 

PWC-amended substrates, marigold plant diameter increased by 9 and 8% when fertilized 

with 200 and 300 mgL
-1

 N, respectively, compared to plants fertilized with 100 mgL
-1

 N. 

Visually, zinnia and marigold plant diameter were similar. 

Growth index. Zinnia and marigold GI was not significantly influenced by aggregate 

type or the percent of aggregates; therefore, plant growth data was pooled and analyzed by N 

rate. For zinnia plants, there was a significant linear relationship and for marigold plants 

there was a significant quadratic relationship between N rate and plant growth. In general for 

zinnia growth, as N rate increased, overall plant size decreased. Zinnia plants fertilized with 

100 mgL
-1

 N were the largest with a mean GI of 18.36 cm, compared to plants fertilized 

with 200 and 300 mgL
-1

 N (Table 2). Although, GI of zinnia plants fertilized with 200 

mgL
-1

 N were similar to GI of plants at 100 or 300 mgL
-1

 N. Overall, marigold plants 

fertilized with 200 mgL
-1

 N were largest with a mean GI of 23.43 cm, compared to plants 

fertilized with 100 or 300 mgL
-1

 N (Table 2). Although, GI of marigold plants fertilized 

with 300 mgL
-1

 N, were similar to plants at 100 and 200 mgL
-1

 N. Visually, there were no 

significant differences in overall zinnia and marigold plant size. Larger zinnia and marigold 

plant size can be contributed to similar substrate physical properties at each percent of each 
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substrate (data not shown) and optimal substrate solution pH. Lower substrate solution EC 

and smaller overall plant size indicates plants were receiving insufficient amounts of 

nutrition when fertilized with 100 mgL
-1

 N. As a result of high substrate solution EC from 

excessive fertility provided by 300 mgL
-1

 N led to a reduction in plant growth for both 

species.  

Shoot dry weight. Zinnia and marigold shoot dry weight was not significantly 

influenced by aggregate type or percent of aggregate; therefore, shoot dry weight data was 

pooled and analyzed by N rate. There was a significant quadratic relationship between zinnia 

and marigold shoot dry weight and N rate for perlite- and PWC-amended substrates. Zinnia 

shoot dry weight of plants increased by 7 % when fertilized with 200 mgL
-1

 N and 

decreased by 5% when fertilized with 300 mgL
-1

 N, respectively, compared to plants 

fertilized with 100 mgL
-1

 N (Table 2). There was 11% reduction in shoot dry weight 

between 200 and 300 mgL
-1

 N, however zinnia shoot dry weight was similar at all N rates. 

Marigold shoot dry weight increased by 19% when plants were fertilized with 200 mgL
-1

 N 

and by 9% when fertilized with 300 mgL
-1

 N, respectively, compared to plants fertilized 

with 100 mgL
-1

 N rate. A 10% reduction in shoot dry weight occurred between plants when 

fertilized with 200 and 300 mgL
-1

 N, as a result of higher than recommended substrate 

solution EC levels. Marigold shoot dry weight was significantly different all N rates with the 

highest shoot dry weight occurring when marigolds were fertilized with 200 mgL
-1

 N. 

Similarly, Kang and van Iresel (2009) reported a similar response when petunias were 

fertilized with 200 mgL
-1

 N. 
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Conclusions 

Results from this study indicate that greenhouse production of zinnia and marigold 

plants can be grown in substrates amended with 10%, 20%, and 30% PWCs. Substrate 

solution EC levels and pH values as recommended can be achieved for optimal plant growth 

in PWC-amended substrates. At 200 mgL
-1

 N, zinnia substrate solution EC was similar for 

both perlite- and PWC-amended substrates. For zinnia plants grown in perlite-amended 

substrates, recommended EC levels were maintained from 14 to 42 DAP, whereas PWC-

amended substrates maintained recommended EC levels from 14 to 49 DAP. A steady 

decline of EC levels from 14 to 49 DAP was observed when plants were fertilized with the 

insufficient N rate of 100 mgL
-1

 N, compared to a steady increase in EC levels when plants 

received 300 mgL
-1

 N. Substrate solution EC of marigold plants was not influenced by 

aggregate type but rather by increasing N rate and followed a similar trend to zinnia. For both 

species, substrate solution pH was influenced by increasing N rate and followed the normal 

response of decreasing pH with increasing N rate. The recommended substrate solution pH 

6.2 to 6.5 for both zinnia and marigold plants, were achieved in all substrates, when fertilized 

at 100 mgL
-1

 N. The substrate solution pH of both species did not reach recommended pH 

values when fertilized with 200 or 300 mgL
-1

 N. As discussed previously, lower pH values 

for marigolds could contribute to the rate of dolomitic lime used to adjust the initial substrate 

pH. Maximum plant growth for zinnia and marigold was obtained when plants received 200 

and 300 mgL
-1

 N, respectively, and overall maximum shoot dry weight of both species, 

were determined when plants were fertilized with 200 mgL
-1

 N. 
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It is recommended based on the results of this study and visual quality of plants 

grown in PWC-amended substrates, to be fertilized with a water soluble fertilizer between 

100 to 200 mgL
-1

 N, without any additional N needed for optimal plant growth. When 

substituting PWCs for perlite in greenhouse substrates, no adjustments are needed cultural 

practices or production of zinnia and marigold plants. However, frequent monitoring of 

substrate solution EC and pH is recommended (Cavins et al., 2000) as well as matching a 

suitable fertility program to the crop. The fertility recommendation provided here can 

maintain proper substrate solution EC levels, pH values, maximum plant growth, and reduce 

excess N applied to zinnia and marigold plants grown in substrates amended with PWCs. 
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Table 4.1. Zinnia and marigold substrate solution pH and electrical conductivity (EC) with 

pour-through method for substrates amended with perlite and pine wood chips (PWC) 

fertilized with 100, 200, or 300 mgL
-1 

N. 

 

z
 pH and EC (mScm

-1
)  of substrate solution determined on pour-through extracts (Wright, 

1986). 
y
 1mgL

-1
 = 1 ppm 

x 
Days after planting. 

w 
Mean separated within column by Duncan’s multiple range test (P ≤ 0.05). 

v 
Nonsignificant (

NS
) or significant; linear (L) or quadratic (Q) response for concentration at 

*, **, or ***, where P ≤ 0.05, 0.01, or 0.001, respectively. 
u
 Days after transplant. 

 

 

  

 

Substrate Solution
z 

 

Nitrogen rate (mgL
-1

)
y
 

 

100 

 

200 

 

300 

DAP
x
 

Zinnia 

pH EC 

 

pH EC 

 

pH EC 

14 6.0 b
w
 1.09 a 

 

5.8 ab 1.60 b 

 

5.8 a 2.05 d 

21 6.0 b 1.10 a 

 

5.8 ab 1.62 b 

 

5.7 ab 2.41 d 

28 6.0 b 0.99 a 

 

5.8 ab 1.59 b 

 

5.6 bc 2.86 c 

35 6.3 a 0.97 b 

 

5.8 a 1.52 b 

 

5.4 dc 3.13 cb 

42 6.4 a 0.73 b 

 

5.8 ab 1.63 b 

 

5.4 de 3.44 b 

49 6.5 a 0.69 b 

 

5.6 b 2.52 a 

 

5.2 e 3.94 a 

Significance
v
 L*** L*** 

 

L
NS

 L*** 

 

L*** L*** 

  Q
NS

 Q
NS

   Q
NS

 Q***   Q
NS

 Q
NS

 

         Marigold 

DAT
u
   

11 6.0 c 0.99 a 

 

5.8 a 1.78 d 

 

5.6 a 2.77 c 

18 6.4 b 0.59 b 

 

5.7 a 2.11 bc 

 

5.4 b 3.72 b 

25 6.4 b 0.62 b 

 

5.7 a 2.30 ba 

 

5.3 c 4.36 a 

32 6.4 b 0.45 c 

 

5.7 a 1.97 dc 

 

5.2 c 3.92 ab 

40 6.9 a 0.49 c 

 

5.8 a 2.43 a 

 

5.3 cb 4.16 ab 

Significance L*** L*** 

 

L
NS 

 L*** 

 

L*** L*** 

 

Q
NS

 Q*** 

 

Q
NS

 Q
NS

 

 

Q** Q*** 
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Table 4.2. Effect of nitrogen rate on zinnia and marigold height (cm), diameter (cm), growth 

index (cm), and shoot dry weight (g), grown in substrates amended with 10, 20, and 30% (by 

vol.) perlite or pine wood chips (PWC) fertilized with 100, 200, or 300 mgL
-1 

N. 

 

Height  Diameter Growth index
z
 

Shoot  

dry weight  

Nitrogen rate 

(1mgL
-1

)
y
 Zinnia Marigold Zinnia Marigold Zinnia Marigold Zinnia Marigold 

100 14.5 a
x
 24.2 a 20.3 a 21.4 b 18.4 a 22.4 b 5.7 ab 12.3 c 

200 14.0 a 23.3 b 19.7 ab 23.5 a 17.8 ab 23.4 a 6.1 a 14.6 a 

300 14.3 a 22.4 c 18.6 b 23.2 a 17.1 b 22.9 ab 5.4 b 13.4 b 

Significance
w
 L

NS
 L*** L** L*** L** L

NS
 L

NS
 L** 

  Q
NS

 Q
NS

 Q
NS

 Q** Q
NS

 Q** Q* Q*** 
z 
Growth index (GI) = [(height + widest width + perpendicular width) ÷ 3] 

y
 1mgL

-1
 = 1 ppm 

x 
Mean separated within column by Duncan’s (LSD) multiple range test (P ≤ 0.05). 

w 
Nonsignificant (

NS
) or significant; linear (L) or quadratic (Q) response for concentration at 

*, **, or ***, where P ≤ 0.05, 0.01, or 0.001, respectively. 
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Figure 4.1. Electrical conductivity (EC) levels of ‘Profusion Orange’ zinnia grown in perlite-

amended substrates (A) fertilized at 100 mgL
-1

 N (y = 0.11x – 1.33; adjusted r
2
 = 0.5723 

L***, Q
NS

); 200 mgL
-1

 N (y = 0.10x
2
 – 0.53x + 2.32; adjusted r

2
 = 0.3646 L***, Q**); 300 

mgL
-1

 N (y = 0.40x +1.74; adjusted r
2
 = 0.5987 L***, Q

NS
). Electrical conductivity levels of 

‘Profusion Orange’ zinnia grown in pine wood chip (PWC) amended substrates (B) fertilized 

at 100 mgL
-1

 N (y = 0.08x – 1.12; adjusted r
2
 = 0.4176; L***, Q

NS
); 200 mgL

-1
 N (y = 

0.07x
2
 – 0.44x + 1.89; adjusted r

2
 = 0.2328 L

NS
, Q***); 300 mgL

-1
 N (y = 0.33x + 1.64; 

adjusted r
2
 = 0.5049 L***, Q

NS
). Data were pooled over aggregate type and N rate (N = 9). 

Means separated within column by Duncan’s multiple range test (P ≤ 0.05). Nonsignificant 

(
NS

) or significant; linear (L) or quadratic (Q) response for concentration at *, **, or ***, 

where P ≤ 0.05, 0.01, or 0.001, respectively. 
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Figure 4.2. Pooled data of Electrical conductivity (EC) levels for ‘Moonsong Deep Orange’ 

marigold grown in perlite- and PWC-amended substrates fertilized at 100 mgL
-1

 N (y = 

0.05x
2 

– 0.40x – 1.29; adjusted r
2
 = 0.6125 L***, Q***); 200 mgL

-1
 N (y = 0.12x + 1.76; 

adjusted r
2
 = 0.1434 L***, Q

NS
); 300 mgL

-1
 N (y = 0.18x

2 
– 1.38x +1.63; adjusted r

2
 = 

0.3624 L***, Q***). 
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Figure 4.3. Pooled data for substrate solution pH of ‘Moonsong Deep Orange’ marigold 

plants grown in substrates amended with 10% (y = 0.0002x
2 
– 0.002x + 7.09; adjusted r

2
 = 

0.7472 L***, Q***), 20% (y = 0.002x
2 

– 0.002x + 7.56; adjusted r
2
 = 0.7415 L***, Q***), 

or 30% (y = 0.006x – 7.33; adjusted r
2
 = 0.7581 L***, Q

NS
) by volume perlite and PWC 

fertilized at 100, 200, and 300 mgL
-1

. 
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